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Abstract

DNA immunization can result in the induction of Ag-specific cellular and humoral immune responses
and in protective immunity in several Ag systems. To evaluate the utility of DNA-based
immunization as a potential cancer treatment strategy, we employed an experimental murine tumor,
CT26, expressing the model tumor-associated Ag, S-galactosidase (5-gal), designated CT26.CL25.
A plasmid expressing S-gal (p)CMV/p-gal) administered by particle-mediated gene delivery to the
epidermis using a hand-held, helium-driven “gene gun” induced $-gal-specific Ab and lytic
responses. Immunization with this construct prevented the growth of pulmonary metastatic tumor,
and the adoptive transfer of splenocytes generated by pCMV/f-gal in vivo immunization and cultured
in vitro with the $-galg7s_gg4 immunodominant peptide reduced the number of established pulmonary
nodules. DNA immunization alone had little or no impact on the growth of established lung
metastases. To enhance the function of DNA immunization for active immunotherapy, a panel of
cytokines was added as adjuvants following DNA administration. Significant reduction in the number
of established metastases was observed when human rIL-2, mouse rIL-6, human rIL-7, or mouse
riL-12 were given after DNA inoculation; mouse rIL-12 as an adjuvant had the most profound effect.
These findings suggest that the cytokines involved in the activation and expansion of lymphocyte
populations may improve the therapeutic effects of DNA immunization. Given the ease with which
plasmid DNA can be prepared to high purity for safe use in humans with infectious diseases and
cancers, DNA immunization administered together with cytokine adjuvant may be an attractive
alternative to recombinant viral vaccines.

The induction of antitumor immunity, in part, involves CTL responses (1-3). The recent cloning
of genes encoding tumor-associated Ag (TAA)3 recognized by CTL makes it possible to design
Ag-specific recombinant viral and nonviral vectors that allow for control over parameters such
as the quantity and kinetics of expression, the intracellular compartment into which the TAA
are expressed, and the tissues or cell types that are used to express TAA in vivo (4-9). For
example, several viruses including recombinant vaccinia virus, fowlpox virus, and adenovirus
encoding model TAAs have been shown to express Ags within the cytoplasm of infected cells,
resulting in the induction of tumor immunity (10-12,12a). However, immunization with live
attenuated or recombinant viruses, although potent, may also pose safety problems due to their
infectious nature (13). In addition, immune responses against heterologous protein may be
reduced when the host has had previous exposure to the virus such as has been observed with
vaccinia virus (14-16).

DNA-based immunization is an attractive nonviral alternative for cancer immunotherapy.
DNA vaccination is accomplished by the expression of inoculated bacterial plasmid DNA
encoding the foreign gene of interest accompanied by a mammalian promoter/enhancer, and
other sequences such as Kozak’s consensus sequence and leader sequences that enable the gene
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to be expressed within mammalian cells utilizing host machinery (17-19). In this report, a hand-
held helium-powered device was used to achieve the direct intracellular delivery of DNA-
coated gold particles to the epidermis. Following delivery, the DNA redissolves in the aqueous
environment of the cytoplasm or nucleus and is then available for expression (20-25).
Alternatively, skeletal muscle cells have demonstrated the ability to take up and express DNA
for approximately the lifetime of the mouse without any specific delivery system (17,18,
26-28). However, epidermal gene gun immunization of DNA may be more efficient than
intramuscular immunization at eliciting similar immune responses (22,25).

Both DNA-based approaches have been shown to successfully induce both humoral and
cellular immunity in many Ag systems (22-25,29-34). Gene gun delivery of DNA encoding
human growth hormone (hGH) resulted in specific Ab responses that correlated with particle
delivery to the mouse epidermis (23,29). Intramuscular inoculation of plasmid DNA encoding
the influenza A viral nucleoprotein could induce protective humoral and cellular immunity
(30). Protective immunity after DNA-based immunization has also been observed using gp160
and rev proteins from HIV I, and H1 Ag from influenza, circumsporozoite protein from malaria,
and nucleoprotein from lymphocytic choriomeningitis virus (22,31-34). In cancer
immunotherapy, plasmid constructs encoding either the full length cDNA for
carcinoembryonic Ag (CEA) or HIV-1 envelope protein, gp160, have been shown to protect
mice from subsequent challenge with syngeneic tumors expressing these model Ags (35-37).

To the best of our knowledge, no group has shown therapeutic activity against established
tumors using either “naked” DNA injection or gene gun immunization. In this study, we used
the murine colon adenocarcinoma (CT26.WT) transfected with the gene for the model TAA,
S-gal (CT26.CL25) (12), to test the antitumor potential of a plasmid DNA-based vaccine using
a gene gun delivery system. Here, we show that DNA-based vaccines enhanced with the
systemic administration of rhIL-2, rmIL-6, rhIL-7, or rmIL-12 may have utility in the active
immunotherapy of cancer.

Materials and Methods

Tumor cell lines and animals

CT26.WT is a clone of the N-nitroso-N-methylurethan-induced BALB/c (H-2)
undifferentiated colon carcinoma (38). Following transduction with a retrovirus encoding the
LacZ gene, CT26.WT was subcloned to generate the $-gal-expressing cell line CT26.CL25
(12). All tumor cell lines were grown and maintained in complete medium (CM) containing
RPMI 1640, 10% heat-inactivated FCS (both from Biofluids, Rockville, MD), 0.03% fresh L-
glutamine, 100 ug/ml streptomycin, 100 U/ml penicillin (all from National Institutes of Health,
Media Unit, Bethesda, MD), and 50 x«g/ml gentamicin sulfate. CT26.CL25 was grown in the
presence of 400 ug/ml G418 (Life Technologies, Inc., Grand Island, NY). Female BALB/c
mice, 6 to 10 wk old, were obtained from the Animal Production Colonies, Frederick Cancer
Research Facility. National Institutes of Health (Frederick, MD).

Plasmid preparations

A plasmid encoding the Escherichia coli Lac2 gene under the control of the human CMV
intermediate-early promoter, designated pCMV/g-gal, was kindly provided by J. Haynes
(Agracetus, Middleton, WI). Plasmids expressing either human growth hormone (pCMV/
hGH), provided by J. Haynes, or the nucleoprotein from influenza A (A/pR/8/34) ()CMV/NP)
under the control of the CMV intermediate-early promoter were used as control vectors in this
study. Constructs were transformed into E. coli DH5 a-competent cells (Life Technologies,
Inc.) and grown in L-broth with 100 xg/ml ampicillin as described (39). Closed circular plasmid
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DNA was isolated using Wizard Maxipreps DNA purification kits (Promega Corp., Madison,
WI). The 260/280 ratios ranged from 1.8 to 2.0.

The synthetic peptide TPHPARIGL, representing the naturally processed H-2 L9-restricted
epitope spanning 876-884 of 5-gal (40) and the influenza NP147_155 peptide, TYQRTRALYV,
presented by H-2KY, were synthesized by Peptide Technologies (Washington, DC) to a purity
of greater than 99% as assessed by HPLC and amino acid analysis.

Gene gun delivery of DNA

Plasmid DNA was affixed to gold particles by adding 10 to 50 mg of 0.95-um-diameter gold
powder (kindly provided by Agracetus, Middleton, W1) to a 1.5-ml centrifuge tube containing
100 ul of 0.1 M spermidine (Sigma Chemical Co., St. Louis, MO). Plasmid DNA and gold
were coprecipitated by the addition of 200 I of 2.5 M CaCly, during vortex mixing as
previously described (24). After settling for 10 min, the precipitate was washed with absolute
ethanol to remove H,0O and resuspended at either 3.5 mg gold/ml or 7.0 mg/ml of ethanol,
which would result in 0.25 mg or 0.5 mg of gold particles per shot, respectively. While the
amount of gold per shot remained constant, the total amount of DNA per shot ranged from
0.001 to 1.0 ug per shot. Animals were anesthetized with 200 ul of a 9% solution of sodium
pentobarbital while abdominal areas were shaved. DNA-coated gold particles were delivered
into abdominal epidermis using the hand-held, helium-driven Accell gene delivery system
(kindly provided by Agracetus). Each animal received 2 to 10 nonoverlapping deliveries per
immunization (as designated below), at a pressure of 400 psi of helium.

Enzyme-Linked Immunosorbent Assay

BALB/c mice were immunized two times at 2-wk intervals with 0.001 to 1.0 ug of either
pCMVIP/B-gal or pPCMV/NP using the gene gun. Serum samples were collected 2 wk following
the second immunization and analyzed for the presence of anti-f-gal Abs by ELISA.
Specifically, microtiter plates were dried overnight at 37°C in a nonhumidified incubator with
200 ng/well/50 ul of either purified g-gal or control Ag, ovalbumin (both obtained from Sigma
Chemical Co., St. Louis, MO). Incubation of 100 ul of 5% BSA in PBS on each well for 1 h
to prevent nonspecific Ab binding was followed by a second 1-h incubation with 50 ul of
fivefold dilutions (starting at 1:100) of test sera or control anti-S-gal murine mAb (starting at
100 ng/50 ul). After washing with 1% BSA in PBS, horseradish peroxidase-conjugated sheep
anti-mouse 1gG F(ab"),, fragments (1:3000) (Amersham International, Amersham, UK) were
added for 1 h at 37°C to detect Abs immobilized on the wells. The resulting complex was
detected by the chromogen, o-phenylenediazamine (Sigma Chemical Co.). Absorbance was
read on a Titertek Multiskan Plus reader (Flow Laboratories, McLean, VA) using a 490-nm
pore diameter filter. Concentrations of g-gal-specific Ab in serum samples were estimated from
the mAD standard curve and expressed as xg/ml.

Effector cells

Primary lymphocyte populations were generated by immunization with different amounts of
purified pCMV/g-gal or pPCMV/NP. Secondary in vitro effector populations were generated
by harvesting spleens of mice 14 days after immunization and culturing single cell suspensions
of splenocytes in T-75 flasks (Nunc, Roskilde, Denmark) at a density of 3.0 x 108 cells/ml with
1 ug/ml antigenic peptide at a total volume of 30 ml of CM containing 0.1 mM nonessential
amino acids, 1.0 mM sodium pyruvate (both from Biofluids), and 5 x 107> M 2-ME (Life
Technologies, Inc., Rockville, MD) in the absence of IL-2. Six days later splenocytes were
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harvested and washed in CM before testing in a >1Cr release assay or for transfer to tumor-
bearing animals.

51Cr release assay

Six-hour 51Cr release assays were performed as previously described (41). Briefly, 2 x 10°
target cells were incubated in 0.2 ml of CM labeled with 200 Ci of Na®! CrO, for 90 min.
Peptide-pulsed CT26.WT were incubated with 1 xg/ml (approximately 1 M) antigenic peptide
during labeling as previously described (42). Target cells were then mixed with effector cells
for 6 h at 37°C at the effector to target ratios indicated. The amount of °1Cr released was
determined by gamma counting and the percentage of specificlysis was calculated as follows.

% specific lysis = [(experimental cpm — spontaneous cpm) / (maximal cpm — spontaneous cpm)] x 100.

In vivo studies

For in vivo prevention studies, mice were immunized with different amounts of pPCMV/-gal
or either control pCMV/hGH or pCMV/NP. Fourteen days later, mice were challenged i.v.
with 2 x 10° tumor cells (43). Mice were killed on day 17 and randomized before counting
lung metastases in a blind fashion as previously described (43).

Adoptive immunotherapy experiments

BALB/c mice were injected i.v. with 2 x 10° CT26.WT (8-gal™) or CT26.CL25 (5-gal™)
cultured tumor cells in 0.5 ml of HBSS to induce pulmonary metastases. On day 3, tumor-
bearing mice were treated with an i.v. injection of various effect or cells at 5 x 10° cells/dose.
Specifically, for the generation of effector cells, mice were immunized with 1 xg of pPCMV/
S-gal or pPCMV/NP. Each mouse received two 0.25-mg shots of gold loaded with 0.5 ug of
DNA. Two weeks later, splenocytes were harvested and cultured for 6 days in CM plus 5 x
107 M 2-ME, 0.1 mM nonessential amino acids, and 1.0 mM sodium pyruvate with 1 zg/ml
of either B-galgzg_gga Or NP147_155 Synthetic peptide. On day 17 after tumor injection, mice
were killed and pulmonary metastases were enumerated in a coded, blind fashion. When
metastases exceeded 250, they were deemed too humerous to count.

In vivo treatment studies

BALB/c mice were challenged with 5 x 10° CT26.WT or CT26.CL25 tumor cells i.v. to
establish pulmonary metastases. On day 2, mice were immunized with 10 ug of pCMV/p-gal,
pCMV/NP DNA, or no DNA. Each mouse received 10 nonoverlapping shots of gold (0.5 mg
each) delivering | ug of DNA. On day 12, the mice were killed and metastatic lung nodules
were enumerated in a randomized, blind manner. As a positive control, a group of mice was
included that received a recombinant vaccinia virus encoding the $-gal (VJS6), plus the
exogenous administration of the cytokine, 1L-2 (15,000 U, twice daily (BID) for 5 days) as
previously reported (44).

Intraperitoneal treatments of various cytokines began 18 to 24 h following DNA administration
and continued daily for 3 to 7 days depending on the cytokine. Specifically, one group of mice
received 15,000 Cetus U of rhIL-2, BID, for 5 days (Chiron Corp., Emeryville, CA) (44). A
second group of mice received treatments of 0.5 ug of rmIL-6, BID, for 3 days (Peprotech,
Inc., Rocky Hill, NJ). A third group received 5 ug of rhIL-7, BID, for 7days (Peprotech). A
fourth received 1.0 ug of rmIL-12 once daily (QD) for 5 days (Genetics Institute, Boston, MA).
In a screening experiment of many cytokines (data not shown), rmIL-4 (5 ug, BID, 7 days),
rmIL-10 (1.0 ug, QD, 7 days), and GM-CSF (1.0 ug, QD, 5 days) were also assayed for adjuvant
activity (Peprotech). These parameters were determined from previous reports demonstrating
antitumor immune responses from their exogenous administration (45-50). These doses of
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cytokine alone were shown to have little or no effects on the growth of CT26.WT of
CT26.CL254

Statistical analysis

Because lungs that contained >250 pulmonary metastases were deemed too numerous to count,
the data do not follow a normal distribution. Thus, statistical evaluation of the data was
performed using the nonparametric two-tailed Kruskal-Wallis test.

DNA-based vaccine elicits Ag-specific humoral and cellular immunity

To study the induction of Ag-specific humoral immunity using a DNA-based vaccine, mice
were immunized with a plasmid cDNA encoding the model TAA f-gal (pCMV/p-gal). Mice
immunized and boosted with gold particles coated with as little as 0.01 ug of pCMV/p-gal
developed S-gal-specific Ab responses (Fig. 1). In contrast, gold particles coated with 1.0 ug
of the control plasmid pCMV/NP failed to elicit -gal-specific Ab. No reactivity was observed
against a control Ag, ovalbumin, confirming the specificity of the humoral immune response
(data not shown).

To test whether a CTL response could be elicited against f-gal expressed by DNA
immunization, BALB/c mice were inoculated once with varying quantities of pCMV p-gal or
control vector, pPCMV/NP. Splenocytes from mice that were injected with as little as 0.1 ug of
pCMV/B-gal and then restimulated in vitro with the S-galg7s_gga peptide lysed the -gal-
transfected tumor, CT26.CL25 (Fig. 2). CT26.WT pulsed with the immunodominant peptide
S-galg7e-gga Was also recognized by the pCMV/S-gal-immune splenocytes generated with as
little as 0.01 ug of DNA. Pulsed cells in this case appeared to be more sensitive to the lytic
cells than the transfected cells, CT26.CL25. Unpulsed CT26.WT was not significantly lysed,
demonstrating the specificity of the lytic response. Splenocytes derived from mice immunized
with pCMV/NP and cultured in vitro in an identical manner as described above failed to lyse
CT26.WT. CT26.WT pulsed with the s-galg7s_ggs4 or CT26.CL25. Together, these data
indicated that DNA administered with the gene gun was able to elicit specific humoral and
cellular immunity against the model tumor Ag, s-gal.

Prophylactic DNA vaccine protects mice from intravenous tumor challenge

To determine whether humoral and cellular responses observed in vitro correlated with in vivo
antitumor activity, mice were immunized with the DNA vaccine and assayed for the growth
of a subsequent i.v. tumor challenge. Only the mice that received pCMV/p-gal showed
significant responses compared with the mice that were inoculated with control DNA (Fig. 3).
In pooled results from three experiments, almost complete protection was observed with 1.0
g of pPCMV/p-gal; 19 of 20 pairs of lungs from immunized mice were devoid of any detectable
tumor. At a 10-fold lower dose, 16 of 20 pairs of lungs were completely free of disease. With
a dose of 0.01 ug of DNA immunized, the protective effects began to wane, with only 6 of 20
mice disease free. This correlated with decreasing amounts of Ab and CTL activity observed
in the mice that received 0.01 ug of DNA (Figs. 1 and 2). In addition, mice immunized with
pCMV/p-gal and then challenged with -gal™ CT26.WT were not protected from tumor growth
(Fig. 3). Therefore, these data suggest that the protection from tumor following gene gun
inoculation of DNA encoding a TAA is Ag specific both at the level of the immunizing plasmid
and at the level of Ag expression by tumor.

4Ra\o, J.B., V. Bronte, K. R. Irvine, M. W. Carroll, S. A. Rosenberg, and N. P. Restifo. Submitted for publication.
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Adoptive transfer of splenocytes generated using DNA vaccine mediate reduction of
established pulmonary metastases

To ascertain whether the effector cells elicited by gene gun immunization were active in in
vivo adoptive immunotherapy, we used a 3-day lung metastasis model (43). In these
experiments, BALB/c mice were given i.v. injections with either CT26.CL25 (5-gal*) or
CT26.WT (B-gal™) tumor cells. On day 3, tumor-bearing mice were treated with splenocytes
from donor mice that had received gene gun immunization with either pPCMV/g-gal or pCMV/
NP, and then subsequent ex vivo incubation with either -galg7g_gga or control NP147_155
peptide.

Effector cells generated from mice immunized with pCMV/g-gal and cultured with -
galg7e_gga peptide completely cleared the lungs of mice bearing 3-day-old pulmonary
metastases (Fig. 4). By contrast, lungs from CT26.CL25-bearing mice that received either no
splenocytes, splenocytes from pCMV/g-gal-immunized mice stimulated with the irrelevant
synthetic peptide (NP147_155), or splenocytes from pCMV/NP-immunized mice stimulated
with the $-galg7e_ggs peptide, contained >250 metastases. In addition, the splenocytes induced
by pCMV/p-gal and stimulated with $-galgzg_gga peptide were not effective at eliminating
metastases in mice bearing the Ag-negative tumor, CT26.WT (Fig. 4), demonstrating the in
vivo specificity for the g-gal Ag. Similar results were observed in a repeat experiment. Thus,
the induction of immune splenocytes for adoptive transfer was Ag specific, and the therapeutic
activity of these cells was specific for Ag expression by the tumor. The potential therapeutic
implications of this approach are clear, since this strategy involved not just the prevention of
disease, but the treatment of established metastases.

Gene gun immunization of DNA alone induces little to no active specific immunotherapy of
established pulmonary metastases

Mice bearing 2-day established pulmonary metastases were immunized with Pcmv/f-gal to
evaluate the ability of gene gun immunization of DNA to generate active specific therapeutic
responses. Initial experiments were carried out in mice given 5 x 10° tumor cells as reported
previously (44). Seven independent attempts to use gene gun immunization alone to treat
established pulmonary metastases have been made with only one experiment demonstrating a
reduction in tumor growth. When the number of tumor cells given was reduced to 10°,
significant reduction in the number of metastases or mouse survival was observed in groups
receiving S-gal-specific gene gun immunization in two of three experiments performed (data
not shown).

Cytokine administration following DNA vaccine leads to treatment of established pulmonary

metastases

Several cytokines, known to have different immune-regulating effects, have been reported to
have antitumor activity as single agent therapy (46-48,51) as well as adjuvant to standard
therapy (46,52-54). For example, rhlL-2, rmIL-6, and rhlL-7 have been reported to activate or
proliferate Ag-specific CTL populations (47,55). GM-CSF promotes the differentiation of
hematopoietic precursors to dendritic cells that function to present Ag to prime naive
lymphocytes (56). rmIL-12, rmIL-4, and rmIL-10 have been shown to direct Th populations
to different Th1 or Th2 phenotypes, resulting in shifts to either humoral or cell-mediated
responses, respectively (57-60). A screening assay was performed to determine whether
various cytokines could act as adjuvants to DNA vaccination to induce active specific
immunotherapy. In these experiments, tumor-bearing mice immunized on day 2 with pCMV/
pgal or unimmunized were treated 18 to 24 h later with either rhIL-2, rmIL-4, rmIL-6, rhiL-7,
rmIL-10, rmIL-12, or rmGM-CSF administered exogenously. From this screening assay, only
rhlL-2, rmIL-6, rh1L-7, and rmIL-12 were found to specifically induce Ag-specific active
immunotherapy (the entire screen is not shown).

J Immunol. Author manuscript; available in PMC 2007 October 23.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Irvine et al.

Page 7

Figure 5 illustrates the average number of pulmonary metastases on day 12 following tumor
challenge for those mice that received the DNA vaccine followed by either rhiL-2, rmIL-6, or
rhiL-7 administration. Figure 5 represents the pooled averages of two separate experiments
done with the same protocol. Mice that were injected with pCMV/g-gal alone demonstrated
no significant reduction in the number of metastases (215) compared with control non-
immunized mice (>250). The groups of mice that received pCMV/f-gal administration plus
individual cytokines rhlL-2, rmIL-6, or rhIL-7 all demonstrated a significant reduction in
number of metastases compared with either cytokine alone (all >250, p, = 0.001, p, = 0.003,
and p, = 0.0002, respectively), or g-gal alone (>250, p, = 0.003, po = 0.0003, and p, = 0.001,
respectively).

In an extensive experiment evaluating IL-12, treatment with pPCMV/-gal alone showed a slight
but significant reduction in the number of pulmonary metastases compared with the group that
received pPCMV/NP (Fig. 6, 151 compared with 239, po = 0.016). This result was only observed
one time out of seven experiments that were performed. rmIL-12 alone demonstrated a modest
reduction in the tumor burden with an average of 177 + 45 metastatic nodules compared with
>250 in the untreated group. A dramatic reduction was observed with the combination of
rmIL-12 and pCMV/g-gal (an average of 8 + 2.5 metastases) (Fig. 6). This was significant in
comparison to groups that received pCMV/f-gal alone (p, = 0.012), rmIL-12 alone (p, =
0.002), and pCMV/NP plus rmIL-12 (p, = 0.008). pCMV/p-gal resulted in a significant
reduction in tumor burden even with lower doses of rmIL-12. Doses of 0.3 and 0.1 xg of
rmIL-12 were also able to diminish the tumor burden to 17 + 3.8 and 32 + 9.2 metastases,
respectively. These data were significant compared with controls, pPCMV/g-gal alone (p, =
0.036 and p, =0.036, respectively) and rmIL-12 alone (p, = 0.002 and p, = 0.004, respectively).
Therefore, when rmIL-12 is administered as an adjuvant with pPCMV/g-gal DNA, lower doses
of rmIL-12 can be given and therapeutic effects are still observed. This kind of active treatment
experiment using IL-12 as an adjuvant to DNA immunization has been repeated three times
with similar findings. Together, these studies show that cytokines rhlL-2, rmIL-6, rhIL-7, and
rmlL- 12 given individually but in combination with pCMV/g-gal can lead to Ag-specific
reduction in tumor burden.

Discussion

To our knowledge, this study represents the first report of the use of gene gun immunization
for the prevention and treatment of an experimental cancer. Plasmid DNA delivered by particle-
mediated delivery induced potent humoral and CTL lytic immune responses that presumably
aided in protective immunity from tumor challenge. Despite these potent responses, active
immunity of established tumor with the DNA vaccination alone failed to have an impact on
tumor burden. Therapeutic responses in tumor-bearing animals could be improved; however,
only when particular cytokines (rhlL-2, rmIL-6, rhIL-7, and rmIL-12) were given following
DNA administration.

DNA immunization resulted in potent Ag-specific Ab and CTL responses (Figs. 1 and 2). These
findings were consistent with other reports of the use of DNA-based immunizations using
either particle-mediated delivery to the epidermis or direct injection intramuscularly (17,18,
20,23-27). We opted for gene gun delivery of DNA based on studies that compared different
routes of immunization. Fynan et al. demonstrated that the particle bombardment method
required 250 to 2500 times less DNA than saline intramuscular inoculations to induce
protective immunity from viral challenge (22). Similarly, Pertmer et al. found that direct
inoculation of DNA intradermally or intramuscularly required 5000-fold more DNA to achieve
comparable results (25). In our studies, as little as 0.1 to 0.01 «g of DNA was observed to
induce potent and consistent CTL and Ab responses. In studies not shown, at least 50 ug
administered intramuscularly would induce Ab and CTL responses, but inconsistently.
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However, we did not utilize muscle regeneration reagents such as bupivicaine (31), which have
been reported to facilitate the uptake and transcription of the introduced DNA and therefore
improve the immune responses observed.

Several other groups have described various direct injection DNA-based immunization
protocols resulting in the prevention of not only tumor but also viral and nonviral diseases
(22,31-37). Recently, Conry et al. have developed a plasmid encoding full length cDNA for
human CEA under the transcriptional control of the CMV early promoter/enhancer, which
functioned to elicit CEA-specific humoral and cellular proliferation responses as well as
protection against a syngeneic, CEA-expressing colon carcinoma cell line (35,36). Wang et al.
have also reported that the use of a plasmid encoding the envelope region of HIV (gp160) can
induce long-lasting protection in mice from tumors expressing that gene (37).

In our study, DNA-based immunization was used to prime T lymphocytes reactive with the
TAA before ex vivo expansion and adoptive immunotherapy, a strategy that was ineffective
in the absence of in vivo priming. This represents a novel use of the gene gun approach and
the strategy of using DNA as an immunogen for the treatment of established tumor. The poor
performance of the DNA-based approach to treat established tumor in an active immunotherapy
model suggested that the immune responses demonstrated in Figures 1and 2 were either not
rapid enough in their kinetics or were below a threshold required to treat tumor. Unlike
poxvirus-based vectors, DNA vaccines may not produce the quality of the antigenic protein
required to elicit therapeutic antitumor responses in an active treatment regimen. The level of
Ag production or persistence from the vaccine as well as the amounts of tumor Ag expressed
by the tumor may be important for treatment. Increased amounts of recombinant adenovirus
expressing a TAA were critical for the observation of any treatment effects (12a) Improved
vectors that augment protein expression by the addition of enhancer elements are currently
being designed (61).

Active treatment could be enhanced when cytokines were utilized as adjuvants to DNA
immunization. When a panel of cytokines was tested, only rh1L-2, rmIL-6, rhIL-7,and rmIL-12
were able to enhance the therapeutic responses. rhiL-2, rhIL-7, and rmIL- 12 have all been
reported to stimulate or activate T cell populations as well as NK cells (45,46,57). rmIL-12
also functions to regulate immune responses by directing a Th2 to a Thl phenotype (58,60).
IL-6, known as B cell-stimulatory factor-2, is a pleiotrophic cytokine that can enhance CTL
function, NK activity, LAK, and TIL activity (47,62). All of these cytokines have been reported
to have antitumor effects when administered as single agent therapy (46-48,63,64). However,
the doses used in this study were previously shown to have little to no effect on the growth of
CT26.CL25.4 On the other hand, cytokines such as GM-CSF, IFN-y, and IL-4, when given in
the adjuvant setting, failed to mediate tumor regression. IL-4 may not have had an effect
because it steers the T helper cell population toward a Th2 phenotype responsible for the
enhancement of humoral responses but not of cell mediated immunity (65). IFN-y up-regulates
the production of key molecules involved in Ag processing and presentation of intracellular
Ags (66) but may also have an antiproliferative effect on T cells GM-CSF was reported in
earlier studies to have little to no adjuvant effect when encoded in the same recombinant virus
as TAA (44). We have also observed little to no adjuvant effect when GM-CSF was
administered exogenously with a rVV encoding f-gal in three of four experiments.4 The
findings in this study, that GM-CSF did not act an adjuvant, suggested that the APC are not
limiting when the Ag supplied by DNA immunization.

The known functions of the cytokines that acted as adjuvants compared with those that failed
to enhance therapeutic responses suggest that proliferation and activation of primed

lymphocytes are important mechanisms for active treatment to occur. The use of cytokines to
enhance tumor immunity has been reported previously in anumber of different vaccine settings.

J Immunol. Author manuscript; available in PMC 2007 October 23.
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Sun etal. have shown that gene gun injection of cytokines rmIL-6, rhIL2, and rmTNF-a directly
into the tumor mediate tumor reduction (67). Bronte et al. have shown that either exogenous
administration of rhIL-2 with rVV or rhiL-2 plus Ag $-gal encoded within the vaccinia viral
genome can also enhance treatment responses (44) Rao et al. have observed that other
cytokines, rmlL-12 and rmIL-10, administered exogenously along with rvVV-encoding f-gal
can also augment therapeutic responses.4 In addition, rhIL-2, rmIL-6, rhIL-7, and rmiL-12
have each been reported previously to have adjuvant effects in different Ag settings (46,
52-54,68).

With the particle delivery technique, several genes encoding different molecules can be coated
onto each gold bead; thus each bombarded cell could potentially elaborate more than one
protein. Recently, Xiang and Ertl demonstrated immune enhancement by co-injecting plasmids
encoding Ag along with plasmids encoding murine cytokine genes (69). Specifically,
intramuscular injection of DNA encoding GM-CSF with DNA encoding rabies glycoprotein
could augment the rabies-specific Ab, as well as enhanced protection from viral challenge. In
contrast, the addition of a vector containing IFN-y did not induce increased Ab production, T
cell proliferation, or protective immunity from viral challenge (69). Future studies will be
directed at the development of beads that are coated with DNA encoding immune-regulating
molecules as well as Ag to determine whether we can improve the antitumor immune effects.

It should be emphasized that $-gal is a molecule foreign to a mouse, and the responses elicited
by the pPCMV/B-gal constructs may not be the same as the responses induced by a self-Ag.
However, it is intriguing that transfection of tumors with several nonself-genes, including
human CEA, NP from VSV virus, and E. coli-derived S-gal, do not result in the rejection of
the experimental tumor (11,12,70). In fact, CT26.WT and CT26.CL25 grow at equivalent rates
and no secondary anti-f-gal-lytic responses have been detected in CT26.CL25-bearing mice
(12). However, these nonself-Ags do bear similarities to some potential tumor Ags such as
viral Ags expressed in virally induced tumors, mutated tumor suppressor genes(71), fusion
proteins resulting from translocations (72), frame-shifts,® and loss of stop codons. Since many
tumor Ags reported thus far seem to be nonmutated differentiation Ags (4-9), further studies
will be aimed at evaluating effects of tolerance by either using mice transgenic for the s-gal
gene or by immunization with genes encoding self-Ags within murine tumors such as the P815
mastocytoma-encoded P1A gene, and the murine homologues of the human melanoma Ags
(73).

One safety issue of vaccination with nucleic acids includes the possibility of inducing an anti-
DNA Ab response, which potentially could result in an autoimmune disease such as systemic
lupus erythematosus. Although it is possible to generate Abs using denatured ssSDNA as an
immunogen, it has been shown to be difficult to induce Abs against dSDNA. In one study,
primates were immunized by intramuscular injection several times, and anti-DNA Abs were
not found (74). A second issue of DNA immunization is the potential integration of injected
DNA into the host cell genome that may result in a transformation event. Wolff et al. addressed
this point in one study in which more than 1800 recloned plasmids were analyzed for junctions
between chromosomal and plasmid DNA extracted from muscle derived from mice previously
immunized with DNA by direct injection (28). No evidence of DNA integration was observed.
Of course, these issues will have to be addressed for particle-bombarded administration of
DNA as well.

DNA-based vaccines offer several advantages over the use of recombinant viruses for
immunization. Purified DNA is relatively safe compared with replication-competent viruses,

SR, Wang et al. Utilization of an alternative open reading frame of a normal gene in generating a novel human cancer antigen. Submitted

for publication.
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which may result in disseminated viremia especially in immunocompromised individuals
(13,14,75). Plasmid DNA can also be easily and rapidly purified in comparison to the
production of live viruses, which involves time-consuming homologous recombination and
plaque purification steps. The use of DNA vectors would also eliminate the problems of
anamnestic responses that can eliminate recombinant viruses more rapidly, thus reducing
immune responses against heterologous proteins expressed by these viral carriers (14-16).
Genetic vaccines followed by cytokine treatment represent a safe alternative to recombinant
viral vaccines for the evaluation of the immunotherapy of cancer.
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Abbreviations used in this paper

TAA

tumor-associated Ag
p-aal

fS-galactosidase
NP

nucleoprotein
CEA

carcinoembryonic Ag
rm

recombinant murine
rh

recombinant human
hGH

human growth hormone
CM

complete medium
BID

twice dally
QD

once daily
GM-CSF

granulocyte macrophage-CSF
rvv

recombinant vaccine virus
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FIGURE 1.

Induction of humoral immunity elicited with gene gun vaccination of pCMV/f-gal. BALB/c

mice (three per group) were immunized two times at 2-wk intervals into the epidermis; each

immunization consisted of four shots of 0.25 mg of gold delivering a total of either 1.0 ug of
control pPCMV/NP, or 0.01 g, 0.1 ug, or 1.0 ug of pPCMV/p-gal. Fourteen days following the
boost, sera were tested by ELISA for the presence of Abs against recombinant s-gal protein.

The relative concentration of Abs reactive against -gal were calculated from a standard curve
of an anti-f#-gal mAb and expressed as ug/ml .
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Secondary in vitro T¢pg+ induced by immunization with gene gun vaccination of pCMV/f-

gal. BALB/c mice were immunized one time in the epidermis. Each immunization consisted
of four shots of 0.25 mg of gold delivering a total of 1.0 xg pCMV/NP control DNA, 0.01 g
of pCMV/g-gal, 0.1 ug of pPCMV/f-gal, or 1.0 ug of pCMV/p-gal. Fourteen days later pooled
splenocytes (two mice per group) were restimulated in vitro with 1 xg of S-galg7e_ggs peptide
for 6 days and then assayed for specific lytic activity in a °1Cr release assay against CT26.WT
(B-gal™), CT26.CL25 (8-gal™), or CT26.WT pulsed with S-galg7¢_ggs peptide target cells. These

experiments have been repeated two times with similar results.
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FIGURE 3.
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Immunization with DNA vaccine prevents the growth of i.v. tumors. On day 0, BALB/c mice
were immunized one time in the epidermis. Each immunization consisted of five shots of 0.25
mg of gold delivering 1.0, 0.10, or 0 .01 xg of pCMV/f-gal or 1.0 1g of control DNA alone.

Fourteen days later, mice (5 to 10 per group) were challenged, i.v., with 2.0 x 10° CT26.CL25
(B-gal*) or CT26.WT (B-gal™) tumor cells. On day 17, lungs were harvested and tumor nodules
were enumerated in a blind fashion. Statistical analysis was carried out using the nonparametric
Kruskal-Wallis test; therefore error bars are not shown. This graph represents a summary of

all the data from three separate experiments. In the first experiment, the control DNA utilized

was pPCMV/hGH, while in the remaining experiments, pPCMV/NP was used.

J Immunol. Author manuscript; available in PMC 2007 October 23.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Irvine et al.

Page 18

{ | " B ~

| X% | 98838 | 29338 [ ©ooo0 \L
0 N o
¢ 0P | | &
: |
= 200 ’
e
c .
¢ 150~ @ ,
E | {
4
E 100~ .
s I .
= 50 ; !

0 i | | | sesee
In vivo (vector): None NP B-gal B-gal
In vitro (peptide): ~ None B-galgze.sea NPis7.155  B-Oalgrq.884

FIGURE 4.

Treatment Groups

Adoptive immunotherapy of tumor-bearing mice with immune splenocytes induced by gene
gun vaccination. On day 0, CT26.WT (5-gal~, o) and CT26.CL25 -gal*, @) tumor cell lines
were each injected i.v. into BALB/c mice to create lung metastases. On day 3, tumor-bearing
mice were treated with effector splenocytes from donor mice. The donor cells were generated
by prior gene gun immunization with 1 ug of either pCMV/f-gal or pPCMV/NP followed 14
days later by in vitro incubation for 6 days with 1 ug/ml of either S-galg7s_ggs Or NP147_155
peptide. On day 17, pulmonary metastases were enumerated in a coded, blind fashion. This
experiment has been repeated one time with similar findings.
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FIGURE 5.

Active immunotherapy of established pulmonary metastases with the pPCMV/$-gal vaccine
plus systemic administration of rhlL-2, rmIL-6, or rhIL-7. BALB/c mice were injected i.v. with
5 x 10° CT26.CL25 (Bgal*) tumor cells. On day 2 following tumor challenge, treated mice
were immunized with 10 ug of pCMV/f-gal. Each mouse received 10 shots of 0.5 mg of gold,
each shot delivering 1 g of DNA. On day 3, mice (5 to 10 mice per group) began regimens
of i.p. cytokine injections as described in Materials and Methods. On day 12, lungs were
harvested and the pulmonary metastases were enumerated in a coded, blind fashion.
Nonparametric statistical analysis was done using the Kruskal-Wallis test. The group with
asterisks above were found to be statistically significant compared with either cytokine alone
(*, p2 =0.001; **, po = 0.003; ***, p, = 0.0002) or to S-gal DNA alone (*, p, = 0.003; **,
p2 = 0.0003; ***, p, = 0.001). The graph represents a summary of two experiments.
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FIGURE 6.

Active immunotherapy of established pulmonary metastases with the pPCMV/-gal vaccine
plus systemic administration of rmIL-12. BALB/c mice were injected i.v. with 5 x 10°
CT26.CL25 (Bgal*) or CT26 (Bgal™) tumor cells. On day 2 following tumor challenge, treated
mice were immunized with 10 xg of pPCMV/p-gal or 10 19 of pCMV/NP. Each mouse received
10 shots of 0.5 mg of gold, each shot delivering 1 xg of DNA. On day 3, mice began regimens
of i.p. rmIL-12 injections as described in Materials and Methods. On day 12, lungs were
harvested and the pulmonary metastases were enumerated in a coded, blind fashion.
Nonparametric statistical analysis was done using the Kruskal-Wallis test. The groups with
asterisks were found to be statistically significant compared with either cytokine alone (*,
p2=0.004; **, p, = 0.002; ***, p, = 0.002) or S-gal DNA (*, p2 = 0.036; **, p, = 0.036; ***,
p2 = 0.012) alone. The adjuvant effects of IL-12 have been observed three times, whereas the
effect of f-gal has been observed only one time.
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