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Tumour rejection by gene transfer of 4-1BB ligand into a CD80 " murine squamous
cell carcinoma and the requirements of co-stimulatory molecules on tumour and
host cells
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SUMMARY

NRSI1 is a murine squamous cell carcinoma that constitutively expresses the co-stimulatory
molecule CD80 at a high level yet grows as a tumour in syngeneic C3H mice. We examined the
effect of gene transfer of the 4-1BB ligand (4-1BBL) into NRS1 cells. Introduction of the 4-1BBL
gene efficiently elicited anti-tumour immune responses in syngeneic mice which acquired specific
immunity against wild-type tumour. T-cell depletion studies showed that CD8™, but not CD4"
T cells were essential for tumour eradication. Our results suggest that the transduced 4-1BBL is more
effective than the spontaneously expressed CD80 for generation of primary anti-tumour CD8"
T-cell responses. In addition to CD80 and CD86, the host-derived 4-1BBL is also involved in the
secondary anti-tumour responses. This study indicates the complicated contribution of 4-1BBL,
CD80 and CD86 on tumour and host cells in anti-tumour immune responses and a possible
therapeutic application of 4-1BBL for human tumour vaccination and gene therapy.

INTRODUCTION

The role of co-stimulation in anti-tumour immune responses
has been reported in a number of in vitro and in vivo
experimental systems.' The most extensively characterized
T-cell co-stimulation is the signal through the binding of CD28§
on T cells with its ligands, CD80 and/or CD86 (CD80/86) on
antigen-presenting cells (APC).> Accumulating reports have
shown that immunizing mice with CD80/86-transduced tumour
cells elicits protective and sometimes curative immunity against
wild-type tumours.>**° However, in non-immunogenic or
low-immunogenic tumours, transduction of CDS80 alone failed
to facilitate anti-tumour immune responses.® Additional or
other co-stimulatory signals seem to be required for inducing
more efficient anti-tumour effector cells in such tumours.
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Recently, a number of receptor-ligand pairs which belong
to the tumour necrosis factor (TNF) and TNF receptor families
have been identified.!® 4-1BB ligand (4-1BBL) and 4-1BB
(CD137) is one such pair.!!1? 4-1BB is a type I transmembrane
protein expressed on activated CD4" and CD8* T cells!>!
and 4-1BBL is a type II surface glycoprotein expressed on
several types of APC, such as activated B cells, macrophages
and cultured dendritic cells.!"'>!>'® Ligation of 4-1BB in
addition to T-cell receptor engagement co-stimulates T-cell
proliferation and cytokine production as well as CD28-
mediated co-stimulation. Recent reports have demonstrated
the distinct or unique function of 4-1BB co-stimulation.
4-1BBL/4-1BB interaction provides co-stimulatory signals
to T cells independent of CD28 signalling.'®!” 4-1BBL
co-stimulatory signals preferentially induce CD8*% T-cell
proliferation and interferon-y (IFN-y) production and
4-1BB-mediated proliferation of CD8* T cells appears to be
interleukin-2 (IL-2) independent.'® Administration of mono-
clonal antibodies (mAb) against 4-1BB eradicated several
established murine tumours.'” More recently, the synergistic
effect between 4-1BBL and CD80-transduced tumour cells has
been demonstrated.?®>! We, here, examined the effect of
4-1BBL transduction into a CD80" NRSI murine squamous
cell carcinoma and investigated the requirements for tumour
eradication.
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MATERIALS AND METHODS

Mice

Female C3H/HeN (C3H) mice and athymic BALB/c nu/nu
mice, 5-8 weeks old, were purchased from Shizuoka Labora-
tory Animal Centre (Hamamatsu, Shizuoka, Japan). All
murine experiments were reviewed and approved by the
Animal Use Committees of the National Children’s Medical
Research Centre (Tokyo, Japan).

Tumour cells

NRS1 was a cell line established from the spontaneously
developed murine squamous cell carcinoma of C3H/HeN
(H-2%) origin (kindly provided by Dr K. Ando, National
Institute of Radiological Science, Japan).”*?* A plasmacytoma
cell line, X5563, originated from the C3H/HeN mice was
obtained from Dr Y. Sasakura (Kanagawa Dental College,
Japan). All tumours were briefly expanded in vitro in RPMI-
1640 medium containing 10% fetal calf serum, L-glutamine and
antibiotics and were frozen to decrease experimental variation.

Vectors and 4-1BBL transfection

Murine 4-1BBL ¢cDNA was generated by reverse transcription—
polymerase chain reaction (RT-PCR) from total RNA of
concanavalin A-activated splenocytes from a BALB/c mouse
and subsequently subcloned into the BCMGSneo expression
vector.>* Primers used to generate a full-length 4-1BBL cDNA!!
were: sense, S-GATCCTCGAGATGGACCAGCACACACT-
TGA-3, including nucleotides 53—73 of murine 4-1BBL cDNA
and a Xhol cloning site; anti-sense, 5'-GATCGCGGCCGCT-
CATTCCCATGGGTTGTCGG-3', including nucleotides
1035-1015 of murine 4-1BBL ¢cDNA and a No¢l cloning site.
The sequence of a product for full-length murine 4-1BBL cDNA
was verified by DNA sequencing. NRS1 cells were transfected
with 10 ug of murine 4-1BBL-BCMGSneo expression vector
using 100 pg of lipofectin (Gibco-BRL, Gaithersburg, MD).
After 24 hr, the transfected cells were selected in culture medium
containing 1 mg/ml G418 (Sigma, St Louis, MO) and resistant
cells were selected. After drug selection, NRS1 cells were cloned
and selected for high cell surface expression. Three clones
expressing high levels of cell surface 4-1BBL (1.10, 5.13 and 1.9)
were used for the following experiments.

Monoclonal antibodies and flow cytometry

Anti-CD80 [(RMS80, rat immunoglobulin G2a (IgG2a)] and
anti-CD86 (PO3, rat IgG2b) mAbs were generated as
described. A hybridoma producing anti-4-1BBL mAb (TKS-1,
rat 1gG2a) was generated as described previously.?> Fluores-
cein isothiocyanate- or phycoerythrin-conjugated anti-CD80
(16-10A1), CD86 (GL1), CD54 (3E2), H-2K* (36-7-5) and
[-A% (11-5.2) mAbs and appropriated fluorochrome-
conjugated control hamster, rat, or mouse immunoglobulin
were obtained from PharMingen (San Diego, CA). Methods
of immunofluorescent staining, flow cytometry and data
analysis have been described previously.?® Flow cytometry
was performed using a FACScan and CELLQUEST software
(Becton Dickinson Immunocytometry Systems, San Jose, CA).

Tumour inoculation and evaluation of tumour growth
For primary tumour challenges, parental NRS1 and 4-1BBL*
NRSI cells at 5x10% 5x10°, or 5x10° cellssmouse were

injected subcutaneously into the shaved left back of syngeneic
C3H or BALB/c nu/nu mice using 26-gauge needles on plastic
1 ml syringes. Tumour size was evaluated twice a week by
measuring two perpendicular diameters using a calliper.
Tumour volumes were estimated using the following equation:
tumour volume (mm?*=[long length (mm) x (short length
(mm))*)/2. For rechallenge experiments, mice were primarily
inoculated with irradiated (80 Gy) NRSI or 4-1BBL* NRSI
(5 x 10° cells/mouse) into the right back. After 30 days, immu-
nized mice were rechallenged with either parental NRSI
(5% 10° cells) or X5563 (5x 10° cells) into the left back and
then the tumour incidence after 5 weeks was evaluated.

In the experiments to see the contributions of 4-1BBL and
CD80/86 for tumour rejection of either 4-1BBL™ NRSI or
parent NRS1, 100 pg each of anti-4-1BBL (TKS-1), anti-CD80
(RMS80), anti-CD86 (PO3), a mixture of anti-CD80 and
CD86 mAbs, or control rat immunoglobulin (Sigma) was
injected intraperitoneally (i.p.) on alternated days for 2 weeks
after tumour inoculation, the tumour growth was then
evaluated as described above.

In vivo depletion of CD4™% or CDS™ T cells

For in vivo depletion of T cells, 1 mg of either anti-CD4
(GK1.5) or anti-CD8 (53.6.72) mAb was administered to the
mice i.p. for three consecutive days (days — 5, 4 and 3) prior
to tumour inoculation and on day 3 and 7 postinoculation.
GKI1.5 and 53.6.72 hybridomas were obtained from the
American Type Culture Collection (Rockville, MD). These
mAbs were purified from ascites by standard procedures using
caprylic acid extraction. In the preliminary experiments,
depletion of the respective populations was verified up to
day 14 by flow cytometry.

RESULTS
4-1BBL-transfection into NRS1 cells

Cell surface expression of several molecules, which may
contribute to anti-tumour immune responses, was determined.
NRSTI cells express H-2, but not I-A molecules and also express
high amounts of CD80 as well as CD54, but not CD86 (Fig. 1).
Cell surface expression of 4-1BBL was hardly detectable by
flow cytometry, although the mRNA for 4-1BBL was detect-
able by RT-PCR (not shown). We transfected the murine
4-1BBL cDNA into NRSI cells and obtained three stable
clones expressing murine 4-1BBL at high levels (4-1BBL™
NRS1). Transduction of 4-1BBL gene into NRSI cells did not
affect expression for CD80, CD86, CD54, H-2 and I-A
molecules. Representative results (clone 5.13) from three clones
are shown in Fig. 1. No difference in the growth rate in vitro
was observed between parental NRS1 and the 4-1BBL* NRSI
clones (not shown).

Tumorigenicity of 4-1BBL-transduced NRS1

To analyse the effect of 4-1BBL expression on tumour
rejection, C3H mice were injected subcutaneously (s.c.) with
either parental NRS1 or 4-1BBL* NRSI cells at 5% 10%,
5x10°, or 5x10° cellssmouse and tumour growth was
observed. All mice inoculated with parental NRSI1 cells
developed tumours when more than 5x 10° parental NRSI
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cells were injected (Fig. 2). In contrast, the tumours of
mice injected with 5x10° and 5x 10* 4-1BBL™ NRSI1 cells
completely regressed after transient growth for 1-2 weeks. No
tumours were observed during the experimental period up to
day 48 in these mice. Thus, we selected the optimal cell number
to be 5 x 10° cells for primary inoculation. Similar results were

obtained in the other two clones, 1.10 and 1.9 (data not shown).
We therefore used clone 5.13 in the following experiments. To
investigate whether 4-1BBL and CD86 are inducible, or CD80
is stably expressed on NRS1 tumour cells in vivo, we removed
the tumour nodules after NRS1 inoculation and examined the
expression for CD80, CD86 and 4-1BBL by flow cytometry.
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Figure 1. Expression of surface molecules on NRS1 and 4-1BBL-transfected NRS1 cells. Parental NRS1 and 4-1BBL-transfected
NRSI (clone 5.13) cells were stained with either fluorescein isothiocyanate- or phycoerythrin-conjugated anti-4-1BBL, anti-CD80,
anti-CD86, anti-CD54, anti-H-2K* and anti-I-A¥, or an appropriate fluorochrome-conjugated immunoglobulin control. Samples
were analysed by flow cytometry. Data are displayed as histograms (4-decade scale) with the immunoglobulin control as the

lighter line.
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Figure 2. Reduced tumorigenicity of 4-1BBL-transfected NRS1 cells in syngeneic mice. C3H mice in groups of five were injected s.c.
with the indicated number of NRSI and 4-1BBL™ NRSI cells (clone 5.13) and tumour growth was measured as described in the
Materials and methods. The results are expressed as tumour volume of each mouse. Similar results were obtained in two other

4-1BBL* NRSI clones.
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We failed to detect a substantial induction of 4-1BBL and
CD&86 in single cell suspensions of tumour cells and observed
the consistently high CD80 expression (not shown).

We next examined the specificity of the induced anti-
tumour responses. One of 11 mice immunized with 5x 10°
irradiated NRS1 cells was protected from the challenge of
NRS1 cells, suggesting that NRS1 tumours are relatively
immunogenic (Table 1). Similarly, immunization with 5 x 10°
irradiated 4-1BBL* NRS1 eradicated the challenge with NRS1
cells in one of six mice, but permitted the tumour growth of
syngeneic X5563 plasmacytoma in all five mice. This suggests
that the acquired anti-tumour immunity by the inoculation of
either NRS1 or 4-1BBL™ NRSI is specific for NRS1 tumours.
However, we cannot evaluate whether the expression of
4-1BBL confers the enhancement of specific immunity.

Requirements for tumour rejection by 4-1BBL transduction

To determine the T-cell-dependence in rejection of 4-1BBL ™"
NRSI, athymic nude mice were injected with either parental
NRS1 or 4-1BBLT NRSI tumours. Both tumours grew
progressively in all mice and no obvious difference in tumour
growth rate was observed (Fig. 3a). These results suggest that

Table 1. 4-1BBL" NRSl-inoculated mice induce specific immunity
against NRS1 tumours

Primary inoculation Challenge Tumour incidence
NRS1 NRSI1 1/11
4-1BBL-NRSI NRSI1 1/6
4-1BBL-NRSI1 X5563 5/5

Mice were primary inoculated with irradiated NRS1 or 4-1BBL* NRS1
(5% 10° cells) into the right back. After 30 days, immunized mice were
challenged with either NRS1 or X5563 (5 x 10 cells) into the left back. The
tumour incidence after 5 weeks was evaluated.

rejection of the 4-1BBL™ NRS1 tumour is T-cell-dependent.
To further investigate the requirements for either CD4 or CD8
T cells, we injected anti-CD4 or anti-CD8 mAb to eliminate
each subset of T cells in vivo and assessed tumour growth of
4-1BBL* NRSI cells. Tumour growth occurred on all mice
depleted of CD8 T cells, while the on those mice depleted of
CD4 T cells the inoculated tumours were consistently
eradicated, as was observed in the control mice (Fig. 3b). This
result indicates that CD8 T cells, but not CD4 T cells, are
essential for tumour rejection of 4-1BBL* NRSI.

To determine whether the ability to reject 4-1BBL* NRSI
cells depends only on the transduced 4-1BBL molecule or also
on the other co-stimulatory molecules on tumour and host
cells, we administered anti-4-1BBL, anti-CD80, both anti-
CD80 and anti-CD86 mAbs, or control rat immunoglobulin
for 2 weeks from the day of tumour inoculation. All mice
treated with anti-4-1BBL mAb developed tumours and the
tumour growth rate appears to be similar to that observed in
the parental NRSI1 as shown in Fig. 2 (Fig. 4), suggesting that
4-1BBL is essential for the rejection of 4-1BBL* NRSI
tumours. Despite the high level of CD80 expression on tumour
cells, the treatment with anti-CD80 mAb alone showed a
minimal effect on tumour rejection and the treatment with anti-
CD80 together with anti-CD86 mAb completely eradicated the
tumour in all mice. Thus, not only CD80 but also CD86
contributes to the eradication of 4-1BBL ™ NRS1 tumour cells.
Since CD80 and 4-1BBL were expressed on 4-1BBL* NRSI
tumour cells and these molecules are also inducible on host-
derived APC, we cannot distinguish the derivation of these
molecules in the above experiments. We next performed a
similar mADb treatment at the time of NRSI rechallenge after
the immunization with NRS1. As shown in Fig. 5, most mice
(eight of 10) rejected the inoculated tumours in the control
group, whereas the administration of anti-4-1BBL mAb
reduced the rate of tumour rejection. The administration of
anti-CD80 mAb alone, or both CD80 and CD86 mAbs clearly
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Figure 3. Rejection of the 4-1BBL™ NRS1 tumour requires CD8 " T cells. (a) Athymic nu/nu mice in groups of five were injected s.c.
with 5% 10° cells/mouse of either NRSI or 4-1BBL™ NRSI (clone 5.13) and tumour growth was measured as described in the
Materials and methods. (b) C3H mice in groups of five were injected i.p. a total of five times with 500 pg of either immunoglobulin
control, anti-CD4 (GK1.5), or anti-CD8 (53.6.72) mAb before and after tumour inoculation as described in the Materials and
methods. Each group of mice was injected s.c. with 5 x 10° cells of 4-1BBL* NRSI cells at day 0 and tumour size was measured. The
results are expressed as tumour volume of each mouse. Similar results were obtained in two independent experiments.
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Figure 4. Rejection of the 4-1BBL™* NRSI tumours requires 4-1BBL and both CD80 and CD86. One hundred micrograms each of
control rat immunoglobulin, anti-4-1BBL (TKS-1), anti-CD80 (RMS80), or a combination of both anti-CD86 and CD80 mAbs was
administered i.p. every other day for 2 weeks after the inoculation with 4-1BB* NRSI (5 x 10° cells/mouse). Tumour size was
measured. The results are expressed as tumour volume of each mouse. Similar results were obtained in two independent experiments.
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Figure 5. Host-derived 4-1BBL are involved in the eradication of NRS1 tumours at the secondary challenge. C3H mice in groups of
10 were immunized with irradiated NRS1 cells by s.c. injection of 5 x 10° cells. After 30 days, live NRS1 cells (5 x 10° cells/mouse) were
injected s.c. and 100 pg each of control rat immunoglobulin, anti-4-1BBL, anti-CD80, anti-CD86, or both anti-CD80 and
CD86 mAbs were administered i.p. every other day for 2 weeks. The results are expressed as tumour volume of each mouse. Tumour
size was measured. The results are expressed as tumour volume of each mouse. Similar results were obtained in another independent

experiment.

reduced anti-tumour responses and permitted a rapid tumour
growth, while the treatment with anti-CD86 mAb alone did
not have a clear affect. These results suggest that the host-
derived 4-1BBL expressed on APC in host mice may contribute
to generation of secondary anti-tumour responses. Further-
more, CD80 on tumour cells is definitely involved in the
secondary anti-tumour responses.

DISCUSSION

In this study, we have shown that the inoculation of parental
NRSI cells expressing high levels of CD80 was not able to elicit
the primary anti-tumour immune responses. However, the

© 2000 Blackwell Science Ltd, Immunology, 101, 541-547

4-1BBL-transfected tumour cells efficiently induced the pri-
mary anti-tumour responses. The primary rejection of 4-1BBL ™
NRSI tumour cells was shown to require CD8 " T cells but not
CD4% T cells. The NRSI tumour seems to be relatively
immunogenic, since the immunization with irradiated NRS1
cells mostly eradicated the challenge of NRSI1 tumour cells
(Table 1 and Fig. 5).

At present, two reports have shown the effect of 4-1BBL
transduction on tumour immunity.’>*' Melero er al.?° first
investigated the effects of 4-1BBL gene transduction using
a P815 mastcytoma and an AGI104A sarcoma and the
co-operation with CD80. In highly immunogenic P815 tumour
cells, single transfection of either CD80 or 4-1BBL alone was
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enough to induce tumour eradication. On the other hand, in
poorly immunogenic AG104A tumour cells, both CD80- and
4-1BBL transfection alone failed to induce tumour eradication
but co-transfection with these two molecules successfully
induced tumour rejection. Guinn er al*' also reported the
co-operation of 4-1BBL with CD80 and CD86 using a B
lymphoma A20. Recent observations using 4-1BBL-deficient
mice also indicate the preferential importance of 4-1BB
co-stimulation for generating CD8 T-cell responses.?”?® Our
results also suggest that 4-1BBL on tumour seems to be a more
potent co-stimulator for generation of primary cytotoxic
T lymphocytes (CTL), since the blockade of 4-1BBL, but not
CDS80 entirely diminished the effect of 4-1BBL transduction
into CD80" NRSI cells.

In an earlier study, it was postulated that tumour-specific
CD8" CTL may be primed directly by the CD80/86-trans-
duced tumours.?’ However, more recent studies have suggested
that tumour rejection requires the B7 family molecules
provided by the host and expressed on the tumour.**>* At
present, the involvement of host-derived 4-1BBL for tumour
rejection has not been directly demonstrated, but it is possible
that host-derived 4-1BBL may also be involved in tumour
rejection, since an inducible expression of 4-1BBL on activated
APC, such as B cells, macrophages, and dendritic cells, has
been reported.''!>1%3 Blockade of 4-1BBL by mAb com-
pletely reverted the effect of 4-1BBL transduction in the
primary inoculation, suggesting that the induced anti-tumour
responses seems to be mediated by 4-1BBL-4-1BB interactions
between tumour and host T cells, although we cannot
completely negate the involvement of the host-derived
4-1BBL. Interestingly, in the secondary responses, the host-
derived 4-1BBL is substantially involved, since the adminis-
tration of anti-4-1BBL mAb at the secondary challenge with
4-1BBL™ NRSI tumours diminished the effect of immuniza-
tion (Fig. 5). Although 4-1BB can function independently of
CD28 co-stimulation,'® CD28 co-stimulation may amplify the
effect of 4-1BB co-stimulation. Indeed, simultaneous blockade
of CD80 and CD86, but not of CD80 alone, clearly invalidated
the effect of 4-1BBL transduction. Since we have not observed
the inducible expression of CD86 on NRSI tumour cells
in vivo, the effect of anti-CD86 mAb may result from the
blockade of CD28-CD86 interactions between host T cells and
APC. Therefore, anti-tumour immunity against 4-1BBL*
NRSI1 cells can be achieved by direct antigen presentation
with 4-1BBL and CD80 co-stimulation provided from tumour
cells and indirect tumour antigen presentation through host
APC expressing CDS§6.

Despite the high levels of CD80 expression on parental
NRSI cells, a primary inoculation of live NRS1 cells failed to
elicit anti-tumour immunity and the treatment with anti-
CD80 mAb did not clearly affect the tumorigenicity by
4-1BBL™" NRSI1 cells. However, the acceleration of tumour
growth by the anti-CD80 mAb administration at the secondary
challenge indicated a definitive contribution of CD80. This
may be explained by the increased ratio of direct presentation
provided by CD80* NRS1 tumour in the secondary responses.
Huang et al.** reported that the primary inoculation of CD80 ™
tumour vaccines results in some degree of direct presentation to
CDS8* T cells, but the dominant mechanism of CTL priming is
provided by host APC. However, the repeated immunization
with CD80" tumour cells can efficiently expand the directly

primed CD8* CTL population. This notion supports our
results. The detailed discrimination between tumour- and host-
derived co-stimulatory molecules required for the primary and
secondary responses will require further studies using CD80/
86- or 4-1BBL-deficient mice and mAbs.

In this study, we demonstrated that introduction of 4-1BBL
may induce efficient primary immune responses against
tumours which fails to elicit anti-tumour immune responses
despite the high CD80 expression. Our results suggest that
4-1BBL may be more effective than CD80 for direct antigen
presentation by tumour cells in the primary anti-tumour
responses. In addition, we first demonstrated that the host-
derived 4-1BBL co-stimulation was also involved in tumour
rejection. Our study shows that 4-1BB co-stimulation will
become a potent therapeutic target for tumour vaccination and
gene therapy.
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