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ABSTRACT

This study shows that it is not possible to cause regression of the
immunogcnic SA-1 sarcoma by adoptive immunotherapy with tumor-
sensitized T-cclls, unless the tumor-bearing recipient is exposed to a
subidInil dose of 7-irradiation to remove a barrier that prevents adoptive
immunity from being expressed. This barrier to adoptive immunotherapy
was found to be regenerated between 2 and 4 weeks following irradiation,
and its regeneration was associated with general repopulation of host I -
cells. However, it was not regenerated in the absence of the thymus, thus
showing that it is T-cell dependent. Evidence that it is caused by the
presence of CD4* suppressor T-cells was shown by the finding that it
can be removed by depleting mice of CD4* T-cells with anti-L3T4
monoclonal antibodies, but not by depleting them of CDS* T-cells with

anti-I.yt-2 monoclonal antibodies. Again, the barrier could be restored to
irradiated recipients by infusing them with CD4* T-cells, but not with
CDS* T-cells, from tumor-bearing donors. The barrier to adoptive im

munotherapy was found to be tumor induced and to be paradoxically
generated in concert with host concomitant immunity.

INTRODUCTION

There are numerous publications describing successful T-cell-
mediated adoptive immunotherapy of established immunogenic
tumors in mice. These publications demonstrate that an estab
lished tumor can be made to undergo complete regression by
infusing the host with tumor-sensitized T-cells from appropri
ately immunized donor mice (1). It has also been demonstrated
that tumor regression can occur following infusing of T-cells
from donor mice bearing an established tumor (2, 3), although
in some cases it is necessary to increase the number of immune
T-cells by culturing them in vitro with interleukin 2 (4). With
the aid of IL-2,1 therapeutic numbers of sensitized T-cells can
also be generated from T-cells obtained from progressive tu
mors (5, 6). Indeed, because IL-2-expanded, tumor-infiltrating
lymphocytes have been used with some success in the immu
notherapy of human tumors (7), it is important to understand
the conditions that determine the efficacy of this type of im
munotherapy.

In this regard, it is not generally appreciated that convincing
examples of adoptive immunotherapy of tumors with T-cells
requires that the tumor-bearing recipients be treated with cyclo-
phosphamide (8-11) or exposed to a sublethal dose of ionizing
radiation (12, 13), prior to receiving immune spleen cells. This
must be done in order to remove a barrier that functions to
prevent adoptive immunity from being expressed. There is
evidence (9, 11,13) that this barrier to adoptive immunotherapy
is due to the presence of a mechanism of T-cell-mediated
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immunosuppression. This is indicated by the demonstration
that the immunofacilitating action of cyclophosphamide (9,
11), or irradiation (13), can be negated by infusing the treated
recipients with T-cells from tumor-bearing donors, but not from
normal donors.

The purpose of this paper is to provide additional evidence
for the existence of T-cell-dependent barrier to adoptive im
munotherapy. It will show, among other things, that the barrier
can be removed by treating the recipient with anti-L3T4 mAb,
but not with anti-Lyt-2 mAb. It will also show that the barrier
paradoxically exists at a time when the recipient is generating
its own concomitant immune response to the tumor. The results
indicate that negative regulation of the recipient's own immune

response should be taken into account before attempts are made
to cause tumor regression by passively transferring tumor-
specific T-cells.

MATERIALS AND METHODS

Mice. Adult A/Tru x C57BL/6 F, mice (10-12 weeks of age) were
obtained from the Trudeau Institute Breeding Facility, Saranac Lake,
NY. The mice were reared under barrier-sustained conditions and were
shown to be free of most common viral pathogens according to tests
routinely performed by Charles River Professional Services, Wilming
ton, MA.

Tumors. The SA-1 sarcoma syngeneic in A/J mice was passaged as
an ascites, harvested, cryopreserved, and prepared for implantation as
described previously (14). The origin of this tumor was also described
in previous publications (14). For experiments, IO6tumor cells in 0.05

ml of PBS were implanted i.d. in the belly region, and tumor growth
or regression was monitored by measuring changes against time in the
mean of two diameters at right angles.

Immunization. Donor mice were immunized against the SA-1 sar
coma as described previously (14). Briefly, 2 x IO6tumor cells admixed
with 100 Mgof formalin-killed Propionibacterium acnes (supplied by
Trudeau Institute) were implanted i.d. in the belly region. Immunization
by this procedure results in tumor growth for approximately 9 days
followed by complete regression. Immune donors were used in experi
ments after the tumors had undergone complete regression.

Passive Transfer of Spleen Cells. Spleens of immune, normal, or
tumor-bearing donor mice were diced into small pieces, gently pushed
through a stainless screen into PBS containing 1% fetal calf serum,
triturated with a Pasteur pipet to break up clumps, and filtered through
sterile gauze to remove debris. The cells were then washed twice in PBS
and resuspended in PBS for i.v. infusion.

Irradiation. Mice were irradiated in a "7Cs irradiator (3M Company,

St. Paul, MN) that delivered a midphantom dose rate of 29 rads/min.
T-Cell-deficient Mice. Mice were made TX B as described previously

(14). Briefly, mice were thymectomized at 4 weeks of age and exposed
1 week later to 900 rads of whole body 7-radiation. The mice were
infused i.v. with IO7syngeneic bone marrow cells l h after irradiation
and used in experiments no sooner than 4-6 weeks later.

Flow Cytofluorometry. Cytofluorometric analysis of spleen cells was
done as described previously (15). Briefly, spleen cells were stained in
a one step procedure by incubating them with the indicated fluorescein
isothiocyanate-conjugated mAb for 45 min at 4Â°C.They were then

washed twice with sheath buffer (Clay Adams, Parsippany, NJ) and
analyzed with a cytofluorometer (FASCcan; Becton Dickinson and
Company. Sunnyvale, CA). In some cases, a two step procedure was
used in which the cells were stained with unconjugated mAb for 45 min
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at 4'C and then with fluorescein isothiocyanate-conjugated goat anti-

rat IgG (Cappel Laboratories, Westchester, PA) for a further 45 min
at 4Â°C.In both cases, the results were recorded as log,0 fluorescence
against the number of positive cells. The total numbers of CD4* and
CDS* T-cells in the spleen were calculated from a knowledge of

percentage of positive cells and the total number of spleen cells.
The monoclonal antibodies used for cytofluorometry and for in vivo

depletion were anti-L3T4 (clone GK1.5), anti-Lyt-2 (clone TIB-210)
and anti-Thy-1.2 (clone 30-HI2), all obtained from the American Type
Culture Collection, Rockville, MD.

In Vivo Depiction of T-Cell Subsets, in rivo depiction of T-ccll sub
sets was achieved as described previously (15). Briefly, recipient mice
were thymectomized at 7 weeks of age and infused i.v. 1 week later
with a single 0.5-mg dose of either anti-L3T4 mAb to remove CD4* T-
cells or anti-Lyt-2 mAb to remove CDS* T-cells. mAb treatment

resulted in >98% depletion of the respective T-cell subset as determined
by cytofluorometry. All experiments that used anti-L3T4 and anti-Lyt-
2 mAb were performed with single large batches of these mAbs. The
success of T-cell depletion was determined for every experiment and
was shown to be routinely better than 98rr for each subset. The mice

were used in experiments after their serum became negative for residual
mAb, usually 2 weeks after treatment, as determined by testing serum
samples for their capacity to bind the appropriate T-cell subset.

RESULTS

Adoptive Immunotherapy Is Possible in Irradiated, but Not in
Immunocompetent Recipients. Fig. 1 shows the results of an
attempt to cause regression of the SA-1 sarcoma in (a) normal
recipients, (h) TXB recipients, and (c) irradiated recipients. It
can be seen that infusion of donor-immune spleen cells caused
complete regression of the tumor growing in TXB, or in irra
diated mice, but had no effect on the tumor growing in immu-
nocompetent mice. It can also be seen that tumor regression
did not begin until 5-6 days after cell transfer, by which time
the tumor had grown to about 1 cm in diameter.

The results in Fig. 2 serve to show that in this model of
adoptive immunotherapy the T-cells that passively transfer
immunity are both CDS* and CD4*. Thus, treating the donor
spleen cells with either anti-Lyt-2 mAb and complement, or
anti-L3T4 mAb and complement, significantly removed their
capacity to cause regression of the recipients' tumor. Combining

cells treated with either mAb restored their capacity to transfer
immunity. It will be noted, however, that depletion of CDS* T-

cells resulted in the remaining cells retaining the capacity to
cause regression of the tumor in 2 of 4 recipients. Because T-
cell subset depletion was essentially complete, this result indi

140-

Fig. I. Infusion of spleen cells (1.5 X 10")
from SA-1-immune donors (Â¡MM) caused
regression of an established SA-1 tumor in v
irradiated (righi) and TXB recipients (middle)
but had no therapeutic effect against an SA-1
tumor of the same size in Â¡mmunocompetent
mice (left). Immune cells were infused on day
4 of tumor growth. Means of 5 mice/group.
COAT, control.

cates that CD4* T-cells are predominantly responsible for caus

ing tumor regression and that they can do so in the absence of
CDS* T-cells, probably when the recipient tumor is below a

certain size. It was noted, in this connection, that the tumors
that underwent regression in the absence of donor CDS* T-

cells were the smaller of the 4 tumors. The importance of this
variable on the success of adoptive immunotherapy is currently
under investigation in this laboratory.

Regeneration of the Barrier in Irradiated Mice Is Thymus
Dependent. The speed at which the barrier to adoptive immu
notherapy is regenerated after sublethal irradiation was next
investigated. Normal and thymectomized mice were subjected
to 500 rads of 7-radiation and divided into groups according to
whether they were implanted with a tumor 2, 4, 6, or 8 weeks
later. Four days after tumor implantation the mice received an
i.v. infusion of 1 organ equivalent of spleen cells (1.5 x 10")

from immune donors and the ability of the spleen cells to cause
tumor regression was determined.

Fig. 3 shows that in irradiated, thymus-intact mice the barrier
to adoptive immunotherapy was regenerated between 2 and 4
weeks after irradiation. In contrast, the barrier was not regen
erated in irradiated thymectomized mice during the 8-week
period of the experiment. A cytofluorometric analysis of sus
pensions of spleen cells harvested at progressive times after
irradiation showed (Fig. 4) that the time of regeneration of the
barrier to adoptive immunotherapy, as seen in Fig. 3, corre
sponds to about the time when progressive regeneration of T-
lymphocytes begins in the spleen.

The Barrier to Adoptive Immunotherapy Is Tumor Induced
and Coexists with Host Concomitant Immunity. In all of the
foregoing experiments the barrier to adoptive immunotherapy
was revealed in recipients bearing a 4-day tumor. It was impor
tant to determine next whether the barrier is tumor induced or
whether it exists before the tumor is implanted. The results of
an experiment that investigated this question are shown in Fig.
5 where it can be seen that the barrier to adoptive immunization
is tumor induced. Thus, whereas immune spleen cells given on
day 2 of tumor growth expressed no antitumor activity, immune
spleen cells infused 2 weeks before implanting the tumor caused
complete regression of the tumor after it emerged. It will be
noted that in the latter case the tumor grew for several days
before regression commenced. It will also be noted that immune
spleen cells were capable, after a delay, of causing tumor regres
sion when injected 1 day after tumor implantation. Thus the
barrier to adoptive immunotherapy is acquired from day 2 of
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Fig. 2. Evidence that CDS* and CD4* donor-immune T-cells are both needed
for successful adoptive immunotherapy of the SA-1 sarcoma in irradiated recipi
ents. The capacity of donor cells to cause tumor regression was partly eliminated
by treating the cells with n-Lyt-2 mAb and complement in that 2 of 4 tumors
failed to undergo regression (IRRAD + aLyt-2 IMM) and was completely elimi
nated by treatment with anti-L3T4 mAb and complement (IRRAD + ccL3T4
IMM). If spleen cells treated with either mAb were pooled (IRRAD + aL3T4
IMM + aLyt-2 IMM) they were capable of causing complete regression of the
recipient tumor. Control donor cells (IRRAD + IMM) were treated with comple
ment alone. Means of 4 mice/group.

the tumor growth onward. Attempts to cause regression of a
day 4 tumor by increasing the number of immune cells failed
(results not shown), even when up to 4 equivalents of donor
spleen cells were infused.

The results of the next experiment performed are important
because they reveal that a barrier to adoptive immunotherapy
exists, even when the host is in the process of generating a state
of transferrable concomitant immunity. Thus it can be seen
(Fig. 6) that between days 6 and 9 of SA-1 sarcoma growth, the
host acquired spleen cells capable, on passive transfer, of caus
ing regression of a small tumor in irradiated recipients. It can
also be seen that these cells were lost rapidly after day 10 of
tumor growth. This is in keeping with the results of previous
studies of the decay of concomitant antitumor immunity (2, 3).

Depletion of CD4 + T-Cells Removes the Barrier to Adoptive

Immunotherapy. In view of already published evidence from
this laboratory (2, 3, 16) showing that tumor growth eventually
evokes the generation of CD4+ suppressor T-cells that down-

regulate concomitant immunity, the possibility that these same

suppressor T-cells, or their precursors, are responsible for the
barrier to adoptive immunotherapy against the SA-1 sarcoma
was investigated. The first experiment involved an attempt to
prevent development of the barrier by treating mice with anti-
L3T4 mAb to deplete them of CD4+ T-cells.

It was found (Fig. 7) that infusing 0.5 mg of anti-L3T4 mAb
into previously thymectomized mice prevented them from de
veloping a barrier to adoptive immunotherapy in response to
growth of the tumor implanted 2 weeks later. Thus, infusion of
donor immune spleen cells on day 4 of tumor growth resulted
in complete regression of the tumor in CD4+ T-cell-depleted

recipients, but not in normal recipients, or in recipients depleted
of CD8+ T-cells. Thus the barrier is dependent on CD4+ T-

cells.
The Barrier Can Be Restored with CD4 + T-Cells from Tumor-

bearing Donors. The foregoing results clearly show that the
barrier to adoptive immunotherapy is dependent on the pres
ence of CD4+ T-cells. It was anticipated, therefore, that it could
be restored to irradiated mice by infusing them with L3T4+ T-
cells from tumor-bearing donors. As can be seen in Fig. 8,
infusing irradiated recipients bearing a 4-day tumor with im
mune spleen cells resulted in complete tumor regression, but
not if the recipients also received spleen cells (1.8 x IO8) from
a tumor-bearing donor. It can also be seen that treating the
spleen cells of the tumor-bearing donor with anti-L3T4 mAb
and complement completely eliminated their ability to block
adoptive immunotherapy. In contrast, treating them with anti-
Lyt-2 mAb and complement was without effect. Fig. 8 shows,
in addition, that the barrier to adoptive immunotherapy could
not be restored to irradiated mice by infusing them with as
many as 2 organ equivalents of spleen cells (2 x IO8) from

normal mice.

DISCUSSION

It is now possible to routinely cause the regression of estab
lished syngeneic murine tumors and their mÃ©tastasesby adop
tive immunization with an appropriate number of tumor-sen
sitized T-cells from immunized donor mice. It has also been
possible to perform successful adoptive immunotherapy with
tumor-sensitized T-cells from donors bearing an established
tumor (1-3). Again, therapeutic numbers of T-cells have been
obtained from tumors themselves by incubating cells of the

Fig. 3. The barrier to adoptive immuno
therapy was regenerated by irradiated mice
(left), but not by irradiated mice that were
thymectomized 1 week before irradiation
(right). In irradiated mice the barrier was re
generated between 2 (IRR-2W + IMM) and 4
weeks (IRR-4H'+ IMM) postirradiation.
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tumors for an appropriate period of time with IL-2 (5, 6).
Moreover, the demonstration that tumor-infiltrating, specifi

cally sensitized lymphocytes can be obtained from certain types
of human tumors and expanded to a number capable of causing
tumor regression when infused into the patient of origin (7) has
resulted in renewed interest in adoptive immunotherapy as a
treatment for human malignancies. Therefore, it obviously is
important to have a knowledge of the factors that limit the
efficacy of this form of therapy.

In this regard, it must be appreciated that the demonstration
of successful adoptive immunotherapy of murine tumors came
with the realization in the 1980s that, in order for adoptive
immunotherapy to be successful, the tumor-bearing recipients
must be immunodepressed by treatment with cyclophospha-
mide (8-1 1) or exposure to ionizing radiation (12, 13). If this
requirement is not met, i.v. infused immune T-cells fail to

express any antitumor function against solid tumors (1,9, 11)
and are less efficient at destroying intravascular tumor deposits
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Fig. 4. Results of a cytofluorometric analysis of changes against time in the
total numbers of T-cells and T-cell subsets in the spleens of mice given 500 rads
of radiation. Total numbers of T-cells were calculated from a knowledge of the
total number of cells in the spleen and the percentage of cells that stained with
fluorescein isothiocyanate-conjugated mAbs. Irradiation was extremely destruc
tive of T-cells (and other cells), and progressive repopulation of these cells did
not begin until about 15 days postirradialion. The results were obtained with
pooled cells from 3 spleens.
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Fig. 5. Evidence that the barrier to adoptive immunotherapy is acquired from
day 2 of tumor growth on. Whereas immune cells infused 2 weeks before tumorimplantation (IMM-2U') caused regression of the tumor that emerged, and

whereas immune cells infused on day I of tumor growth caused complete tumor
regression after 7 days of tumor growth (IMM DI), immune cells given on day 2
(Â¡MM 1)2) or day 4 (IMM 1)4) of tumor growth had no therapeutic effect. Means
of 5 mice/group. COAT, control.
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Fig. 6. Evidence that mice bearing a progressive SA-1 sarcoma generate spleen

cells capable of adoptively immunizing against a small test tumor in irradiated
recipient mice. Left, growth of a 4-day SA-1 tumor in irradiated recipients given
1 spleen equivalent of cells (1.5 x 10") from donor mice bearing a 6-day (1)6) 9-

day (1)9}. and 12-day (1)12) SA-1 sarcoma. The recipients were given 500 rads of
radiation on day ÃŒ.Cells capable of expressing antitumor activity were already
present on day 6 and reached peak number on day 9 when enough were present
to cause complete regression of the recipient tumor. However, by day 12 of tumor
growth cells capable of causing tumor regression were functionally lost from the
spleen. Spleen cells from day 3 tumor bearers had no ability to cause tumor
regression, in that the recipient tumor grew almost identically to the tumor in
irradiated controls (COAT). This result was not included for the sake of clarity.
Right, summary of these results in histogruph form. The immunity index of donor
spleen cells was determined by subtracting the mean size of the tumor in adoptively
immunized recipients from its mean size in irradiated controls on day 16 of the
experiment. Complete regression was taken to mean an immunity index of 100%.
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Fig. 7. The barrier to adoptive immunotherapy was removed by depleting the
recipients (previously thymectomized) of CD4* T-cells with Â«L3T4 mAb, but not
be depleting them of CDS* T-cells with oLyt-2 mAb. A, mAb-trealed nonadop-

tively immunized tumor bearers and controls (COAT). B. mAb-treated recipients
of immune cells and control recipients of immune cells (IMM). The mAb
treatment was given 2 weeks before tumor implantation. Immune cells were given
on day 4 of tumor growth. Means of 5 mice/group.

(17). This ability of irradiation or cyclophosphamide to facili
tate the expression of adoptive immunity need not depend on
the ability of these agents to directly cause a reduction in tumor
burden. For example, the doses of sublethal irradiation needed
to facilitate adoptive immunotherapy appear to have no direct
effect at all on growth of the recipient tumor. In the case of
cyclophosphamide, however, substantial tumor regression can
occur as a result of the direct cytotoxic action of the drug, and
this undoubtedly makes it easier for passively transferred im
mune T-cells to achieve complete regression of the recipient

tumor. However, a recent study of adoptive immunotherapy
against a cyclophosphamide-resistant lymphoma (11) clearly

demonstrated that cyclophosphamide can facilitate adoptive
immunotherapy of a large tumor without having any direct
effect on tumor burden. Therefore, the ability of an immuno-
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Fig. 8. The barrier to adoptive immunotherapy was restored to irradiated
recipients with CD4* spleen T-cells from tumor-bearing donors (B). but not from

normal donors (A). Infusion of 1 (IMM + A/ CELLS) or 2 (IMM + N CELLS
x2) spleen equivalents of cells from normal donors did not prevent infused
immune cells from causing regression of the SA-1 sarcoma in irradiated recipients
(IMM CONT). In contrast 1 spleen equivalent of cells from donors bearing a 15-
day tumor (IMM + TB cells) inhibited the ability of immune cells to cause tumor
regression. This immunoinhibitory ability of tumor bearers' spleen cells was

eliminated by treating the cells with nL3T4 mAb and complement (IMM +
aL3T4 TB CELLS), but not by treating them with nLyt-2 mAb and complement
(IMM + alyt-2 TB CELLS). Means of 5 mice/group. COAT, control.

suppressive agent to facilitate adoptive immunotherapy can
depend entirely on its ability to remove a host component that
acts to inhibit the antitumor function of infused immune T-
cells.

The results presented here, in agreement with those published
previously (1, 11), indicate that the host barrier to adoptive
immunotherapy is due to the presence of a population of tumor-
induced CD4+ suppressor T-cells. The evidence seems straight

forward and convincing: (a) the barrier can be removed by
pretreating the recipient with anti-L3T4 mAb, but not by treat
ing it with anti-Lyt-2 mAb; and (b) the barrier can be restored,
or replaced, in irradiated recipients by infusing them with CD4+
T-cells, but not with CD8+ T-cells from tumor-bearing donors.

When these findings are considered with those recently pub
lished showing that preferential depletion of CD4+ suppressor
T-cells by exposure to sublethal irradiation (18, 19), treatment
with cyclophosphamide (20), or treatment with anti-L3T4 mAb
(15) can result in augmentation of antitumor immunity and in
spontaneous and complete tumor regression, it is difficult to
avoid the conclusion that the same CD4+ suppressor T-cells are

responsible for suppressing the expression of passively trans
ferred donor immunity. It surely stands to reason that the T-
cells responsible for negatively regulating the recipients' own

concomitant immune response are capable of negatively regu
lating passively transferred donor immunity.

The problem with this explanation, however, is that the
barrier to adoptive immunotherapy appears to be present as
early as day 2 of tumor growth, whereas dominant numbers of
suppressor T-cells capable of passively transferring suppression
are not generated, in the case of other tumors, until after day 9
of tumor growth (2, 3). This apparent discrepancy can be
explained, however, by bringing to mind the knowledge that
adoptive immunity is not expressed against the recipient tumor
until after about a 6-7-day delay. An explanation of this delay
was given in previous publications (21, 22), where it was sug
gested that it is the result of performing adoptive immunother
apy with memory T-cells that have no immediate capacity to
destroy the recipient tumor. It was suggested that before mem
ory T-cells can express their antitumor function, they need time

in the recipient to become activated and to expand in number.
Therefore, by the time that adoptive immunity is eventually
expressed, enough time has elapsed for suppressor T-cells to be
generated in response to tumor growth. In fact, in the adoptive
immunotherapy experiments described here and elsewhere (22)
the expression of adoptive immunotherapy did not commence
until the recipient's antitumor immune response is known to

begin to decay under the influence of suppressor T-cells.
This explanation need not apply to examples of adoptive

immunotherapy that employed activated T-cells that are capa
ble of immediately destroying the recipient tumor (21, 22).
However, in order to immediately cause tumor regression,
activated T-cells need to be physiologically normal enough to
circulate and extravasate efficiently after they are infused i.v.
However, while this function seems to be possessed by activated
effector T-cells immediately after they are taken from immu
nized donors, it may not be possessed by cytolytic T-cells
generated in the presence of IL-2 in vitro (24).

Lastly, it should be brought to mind that in the adoptive
immunotherapy model described here, the CD4+ T-cell subset

contains effector cells, as well as suppressor cells. Whether this
means that the effector cells are CD4+ T helper-1 cells, and the
suppressors are CD4+ T helper-2 cells, as has been shown to be

the case for immunity to the protozoan parasite, Leishmania
(25, 26), has yet to be determined.
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