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Abstract

Experimental studies using murine tumor models have demonstrated
that potent systemic immunity can be generated using tumor vaccines
engineered by gene transfer to secrete certain cytokines. The underlying
physiological principle behind these strategies involves the sustained re
lease of high doses of cytokine at the site of the tumor. In some cases, this
paracrine approach appears to enhance tumor antigen presentation and
avoids systemic cytokine toxicity. The widespread clinical use of autolo-

gous cytokine gene transduced tumor vaccines may be limited by the
technical difficulty and labor intensity of individualized gene transfer. We
have therefore explored an alternate approach to generating sustained
release of cytokines local to the tumor cells. High doses of granulocyte-
macrophage colony-stimulating factor encapsulated in cell-sized gelatin-

chondroitin sulfate microspheres were mixed with irradiated tumor cells
prior to s.c. injection. This vaccination scheme resulted in systemic anti-
tumor immune responses comparable to granulocyte-macrophage colony-

stimulating factor gene transduced tumor vaccines.

Introduction

Much research in the area of genetically altered tumor vaccines has
involved the introduction of cytokine genes (1-13). Quite a few cyto

kine genes have been introduced into tumor cells with varying effects
on tumorigenicity and immunogenicity. When produced by tumors,
many of these cytokines induce a local inflammatory response which
results in elimination of the injected tumor. In some cases, systemic
immune responses are generated against challenge with the wild-type
parental tumor. In all cases in which systemic immunity against wild-
type challenge has been analyzed, T-cells play a critical role.

Since most cytokines are paracrine factors working physiologically
at high concentrations within a few cell diameters of their originating
cell, this gene transfer approach, in general, cannot be replaced by
systemic cytokine administration. Indeed, most studies indicate that
administration of systemic doses of cytokine high enough to generate
immunizing effects equivalent to paracrine cytokine production would
be too toxic. The paracrine cytokine delivery concept has thus engen
dered much interest in developing this strategy for therapy of human
cancer. A major limitation in the translation of this strategy to large
scale human tumor vaccine therapy is the labor intensity and variabil
ity of establishing each individual's tumor in culture and transducing

it with appropriate vectors.
Polymer-controlled drug delivery has improved the success rate of

many drug therapies (14). In particular, labile biomacromolecules
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such as proteins, which suffer bioavailability problems, can benefit
most from this localized sustained delivery modality. We reasoned that
by incorporating the controlled release technology we could develop
a technically simpler strategy to achieve paracrine cytokine produc
tion in tumor vaccines. Based on our earlier studies demonstrating the
superiority of local GM-CSF3 production in the induction of systemic

antitumor immune responses, we tested the ability of GM-CSF-con-

taining microspheres to act as an adjuvant when mixed with irradiated
tumor cells prior to immunization.

Materials and Methods

Tumor Models. B16/F10 melanoma cells were maintained in Dulbecco's
modified Eagle's medium containing 10% fetal calf serum and penicillin/

streptomycin. Animals used were 6-12-week old C57BL6 females obtained
from The Jackson Laboratory. B16 cells were transduced with the GM-CSF

gene using the MFG retroviral vector as previously described (13). Murine
GM-CSF levels were tested using FDCP-1 cells as a biological assay.

Formation of y-IFN and GM-CSF Microspheres. Porcine gelatin (type
A), 60 Bloom.4 chondroitin-4-sulfate, albumin (bovine), and glutaraldehyde

were purchased from Sigma Chemical Co. All of the reagents used were of
analytical grade. Centricon 10 filters were purchased from Amicon (Danvers.
MA). A 5% gelatin solution and distilled water were prepared and maintained
at 37Â°C.One mg of lyophilized y-IFN was dissolved in 5 ml of 0.2% chon-

droitin sulfate solution in distilled water at room temperature. Coacervation
was achieved by rapidly adding 5 ml of gelatin solution to 5 ml of the stirred
chondroitin sulfate solution. The microspheres were cross-linked by addition

of 50 fi\ of 25% glutaraldehyde solution to the microsphere suspension. After
30 min, 6 ml of ethanolamine-HCl (pH 8.0) were added to stop the cross-

linking reaction and quench the excess aldehyde groups on the microspheres.
The microspheres were then washed with phosphate-buffered saline and iso
lated by centrifugation. GM-CSF-loaded microspheres were prepared in a
similar manner, except the GM-CSF concentration in chondroitin sulfate so

lution was 600 /xg/ml. Blank microspheres were prepared identically in the
absence of cytokines.

Vaccinations. Cultured tumor monolayers were harvested with trypsin,
washed once in medium containing serum, and washed twice in Hanks' bal

anced salt solution before injection. Tumor cells received 5000 rads from a
I37Cs source discharging 132 rads/min.

Histology. Tumors for histological examination were fixed in 10% ethyl
buffer formalin, processed in paraffin embedment, and stained with hemotoxy-

lin and eosin.

Results and Discussion

Three different types of microspheres were prepared for studies.
Control microspheres contained no cytokine, and in addition, micro-
spheres were produced containing GM-CSF and -y-IFN. Vaccinations
were done by mixing 1 X 10'' microspheres with 1 X ]()'' tumor cells.

â€¢'The abbreviations used are: GM-CSF. granulocyte-macrophage colony-stimulating

factor; IFN, interferon.
4 Bloom number is an indication of the strength of gels produced. The higher the

Bloom number, the stronger the gel. Type A is derived from acid-cured tissue.
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Fig. 1. Histology of immunizution sites from B16/F10 melanoma mixed with gelatin/chondroitin sulfate microspheres. Irradiated wild type B16/FIO melanoma cells (I X 10(>)were
admixed with 1 X 10" of various microsphere preparations (control. IFN-y, and GM-CSF) and injected into the flanks of C57BL6 mice (A-F). For comparison, 1 X 10" B16/F10
melanoma cells transfected with GM-CSF were also injected ((/'-//). The inflammatory resonse to these tumor/microsphere preparations was assessed by hislopathology at 7 days (left

column) and at 12 days (right column). A, control microspheres. 7 days. Abundant globular microsphere fragments (arrow) and numerous large tumor cells are present. The inflammatory
infiltrate is mild, lÃ¬,control rnicrospheres, 12 days. Globular microsphere fragments, melanin pigment, and many viable tumor cells persist 12 days after control microsphere injection.
C, -y-IFN microspheres, 7 days. Globular microsphere fragments and tumor cells with large nuclei are visisble. Some microsphere fragments appear to have been engulfed by
macrophages with macrophage nuclei, and cytoplasm is draped around the edges of microsphere fragments. D, â€¢y-IFNmicrospheres, 12 days. Microsphere material and numerous viable
tumor cells persist 12 days after IFN microsphere injection. The inflammatory response is mild to moderate. Â£,GM-CSF microspheres, 7 days. Rare microsphere fragments (arrow)
and a few large tumor cells are seen. The inflammatory response is intense and includes numerous granulocytes, lymphocytes, and monocytes. F, GM-CSF microspheres, 12 days. The

inflammatory aftermath 12 days after GM microsphere injection consists of foamy macrophages filled with membrane debris as well as numerous lymphocytes, monocytes, and
granulocytes. No surviving tumor cells are visible. G, GM-CSF transfectants, 7 days. A large tumor cell is surrounded by a heavy inflammatory infiltrate consisting of lymphocytes,
monocytes. and granulocytes and is similar to that when GM microspheres were used (Â£).H, GM-CSF transfectants, 12 days. Foamy macrophages, granulocytes, and lymphocytes
mark the site where the GM transfectants were injected 12 days previously. No viable tumor cells are noted. All H & E. X 400.

We used the B16/F10 murine melanoma model, a poorly immuno- wild-type tumor cells at a distant site. Previous analysis with this
genie tumor in which vaccination with irradiated wild-type cells pro- model indicated that GM-CSF-transduced B16/F10 cells generate po-
duces relatively little protective immunity against challenge with live tent systemic immunity against challenge with wild-type tumor cells.
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Fig. 2. Immunity against B16F10 challenge in
duced by different vaccination protocols. A.
C57BL6 mice were either unimmunized or immu
nized s.c. in the left flank with 1 X IO6 irradiated
B16F10 melanoma cells alone, 1 X IO6 irradiated
B16F10 melanoma cells plus 1 X IO6 gelatin/
chondroitin sulfate microspheres containing GM-
CSF, 1 X IO6 irradiated B16 WT melanoma cells
plus 1 X IO6 gelatin/chondroitin sulfate micro-
spheres not containing any GM-CSF, 1 X 10ft

gelatin/chondroitin sulfate microspheres containing
GM-CSF (no B16F10 cells), or 1 X 10" irradiated

B16F10 melanoma cells transduced with the mu
rine GM-CSF gene. Mice were challenged 2 weeks

later in the right flank with 1 X Vf live B16WT
cells. B. The experiment in A was repeated but with
additional immunization groups of 1 X IO6 irradi
ated B16F10 melanoma cells plus 1 x IO6 gelatin/
chondroitin sulfate microspheres containing y-IFN
and 1 X IO6 irradiated B16 WT melanoma cells
mixed with 1 mg of free GM-CSF (not incorporated

into microspheres) prior to injection. Each group
contained 10 mice. Tumor growth was assessed
twice weekly by palpation.
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B16/F10 cells transduced with most other cytokine genes, such as
y-IFN, do not generate enhanced systemic immune responses against
challenge with wild-type tumors (13).

Histological analysis of the vaccine sites revealed striking differ
ences among the different microsphere preparations, indicating dif
ferential in vivo bioactivity of the released cytokines (Fig. 1). When
control microspheres (not containing incorporated cytokine) were
used, numerous tumor cells were present 7 days postinjection, inter
spersed with abundant numbers of microspheres (Fig. LA). The mi
crospheres were seen as variably sized round eosinophilic bodies that
appeared to lie free in the tissue. Interspersed with the tumor and
microspheres was an inflammatory infiltrate, consisting predomi
nantly of lymphocytes, but also containing numerous eosinophils and
monocytes/macrophages. At 12 days postinjection, numerous micro-

spheres were still present along with some residual tumor cells (Fig.
IÃŸ).An inflammatory infiltrate persisted, but the inflammatory re
sponse was somewhat decreased with lesser numbers of lymphocytes.

When y-IFN microspheres were used at the vaccination site, both

tumor cells and microspheres were numerous at 7 days postinjection
(Fig. 1C). While most of the microspheres appeared to lie free within
tissue, scattered microspheres were present within the cytoplasm of

macrophages. An inflammatory infiltrate was present, but it was less
intense and patchy than that seen with the GM-CSF microsphere

preparation (see below). The predominant cell type in the inflamma
tory infiltrate was eosinophils. At 12 days postinjection, numerous
microspheres persisted, the tumor cells were fewer in number, and the
inflammatory infiltrate was only mild (Fig. ID).

With the GM-CSF microspheres, tumor cells were present but only

rare small microsphere remnants were detected at 7 days postinjection
(Fig. 1Â£).An intense, inflammatory infiltrate was admixed with the
tumor cells, consisting of numerous eosinophils and monocytes/
macrophages with somewhat fewer lymphocytes. At 12 days postin-

jection, neither microspheres nor tumor cells were detected (Fig. IF).
A moderate inflammatory infiltrate persisted. The significantly greater
rapidity of microsphere degradation in vivo seen when GM-CSF was
incorporated suggests a feed-forward process in which GM-CSF ini

tially released from the microspheres attracts and activates inflamma
tory cells (probably granulocytes and monocytes/macrophages),
which in turn produce extracellular enzymes capable of more rapidly
degrading the collagen/chondroitin sulfate microsphere matrix. This
more rapid degradation likely results in an increased rate of local
GM-CSF delivery, thereby amplifying the process.
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In order to determine whether the local release of GM-CSF by this

microsphere preparation results in enhanced systemic antitumor im
munity, vaccinated animals were challenged 2 weeks later on the
opposite flank with 1 X IO5 live wild-type B16 melanoma cells. Fig.

2 demonstrates that the GM-CSF microsphere preparation admixed

with the B16/F10 tumor cells indeed generated comparable systemic
immunity against challenge with wild-type tumor cells. This effect
required the presence of both GM-CSF-containing microspheres and
tumor cells. Immunization with GM-CSF-containing microspheres in

the absence of, or at a different site from, the tumor cells did not
generate a systemic antitumor immune response. In addition, immu
nization with tumor cells mixed with y-IFN-containing microspheres

failed to generate significant systemic protective responses. It there
fore appears that the GM-CSF controlled-release microspheres can

achieve the same specific cytokine effect as that induced by directly
transduced tumor cells. Interestingly, a mixture of irradiated tumor
cells with blank (noncytokine-incorporated) microspheres generated a

level of systemic antitumor response that is greater than background,
although it was significantly less than when GM-CSF is incorporated.

Finally, when irradiated tumor cells were mixed with a high dose of
free (nonmicrosphere-incorporated) GM-CSF, no significant systemic

protective responses were seen. Immunization with a mixture of irra
diated tumor cells, blank microspheres, and free GM-CSF similarly

resulted in weak systemic protection comparable to irradiated tumor
plus blank microspheres (data not shown). These results demonstrate
the importance of some level of sustained GM-CSF release locally

afforded by incorporation into the biodegradable microspheres.
These results provide preliminary evidence that biodegradable mi

crospheres with encapsulated cytokines can be utilized as a strategy
for paracrine cytokine delivery in tumor vaccine development. Further
studies will be required to compare in detail the relative efficacy of
this strategy with the standard of direct gene transfer into tumor cells.

There are a number of potential advantages to the use of a biode
gradable polymer microsphere strategy. Primarily, this approach
eliminates the necessity for individualized gene transfer. An individu
al's freshly excised tumor cells can potentially be irradiated and mixed

with the cytokine microsphere preparations prior to injection, thereby
obviating the need for culture and transduction of the tumor cells.
Also, by varying the composition and size of the cytokine microsphere
preparations, one can alter the pharmacokinetics of local cytokine
secretion such that maximal biological effects are achieved. In the
specific case of the GM-CSF microspheres utilized in this study, there

was fairly rapid degradation of the microspheres in vivo, apparently
due to increased local collagenase activity induced by the GM-CSF

itself. It remains to be seen whether alterations in microsphere for

mulation may produce more sustained GM-CSF release that will

ultimately result in more effective immunization. It is also important
to point out that virtually no effect was seen by mixing irradiated
tumor cells with a large amount ( 1 mg) of free GM-CSF. This is likely
because the half-life of free GM-CSF injected s.c. is extremely short,

on the order of 2 h.
Finally, it may be possible to incorporate purified tumor antigens,

either as whole molecules or in the form of peptides, into these
microspheres as well. Such an approach is obviously dependent on
knowledge of the specific identity of relevant tumor antigens.
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