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Introduction

The biological response to disease is a complex system
of reactions, including the mediators of inflammation,
hormones, cytokines, the complements, kinin and coagu-
lation cascades, and reactions mediated by macrophages,
leukocytes, and different lymphocyte subpopulations.
The metabolism of several proteins and nutrients is also
affected, with “nutritional immunity” as one of the re-
sults.

The system is characterized by remarkable complexity,
which is due in part to interaction between apparently
unrelated elements of this defense system. The increased
production by granulocytes of lactoferrin, which me-
diates hyposideremia, an important part of nutritional
immunity, also inhibits the macrophage production of
colony-stimulating activity, and ‘thus granulopoiesis.
Steroid and thymic hormones, prostaglandins, cytokines,
and histamine-induced suppressor factor interact with
lymphocytes. .

There are numerous biological and synthetic products
that can influence the biological response. Microbiologi-
cal products, hormones, peptides, and substances as dif-
ferent as cephalosporins, azimexon, vitamin A, levami-
sole, and cimetidine are among them. Most of these prod-
ucts, however, have nonlinear dose-response curves and
responses that are limited in time. This means that high
doses or prolonged administration may lead to responses
opposite to those that are found after low doses or short-
term administration. In addition, the effects of cimeti-
dine in cell cultures or animal systems are different from
those in humans. These factors increase the complexity
inherent in the use of biological response modifiers.

To some extent, however, the mechanisms of these sub-
stances are becoming known. We know, for instance, that
interferon stimulates the activity of natural killer cells,
that BCG stimulates the helper function of macrophages,
and that low doses of certain cytostatics may be more
toxic to suppressor T cells than to helper T cells. Research
in this area is progressing rapidly, and it is in the service

of investigations of the biological evaluation of response
modifiers that this symposium was arranged. ’

Greater difficulties are involved in the clinical evalua-
tion of biological response modifiers, because it is fre-
quently unknown which effects on the biological re-
sponse to disease are clinically desirable. For example, in-
terferon can stimulate natural killer cells and interleu-
kin-2 induces cytotoxic T cells, but the clinical benefit is
uncertain. Low doses of certain cytostatics can induce an
immunostimulatory effect by inhibiting the suppressor
cells, but it has not been demonstrated that this exerts
any clinically beneficial effect.

It is important to establish, not only correlations, but
also cause-effect relationships between the various ele-
ments of the biological response and the clinical effects
on tumors. In this area, the present symposium is intend-
ed only to be a beginning.

‘Peter Reizenstein, MD
Division of Hematology
Karolinska Hospital and Institute

S-104 01
Stockholm, Sweden

Michael Chirigos, MD
ph logy Secti
Biological Therapeutics Branch
Biological Response Modifiers Program
National Cancer Institute
Frederick Cancer Research Facility
Bldg 560, Rm 31-76
Frederick, MD 21701

1,

Hugh Fudenberg, MD

Department of Basic and Clinical
Immunology and Microbiology
Medical University of South Carolina
Charleston, SC 29425

Paolo Pontiggia, MD

Department of Hematology and Oncology
Centro Polispecialistico Sanrocco

2210 Como, Italy
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Mechanism of Melphalan-Mediated Modulation of Antitumor Immune Potential

of Tumor-Bearer Lymphoid Cells’

Sheldon Dray,* Robert C. Bocian, Shiomo Ben-Efraim, and Margalit B. Mokyr?

The antitumor immune potential of immunosuppressed spleen cells from a mouse bearing
a large MOPC-315 plasmacytoma is augmented when the spleen cells are exposed in vivo or
in vitro to a low concentration of melphalan (L-PAM). The mechanism of this L-PAM-
mediated enhancement consists of the elimination of the immunosuppressive activity of
macrophages and metastatic tumor cells as well as the appearance of immunostimulatory
activity. Thus, a low dose of L-PAM, < %,th of the maximum tolerated dose, mediates its
curative effect in mice bearing very large tumors and extensive metastases by facilitating
the generation of antitumor immunity in the host, which, together with the tumoricidal ac-
tion of the drug, is effective in tumor eradication. The curative effectiveness of a very low
dose of L-PAM at an advanced stage of tumor growth is made possible by the drug’s im-
munemodulatory activity, which shifts the balance from immunosuppression to immunopo-
tentiation, resulting in effective, potent antitumor immunity. The possibility that a low dose
of drug may have a substantial beneficial immunomodulatory effect in humans, as it does in
mice, offers an approach to cancer therapy that might avoid the complications of commonly
used high-dose chemotherapy. [Cancer Treat Symp 1:3-10, 1985]

Many drugs currently used in cancer chemotherapy
cause severe depression of bone marrow and lymphoid
cell functions. However, under defined conditions, some
of these otherwise immunosuppressive drugs can poten-
tiate immune responsiveness (1-3). For example, cyclo-
phosphamide (CY), one of the most potent immunosup-
pressive chemotherapeutic drugs available, has been
shown under certain experimental conditions to en-
hance IgE (4,5), delayed type hypersensitivity (6-8), and
antitumor (9,10) responses. From these studies, it be-
came apparent that the timing of CY administration rela-
tive to immunization is critical to the drug’s immuno-
modulatory effect. Thus, treatment with CY prior to
immunization potentiated IgE production and cell-medi-
ated immune responses, whereas CY treatment after
immunization suppressed cell-mediated immune

~ responses. The potentiation of cell-mediated immune re-
sponses by CY (> 100 mg/kg) was attributed originally
to suppression of antibody production as a consequence
of depletion of B lymphocytes (11,12). By lowering the

dose of CY to 20 mg/kg, Askenase et al (7) achieved en-
hancement of delayed type hypersensitivity without
suppressing antibody production. The authors suggest-
ed that this enhancement is due to the effect of CY on
precursors of suppressor T cells (7,13).

Recently, CY has been implicated as an immuno-
modulator of antitumor response in tumor-bearing mice
(1,14). This conclusion stems from the observation
that administration of a low dose of CY to tumor-bear-
ing mice, whose spleens exhibit suppressed antitumor
immune potential, leads to an enhancement of their
antitumor immune potential, which is associated with
the elimination of suppressor cell activity from the
spleen. The absence of suppressor cell activity in the
spleen following CY therapy of tumor-bearing mice
might not be due to CY-induced selective elimination of

" suppressor cell activity but might instead be the result

of CY-induced alteration of the migratory pattern of
suppressor cells out of the spleen. '
To establish that CY does mediate the selective elimi-

Supported by Public Health Service grants CA-09318 (R. C. Bocian),
CA-26480, and CA-30088 from the National Cancer Institute, National
Institutes of Health, Department of Health and Human Services. S.
Ben-Efraim received support from the Council for the International Ex-
change of Scholars and is a visiting Fulbright Professor from the De-
partment of Human Microbiology, Sackler School of Medicine, Tel Aviv

University, Israel.
ent of Microbiology and Imm
at Chicago, Health Sciences Center.
*Reprint requests to: Sheldon Dray, MD, PhD, Department of
Microbiology and Immunology, University of Illinois at Chicago, PO
Box 6998, Chicago, IL 60680.

logy, University of Illinois
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nation of splenic suppressor cell activity, it would be
necessary to demonstrate that incubation of immuno-
suppressed tumor-bearer spleen cells with the drug in
vitro results in an augmented antitumor immune poten-
tial that cannot be augmented further by subjecting the
spleen cell suspension to fractionation procedures that
selectively deplete suppressor cells. Such an approach is
complicated in the case of CY because the drug is inac-
tive in its native form and requires activation by
hepatic microsomal enzymes to exert its toxic effects
(15,16). Moreover, 4-hydroxycyclophosphamide, the
first activation product of CY, and aldophosphamide,
which exists in equilibrium with - 4-hydroxycyclophos-
. phamide, are quite labile (16,17). To circumvent these
obstacles, we have employed another alkylating agent,
melphalan (L-PAM). Unlike CY, L-PAM is both active
and stable in its native chemical form (18,19) and, like
CY, is used extensively in treatment of patients with
cancer, particularly those with multiple myeloma (20).

MURINE MOPC-315 PLASMACYTOMA MODEL

Our studies have utilized the weakly immunogenic
murine MOPC-315 plasmacytoma of BALB/c origin
(21). Progressively growing plasmacytomas in mice ini-
tiate many of the pathophysiologic phenomena associ-
ated with multiple myeloma in humans, including a
specific gammopathy (22), proteinuria (23), kidney le-
sions (24), and osteolytic bone destruction (22). Rou-
tinely, mice were inoculated sc with 300 times the
minimum lethal dose of MOPC-315 tumor cells; this
inoculum size leads to the appearance of palpable tu-
mor nodules in 8 days, which grow progressively and
kill the mice in 18 days. At advanced stages of tumor
growth, spleen cells from such mice exhibit suppressed
antitumor immune potential, compared to the immune
potential of normal mice, as judged by the ability of
the spleen cells to mount an antitumor cytotoxic re-
sponse following in vitro immunization with stimulator

tumor cells (25). The suppressed antitumor immune-

potential of tumor-bearer spleen cells is due to the in-
hibitory activity of splenic macrophages (26) and meta-
static tumor cells (27).

EFFECT OF L-PAM

Spleen Cell-Mediated Antitumor Immunity
Low-dose treatment in vivo

Initially, we had to establish that low-dose L-PAM ther-
apy of mice bearing a large MOPC-315 tumor can en-
hance the antitumor immune potential of their immuno-
suppressed spleens. For this purpose, mice bearing a
large MOPC-315 tumor were given a single ip injection of

0.75 mg of L-PAM/kg of body weight and, subsequently,
on Days 2, 5, or 8 after chemotherapy, their spleen cells
were evaluated for antitumor immune potential. The
antitumor immune potential of spleen cells from L-PAM-
treated tumor-bearing mice was compared to that of
spleen cells from untreated tumor-bearing mice (fig 1). L-
PAM therapy of tumor-bearing mice enhanced the anti-
tumor immune potential of their immunosuppressed
spleen cells such that, following in vitro immunization,
they mounted a level of antitumor cytotoxicity similar to
that exhibited by in vitro-immunized normal spleen cells.
This L-PAM-induced enhancement occurred within 2
days after chemotherapy and lasted for at least 8 days; it
was not due to L-PAM-induced alteration in the migra-
tory patterns of suppressor cells and/or cells involved in
the generation of antitumor immunity, since in vitro in-
cubation of immunosuppressed tumor-bearer spleen cells
with L-PAM also enhanced their antitumor immune
potential.

Treatment in vitro

Immunosuppressed- tumor-bearer spleen cells were
incubated in vitro for 1 hour with graded concentra-
tions of L-PAM ranging from 0.15 to 1.5 nmol of L-
PAM/ml and subsequently subjected to in vitro im-
munization (fig 2). In vitro exposure of immunosup-
pressed tumor-bearer spleen cells to as little as 0.15
nmol of L-PAM/ml enhanced their antitumor immune
potential; exposure to 0.5-1.5 nmol of L-PAM/ml re-
sulted in much greater enhancement of antitumor im-
mune potential. )

To ascertain whether L-PAM-induced enhancement of
antitumor immune potential of immunosuppressed tu-
mor-bearer spleen cells is due to selective elimination of
suppressor cell activity, we determined whether the
antitumor immune potential of L-PAM-treated tumor-
bearer spleen cells can be further augmented by sub-
jecting them to glass wool fractionation; this procedure
selectively depletes the suppressor cells that operate in
the spleens of MOPC-315 tumor-bearing mice, namely,
macrophages and metastatic tumor cells (fig 3). Sub-
jecting L-PAM-treated immunosuppressed tumor-bearer
spleen cell suspensions to glass wool fractionation did -
not further augment the antitumor immune potential
of the spleen cells and, in a few instances, actually de-
creased it. Although these results suggest that expo-
sure of immunosuppressed tumor-bearer spleen cells to
L-PAM leads to selective elimination of the suppressive
activity of glass-adherent splenic cells, the possibility
exists that, following L-PAM treatment, the suppressor
cells no longer adhere to glass and/or that the cells in-
volved in the generation of antitumor immunity be-
come unresponsive to suppression mediated by the
glass-adherent suppressor cells. To establish that L-
PAM treatment leads to selective elimination of sup-

Cancer Treatment Symposia
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FIGURE 1.—Low-dose L-PAM therapy of mice bearing large MOPC-
315 tumor enhances antitumor immune potential of immunosup-
pressed- spleens. Spleen cell suspensions (SpC) obtained from
tumor-bearing (TuB) mice treated with 0.75 mg/kg of L-PAM 2, 5,
or 8 days earlier were subjected to in vitro immunization by cocul-
tivation with mitomycin-treated stimulator tumor cells. 5 days
later, spleen cells were evaluated for ability to lyse target tumor
cells by 4-hr ®'Cr-release assay. Cytotoxicity exhibited by in vitro
immunized spleen cells from normal mice is also included as con-

FIGURE 2.—Enhancement of antitumor im-
mune potential of immunosuppressed
tumor-bearer spleen cells is shown following
in vitro exposure to L-PAM. Tumor-bearer
(TuB) spleen cell suspensions (SpC) were in-
cubated in vitro at 37°C for 1 hr with 0.15,
0.5, or 1.5 nmol of L-PAM/ml and subse-
quently subjected to in vitro immunization.
5 days later, spleen cells were evaluated for
ability to lyse target tumor cells by 4-hr
51Cr-release assay.
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FIGURE 3.—Compared to suspensions of normal spleen cells (N SpC) subjected to in vitro immunization, spleen cell suspensions from
BALB/c mice bearing large sc MOPC-315 tumor (TuB SpC) exhibit suppressed antitumor immune potential, as evidenced by reduced
ability to mount antitumor cytotoxic response following in vitro immunization with stimulator tumor cells. Suppression of antitumor

immune potential of tumor-bearer sp cells is

diated by influx of macrophages and metastatic tumor cells. Depletion of most

macrophages and tumor cells is accomplished by fractionation on glass wool columns, thereby allowing remaining nonadherent
(NonAd) TuB SpC to mount secondary antitumor cytotoxic response following in vitro immunization.

pressor cell activity, we evaluated the effect of the
drug on the inhibitory activity of metastatic tumor
cells and of splenic macrophages.

Tumor Cell-Mediated Immunoiuppresslon

The effect of L-PAM on tumor cell-mediated immuno-
suppression was assessed by determining the effect of
incubating tumor cells in vitro with L-PAM on their
ability to suppress the in vitro generation of antitumor
cytotoxicity by normal spleen cells immunized with
mitomycin-treated tumor cells (fig 4). Exposure of tu-
mor cells to 0.5 nmol of L-PAM/ml not only abolished
their ability to suppress the in vitro generation of anti-
tumor cytotoxicity by normal spleen cells but actually
resulted in augmented antitumor cytotoxic activity well
beyond that achieved by adding similar numbers of
supplemental mitomycin-treated tumor cells to the in
vitro immunization mixture. The loss of the inhibitory
activity of tumor cells following exposure to L-PAM
cannot be attributed to drug-induced abrogation of
their proliferative capacity. This is evident from experi-
ments in which incubation of tumor cells with 0.5-1.5

6

nmol of L-PAM/ml did not abolish their ability to incor-
porate ®H-thymidine or to establish lethal tumors upon
inoculation into new recipients; these concentrations of
drug abrogated the suppressive activity of tumor cells
as well as enhanced the antitumor immune potential of
immunosuppressed tumor-bearer spleen cells. Moreover,
exposure of tumor cells to L-PAM in vitro rendered
them superior stimulators for the generation of antitu-
mor cytotoxicity (fig 5).

Macrophage-Medlated Immunosuppression

The effect of L-PAM on macrophage-mediaied im-
munosuppression was assessed by determining the ef-
fect of incubating Sephadex G-10-adherent cells from
tumor-bearer spleens (primarily macrophages) with 0.5
nmol of L-PAM/ml on their ability to suppress the in
vitro generation of antitumor cytatoxicity by normal
spleen cells (fig 6). Following in vitro exposure to 0.5
nmol of L-PAM/m], the Sephadex G-10-adherent tumor-
bearer spleen cells not only lost their ability to sup-
press the in vitro generation of antitumor cytotoxicity
but exerted an enhancing effect.

Cancer Treatment Symposia
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CONCLUSIONS AND SIGNIFICANCE

Our results demonstrate that L-PAM acts as an im-
munomodulator, shifting the balance between immuno-
suppression and immunopotentiation in favor of antitu-
mor immunity. The resultant strong antitumor immu-
nity, in conjunction with the tumoricidal activity of a
low dose of L-PAM, brings about the cure of mice bear-
ing a large tumor (28). The kinetics of tumor eradica-
tion following low-dose L-PAM therapy is illustrated in
figure 7. Following administration of L-PAM (0.75
mg/kg) to mice bearing a large tumor, a significant de-
crease in tumor size was observed by Day 3 after
chemotherapy, and the tumor regressed completely by
Day 10. The curative effectiveness of the low dose of L-
PAM for mice bearing a large tumor is not due solely
to the drug’s tumoricidal effect, since viable, tumori-
genic cells are present in the primary tumor nodule
long after the drug has been cleared from the circula-
tion. Tumor eradication occurs as a_ consequence of
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cooperation between the toxic effects of L-PAM and T-
cell-dependent antitumor immunity, This is evident
from experiments in which the curative effectiveness of
a low dose of L-PAM was abrogated in most mice bear-
ing a MOPC-315 tumor, if they were treated with anti-
thymocyte serum (fig 8). Mice cured by the low dose of
L-PAM in conjunction with T-cell-dependent antitumor
immunity are resistant to a tumor challenge with at
least 300 times the minimal lethal tumor dose.

Mice bearing a large MOPC-315 tumor can be cured
also by a high dose of L-PAM (15 mg/kg) without the
contribution of T-cell-dependent antitumor immunity in
tumor eradication (28). The curative effectiveness of
the high dose of L-PAM is due primarily to the tumor-
icidal activity of the drug, since viable, tumorigenic
cells could not be detected in the primary tumor nodule
even 1 day after chemotherapy. Although mice bearing
a large MOPC-315 tumor can be cured by a high dose
of L-PAM, these mice are not resistant to a subsequent
tumor challenge (28).
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FIGURE 5.—L-PAM (0.5 nmol/ml) enhances ability of tumor cells to stimulate generation of antitumor cyto-
toxicity. Untreated (M), mitomycin-treated (Mito.C-treated) (®), or L-PAM-treated (A) tumor cells were used as
stimulator cells (STC) for in vitro generation of antitumor cytotoxicity. In vitro immunization was performed
at various responder/stimulator cell ratios.
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FIGURE 6.—L-PAM (0.5 nmol/ml) abolishes immunosuppressive activity
of Sephadex G-10-adherent cells from tumor-bearer (TuB) spleens.
Untreated or L-PAM-treated Sephadex G-10-adherent spleen cells (SpC)
were added to in vitro immunization culture of normal spleen cells (N
SpC), to constitute 30% of spleen cell population.
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FIGURE 7.—Kinetics of regression of large sc tumor nodule following
therapy with single low dose of L-PAM. Mice bearing 20-mm tumor
received ip injection of 0.75 mg/kg of L-PAM (A). Untreated tumor-
bearing mice are included as controls (O). Reprinted with permission
from Bén-Efraim S, Bocian RC, Mokyr MB, et al. Increase in the
effecﬁveness of melphalan therapy with progression of MOPC-315

tumor growth. Cancer Immunol Immunother
15 101-107, 1983.
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FIGURE 8.—Antithymocyte serum abolishes curative effectiveness of low
dose of L-PAM (0.75 mg/kg) for most mice bearing large tumor. Mice
were given 0.25 ml of rabbit antimouse thymocyte serum (ATS).

These results demonstrate that mice bearing a large
tumor can be cured by a lower dose if T-cell-dependent
antitumor immunity also aids in tumor eradication
than if tumor eradication occurs solely via the drug’s
tumoricidal activity. This is impertant since high-dose
chemotherapy is often immunesuppressive, thus in-
creasing the susceptibility of thehost to infection and
decreasing host ability to prevent the development of
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dormant tumor foci. Moreover, tumor bearers treated
“successfully” . with  high-dose chemotherapy are at a
higher risk-of developing a' different type of cancer
(29,30). The curative effectiveness of a low dose of
L-PAM at an advanced stage of tumor growth is made
possible in the MOPC-315 system by the drug’s im-
munomodulatory activity. The possibility that a low
dose of drug may have a substantial beneficial immuno-
modulatory effect in humans, as it does in mice, offers
an approach to cancer therapy that might avoid the
complications of commonly used high-dose chemother-
apy.
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