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Anti-inflammatory pretreatment enables an efficient dendritic
cell-based immunotherapy against established tumors
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Abstract Although animals can be immunized against
the growth of some tumor implants, most of the attempts to
use immunotherapy to cause the regression of animal and
human tumors once they have become established have
been disappointing even when strongly immunogenic
tumors were used as target. In this paper, we demonstrate
that the failure to achieve an efficient immunological

P. Chiarella - J. Bruzzo - A. Maglioco - G. Camerano -

M. A. Isturiz - G. I. Dran - O. D. Bustuoabad - R. A. Ruggiero (<)
Divisién Medicina Experimental (ILEX CONICET),

Academia Nacional de Medicina de Buenos Aires,

Pacheco de Melo 3081, 1425 Buenos Aires, Argentina

e-mail: ruloruggiero@yahoo.com.ar

M. Vulcano - G. Ferndandez - R. F. Brando - M. A. Isturiz
Divisién Inmunologia, Academia Nacional de Medicina
de Buenos Aires, Pacheco de Melo 3081,

1425 Buenos Aires, Argentina

M. Vermeulen

Divisién Inmunologia Oncolégica,

Instituto de Investigaciones Hematoldgicas IIHEMA),
Academia Nacional de Medicina de Buenos Aires,
Pacheco de Melo 3081, 1425 Buenos Aires, Argentina

S. Vanzulli

Instituto de Estudios Oncolégicos (IEO),

Academia Nacional de Medicina de Buenos Aires,
Pacheco de Melo 3081, 1425 Buenos Aires, Argentina

V. Palacios

Centro de Estudio y Tratamiento Oncolégico (CETRO),
Academia Nacional de Medicina de Buenos Aires,
Pacheco de Melo 3081, 1425 Buenos Aires, Argentina

Present Address:

M. Vulcano

Research Laboratory in Immunology and Inflammation,
Istituto Clinico Humanitas, Rozzano, Milan, Italy

treatment against an established strongly immunogenic
murine fibrosarcoma was paralleled with the emergence of
a state of immunological unresponsiveness (immunological
eclipse) against tumor antigens observed when the tumor
surpassed the critical size of 500 mm?. In turn, the onset of
the immunological eclipse was coincidental with the onset
of a systemic inflammatory condition characterized by a
high number of circulating and splenic polymorphonu-
cleated neutrophils (PMN) displaying activation and
Grl*™Macl* phenotype and an increasing serum concentra-
tion of the pro-inflammatory cytokines TNF-a, IL-1f and
IL-6 cytokines and C-reactive protein (CRP) and serum A
amyloid (SAA) phase acute proteins. Treatment of tumor-
bearing mice with a single low dose (0.75 mg/kg) of the
synthetic corticoid dexamethasone (DX) significantly
reduced all the systemic inflammatory parameters and
simultaneously reversed the immunological eclipse, as evi-
denced by the restoration of specific T-cell-dependent
concomitant immunity, ability of spleen cells to transfer
anti-tumor activity and recovery of T-cell signal transduc-
tion molecules. Two other anti-inflammatory treatments by
using indomethacin or dimeric TNF-o receptor, also par-
tially reversed the immunological eclipse although the
effect was not as striking as that observed with DX. The
reversion of the immunological eclipse was not enough on
its own to inhibit the primary growing tumor. However,
when we used the two-step strategy of inoculating DX to
reverse the eclipse and then dendritic cells loaded with
tumor antigens (DC) as an immunization booster, a signifi-
cant inhibition of the growth of both established tumors and
remnant tumor cells after excision of large established
tumors was observed, despite the fact that the vaccination
alone (DC) had no effect or even enhanced tumor growth
in certain circumstances. The two-step strategy of tumor
immunotherapy that we present is based on the rationale
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that it is necessary to eliminate or ameliorate the immuno-
logical eclipse as a precondition to allow an otherwise
ineffective anti-tumor immunological therapy to have a
chance to be successful.

Keywords Tumor - Immunotherapy - Dendritic cells -
Systemic inflammation

Introduction

Many years ago, Foley [12] and Prehn and Main [42]
demonstrated that the removal of a chemically induced
murine tumor by ligation or surgical excision left the host
immunized or protected against the subsequent injection of
a normally lethal dose of viable cells of that tumor. In 1960,
this finding was confirmed by Klein et al [22] who showed
that immunization of mice against an implant of tumor
cells could also be achieved by pretreatment with lethally
X-irradiated tumor cells.

Since then, those pioneer discoveries were repeated and
extended by numerous investigators who established,
beyond all reasonable doubt, that some animal and human
tumors express antigenic peptides which can elicit and
become targets of an anti-tumor T cell immune response
[20, 60].

On this basis, an immunological approach to clinical
cancer emerged as an attractive method to efficiently and
specifically kill the tumor cells, circumventing the limita-
tions and the undesirable side effects of the conventional
anti-tumor therapies. Thus, a high number of anticancer
trials were designed over the past 40 years using different
vaccination strategies. However, to date, most of the
attempts to cause an immunologically mediated regression
of animal or human tumors, once established, have been
disappointing [9, 11, 58]. A few successful immunological
therapies against experimental-growing tumors have been
reported in the past few years by using dendritic cells
or engineered tumor cells as new anti-tumor vaccines.
However, in all cases, success was achieved only on
incipient tumors; when tumors had grown beyond a mini-
mal critical size, no effect was observed [7, 15, 28, 35, 41,
47, 66].

This means that the immunization procedures which are
useful for preventing the growth of implants of viable
tumor cells, are, in most cases, inefficient to eradicate and
even slow down their growth once they become estab-
lished, “established” meaning—according to the definition
of Yu et al. [66]—the solid tumors that are at least 14 days
old and have volumes of about 400-500 mm®. As a putative
explanation of these conflicting observations, some authors
have suggested that the immune system can efficiently deal
with a limited number of tumor cells present in a small

@ Springer

tumor fragment or in an incipient tumor but not with a
larger number present in an established tumor [37]. If this
was the case, specific immunotherapy should be more
successful after surgically debulking the tumor. Indeed, a
high percentage of the immunological therapies against
human cancer have been attempted with the aid of debul-
king but, again, the results have, in general, been disap-
pointing [9, 30, 32, 38].

The mechanisms, by which a host bearing an established
tumor becomes refractory to immunotherapy, have been
studied for decades; however, although several hypotheses
have been raised, including tumor cell-associated and host
immunoregulatory circuits [2, 19, 60], the underlying basis
of this phenomenon has remained elusive.

In this paper, in an attempt to continue the line of think-
ing initiated by North some years before [36], we have
studied the kinetics of the onset and decay of the immune
response evoked by the progressive growth of an immuno-
genic murine tumor. We have assumed that a knowledge of
the regulation of this concomitant immunity is a precondi-
tion to understand why antigenic tumors are not rejected by
their immunocompetent hosts and why such tumors, once
they become established, are refractory to any attempt of
immunotherapy.

The decay of the antitumor immunity observed when a
tumor exceeds a critical size—called by former authors as
immunological eclipse [14, 36]—was correlated, in our
model, with the emergence of a systemic inflammatory
condition characterized by a sharp rise of polymorphonu-
clear neutrophils (PMN) in the blood and spleen and
elevated serum concentrations of some pro-inflammatory
cytokines and acute phase proteins. We have attempted to
reverse this immunological eclipse using different anti-
inflammatory treatments in order to test whether such
reversion could enable an otherwise ineffective anti-tumor
immunological therapy to become successful.

Materials and methods
Animals

BALB/c mice of both sexes, 3—5 months old were used
throughout. They were raised in our own colony and main-
tained on Cooperation pellets (San Nicolds, Buenos Aires,
Argentina) and water ad libitum. Parabiotic mice were
prepared by joining pairs of mice in parabiotic union as
previously described [50]; cross circulation was established
around day 7 according to our previous experience.
Animals were age and sex matched within each experiment.
Care of animals was according to the policies of Academia
Nacional de Medicina of Buenos Aires, Argentina (NIH
Guide and Use of Laboratory Animals).
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Tumor

MC-C: Fibrosarcoma induced in a 5-month-old BALB/c
male, 3 months after the subcutaneous (s.c.) implantation
of a methylcholanthrene pellet. It was used between s.c.
passages 5-25. Tumor dose 50 (TDsg) is defined as the
number of tumor cells able to grow in 50% of mice. Tumor
volume was calculated according to the formula of Attia
and Weiss: volume = 0.4ab?, where a and b are the larger
and smaller diameters, respectively [13].

As control of specificity we have used two immunologi-
cally unrelated murine tumors: the fibrosarcoma MC-B and
the lymphoma LB, which have been described previously
[13].

Serum

Normal and tumor-bearing mice were bled through the
retro-orbital plexus. The blood was kept at room tempera-
ture for 1 h for clotting. Serum obtained after centrifuga-
tion was stored at —20°C until used. For [°H] thymidine
uptake assays, serum was decomplemented at 56°C for
30 min.

Histological studies

Skin with or without macroscopic tumor was removed and
fixed in 15% formaldehyde, 5% acetic acid and 80% metha-
nol. The tumor was sliced along the largest diameter and
embedded with the overlying skin. Serial sections (3—5 pm)
were obtained, stained with hematoxylin and eosin and
studied.

Preparation of tumor lysates

Tumor tissue was removed and tumor cells were dispersed
in phosphate-buffered saline (PBS) to create a single-cell
suspension. Cells were lysed by four to five freeze cycles
(on liquid nitrogen) and thaw cycles (room temperature).
Larger particles were removed by centrifugation (10 min,
1,000 r.p.m.), supernatants were sonicated for 10 min in a
Branson Digital Sonifier and then passed through a 0.2-pm
filter, protein content determined and adjusted at 7.5 pg/ml
and aliquots stored at —80°C until use.

Bone marrow-derived dendritic cells isolation

Femurs and tibiae of mice were removed and freed of
muscles and tendons: The bones were placed in 70%
ethanol for 2 min and subsequently washed in PBS. Both
bone ends were cut off and the marrow was flushed
out with RPMI 1640 medium. The red cells were lysed
with ammonium chloride (0.45 M). The cells were

centrifuged for 10 min at 1,500 rpm and 2 x 103 ml~!
cells were cultured in Petri dishes in 10 ml of RPMI
medium (Gibco, Grand Island, NY, USA) with 10% fetal
bovine serum; 2 mM L-glutamine, 100 U ml~! penicillin
and 100 mg ml~! streptomycin (complete medium) and
supplemented with 5 x 107> M 2-mercaptoethanol and
15-30% of mouse granulocyte—macrophage colony-
stimulating factor (m GM-CSF)-containing supernatant
from a J558 cell line stably transfected with m GM-CSF.
On day 8, dendritic cells were harvested by gentle

pipetting.
Vaccination strategies
Tumor implantation and excision

Subcutaneous MC-C tumors were surgically excised when
their volume had reached approximately 400 mm?; 2 weeks
later, tumor challenge was carried out in the contra-lateral
flank of the mice that had not relapsed.

Sublethal doses

Mice that had survived a first small MC-C tumor implant
were re-inoculated with graded doses of the same tumor.

X-irradiated cells

Cell suspensions were irradiated with 90 Gy in a plastic
irradiation chamber; X-rays were generated in a Philips
250/15 Radiotherapy apparatus at 220kV, 14 mA and
filtered with 1 mm Al. The dose rate was 3.15 Gy min~! at
a focus-target distance of 29 cm. Animals were pretreated
with two s.c. doses of 4 x 10° irradiated MC-C tumor cells,
14 and 7 days before tumor challenge.

Heat-inactivated cells

Tumor cells (5 x 106) heated at 80-90°C for 1 min were
inoculated s.c. 14 and 7 days before tumor challenge.

Dendritic cells pulsed with tumor lysate
and X-irradiated cells

Bone marrow-derived day 8 dendritic cells (1 x 10%) were
incubated in 1 ml of complete medium with 0.25 ml of
MC-C tumor-lysate or with 1 x 10° X-irradiated MC-C
tumor cells for 2 days at 37°C. Cells were then washed
and 3 x 10° dendritic cells pulsed with tumor lysate or
X-irradiated MC-C tumor cells were injected s.c. in the
foot pad of recipient mice 14 and 7 days before tumor chal-
lenge. Dendritic cells pulsed with LPS or not pulsed were
injected as control.
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Adoptive transference assay

Mice were inoculated by the intraperitoneal (i.p.) route with
1 x 10® spleen cells from normal, immunized and tumor-
bearing mice. After 2 h, passively transferred mice were
challenged with a s.c. tumor implant. The survival index
(SVI) was calculated as the survival time in days divided by
the ratio between the number of mice that died of tumor and
the total number of mice inoculated. SVI is a measure of
both the survival time and percentage of mortality [13].

Concomitant immunity assay

Mice received a s.c. tumor implant in the right flank
followed, at different intervals, by a second s.c. implant of
the same tumor in the left flank. Control mice were chal-
lenged in the left flank only. The titer of concomitant
immunity was defined as the ratio between TDs, of the
second challenge in tumor bearing mice and TDs;in control
mice and expressed as a function of the primary tumor
volume at the day of the second tumor challenge [13].
Strictly, the inhibition of a second tumor challenge in a
tumor-bearing host is not itself an index of a concomitant
immune response because mice bearing large tumors (in the
case of MC-C when tumor size is >2,500 mm3) at the time
of the second tumor challenge are capable of inhibiting it
by an entirely different non-immunological mechanism,
included, together with the immunological mechanism, in
the broader concept of anti-tumor concomitant resistance
[13, 44, 50, 51]. However, in this paper, we tested the
inhibition of a second tumor challenge inoculated in mice
bearing primary MC-C tumors <2,500 mm?® and in conse-
quence, the inhibitory effect (when it were present) could
only be associated with the immunological arm of this phe-
nomenon, i.e., with concomitant immunity.

Winn test

The anti-tumor activity of spleen cells from normal, immu-
nized and tumor-bearing mice was investigated with the
in vivo Winn’s test [65] by mixing them with tumor target
cells at an effector—target ratio of 100:1. The cells were then
inoculated by the s.c. route and tumor growth evaluated.

Cell-mediated cytotoxicity assay

3ICr-labeled tumor cells in 0.1 ml of complete medium
were incubated with the same volume of different spleen
cell suspensions at an effector—target ratio of 100:1 for 4 h
at 37°C in a 5% carbon dioxide humidified atmosphere.
Afterward, cells were centrifuged and radioactivity in the
supernatant was measured in a Gamma counter (Beckman).
Percentage of specific lysis was calculated as (experimental
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cpm — normal cpm)/(maximal cpm with Triton — normal
cpm) x 100. The assays were usually carried out in quadru-
plicate.

[*H]Thymidine uptake assay

Splenocytes from mice immunized against MC-C tumor
(mice pretreated with lethally X-irradiated MC-C tumor
cells) were prepared by mechanical disruption of spleens
using standard protocols. Splenocytes (5 x 10° ml~!) were
activated with tumor lysate (content of protein 7.5 pg/ml)
for 72h and then seeded, at a concentration of
2 x 10° ml™", in 0.1 ml of medium, in 96-well microtiter
plates (Corning, NY, USA) in the presence of 0.1 ml of
several twofolded dilutions of serum from normal and
tumor-bearing mice and 1uCi/ml of [*H] thymidine .The
mixture was incubated at 37°C for 18 h in a 5% carbon
dioxide humidified atmosphere and harvested with an auto-
mated cell harvester. The radioactivity incorporated into the
cells was counted in a liquid scintillation Beta counter
(Beckman). The assays were usually carried out in triplicate
to sextuplicate. The titer of growth inhibitory activity was
defined as the reciprocal of the serum dilution producing
50% inhibition of [*H] thymidine uptake by spleen cells as
compared with medium only, and expressed as GIUj, ml~".

Markers of systemic inflammation

Blood was collected at the indicated times from the retro-
orbital plexus. Blood smears were prepared on microscope
slides, fixed with methanol and stained with Giemsa. The
number of polymorphonuclear neutrophils (PMN) was
estimated by a light microscope and visual counting.
Mouse serum amyloid A (SAA) and C-reactive protein
(CRP) titration was on centrifuged serum using ELISA kits
from BioSource International, Camarillo, CA, USA and
Immunology Consultants Laboratory, Newberg, OR, USA,
respectively, following manufacturer’s recommendations.
Mouse TNF-g, IL-1/ and IL-6 titration were on centrifuged
serum using ELISA kits from RD Systems, Minneapolis,
MN, USA, following manufacturer’s recommendations.

Anti-inflammatory treatments

An i.p. single dose of 0.75 mg/kg body weight (about 15 g
per mouse) of the synthetic corticoid dexamethasone (DX)
(Decadron Shock, SIDUS, Argentina) was used.

Indomethacin (Sigma) was diluted in 0.015 M NaCl to
obtain a dose of 0.5 mg/kg body weight (about 10 ng per
mouse) and mice received two weekly injections of this
preparation by the i.p. route.

Recombinant fusion protein composed of soluble dimeric
human p80 tumor necrosis factor-o. receptor (TNFR) linked
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to the Fc region of human IgG (TNFR:Fc, etanercept) was
purchased from John Wyeth (Buenos Aires, Argentina).
Each mouse received two weekly intravenous (i.v.) injec-
tions with 100 pg of TNFR/Fc in 0.1 ml of saline as previ-
ously described (4, 31).

In order to counteract the interaction of DX with the
glucocorticoid (GC) receptor, a GC receptor antagonist,
RU-486 (Sigma) was used. RU-486 was inoculated as a
single dose (3 mg/ml en 1,2 propanediol) by the i.p. route
1 day and 5 h before inoculating DX. RU-486 competes
with DX for rat kidney glucocorticoid receptor (GR) occu-
pancy in vitro, exhibiting a higher association constant for
binding to GR than DX [21].

Flow cytometry

For phenotypic analysis, spleen cells pooled from mice
(five mice per group) were reacted with 100 ng of fluoresce-
inated anti-CD3, anti-CD4, anti-CD8, anti-CD?25, anti-CD45
B220, anti-GR1 or anti-Mac1 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Irrelevant isotype-matched Abs
were used as controls. Cells were reacted with the desired
Ab for 30 min at 4°C. Samples were washed in PBS with
1% FBS. Samples were analyzed for fluorescence using a
Coulter Profile IT flow cytometer (Palo Alto, CA, USA) fol-
lowing gating on the lymphocyte population for the analy-
sis of CD3, CD4, CD8, CD25, CD45 B220 positive-cells
and on the non-lymphocyte population for the analysis of
Macl and GRI1 positive cells.

For in vitro T cell enrichment, mononuclear spleen cells
were obtained in a Ficoll-Hypaque density gradient as
described [8] and then they were incubated at 37°C for
3 h in the presence of an anti-B220 antibody (20pg/
1 x 10° cells) to eliminate B cells. Later, the suspension
was incubated in a Petri dish at 37°C overnight to deplete
the macrophages by adherence. After washing the suspen-
sion, an aliquot of cells was reacted with anti-CD3 mAb
and analyzed via cytometry to assess the enrichment
obtained. In all cases, more than 85% of the cells expressed
the T cell marker.

For in vivo depletion studies, five mice per group were
inoculated i.p. twice per week with 100 pl of anti-CD3
(clon 145-2C11, hamster IgG) or with an IgG isotype con-
trol. Selective depletion was tested in spleen preparations
via FACS analysis and was always greater than 95% for
T CD3+ cells; other subsets were unaffected.

Peripheral PMN from individual mice were obtained by
layering on a Ficoll-Hypaque density gradient as previ-
ously described [8].

In order to measure their activation, 0.25 x 10° purified
PMN were incubated with dihydrorhodamine 123 (DHR,
Sigma) (1 mM) at 37°C in 5% CO,. DHR itself is non-fluo-
rescent, but upon reactive oxygen species generation a

brightly fluorescent FL-1 product is produced. Therefore,
the fluorescent form of DHR was determined by flow
cytometry.

Western blotting

Cells were washed and lysed in buffer composed of 20 mM
Tris (pH 8), 150 mM NaCl, 1% Nonidet P-40, 200 pM
EDTA, sodium pyro-phosphate, and 100 mM sodium fluo-
ride containing protease inhibitors. Lysates corresponding
to 4 x 10% enriched T cells/sample were separated on a
10% SDS-PAGE gel at 200 V for 45 min. Material was
electroblotted to polyvinylidene difluoride membrane,
blocked with 5% BSA, and immunoblotted with a rabbit
anti-Ick antiserum (Santa Cruz Biotechnology). To detect
the level of the p56/ signal transduction protein, the filter
then was reacted with a secondary Ab conjugated with per-
oxidase and developed via enhanced chemiluminescence
(DuPont-NEN, Boston, MA, USA); p56ICk is a protein tyro-
sine kinase of the src family which is expressed in T cells
and it has a significant role in signal transduction through
the T cell receptor [52]. Calibrant molecular weight (Da) on
tris-HC1 gel: myosin 200,768, B-galactosidase 115,281,
bovine serum albumin 96,190, ovalbumin 51,783, carbonic
anhydrase 37,659, soybean trypsin inhibitor 29,054, lyso-
zyme 20,461, and aprotinin 7,100.

Statistical analysis

Student’s ¢ test, Log-rank test and }52 test were used. Values
were expressed as mean =+ standard error. Differences were
considered to be significant whenever the P value was 0.05
or smaller.

Results

Immunization and immunotherapeutic assays
against MC-C tumor

MC-C is a strongly immunogenic tumor. In effect, numer-
ous active vaccination strategies—including tumor implan-
tation and excision, pretreatment with sublethal tumor
doses, X-irradiated or heat-inactivated tumor cells and den-
dritic cells pulsed with tumor lysates or X-irradiated tumor
cells—and passive transference of immunity could success-
fully prevent the growth of implants of MC-C viable tumor
cells (data not shown).

However, most of these procedures were unable to cause
the regression or even slow down the kinetics of a growing
MC-C tumor (data not shown). In our hands, the only
exception was dendritic cells pulsed with MC-C-tumor
lysate inoculated in mice bearing MC-C tumors ranging
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Fig. 1 a Growth of s.c. MC-C tumor initiated (on day 0) with 5 x 10°
MC-C tumor cells. Each point represents the mean =+ standard error
(SE) of 12 mice. b Concomitant immunity expressed, in the ordinate,
as the ratio between TD5 of secondary MC-C tumor in MC-C tumor-
bearing mice/TDs, in control mice. Abscissa indicates the primary
tumor volume at the day of the second challenge. Each point represents
the mean + SE of five experiments. “P < 0.002 as compared with con-
trol mice and mice bearing MC-C tumors measuring 1,500 and
2,000 mm3; P <0.05 as compared with mice bearing MC-C tumors

measuring 800 mm>. P < 0.001 as compared with control mice and

mice bearing MC-C tumors measuring 800, 1,500 and 2,000 mm?>;
P <0.02 and P < 0.05 as compared with mice bearing MC-C tumors
measuring 600 mm> and 100 mm>, respectively. ¢ In the adoptive
transference assay, normal mice received 1 x 10% spleen cells by the
i.p. route, from normal mice or mice bearing MC-C tumors with differ-
ent sizes; 2 h later mice were challenged with 5 x 10> MC-C tumor
cells by the s.c. route. Each bar represents the mean & SE of six
experiments. Ordinate: Survival index of recipient mice = survival
time/t/n, where t = number of mice that died of tumor and n = number
of mice inoculated. “P < 0.01 as compared with normal mice and mice

3 ek

bearing tumors measuring 1,100 and >2,000 mm”. P < 0.001 as com-
pared with normal mice and mice bearing tumors measuring 1,100 and
>2.000. d In the Winn test, 50 x 10° spleen cells from normal mice or
mice bearing MC-C tumors with different sizes were mixed in vitro
with 5 x 10° MC-C tumor cells and then the mixture was s.c.

10=70 mm?; in effect, this treatment caused the retardation
of tumor growth in treated mice, prolonging their survival
time (76.0 & 8.4 days; n=15) as compared with controls
(60.1 £ 3.2 days; n =11, P <0.05).

However, even dendritic cells pulsed with MC-C tumor-
lysate were unable to affect the growth of MC-C tumors
larger than 100 mm’. In fact, as we will show below, in
some cases, especially when tumors larger than 500 mm?
were used as target, tumor growth was accelerated upon
this treatment.

Onset and decay of anti-tumor immunity during
the progressive growth of MC-C tumor

MC-C tumor growth initiated by a s.c. implant of 5 x 10
tumor cells is depicted in Fig. la.

Anti-tumor immunity during MC-C tumor growth was
evaluated using five assays:

e Capacity of tumor bearing mice to inhibit the growth of sec-
ondary tumor implants (concomitant immunity, Fig. 1b).

e Ability of spleen cells to transfer anti-tumor immunity
passively to naive mice (adoptive transference of immu-
nity, Fig. 1c).

e Ability of spleen cells to counteract the tumorigenic
capacity of tumor cells when spleen cells were mixed
with tumor cells in vitro and then the mixture was inocu-
lated into normal mice (the Winn test, Fig. 1d).

e Ability of spleen cells to specifically kill *'Cr-labeled
MC-C tumor cells in vitro (cell-mediated cytotoxicity,
Fig. le).
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inoculated in naive mice. Each bar represents the mean + SE of five
experiments. Ordinate Survival index of mice inoculated. "P < 0.001
as compared with normal mice and mice bearing MC-C tumors mea-
suring 1,500 and >2,000 mm>. P < 0.001 as compared with normal
mice and mice bearing MC-C tumors measuring 1,500 and
>2,000 mm3; P <0.002 and P <0.01 as compared with mice bearing
tumors measuring 300 mm?® and 800 mm>, respectively. e Cytotoxic
activity of 2 x 10 spleen cells from normal mice or mice bearing MC-C
tumors with different sizes against 2 x 10* >'Cr-labeled MC-C tumor
cells. Each bar represents the mean 4+ SE of four experiments.
“P<0.01 as compared with normal mice and mice bearing MC-C

tumors >2,000 mm>. P <0.001 as compared with normal mice and

mice bearing MC-C tumors >2,000 mm® and P < 0.05 as compared
with mouse bearing MC-C tumor measuring 100 and 800 mm?>. f Lev-
els of p56ICk in T splenocytes throughout MC-C tumor growth. Cell
lysates from enriched T cells (4 x 10° cell equivalent/lane) were
separated on a 10% SDS-PAGE gel, transferred to a polyvinylidene
difluoride membrane and immunoblotted with an :11nti-p56ICk antibody,
followed by a secondary antibody conjugated to peroxidase and devel-
oped via enhanced chemiluminescence. These results are representa-
tive of those obtained in two similar experiments. Lanes: M markers of
molecular weight in Kilo Daltons, J Jurkat cells (positive control of
p56'K expression), N, T splenocytes from normal mice, ST, T spleno-
cytes from mice bearing small tumors (<500 mm?), LT T splenocytes
from mice bearing large tumors (1,500-2,000 mm?)

Level of the tyrosine kinase p56'%, a signal transduction

protein which is expressed in T cells and that it is activated
following the binding of ligand with the TCR (Fig. 1f).

As shown in Fig. 1b—e, anti-tumor immunity against
MC-C, as evidenced by the capacity of tumor bearing mice
to inhibit the growth of a secondary tumor implant or by the
ability of spleen cells to inhibit in vivo and in vitro tumor
growth, peaked at the early stages of MC-C tumor growth
but it was down regulated after MC-C tumor grew beyond
500 mm?, approximately. In the same way (Fig. If), by
using Western blotting, we observed that while T cells from
normal mice and mice bearing MC-C tumors <500 mm?
displayed a high level of p56'%, T cells from mice bearing
MC-C tumors >500 mm? exhibited a profound reduction of
the expression of this protein.

The early and transient anti-tumor response proved to be
tumor-specific and it was observed in euthymic but not
in nude mice (data not shown) meaning that it was mainly a
T-cell dependent mechanism.

Evidence that the down regulation of concomitant
immunity is associated with the emergence
of active suppressor mechanisms

The state of tolerance to MC-C tumor cells observed when
MC-C tumor grows beyond 500 mm® (immunological
eclipse) could be due to clonal deletion or to active suppres-
sor mechanisms. To distinguish between both possibilities,
parabiosis between tolerant and immune mice to MC-C were
carried out. Parabiosis between immune and normal mice
and between normal and normal mice were also carried out
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as controls. As immune mice, we used mice pretreated with
lethally X-irradiated MC-C tumor cells; as tolerant ones, we
used mice bearing MC-C tumors larger than 500 mm?>. If
clonal deletion played a main role, transference of immune
lymphocytes by parabiosis from the immune mouse would
be expected to reverse the immunological eclipse in the tol-
erant mouse by replacing a cell type that had been eliminated
from the latter. In contrast, such transference would probably
not affect a state of tolerance if it were mainly due to an
active suppressor mechanism. To test the state of tolerance
or immunity, both partners of the parabiotic mice were chal-
lenged with an implant of 2 x 10° viable MC-C tumor cells,
9 days after parabiosis was carried out.

As can be seen in Table 1, in the pair tolerant-immune,
tumor challenge grew in six of the six tolerant and in six of the
six immune partners, indicating that parabiosis between
immune and tolerant mice not only failed to abrogate tolerance
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to MC-C in the tolerant mice but, in fact, made the immune
mice unresponsive. In contrast, in the pair immune-normal, the
immune state could be easily transferred to normal mice.
These results strongly suggest that the immunological eclipse
would mainly be mediated by an active suppressor mechanism.
If it were the case, this could explain the refractoriness of an
established tumor to immunological therapies, because any
mechanisms, which actively suppress the antitumor immune
response mounted by the tumor-bearing host against its own
tumor, would also be expected to suppress any attempt of
active and passive antitumor immunotherapy.

MC-C tumor growth and the emergence of a systemic
inflammatory condition

During the growth of MC-C tumor, two temporally separate
peaks of systemic inflammation were detected as evidenced
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Table 1 Failure to abrogate tolerance to MC-C tumor in tolerant mice
joined in parabiosis with immune mice

Parabiotic mice® Tumor takes of challenge

implant of MC-C/total®

Tolerant Immune Normal
Tolerant x immune 6/6 6/6"
Immune x normal 0/4" 074"
Normal x normal 9/9**

* Number of mice in which tumor challenge grew/total number of
mice inoculated. Tumor challenge was 2 x 10° MC-C tumor cells im-
planted in the dorsum of both partners of parabiotic mice, 9 days after
parabiosis

b Parabiotoc mice: tolerant mice were mice bearing MC-C tumors
growing s.c. in the opposite flank to the parabiotic junction and larger
than 500 mm? at the time when parabiosis was carried out. Immune
mice were mice pretreated with lethally X-irradiated MC-C tumor
cells, 14 and 7 days before parabiosis. Single tolerant and single nor-
mal mice failed to reject an implant of 2 x 10° MC-C tumor cells in
five of the five and nine of the nine cases, respectively. Single immune
mice rejected that tumor implant in six of the six cases

* P <0.05 (6/6 vs 0/4); " P < 0.01 (0/4 vs 9/9)

by an increase in both, the number of circulating PMN and
the serum concentration of TNF-a, IL-1/ and IL-6 cytokines
and CRP and SAA phase acute proteins. The first peak was
relatively small and transient since it was only detected dur-
ing the first week after tumor inoculation and presumably it
represented the response of the organism to the mechanical
trauma of tumor inoculation. On the other hand, the second
peak was observed starting after day 14, at the time when
tumor began to grow exponentially and coincidental with
the onset of the immunological eclipse. The second peak
was, in general, more prominent than the first one and its
intensity was proportional to tumor size (Fig. 2a—f). In mice
bearing a large MC-C tumor, not only a high number of
mature PMN but also immature PMN as well as myeloid
precursors at different stages of differentiation were evident
in circulation. Most of these cells were phenotypically larger
than those observed in normal mice or mice bearing a small
MC-C tumor and they exhibited a significant level of activa-
tion (Fig. 3). In contrast with the sharp increase of circulat-
ing PMN, circulating lymphocytes remained fairly constant
throughout tumor growth, with counts not significantly
different from normal values (6,955 + 556 lymphocytes/pl;
n = 6). Histological studies demonstrated that between 5 and
14 days after tumor inoculation, the incipient tumor was
infiltrated by lymphocytes preferentially; afterward, as cir-
culating PMN increased progressively, the growing tumor
was mainly infiltrated by PMN (Fig. 2g, h).

Similar to what occurred in circulation, a sharp increase
of splenic PMN displaying high expression of Gr1* Macl*
markers was evident throughout tumor growth. In contrast,
the percentage of splenic dendritic cells as well as splenic
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lymphocytes, including B cells, CD4" and CD8* T cells,
CD4*CD25" negative-regulatory T cells (T reg), etc.,
exhibited a significant reduction (Fig. 4).

A closer association between the systemic inflammatory
condition and the immunological eclipse was suggested by
the following facts: first, Gr1* Mac1* cells, especially when
present in a high number, have been reported to exert
significant immunosuppressive effects by inhibiting CD8
T cells responses and by differentiating into suppressive
tumor associated macrophages [25, 52]; second, prolifera-
tion of immune spleen cells (from mice immunized against
MC-C) incubated with tumor antigens was inhibited by
co-culturing with serum from mice bearing large MC-C
tumors, which displayed a high concentration of some
pro-inflammatory cytokines and phase acute proteins, but
not with normal serum or serum from mice bearing small
MC-C tumors (Table 2).

Treatment of mice bearing a large MC-C tumor, with a
single dose of a synthetic corticosteroid, dexamethasone
(DX, 0.75 mg/kg), by the i.p. route, significantly reduced
the above-mentioned parameters of systemic inflammation,
especially at days 3 and 7 after DX treatment (see Fig. 2).
Treatment with DX also reversed the inhibitory effect of
serum from tumor bearing mice on spleen cell proliferation;
maximal effects were observed at day 3 after DX treatment
(Table 2). In the same way, the number of splenic Grl*
Macl* PMN was markedly reduced upon DX treatment
while in contrast, the number of both, splenic dendritic cells
and B and T lymphocytes, was enhanced (Fig. 4). A similar
enhancement of lymphocytes was seen in lymph nodes
upon DX treatment (not shown).

Treatment with dexamethasone can reverse
the immunological eclipse associated with the
progressive growth of MC-C tumor

Some workers have shown that, besides or associated with
their anti-inflammatory properties, corticosteroids can
prevent tolerance induction to protein antigens and may
enhance antitumor cell mediated immune responses
[17, 27]. These effects were claimed to be related to a
depletion of precursors of suppressor cells although the
nature of these cells has not yet been elucidated.

In order to determine whether corticosteroid treatment
would reverse the immunological eclipse associated with
the progressive growth of MC-C tumor, mice bearing a s.c.
MC-C tumor 1,500-2,000 mm® tumor size, which had
received DX 3 days earlier, were challenged with a second-
ary s.c. implant of 5 x 10° MC-C tumor cells in the contra-
lateral flank. Untreated tumor bearing mice as well as
untreated and DX-treated normal mice challenged with
5 x 103 MC-C tumor cells served as controls. As shown in
Fig. 5a, a significant inhibition of the secondary tumor
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Fig. 2 Number of circulating
polymorphonuclear neutrophils
(PMN) per pl (a) and serum
concentration of the pro-inflam-
matory cytokines TNF-a (b),
IL-1p (¢), IL-6 (d) and the phase
acute proteins CRP (e) and SAA
(f) throughout MC-C tumor
growth (solid lines). Dotted lines
represent the values observed
after treatment with a single dose
(0.75 mg/Kg) of dexamethasone
by the intraperitoneal route; day
of treatment is indicated by
arrow. Each point represents the
mean =+ SE of 2—4 determina-
tions for the cytokines and phase
acute proteins and the

mean £ SE of 3-10
determinations for the PMN cell
counts. Comparison with normal
values: P < 0.001, P < 0.01,
P <0.05, 7P <0.02.
Comparison between the second
peak (days 34-48) and the first
peak (days 2-7) of systemic
inflammation: *P < 0.002,

bp <0.001; 7P < 0.01.
Comparison between
dexamethasone-treated and
untreated mice: 'P < 0,05,

*P < 0.002,°P < 0.001,

4P < 0.01. Peritumoral infiltrate
preferentially composed by
lymphocytes in a small

(<500 mm3) tumor (g) or
preferentially composed by
PMN in a large

(1,500-2,000 mm?) tumor (h)
(x400)

challenge was observed in DX-treated tumor bearers as 1.
compared with control mice. The reversion of the immu-
nological eclipse mediated by DX was dependent on the
interaction of DX with its glucocorticoid receptor since
tumor-bearing mice receiving both DX and a glucocorti-
coid receptor antagonist (RU-486) did not exhibit such

reversion (see also Fig. 5a).

Two other anti-inflammatory treatments using two
weekly injections of indomethacin or a dimeric TNF-«
receptor (TNFR), starting 1 or 3 days, respectively, before
the secondary tumor implant, also reversed partially the 3.
immunological eclipse associated with a large MC-C tumor,
although the inhibition of the secondary tumor implant was
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not as striking as that observed by using DX (Fig. 5b).

The immunological nature of the inhibition of the
secondary MC-C tumor challenge in DX-treated MC-C
tumor-bearing mice, was indicated by the following facts:
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Histological studies showed an immunological reaction
with abundant mononuclear cells infiltrating the MC-C
tumor challenge (Fig. Sc, d) while, on the other hand,
in untreated MC-C tumor-bearing mice, the secondary
tumor challenge grew undisturbed without lymphocyte
infiltration (Fig. Se).

2. The inhibition was specific because these mice failed to

reject the challenge of two immunologically unrelated
tumors (the fibrosarcoma MC-B and the lymphoma
LB, data not shown).
Spleen cells of these mice recovered the ability to
transfer antitumor immunity to naive mice. In effect,
survival index of mice receiving s.c. MC-C tumor cells

plus i.p. spleen cells from DX-treated MC-C tumor-

bearing mice was significantly higher (97.8 & 6.0 days;
n =3 experiments) than that observed in mice receiv-

ing MC-C plus spleen cells from non-treated MC-C
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Fig. 3 a Change in phenotype of circulating PMN throughout MC-C
tumor growth. b Pattern of activation of circulating PMN from mice
bearing a large MC-C tumor (1,500-2,000 mm? size; black area,
graphic on the right) as compared with normal mice (white area) and

tumor-bearing mice (62.5 & 4.0 days; n=3 experi-
ments; P <0.01).

4. The inhibition was dependent upon the presence of T
cells. In effect, DX-treated MC-C tumor-bearing mice
receiving 100 pl of anti-CD3 mAb starting 2 days after
DX inoculation and then biweekly for the length of the
experiment did not inhibit the growth of the secondary
challenge of MC-C tumor (see also Fig. 5a). Selective
depletion of T cells was confirmed in spleen prepara-
tions of those mice by flow cytometry.

5. Levels of p561Ck were normalized or almost normalized
in spleen T cells. In effect, using Western blotting, we
observed that while T cells from mice bearing large
tumors displayed decreased levels of p56'* compared
with control mice, levels of this protein were increased
up to near control values, 3 and 8 days following treat-
ment with DX (Fig. 6).

Combined therapy with dexamethasone and dendritic cells
pulsed with MC-C tumor lysate

In order to test whether the reversion of the immunological
eclipse by DX would allow an otherwise ineffective immu-
nological therapy against large established tumors to be
successful, two experiments simulating two putative
clinical settings were carried out.

In the first experiment, MC-C tumor-bearing mice after
the onset of the immunological eclipse (about 550 mm?
tumor size) received DX and 3 days later (about 600 mm’®
tumor size), they were inoculated intra foot pad (i.f.p.) with
dendritic cells pulsed with MC-C tumor lysate (DX + DC).
As shown in Fig. 7a, a profound inhibition of tumor growth
was observed in DX + DC-treated mice as compared with
mice receiving dexamethasone only (DX) or dendritic cells
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mice bearing a small MC-C tumor (<500 mm?®; black area, graphic on
the left) as determined by a brightly fluorescent FL-1 product of dihy-
drorhodamine 123 upon reactive oxygen species generation. Similar
results were obtained in three additional experiments

only (DC) or none. This inhibition was maximal during the
first 7-10 days after DX + DC treatment. Afterward,
tumors began to grow again but with a significantly lower
kinetics than those in the other three groups. This was refl-
ected in the survival of mice treated with DX + DC:
90.5 + 3.0 days (n=6) which was significantly greater
(P <0.001) than that observed in mice receiving DC only
(50.0 + 2.8 days, n =8), DX only (57.2 &+ 5.2 days, n=06)
or none (50.5 & 0.6 days, n = 11). Incidentally, it is worth
noting that, on treatment with DC alone, growth of these
large MC-C tumors was even faster (P <0.05) than that
observed in untreated and DX-treated mice, at least for the
first 7 days following treatment (see also Fig. 7a).

To compare the efficiency of our two-step immunothera-
peutic protocol to a standard chemotherapeutic treatment,
an additional group of mice bearing MC-C tumor measur-
ing 600 mm?® was treated with a single dose of vincristine
(1 mg/kg body weight) by the i.p. route. Vincristine is a
standard treatment of murine fibrosarcomas [29, 57] and the
dose used was determined to be the highest dose that is tol-
erated by the mice without major weight loss. As shown in
Fig. 7b, chemotherapy was able to retard tumor growth dur-
ing the next 7 days after treatment in a similar fashion to
our immunotherapeutic protocol. However, in chemother-
apy-treated mice, tumor growth was reinitiated after day 7
with a kinetic rather similar to that observed in controls
while, in contrast, in mice treated with the two-step immu-
notherapeutic protocol, tumor growth remained sharply
retarded, meaning that in our model, this procedure was
more effective than chemotherapy. In effect, although vin-
cristine-treated mice displayed a survival time (65.6 £
6.1 days, n=10) greater than untreated mice (50.5 £
0.6 days, n =11, P <0.02) and DC-treated mice (50.0 & 2.8,
n =8, P <0.05), that survival time was, in turn, significantly
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Fig. 4 a Change in phenotype of splenocytes throughout MC-C tumor
growth and following DX treatment. Splenocytes from normal mice
(N), mice bearing a small tumor (size <500 mm?; ST) and mice
bearing a large tumor (size 1,500-2,000 mm3) untreated (LT) or 3, 7
and 10 days after treatment with dexamethasone (LT + DX-3,
LT + DX-7 and LT + DX-10) were studied. Splenocytes from all the
groups were stained with 100 ng of fluoresceinated anti-Gr1 and anti-
Macl, anti-CDl1 1¢, anti-CD45 B220, anti-CD4, anti-CD8 and anti-CD
4/CD25. The percentage of cells staining with the irrelevant isotype-
matched controls has been subtracted from the values obtained with the
specific antibodies. Fluorescence was analyzed via flow cytometry.
Bars represent the percentage of each cellular type as compared with
the total number of splenic nucleated cells. Comparison between

GR1/Macl

LT vs. N: “P<0.001; P <0.01; "™ P <0.05. Comparison between
LT+ DX-3 or LT + DX-7 vs. LT: *P < 0.002. /P < 0.02; P < 0.001;
°P <0.05; *P < 0.01. These values represent the mean & ES of four
similar experiments. Absolute number of splenocytes per spleen was
similar in LT [(5.53 + 0.80) x 108, n =4 experiments] and LT + DX-
3, LT + DX-7 and LT + DX-10 [(5.37 £ 0.82) x 10%, n = 12]. On the
other hand, a significantly lower number of splenocytes per spleen was
seen in N [(1.33 £0.17) x 108, n=4, P<0.01 vs. LT] and ST
[(2.05 £ 0.37) x 108, n=4, P <0.05 vs. LT |. b Dot blot showing, in
one representative experiment, the change in phenotype of splenocytes
from LT as compared with LT + DX-3 and N mice. ¢ Histograms from
the representative experiment shown in b, showing splenic CD4*T
lymphocytes and Gr1*/Mac1* PMN from N, LT and LT + DX-3 mice
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Table 2 Effect of serum from mice bearing large MC-C tumor on in vitro proliferation of immune spleen cells activated with tumor lysates

3[H] thymydine uptake by spleen cells (c.p.m. =+ s.e.)?

Final serum dilution MC-C 2,000 mm? Normal MC-C 2,000 mm? + DX-3 MC-C 2,000 mm?+ DX-7 Medium only
_ _ — - - 22,117 £ 981
1:2 3,757 + 749° 8,507 £ 730 10,389 + 213 3,107 £ 217¢

1:4 6,072 £ 691° 13,688 + 1,267 14,543 + 1,324 4,567 4 234f

1:8 9,707 £ 1014°¢ 15,048 + 1,219 14,340 £+ 677 11,245 £+ 1,005¢

1:16 10,184 + 7849 15,367 + 533 15,485 4+ 1,248 13,034 + 1,369

GIUsy/ml >160 28.1 229 78.5

# Each value is the mean of triplicate to sextuplicate measurements except for medium only (r = 12) and for dilution 1:2 of MC-C 2,000 mm® and

MC-C 2,000 mm® + DX-3 (n = 2)

2 P <0.05 vs. normal (same dilution) and P < 0.02 vs. MC-C 2,000 mm? + DX-3 (same dilution)

> P <0.001 vs. normal and MC-C 2,000 mm? + DX-3

¢ P <0.05 vs. normal and P < 0.01 vs. MC-C 2,000 mm? + DX-3
4 P <0.001 vs. normal and P < 0.05 vs. MC-C 2,000 mm?> + DX-3
¢ P <0.001 vs. normal and MC-C 2,000 mm? + DX-3

f P <0.01 vs. normal and MC-C 2,000 mm?> + DX-3

¢ P <0.05 vs. MC-C 2,000 mm?® + DX-3

lower than that observed in DX + DC-treated mice: 65.6 +
6.1 days, n =10 vs. 90.5 + 3.0 days, n = 6; P < 0.01.

In the second experiment, MC-C tumors measuring
2,500 mm?® were surgically excised. As expected by previ-
ous experience of our laboratory, when such large tumors
were excised, local tumor recurrence was observed in more
than 90% of mice (Fig.8). Tumor recurrences were, in
most cases, more aggressive than the original tumors and
killed the hosts rapidly. Similar results were observed when
DX alone or DC alone was inoculated 3 days before or
2 days after surgery, respectively. On the other hand, when
mice received both, DX (3 days before surgery) and DC
(2 days after surgery), a significant reduction in local tumor
recurrence was observed (see also Fig. 8) meaning that the
immunological eclipse needed to be ameliorated with DX
before surgical excision of the tumor, to allow a vaccina-
tion booster (DC) to have a chance to eliminate the remnant
tumor cells.

Discussion

In 1957, Prehn and Main began their classical paper in the
Journal of the National Cancer Institute [42], with the
following sentence: “The history of attempts to immunize
against cancer is one of long frustration”. However, despite
the discouragements accumulated up to that time, these
authors were able to demonstrate, by using methylcholan-
threne-induced fibrosarcomas and implantation and
excision of tumor as the immunization procedure, that vac-
cination against at least some types of malignant tumors,
was feasible. Since then, numerous immunization trials
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aimed to prevent the growth of implants of experimental
tumors or virus-associated human cancer as well as in vitro
assays to test the antigenic properties of some animal and
human malignant cells proved to be successful [3, 20, 54].
These promissory results prompted researchers and physi-
cians to apply immunologic schedules to treat animal as
well as human established tumors. However, 50 years after
that pioneer paper we can paraphrase its first sentence say-
ing that up to date “the history of attempts to treat estab-
lished tumors using immunological therapies is one of long
frustration”. Failures of anticancer immunotherapeutic
schedules observed in clinical settings might, at first sight,
be attributed to the weak antigenicity of many clinical can-
cers on the basis that spontaneous tumors of mice, rats and
presumably humans, display, in general, a significantly
lower immunogenicity than experimental ones induced by
massive doses of chemicals and viruses [13, 16, 49, 55].

However, although the weak antigenicity can be an
explanation for those failures, other causes can play a main
role [64] as evidenced by the fact that despite their enor-
mous promise, therapeutic vaccine strategies have shown
only very limited success even in the case of strongly
immunogenic chemically induced tumors in mice as well as
in renal cell carcinoma in human beings, two prototypical
malignancies for the application of immunotherapy [7, 9,
30, 58].

In this paper, by studying a methylcholanthrene-induced
fibrosarcoma similar to those used by Prehn and Main
many years before, we were able to demonstrate that the
same immunological procedures which successfully pre-
vented the growth of implants of cells of that tumor were,
in contrast, largely inefficient to eradicate, inhibit or even
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Fig. 5 a Reversion of the immunological eclipse mediated by
dexamethasone (DX) as evidenced by the restoration of the capacity of
mice bearing a large MC-C tumor to restrain the growth of a secondary
MC-C tumor implant (concomitant immunity). The figure shows the
volume of the secondary tumor (ordinate) as a function of the days af-
ter the secondary tumor implant (abscissa). Mice bearing a s.c. MC-C
tumor 1,500-2,000 mm? tumor size, which had received DX 3 days
earlier, were challenged with a secondary s.c. implant of 5 x 10°> MC-
C tumor cells in the contralateral flank (eclipse + DX, n = 14). Untreat-
ed tumor bearing mice (eclipse, n = 16) as well as untreated (control,
n = 16) and DX-treated normal mice (control + DX, n = 10) chal-
lenged with 5 x 103 MC-C tumor cells served as controls. Growth
of secondary tumor implant was also determined in tumor-bearing
mice which received DX plus the glucocorticoid antagonist RU-
486 (eclipse + DX + RU; n=3) or DX plus anti-CD3 antibody
(eclipse + DX + anti-CD3, n = 6). Comparison of Eclipse + DX with
the other groups: Day 11: P <0.01 vs. eclipse and control + DX
P <0.001 vs. control and eclipse + DX + RU; P < 0.02 vs. eclipse +
DX + anti-CD3. Day 16: P <0.001 vs. all the other groups. Day 20:
P < 0.01 vs. control; P < 0.002 vs. eclipse and control + DX; P < 0.001
vs. eclipse + DX + anti-CD3 and eclipse + DX + RU. b Reversion of
the immunological eclipse mediated by dexamethasone (eclipse + DX),
indomethacin (eclipse + indo) and tumor necrosis factor receptor

slow down the growth of the same tumor cells when they
were growing as a tumor larger than a minimal critical size.

The failure to achieve an efficient immunological treat-
ment against established tumors was paralleled in our model
with the emergence of a state of specific immunological
unresponsiveness against tumor antigens, historically known
as “immunological eclipse”, observed when the tumor sur-
passed the critical size of 500 mm?>. Actually, the refractori-
ness to any attempt of immunotherapy was observed when
treatment was initiated even before the onset of the eclipse
(about 100 mm?). This discrepancy may be more apparent
than real. In effect, tumor-bearing hosts may not be in the
state of eclipse when a therapy is initiated, but this state
could be reached before the immunological treatment had

(eclipse + TNFR) as evidenced by the restoration of the capacity of
mice bearing a large MC-C tumor (1,500-2,000 mm?) to restrain the
growth of a secondary tumor s.c. implant of 5 x 10> MC-C tumor cells
in the contralateral flank (concomitant immunity). Control group was
represented by normal mice challenged with a s.c. implant of 5 x 10°
MC-C tumor cells. The figure shows the volume of the secondary
tumor (ordinate) as a function of the days after the secondary tumor
implant (abscissa). Comparison between eclipse + DX vs. control: day
11: P<0.01; day 16: P <0.001; day 20: P < 0.002. Comparison
between eclipse + DX vs. eclipse + TNFR: days 11, 16 and 20:
P <0.01. Comparison between Eclipse + DX vs. eclipse + indo; day
20: P < 0.05. Comparison between eclipse + TNFR and eclipse + indo
vs. control: days 16 and 20: P < 0.05. ¢ Secondary MC-C tumor chal-
lenge prevented to grow in a dexamethasone-treated mice bearing a
large primary MC-C tumor (day 25 after secondary tumor implant).
Note a dense lymphocyte infiltration (L) followed by a dense fibrotic
area (F) surrounding a tumor core (7) (H-E, x100). d Magnification
of ¢ showing an immunological reaction with abundant mononuclear
host cells infiltrating the tumor (HE, x400). e Secondary MC-C tumor
challenge growing in untreated mice bearing a large primary MC-C
tumor (day 25 after secondary tumor implant). See viable tumor cells
displaying mitosis and without lymphocyte infiltration (H-E, x400)

had a chance to generate a strong antitumor immune
response. Alternatively, immunosuppressive conditions
operating at the site of tumor growth could precede the
establishment of a systemic antitumor unresponsiveness [2].

During the state of eclipse, all immunological markers of
anti-tumor response, which had been raised at the very
early stages of tumor growth, were down regulated. How-
ever, the mere absence of immune competence was not the
only or even the main problem because if it were the case,
immunological unresponsiveness could be solved by
passive transfer of immunity. A main problem, suggested
by experiments of parabiosis between immune and tumor
bearing mice in the state of eclipse, was the emergence of
a suppressor mechanism which actively suppressed the
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Fig. 6 Normalization or cuasi-normalization of the levels of p56ICk in
splenic T cells from mice bearing a large MC-C tumor (1,500—
2,000 mm3), 3 and 8 days after DX treatment. For more technical
details see Fig. If. Lanes: M markers of molecular weight in Kilo
Daltons; J Jurkat cells (positive control of p56' expression), N T
splenocytes from normal mice, LT + DX-3 splenocytes from mice
bearing large tumors pretreated with DX 3 days earlier, LT + DX-8
splenocytes from mice bearing large tumors pretreated with DX 8 days
earlier, LT T splenocytes from mice bearing large tumors non-
pretreated with DX

anti-tumor immune response mounted in the organism
against the tumor. This could explain the refractoriness of
established animal and human tumors to immunological
therapies because any mechanism present in a tumor-bear-
ing host, which is actively suppressing its own anti-tumor
response, would also be expected to sterilize any attempt of
active or passive anti-tumor immunotherapy.

Different mechanisms have been reported to be associ-
ated etiologically with the immunological eclipse which
might limit or impede successful immunotherapy of cancer.
Some of these impediments might be tumor cell-associated,
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Fig. 7 a Two-step immunotherapy against an established MC-C
tumor using DX treatment followed by dendritic cell vaccination. Mice
bearing an MC-C tumor (about 550 mm? of tumor size) received DX
and 3 days later (when tumor size was about 600 mm?®) dendritic cells
(DC) pulsed with MC-C tumor lysate (DX + DC, n=6). Tumor
growth was evaluated in this group as well as in tumor bearing mice
receiving DX only (DX, n = 6), DC only (DC, n = 8) or none (control,
n=11). Comparison of DX + DC with the others groups: day 27:
P <0.001 vs. control, P <0.01 vs. DC; and P < 0.02 vs. DX; day 32:
P <0.001 vs. Control, P < 0.01 vs. DC and DX; day 35: P <0.01 vs.
control, P < 0.001 vs. DC and P < 0.05 vs. DX; day 44: P < 0.001 vs.
control and DC and P <0.01 vs. DX. Comparison between DC
vs. control and DX: day 27: P < 0.05. Arrow: day of DX inoculation,
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including the loss of class I MHC expression, tumor-expres-
sion of the vascular cell adhesion molecule-1 (VCAM-1),
enhanced expression by tumor cells and by the surrounding
stromal cells of the tolerogenic enzyme indoleamine
2,3-dioxygenase (IDO) or the production by tumor cells of
factors such as IL-10, TGF-p or galectin-1 that could inhibit
effective immune responses [26, 48, 60, 67]. Other imped-
iments have been associated with a series of negative
immunoregulatory mechanisms including the anomalous
expression of the negative co-stimulatory molecule CTLA-4
in cytotoxic T-lymphocytes or the increased expression of
CD4+ CD25+ T reg or CD4+ NK T cells [59, 60]. However,
although reduction of these putative immunosuppressive
mechanisms was effective for preventing the growth of
tumor implants or for the treatment of incipient tumors, up
to date, to our knowledge, it has been largely inefficient
against tumors once they grow beyond a minimal critical
size [39, 66]. It is worth noting that, in our model, although
a slight and transient increase of T reg cells and foxp3
expression was seen in the draining lymph nodes two days
after tumor implantation (G. Dran, unpublished results),
their number was progressively reduced in both, spleen and
lymph nodes throughout tumor growth, suggesting that this
subset of T suppressor cells could play a significant role dur-
ing tumor implantation but presumably not (or at least not a
main role) in the development of the immunological eclipse
associated with MC-C tumor growth. However, more exper-
iments are necessary to address this issue.

In our model, the onset of the immunological eclipse was
coincident with the onset of a systemic inflammatory condi-
tion the intensity of which was proportional to tumor size
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open arrow day of DC inoculation. b Comparison between the thera-
peutic effects of the two-step immunotherapy (DX + DC) and conven-
tional chemotherapy by using vincristine against an established MC-C
tumor. Although vincristine-treated mice (vincristine, n = 10) as well
as DX, DC and DX + DC-treated and control mice (control) were stud-
ied simultaneously, for clarity, data from vincristine were shown in b
instead of a. For comparative purposes, data from DX + DC-treated
and control mice shown in a were reproduced in b. Comparison be-
tween vincristine vs. control: P < 0.001, P < 0.01 and P < 0.05 at days
27, 32, and 35, respectively. Comparison between vincristine vs.
DX +DC: P<0.02 and P<0.01 at days 35 and 44, respectively.
Arrow Day of DX inoculation. Open arrow Day of DC or vincristine
inoculation
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Fig. 8 Percent survival of mice after surgical excision of MC-C
tumors measuring 2,500 mm?. Death of mice (if occurred) was associ-
ated with local tumor recurrences. The figure shows the percentage of
the survivors of the different groups (ordinate) as a function of the days
after surgery (abscissa). Control (n = 11): tumor-excised mice without
additional treatment. DX (n = 10): mice receiving dexamethasone
(DX) 3 days before surgery. DC (n = 6): mice receiving dendritic cells
loaded with MC-C tumor lysate (DC) 2 days after surgery. DX + DC
(n = 8): mice receiving DX and DC, 3 days before and 2 days after sur-
gery, respectively. Comparison of DX + DC vs. control and DC,
P <0.01; vs. DX, P <0.05. The mice displaying no-recurrence which
had received the two-step immunotherapeutic protocol (DX + DC,
n =4 of 8) or none (control, n =1 of 11) remained disease-free until
day 180 after surgery, when the study was terminated

and characterized by a high number of circulating and
splenic PMN displaying activation and Gr1*Mac1* pheno-
type and an increasing serum concentration of the pro-
inflammatory cytokines TNFo, IL-1§ and IL-6 and the CRP
and serum A amyloid phase acute proteins. A quantum of
inflammation is a prerequisite for the development of an
efficient immune response [34]. However, under certain
conditions, for example, when inflammation becomes sys-
temic and/or chronic, adverse effects can be induced,
directly, by the “wrong” inflammatory condition itself or
indirectly, by a compensatory anti-inflammatory reaction
[33-35, 61]. In effect, during progression of human and ani-
mal tumors, an accumulation of immature myeloid precur-
sors and PMN Gr1*Mac1* cells in the blood and infiltrating
the spleen has been associated with a decreased number of
dendritic cells and the absence of antitumor responsiveness
by T cells. These effects have been claimed to be associated
with: (i) tumor-derived factors that can activate Jak2/Stat3
signaling in myeloid cells and prevent dendritic cells differ-
entiation; (ii) migration of Grl*Macl™ cells into peripheral
lymphoid organs where they can inhibit CD8 T cell immune
response; (iii) migration of Gr1*Macl™* cells into tumor site
where they can differentiate into highly immune suppressive
tumor associated macrophages (TAM) [5, 6, 10, 24, 25, 40,
52]. In the same way, overproduction of some pro-inflam-
matory cytokines has been implicated in a wide range of
pathological conditions [62]. In our model, in vitro prolifer-
ation of immune spleen cells incubated with tumor antigens
was inhibited by co-culturing with serum from mice bearing

large MC-C tumors, which displayed elevated concentration
of cytokines and phase acute proteins, but not with normal
serum or serum from mice bearing small tumors. The above
considerations suggest that different cellular and humoral
factors, directly or indirectly associated with the systemic
inflammatory condition, could contribute to the establish-
ment and the maintenance of the immunological eclipse.

Treatment of tumor-bearing mice with a relatively low
single dose of the synthetic corticoid dexamethasone, sig-
nificantly reduced the number of circulating and splenic
Gr1*™Macl™ cells as well as the concentrations of circulating
pro-inflammatory cytokines and acute phase proteins. This
dexamethasone-mediated anti-inflammatory effect, which
has recently been claimed to be dependent on induction of
dual specificity phosphatase I [1], was paralleled with an
increase in the number of both dendritic cells and lympho-
cytes, in lymph nodes and spleen, together with a loss of the
serum inhibitory activity on the in vitro proliferation of
immune spleen cells incubated with tumor antigens.

In turn, these dexamethasone-mediated effects were
associated with the reversion of the immunological eclipse
as evidenced by the restoration of specific T-cell dependent
concomitant immunity, ability of spleen cells to transfer
anti-tumor activity to naive mice and recovery of immune
response-associated transducing signals by spleen T cells.

At first glance, the restoration of the anti-tumor immune
competence by dexamethasone seems paradoxical since
corticoids have usually been associated with immunosup-
pressive properties. However, the latter have generally been
observed when using pharmacological doses of corticoste-
roids while stimulating effects on the immune system have
been reported by using lower doses [63].

Recent evidence suggests that the immune-stimulating
effect of dexamethasone could be produced, at least in part,
through the up-regulation of GITR (glucocorticoid-induced
tumor-necrosis-factor-receptor-related protein) expression
and the consequent activation of the GITR pathway in
T cells. In effect, activation of this pathway upon treatment
with agonistic GITR-specific antibodies has been shown to
promote T-cell responses to tumor antigens or viral patho-
gens that otherwise fail to elicit significant responses, sug-
gesting that GITR-GITR ligand interactions co-stimulate
responder T cells and allow their escape from immunosup-
pressive mechanisms [23, 53]. Others have suggested that
glucocorticoids could stimulate the immune response by
enhancing the expression of toll-like receptor 2 [18].

Two other anti-inflammatory treatments, by using non-
steroid anti-inflammatory molecules, such as a dimeric
TNF-o receptor or indomethacin, also reversed partially the
immunological eclipse, although the results were not as
striking as those observed with dexamethasone, suggesting
that the latter might have the potential to affect more
broadly the network of tumoral immune tolerance.
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Taken together, the above mentioned results suggest that
the loss of anti-tumor immunity displayed after the tumor
grows beyond 500 mm? is not an irreversible event and that
the systemic inflammation associated with tumor progres-
sion would mask the existence of T cells bearing anti-tumor
reactivity. In the same way, although it is possible that the
increase in p56'® upon dexamethasone treatment was due
to the death of abnormal T cells followed by an influx of
normal T cells, the rapidity with which the response was
observed suggests that levels of p56' might have been
restored in those cells in which they had been decreased.

Although the reversion of the immunological eclipse by
an anti-inflammatory treatment was a promissory achieve-
ment, it was not enough on its own to inhibit the primary
growing tumor in the same way that, in the pre-eclipse
stage, the existence of an anti-tumor response which is suffi-
cient to prevent a secondary tumor implant to grow, is at the
same time ineffective to inhibit the growth of the established
primary tumor. In order to attack a primary large tumor dur-
ing the immunological eclipse, we used the two-step strat-
egy of inoculating dexamethasone to reverse the eclipse and
three days later, dendritic cells loaded with tumor antigens
as an immunization booster. When mice bearing tumors
measuring 600 mm?> approximately, received this combined
treatment, a striking effect on the growth of the tumors was
achieved. For the first 7-10 days after dendritic cell inocula-
tion, tumors stopped their growth and thereafter, when
growth was reinitiated, it was markedly slower than that of
the controls inoculated with dexamethasone alone, dendritic
cells loaded with tumor antigens alone or none. This was
reflected in the survival time of the former which almost
duplicated that of the controls. In the same way, the com-
bined treatment of dexamethasone plus dendritic cells was
able to partially prevent the local tumor recurrences
observed when tumors measuring 2,500 mm? were excised.

The two-step strategy of tumor immunotherapy presented
herein demonstrates that it is necessary to eliminate or amelio-
rate the immunological eclipse as a precondition to allow any
immunization procedure to have a chance to be successful.
This might explain why immunotherapy alone is not usually
effective in clinical settings even against a relatively small
number of local and distant residual tumor cells after debul-
king the primary tumor by surgery, radiation or chemotherapy.
Moreover, the application of immunological therapies without
withdrawing that eclipse could accelerate rather than inhibit
tumor growth according to the predictions of the immunostim-
ulatory theory proposed by Prehn [43, 45, 46]. In effect, in our
hands, when an immunological strategy of vaccination, on the
basis of dendritic cells only, was applied to treat established
tumors, a slight but significant stimulation of tumor growth
was observed, despite the fact that the same vaccination strat-
egy was very efficient to prevent the growth of tumor implants
or to slow down the growth of incipient tumors.
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While having the theoretical advantage of specificity and
lower toxicity, immunotherapy is usually thought to be less
effective than chemotherapy for treating established tumors.
However, this comparison has usually been made between
chemotherapy and immunological procedures applied indi-
vidually, i.e., without previously eliminating the immuno-
logical eclipse. In this paper, we have compared the
standard vincristine-based chemotherapeutic treatment of
murine fibrosarcomas [29, 57] to the two-step immunother-
apeutic protocol presented herein. Our results show that
even though chemotherapy slowed down the growth of
MC-C murine fibrosarcoma and prolonged the survival
time of tumor-bearing mice as compared with untreated
mice or mice treated with dendritic cells alone, these inhib-
itory effects were significantly less important than those
achieved by the two-step immunotherapeutic protocol,
meaning that in our model, this procedure was more
efficient than conventional chemotherapy.

In conclusion, and even admitting the limitations of
mouse tumor models to predict the efficacy of any approach
for the therapy of human tumors [56], some interesting con-
clusions can be drawn:

1. The immune system would be capable of inhibiting the
growth of both, established tumors and residual tumor
cells after excision of large established tumors, but
only when the immunological eclipse had previously
been eliminated.

2. In our model, the immunological eclipse seemed to be
associated, directly or indirectly, with some cellular
and humoral components of the systemic inflammatory
condition exhibited in mice bearing large tumors.

3. The two-step immunotherapeutic protocol was applied
systemically, circumventing the limitations of an intra-
tumor therapy that might be impractical in many clini-
cal settings.

4. In some cases, immune therapy of a solid tumor can be
more effective than conventional chemotherapy.
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