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Abstract A critical element in improving the potency of
cancer vaccines, especially pure protein or peptide anti-
gens, is to develop procedures that can strongly but safely
increase their ability to induce immune responses. Here,
we describe that encapsulation of a pure protein antigen
and interleukin-2 (IL-2) together into liposomes signifi-
cantly improves immune responses and tumor protection.
Groups of C57Bl/6 mice were immunized weekly x4 with
—0.1 mg of ovalbumin (OVA) injected subcutaneously in
PBS or encapsulated in liposomes with or without human
recombinant I1L-2. Control groups included mice immu-
nized to irradiated E.G7-OVA cells (that express oval-
bumin), or to PBS. Sera were collected and pooled by
immunization group at baseline and at weeks 2 and 4 to
measure antibody responses to OVA by ELISA.
Splenocytes obtained at week 4 were tested for anti-OVA
cellular responses by ELISPOT. Mice were then chal-
lenged to a lethal dose of E.G7-OVA cells to measure
tumor-protective immunity. IL-2 liposomes caused no
detectable toxicity. Antibody, CD8" T cell, and tumor-
protective immune responses were markedly enhanced in
mice immunized to OVA + IL-2 in liposomes compared
to mice immunized to OVA, either alone or encapsulated
into liposomes without IL-2. These results indicate that
IL-2 liposomes enhance antibody, cellular, and tumor-
protective immune responses to immunization with a
soluble protein. This may provide a simple, safe, and
effective way to enhance the immunogenicity of vaccines
that consist of pure protein antigens.
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Introduction

Cancer vaccines are a promising treatment for cancer [7].
Vaccines must stimulate strong immune response
against cancer to effectively increase patients’ abilities to
attack and to destroy their tumors [6, 11, 13, 17, 18, 22,
24, 32]. Studies, including our own have, demonstrated
that patients develop immune responses to vaccine
antigens and that little or not toxicity is associated with
vaccines themselves [10, 23, 36]. Many cancer vaccines
being investigated are based on a single or limited
number of pure protein or peptide antigens [8, 10, 19, 26,
38, 39]. A major problem of these approaches that must
be overcome is the poor immunogenicity of these vac-
cines [2, 5, 9, 12, 16, 27, 28, 33, 36, 37, 40], and high-
lighted by the data reported recently by Rosenberg et al.
[25]. One approach to boost and to direct the immuno-
genicity of these formulations is to include immuno-
modulators that can enhance vaccine induced immune
responses. Among the immunomodulators, cytokines
present the broadest possible utility. They may be used
in direct therapy to support innate immune cell activa-
tion and expansion, as in vitro activators of immune
cells reintroduced into patients, or as adjuvants in
combination with other treatments. Interleukin-2 (IL-2)
has been a particular effective cytokine in preclinical and
clinical studies [25, 31, 42] and can enhance humoral,
cellular, and tumor-protective immune responses.
Liposomes are another method that can be used to in-
crease immune responses [1, 3, 4, 20, 21, 41], due in part
to their ability to provide a slow but continued release of
encapsulated components. This property may be a crit-
ical factor for pure protein vaccines alone as well as
those using cytokines as the half-life of these agents is
very brief [14, 30]. Liposomes can retain both the anti-
gen and immunomodulator at the site of immunization.

In a previous study [15], we demonstrated that IL-2/
liposomes increased antibody and DTH responses of
mice to a B16 melanoma lysate vaccine. In this study, we
examined the ability of IL-2/liposomes to augment



antibody, cellular, and tumor-protective immune re-
sponses to a pure protein vaccine.

Materials and methods
Vaccine

Chicken ovalbumin (OVA) was purchased from Sigma
Chemical Co. (St Louis, MO, USA). Synthetic dim-
yristoylphosphatidylcholine (DMPC) was obtained
from Avanti Polar Lipids (Alabastor, AL, USA). Hu-
man recombinant interleukin-2 was purchased from
Chiron Corporation (Emeryville, CA, USA).

Mice

Female C57BL/6 mice (5-6 week-old) were obtained
from Taconic labs (Germantown, New York) and
acclimated for 1 week before studies were begun. All
mice were weighed prior to initiation of studies to insure
that all were healthy (weight>15 g) and to provide a
baseline for detecting systemic toxicity of treatments
that could cause loss of weight.

Tumor cells

E.G7-OVA cells were originally obtained from the
ATCC and maintained in culture in our laboratory.
These cells were derived from the C57BL/6 (H-2 b)
mouse thymoma cell line EL4 by electroporation with a
plasmid containing a complete copy of the OVA gene.
The E.G7-OVA cells process cytoplasmic OVA and
present resultant peptides on the cell surface in the
context of MHC 1 [29]. The cells were grown in sus-
pension cultures with RPMI 1640 medium supplemented
with 10% fetal bovine serum in the presence of geniticin
(G418, 0.6 mg/ml), streptomycin (100 pg/ml), and pen-
icillin (100 U/ml) (Invitrogen, Carlsbad, CA, USA).

Liposomes

The liposomes were formed using DMPC at 10 mg/dose
as described previously [15]. Briefly, synthetic DMPC
was premeasured into individual sterile, pyrogen-free
glass vials to provide sufficient lipid to prepare lipo-
somes needed to treat all mice in each experimental
group for a single immunization. The lipids were hy-
drated with the appropriate volume of PBS containing
OVA with or without IL-2 (5x10° U/injection). Encap-
sulation of OVA and IL-2 was accomplished by three
cycles of freeze/thaw/sonicate as described [15]. All
liposomes were formed on the day of immunization just
prior to injection. Studies using radiolabelled IL-2
revealed that between 45% and 60 % of the IL-2 is
encapsulated in liposomes.
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Immunizations

Mice were immunized to OVA (100 pg/injection in
0.1 ml of PBS) alone or the same dose of OVA encap-
sulated into liposomes with or without IL-2 (5x10° U).
The IL-2 and OVA were simultaneously encapsulated
into the same liposomes. Control mice were injected with
an equal volume of PBS (negative control) or to irradi-
ated E.G7-OVA cells (positive control). These cells were
grown in culture, harvested, and washed 4xPBS then
exposed to a lethal dose of radiation in a cell irradiator.
The cells were then counted, resuspended in PBS at
5.0x107 cells/ml, and 0.1 ml (5x10° cells) injected
according to the same schedule as antigen. All immu-
nizations were given SC in the lower abdominal region
weekly x4.

Assay of immune responses
Antibody responses

Mice were bled at baseline prior to immunization,
1 week following the second and fourth immunizations,
and at the end of study for survivors. The sera were
pooled by immunization group and stored at —70°. IgG
and IgM antibody titers to OVA were measured by
ELISA using biotin-linked antimouse secondary anti-
bodies (ICN/Cappel, Aurora, OH, USA), followed by
avidin:peroxidase complex (extravidin, Sigma Chemical
Co, St Louis, MO, USA), and then TMB substrate
(KPL, Gaithersburg, MD, USA). Sera were diluted 1:50
for IgG and 1:10 for IgM or IgG subclass analysis. Anti-
OVA 1gG subclass levels were measured with a mouse Ig
typing kit (Sigma Chemical Co, St Louis, MO, USA),
which used specific goat antimouse isotypes. Plates were
then incubated with biotin-linked rabbit antigoat sec-
ondary antibodies (Cappel ICN Pharmaceuticals,
Aurora, IL, USA) followed by extravidin:peroxidase
and then substrate. The optical density of each plate was
read at 450 nm in an ELISA reader and antibody levels
expressed in OD units after the background of blank
wells was subtracted.

Cellular immune responses

Random mice from each immunization group were
sacrificed 1 week after the fourth immunization and
their spleens collected and briefly minced to obtain fresh
cells. Splenocytes were obtained after lysing red blood
cells in hypotonic, 0.87% ammonium chloride solution,
counted, and resuspended in complete culture medium
(RPMI 1640 + 10% fetal bovine serum, antibiotics
without geniticin, and 107> M mercaptoethanol). Cel-
lular immune responses were measured by a sensitive
ELISPOT assay capable of detecting less than one
antigen reactive cell in 100,000 peripheral blood lym-
phocytes in humans [34, 35]. The method was adapted to
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measure CD8 " T cell responses to mouse E.G7-OVA
target cells by the release of interferon-y (IFN). ELI-
SPOT plates (Multiscreen filtration plates, Millipore,
Billerica, MA, USA) were precoated with antimouse
IFN antibody (Biosource International, Camarillo, CA,
USA). Viable splenocytes were added to wells in serial
dilutions with E.G7-OVA target cells (1.5x10* cells/well)
to give E:T ratios of 100, 50, 25, and 12.5:1. Following
incubation for 48 h at 37°C in an atmosphere of 5%
CO,, the plates are washed 2x with deionized water to
lyse cells and 4x with 0.05% Tween20/PBS to block
wells. All wells were then incubated overnight with
biotinylated antimouse IFN (Biosource International,
Camarillo, CA, USA) followed by extravidin:alkaline
phosphatase (Sigma Chemical Co, St Louis, MO, USA)
for 1 h. Spots were visualized with BCIP/NBT (KPL,
Gaithersburg, MD, USA) and counted on a Zeiss
automatic, computer-assisted, image analysis system.
Each spot represents an individual cell that recognizes
the E.G7-OVA target cells. The proportion of reacting
cells that were CD8 " T cells was determined by blocking
studies with monoclonal antibodies to mouse CDS
(produced in our laboratory from hybridoma strain
H35). All assays were performed with duplicate wells at
each E:T ratio.

Tumor-protective immunity

At week 5 remaining mice were challenged to a lethal
dose (5x10% viable E.G7-OVA cells injected SC in
0.1 ml of PBS. Cells were obtained from cultures,
washed extensively with PBS, and viability determined
by trypan dye exclusion. Injections were given in the
suprascapular region to avoid injecting into or near any
remaining liposome granulomas. Tumor growth was
monitored three times/week for 10 weeks, to evaluate
tumor-protective immunity. The long tumor diameter
and a perpendicular diameter of each tumor were
measured using calipers and mean tumor volumes
calculated as 0.4ab”, where « is the long diameter and b

Fig. 1 Effect of encapsulation of OVA in liposomes with or
without IL-2 on anti-OVA IgG (a) and IgM (b) antibody levels
at three different time points after immunization. The open
crosshatched bar represents antibody levels at baseline, the diagonal
crosshatched bar 1 week after two immunizations, and the solid bar
1 week after four immunizations
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is the perpendicular diameter. Mice were killed when the
mean tumor diameter was > 1.5 cm, if ascites tumors or
ulceration developed. Less than 5% of mice developed
ascites or ulcerated tumors. Sacrificed mice were as-
signed the maximum tumor size of 1.5x1.5-cm diameters
for tumor measurement calculations.

Statistical analyses

Antibody levels expressed as OD’s were compared by
ANOVA analysis and Student’s ¢ test for direct com-
parison of groups. For ELISPOT assay of cellular
immunity data from duplicate wells at each E:T ratio
were subjected to multiple anova (MANOVA fit) to
determine significant differences. Tumor growth indi-
cated by volume measurements was analyzed by
ANOVA and Student’s ¢ test. Overall tumor survival
was analyzed by Kaplan—Meyer analysis.

Results
Immune responses
Antibody responses

The levels of anti-OVA IgG and IgM antibodies present
at baseline and 1 week following two or four immuni-
zations to OVA alone or encapsulated in liposomes with
or without IL-2 are shown in Fig. 1.

The preimmune (week 0) sera were all negative for
anti-OVA antibodies. Immunization to OVA alone in-
duced weak IgG and IgM antibody responses after two
immunizations, but moderately strong responses after
four immunizations. Encapsulation of OVA into lipo-
somes increased both the onset and magnitude of both
IgG and IgM responses. This was most evident for IgG
responses which were significantly higher after both the
second and fourth immunizations compared to those in
mice immunized without liposomes (P <0.001). Addi-
tion of IL-2 to the liposomes further increased the onset
and magnitude of anti-OVA IgM response, but had no
greater effect on IgG responses than liposomes. After
two immunizations, IgM levels were over tenfold higher
than those of mice immunized to OVA alone (P <0.001)
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Fig. 2 Effect of encapsulation of OVA in liposomes with or
without IL-2 on anti-OVA IgG subclass levels in sera obtained
1 week after the fourth immunization

and over fivefold higher than those of mice immunized
to OVA plus liposomes (P<0.001). Very low to un-
detectable anti-OVA IgG and IgM antibodies were in-
duced in control mice immunized to either irradiated
E.G7-OVA cells or to PBS controls. Several independent
experiments confirmed the significant effect of liposomes
containing IL-2 on IgG and IgM anti-OVA antibody
responses. In one study, sera collected from individual
mice (three to eight mice/group) were analyzed without
pooling to rule out the possibility that antibody re-
sponses could be dominated by a single mouse serum
within the pooled sera. All mice in each group had
similar anti-OVA antibody levels that were consistent
with the data from pooled samples. For example, the
IgG levels after four immunizations were 0.219 =0.108,
1.560+0.268, and 1.970£0.219.

The IgG subclass of vaccine-induced anti-OVA
antibodies were measured after the fourth immunization
to determine if liposomes with or without IL-2 affect
subclass selection. The data in Fig. 2 show that OVA
alone induced predominantly an IgGl response (OD
0.573) with little or no IgG2a (OD 0.02), IgG2b (OD
0.08), or IgG3 (OD 0.024). Encapsulation of OVA in
liposomes markedly boosted IgGl (OD 1.937) and
IgG2b (OD 1.70) and, to a lesser degree, 1gG3 (OD
0.325) and IgG2a (OD 0.157) responses. The IgG1 and
IgG2b responses were both significantly higher than the
OVA immunized mice (P <0.001). Addition of IL-2, to
the liposomes did not significantly alter the IgG subclass
responses to OVA compared to liposomes without IL-2.
Repeated studies showed very similar IgG subclass re-
sults, as did a study of sera from individual mice ana-
lyzed without pooling.

Cellular immune responses

Almost no cellular immunity could be detected by
ELISPOT assay in mice immunized to OVA alone
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Fig. 3 Effect of encapsulation of OVA in liposomes with or
without IL-2 on cellular response to E.G7-OVA target cells present
1 week after the fourth immunization in mice immunized to: O -
PBS, ¢ -OVA alone, A -OVA/liposomes, B -OVA/IL-2 liposomes,
+ -EG7.0VA cells

(Fig. 3). Responses were slightly higher in mice immu-
nized to OVA encapsulated in liposomes, but the in-
crease was not significant. In contrast, mice immunized
to OVA in IL-2/liposomes had a very strong cellular
immune response, generating over 65 IFN-secreting cells
per 500,000 splenocytes. The cellular response induced
using IL-2/liposomes as an adjuvant was significantly
higher than the response induced by OVA alone, OVA/
liposomes, and PBS control immunized mice (all
P <0.001 by Manova analysis). These data were verified
in four independent studies. In each, OVA alone or
encapsulated in liposomes did not induce any cellular
immune responses above the PBS controls. In contrast,
OVA encapsulated into liposomes with IL-2 induced
strong cellular responses in every case. Very strong cel-
lular response (> 175 reactive cells/500,000) splenocytes
of positive control mice immunized to E.G7-OVA cells
were detected as expected.
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Fig. 4 Effect of encapsulation of OVA in liposomes with or
without IL-2 on specific CD8" T cell response to target (E.G7-
OVA) cells in the presence (open bars) or absence (solid bars) of
blocking antimouse CD8 monoclonal antibodies. Results were
calculated as the number of IFN-secreting cells/5x10° splenocytes
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Fig. 5 Effect of encapsulation of OVA in liposomes with or
without 1L-2 on tumor-protective immunity indicated by mean
tumor volumes (a) and survival (b) of mice. Mice were challenged
with E.G7-OVA cells after immunization to: 0 -PBS, & -OVA
alone, A -OVA/liposomes, ® -OVA/IL-2 liposomes ¢ -EG7.0VA
cells

The results shown in Fig. 3 indicate that immuniza-
tion can increase the total number of IFN-secreting cells,
but do not identify the type of immune cells involved. To
determine the contribution of CD8" T cells to this
overall cellular response, the same assays were run in the
presence of a blocking anti-CD8 monoclonal antibody
(Fig. 4). Over 95% of the cells induced by immunization
to OVA in IL-2/liposomes were blocked by anti-CD8
monoclonal antibodies. About 65% of the low overall
number cells induced by OVA/liposomes without 1L-2
were blocked by the anti-CDS8 antibody. In contrast,
immunization to E.G7-OVA cells, which induced the
strongest cellular response overall, did not stimulate any
anti-OVA CD8" T cells. Blocking studies (data not
shown) with anti-NK cell monoclonal antibody PK 136
showed no NK cell activity.

Tumor-protective immunity

Tumor-protective immunity was determined by measure
of both mean tumor volume over time and survival after
challenge to a lethal dose of E.G7-OVA cells. By both
tumor volume (Fig. 5a) and survival (Fig. 5b) protection
was greater in mice immunized to OVA encapsulated in
liposomes with IL-2 than any other immunization
group. Statistical comparison of the mean tumor

Table 1 Mean tumor volumes

% Tumor Free

L L L L
5 20 25 30 3B 40 45 50 5% 60 6 70 7B 8 &
Days post challenge

volumes at each date was analyzed by Student’s ¢ test
and summary data are provided in Table 1.

The tumor volumes of the OVA/IL-2/Liposome
group were significantly smaller (P values ranging from
<0.05 to <0.001) than those of all other groups at all
time points after day 10. Mice immunized to E.G7-OVA
cells did not induce tumor protection as there were no
significant differences in tumor volumes with the control
PBS-immunized group.

Two months after tumor challenge 90% of control
mice immunized to PBS and 80% of those immunized to
OVA alone were dead (Fig. 5b). In contrast, 90% of
mice immunized to OVA in liposomes with IL-2 were
alive (P <0.01 vs OVA and P <0.002 vs PBS by Kaplan—
Meyer analysis).

Encapsulation of OVA into liposomes without IL-2
appeared to improved survival over OVA alone, but the
difference did not reach significance (P=0.0572). To
confirm that encapsulation of OVA into liposomes with
IL-2 improved the overall survival data from several
similar experiments were pooled and analyzed by Kap-
lan-Meyer analysis (see Table II). All survivors were
tumor free 12 weeks after challenge. The results show
that IL-2/liposomes was significantly better than all
other immunization groups (P values ranging from
0.005 to 0.0001).

Toxicity

There were no detectable side effects in animals in all of
the studies described here. All mice gained weight (data
not shown) during the immunization period and exhib-
ited normal behavior. Liposomes both with and without

Days postchallenge

24 27 29 31 34 36 38
OVA 0.758, 0.786_ 0.803 0.811 0.903 0.900 0.901
OVA/LIP 0.017"" 0.081°"" 0.224"" 0365~ 0.584 0720 0734
OVA/LIP/IL-2 0.000"" 0.000"" 0.000"" 0.000"" 0.000™""" 0.000™""" 000"
E.G7 0.469 0.550 0.580 0.624 0.670 0.750 0.750
PBS 0.348 0.529 0.803 0.860 0.997 1.034 1.052

*P<0.05 versus PBS, **P<0.05 versus OVA, ***P <(0.05 versus OVA/LIP



Table 2 Encapsulation of OVA into liposomes
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Group Survivors/total P versus PBS* P versus OVA* P versus OVA/LIP* P versus E.G7*
OVA 6/24 0.695 - 0.292 0.209
OVA/LIP 7/24 0.099 0.292 - 0.908
OVA/LIP/IL-2 16/22 <0.0001 0.002 0.005 0.009

E.G7 7/24 0.045 0.209 0.908 -

PBS 1/24 - 0.695 0.099 0.045

*P values calculated by Kaplan Meyer test

IL-2 caused a milky granuloma at the injection site.
These granulomas resolved within 3-4 weeks after
injection with no visual indications of inflammatory re-
sponses.

Discussion

This study demonstrates that IL-2/liposomes are potent
and effective adjuvants for weakly immunogenic pure
protein antigens. It markedly enhanced antibody,
cellular, and tumor-protective immune responses.

Cancer immunotherapy has been extensively studied
in both basic preclinical models and clinical trials. 1L-2
was among the early studies of cancer immunotherapy
and remains among the most effective treatments [25, 31,
42]. In most cases, IL-2 has been used in passive non-
specific therapy of cancer patients. In this setting the
antitumor activity of IL-2 rests upon the ability to
activate resident immune cells and support expansion of
specific immune cells. Other studies use IL-2 in con-
junction with autologous immune cells that have been
expanded by growth in vitro using IL-2. Because the
half-life of IL-2 is very short [36], it must be adminis-
tered frequently and at high, and often toxic, doses to
maintain sufficient activity to activate immune cells.
Liposomes provide an ideal solution to both the high
dose IL-2 requirements and the toxicity. Encapsulation
of IL-2 together with vaccine produces a constant slow
release of antigen in the presence of the immune stimu-
lating activity of IL-2. This allows for the use of much
lower IL-2 doses to achieve the concentrations needed
for effective activity. Kopenhagen et al. [20] have found
that liposomal delivery of cytokines may be more
effective than genetically altered cells expressing cyto-
kine genes.

In prior studies with murine B16 melanoma, we
found a significant increase in immune responses and
tumor protective immunity by encapsulating human
rIL-2 together with B16 melanoma cell lysate into lipo-
somes [15]. The results described in this study extend
those findings to show significant immune modulation of
a weakly immunogenic pure protein vaccine.

Under the conditions used in this study ovalbumin,
OVA given weekly 4x100 pg SC, did not induce strong
immune responses. It induced low levels of antibodies
that are limited to IgM and IgG1 isotypes. Neither anti-
OVA cellular immune responses nor tumor-protective
immunity was induced by immunization to OVA alone

or OVA encapsulated in liposomes. In contrast, immu-
nization to OVA encapsulated in liposomes with IL-2
strongly augmented all immune responses. Anti-OVA
antibodies, IgM, total 1gG, and IgGl and IgG2b sub-
classes, were produce earlier (by week 2) and sustained
higher levels. The strong cellular responses induced by
OVA encapsulated in liposomes plus IL-2 were pre-
dominantly anti-OVA CD8" T cells. In contrast, the
very strong cellular responses induced by immunization
to E.G7-OVA cells were devoid of anti-OVA CD8" T
cells. Finally, immunization to OVA encapsulated with
IL-2 into liposomes induce tumor protection that was
significantly stronger (with P <0.01 at a minimum) than
all other treatments. The importance that humoral and
cellular immune responses play in tumor protection is
not entirely defined. Survival does correlate with
anti-OVA specific CD8" T cell response but not with
anti-OVA IgG or IgG subclass. The function of anti-
OVA IgM antibodies has not been established. We have
seen a correlation between antibody responses and
improved survival in melanoma patients [28].

Adjuvants such as alum or liposomes alone may
promote strong antibody responses without inducing
cellular immunity. On the other hand, IL-2 may produce
strong cellular responses only, but requires that con-
centrations are kept at high levels leading to toxic side
effects. Our results show that combination of liposomes
plus IL-2 co-encapsulated with vaccine induces strong
antibody, cellular, and tumor protective immunity
without causing any toxic side effects.

These results demonstrate that immune responses
and tumor protection to poorly immunogenic soluble
protein antigens can be markedly enhanced by encap-
sulation into liposomes with TL-2.
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