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Abstract

Cytotoxic T cell responses are key to the control of intracellular pathogens including HIV-1. In particular, HIV-1 vaccines based on
regulatory proteins, such as Tat, are aimed at controlling HIV-1 replication and at blocking disease development by inducing cytotoxic
T cell responses. Naked DNA is capable of inducing such responses but it requires several inoculations of high amounts of DNA, and/or
prime-boost regimens. Here, we show that a novel class of cationic block copolymers protect the DNA from DNAse | digestion, and improve
DNA delivery to antigen-presenting cells (APCs) after intramuscular (i.m.) vaccination. In particular, three cationic block copolymers (K1,
K2 and K5) were used to deliver the HIV-1 pCet DNA vaccine in BALB/c mice. The results indicate that vaccination with a very
low dose (l.g) of pCV-+at delivered by the cationic block copolymer K2 is safe and, as compared to naked DNA (up.tp),3freatly
increases the CTL response against Tat, which was detected in all animals in the absence or in the presence of re-stimulation.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction non-ionic polymers to produce complexes with DNA. They
are able to protect the DNA from enzymatic degradation and
Synthetic non-viral vectors based on polymeric sys- todeliveritto the desired location at predetermined rates and
tems are very promising systems to deliver plasmid DNA duration to generate an optimal immune response. Another
since they are safe and capable of improving the potencyadvantage of these synthetic delivery systems is that the
of DNA vaccines[1]. A number of cationic polymers combination of slow release and depot effect may reduce the
have been tested in transfection experiments [e.g. poly( amount of DNA used in the vaccine, and eliminate or reduce
lysine), polyethyleneimine, derivatized chitosan and poly- the number of booster shots needed to induce proper immu-
(dimethylamino ethyl methacrylate) (PDMAEMAJR-6]. nization. Furthermore, a controlled and particulate delivery
One of the most promising approaches of plasmid DNA system can efficiently direct DNA into antigen-presenting
delivery with synthetic polymers is the use of block or cells (APCs)[9] improving antigen DNA expression, sub-
graft copolymers made of a cationic block, able to interact sequent presentation onto MHC class | molecules and
with DNA, and a hydrophilic non-ionic block, capable of induction of cytotoxic T lymphocytes (CTLLO].
sterically stabilizing the complel?,8]. So far, several poly- Recent studies indicate that an early CTL response against
cations have been used in combination with hydrophilic the HIV-1 Tat protein correlates with non-progression to
AIDS in humang11,12] and in non-human primatdg&3].
* Corresponding author. Tel+39-532-291330; fax:-39-532-247618.  Furthermore, anti-Tat CTL immune response correlates with
E-mail addresscpa@unife.it (A. Caputo). protection with the HIV-1 Tat protein vaccifé4,15], and
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with the SIVtat-revvaccine[16]. The immunogenicity and
safety of the HIV-1tat DNA has been previously demon-
strated in micg17—-20]and in human$21] and, more im-
portantly, recent evidence indicate that in monkeys DNA
immunization with a HIV-1tat expressing vector (pCVat)

elicits a CTL response against Tat, with absent or barely de-
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methyl iodide and possess 90 and 300 positive charged
groups per molecule, respectively. K5 (Mn 48.200) is partly
methylated (30%) and possess 70 positive charged groups
per molecule. For calculation of the charge ratio an average
mass per charge of 330 Da was used for DNA. The mass per
charge for all the cationic copolymers was calculated from

tectable anti-Tat antibodies, that protects against SHIV89.6Pthe degree of polymerization obtained by #&NMR spec-

primary infection by blocking virus replication at its early
stage[22].

tra [23]. Particle size and-potential measurements were
determined as described previoufp]. Block copolymers

Within this frame and to improve the potency of the were resuspended (10 mg/ml) in sterile phosphate-buffered

HIV-1 pCV-tat DNA vaccination approach to induce CTL

saline (PBS) without calcium and magnesium.

responses, we designed and prepared a new class of cationic

block copolymerg23], able to prevent opzonization of the
macromolecular carrigR4]. Previous studies, using five of
these copolymers (K1-K5) and the pGat-plasmid DNA,

2.2. DNA/copolymer complex assembly

The plasmids pCV-0 and pC&t, were described previ-

showed that the cationic block copolymers self-assemble ously[28—-30] Plasmid DNAs were purified onto two CsCl

by electrostatic interactions with plasmid DNA in aqueous
solution and condense around DNA forming micellar-type
particles of 100-300nm in diameter. Formation of the
DNA/copolymer complex resulted in DNA-nuclease resis-

tance increase, no apparent toxicity and efficient intracel-

lular delivery of DNA both in vitro and in vivo. However,
only K1, K2 and K5 copolymers released pGat-from the
complexes and improved pCht expression as compared
to naked DNA[23,25]

The first aim of the present study was to determine
whether pCVtat DNA complexed with the block copoly-
mers K1, K2 or K5 could elicit an immune response to Tat,

gradients, resuspended in PBS and controlled as previously
described[22,25,31,32] DNA/copolymer complexes were
prepared immediately before use as descrif#gj25] In

this study, the DNA/K1 and DNA/K2 complexes were pre-
pared at defined molar ratio of copolymer quaternary am-
monium positive groups to DNA phosphate negative groups
(N-to-P ratio) of 1.0, whereas DNA/K5 complexes of 5.0.

2.3. Mice immunization

Animal use was according to national guidelines and
institutional policies. Six—eight-week-old female BALB/c

and to compare the strength of this response versus nakednice (Nossan, Milan, Italy) were immunized with plas-
DNA vaccination. The second aim was to evaluate whether mid pCV-at (1, 10 or 3Qug) complexed with K1, K2 or

doses oftat DNA that are lower (1-3Q.g) than those pre-
viously used (50-10Qg) by us and other§l7-20,26,27]

K5 copolymer, or with pC\tat alone. Control animals in-
cluded mice injected with pCV-0 (30g) associated with

could induce or improve the anti-Tat immune response when K1, K2 or K5, or with pCV-0 without the copolymers. Each
associated with the block copolymers. The last aim of the experimental group vaccinated with the DNA/copolymer

study was to determine the safety of the DNA/copolymer
complexes.

complexes was composed of seven mice, and each animal
was identified with a serial number (mice ID 1-7). Groups

The results show that this delivery system is safe and vaccinated with naked pCYat or pCV-0 DNA consisted

highly efficient in inducing anti-Tat CTL response, which
are elicited by very low doses (ilg) of tat DNA, particularly

of 10 mice (mice ID 1-10). Immunogens were given by
intramuscular (i.m.) injections in the quadriceps muscles of

when associated with the K2 block copolymer, as comparedthe posterior legs. Boosts were given at weeks 2, 5, 9, 13,

to naked DNA, both inoculated intramuscular (i.m.).

2. Materials and methods
2.1. Cationic block copolymers
Cationic block copolymers, constituted by a positively

charged block derived from poly(dimethylamino ethyl
methacrylate) (PDMAEMA), either partly or fully alky-

17 after the first immunization. The long-term vaccination
protocol was specifically chosen to analyze the safety of
the immunogens. During the course of immunization, three
blood samplings were taken at weeks 7, 11, and 15 after the
3rd, 4th and 5th boost, respectively, for analysis of humoral
responses. Blood samples were withdrawn by endocardic
puncture. For this procedure mice were anesthetized in-
traperitoneally with 10GuI of isotonic solution containing

1 mg of Inoketan (Virbac, Milan, Italy), and 2Q@ Rompun
(Bayer, Milan, Italy); however, the endocardic puncture

lated, capable of interacting with negatively charged DNA, caused the accidental loss of few animals in the groups.
and by a neutral and highly hydrophilic poly(ethylene gly- Mice were sacrificed 2 weeks after the last boost (week
col) (PEG) block, were synthesized and characterized as19) to collect blood and organs for analysis of humoral and

described previously23,25] Three copolymers (K1, K2
and K5) were examined in this study. K1 (Mn 28.000)
and K2 (Mn 91.000) copolymers are fully methylated with

cellular responses, and for histological, histochemical and
immunohistochemical studies. Five days before immuniza-
tions, 100wl of 0.3% bupivacaine hydrochloride (Sigma,
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St. Louis, MI) in isotonic NaCl solution were administered 2.6. Tat-specific CTL response

i.m. into the site of DNA inoculation. During the course of

the experiments, animals were controlled twice a week at Monolayer cultures of murine BALB/c 3T3 fibroblasts
the site of injection and for their general conditions (such (H2® haplotype) were grown in Dulbecco’s minimal es-
as liveliness, food intake, vitality, weight, motility, sheen sential medium (Sigma) supplemented with 10% FBS and
of hair). Untreated mice represented the control for general transfected with pRPneo-c/Tat vector or pRPneo-c con-
conditions and for organ examination. No signs of local trol plasmid [33]. Stable clones of BALB/c 3T3-Tat ex-
nor systemic adverse reactions were ever observed in micepressing cells and BALB/c 3T3-pRPneo-c (referred to as
receiving the DNA/copolymer complexes as compared to BALB/c-control cells) were selected with G418 (3p8/ml,

mice vaccinated with naked DNA or to untreated mice. Sigma). Tat-expression was monitored following transfec-
tion of cells with pU3BRCAT where transcription of the
2.4. Serology reporter chloramphenicol acetyl transferase (CAT) gene

is driven by the HIV-1 LTR promotef32,33] Mononu-

The biologically active Tat protein of HIV-1 (BH10) clear cells were purified from spleen of mice as described
was produced irEscherichia colias previously described above, and seeded (2 10° per well) in 96 U-bottomed
[29,30] Serological response against Tat and K1, K2, well plates (Nunc). Tat-specific CTL responses were as-
and K5 cationic block copolymers was measured by sayed on fresh unstimulated lymphocytes, and on lympho-
enzyme-linked immunosorbent assay (ELISA). Immuno- cytes stimulated for 5 days by co-cultivation at 20:1 ratio
plates (Maxisorp, Nunc) were coated with 10@er well of with BALB/c 3T3-Tat expressing cells, previously irradi-
antigen [Tat (dug/ml), K1 (5pg/ml), K2 (100pg/ml) or K5 ated with 30 Gy ¥3’Cs). Cytotoxic activity of the cultures
(5rg/ml) in 0.05M carbonate buffer, pH 9.6] for 2h (16h was tested in standard 5HCr-release assays at &iT
for Tat coating) at 37C. Wells were washed with 0.05% ratio of 20:1[34]. Percent specific lysis was calculated
Tween 20 in PBS (PBS-Tween) in an automated washeras 100 x (cpm sample— cpm medium)/(cpm Triton-X
(Immunowash 1575, Bio-Rad Laboratories, Hercules, CA) 100 — cpm medium). Spontaneous release was always
and blocked with PBS containing 3% BSA (Sigma) for below 20%. Lysis of BALB/c-control cells (non-specific
90 min at 37C. Sera were diluted in PBS containing 3% lysis) by effector cells ranged between 0 and 2%. Per-
BSA. Each serum was tested on two coated wells (specificcentage of Tat-specific lysis were subtracted of values of
reactivity) and on one uncoated well (unspecific reactiv- non-specific lysis, and net valuesl0% were considered
ity). The lowest serum dilution was 1:100. After extensive positive.
washing, 10Qul aliquots were added to each well in dupli-
cate and incubated for 90 min at 32. Plates were washed 2.7. Histological, histochemical and
and 10Qul per well of horse-radish peroxidase-conjugated immunohistochemical procedures
sheep anti-mouse IgG (Amersham Pharmacia Biotech, Up-
psala, Sweden), diluted 1:1000 in PBS-Tween containing At sacrifice animals were subjected to autopsy. Sample
1% BSA, were added. After incubation for 90 min at room of cutis, subcutis and skeletal muscles at the sites of in-
temperature, plates were washed and incubated with perjection and other organs (lungs, heart, intestine, kidneys,
oxidase substrate (ABTS) (Roche, Milan, Italy) for 40min spleen and liver) were taken and processed for histologic
at room temperature. The reaction was blocked with 0.1 M examination, after fixation in 10% formalin for 12—-24h
citric acid and the absorbency was measured at 405 nm inand embedding in paraffin. The 3g# paraffin-embedded
an automated plate reader (ELX-800, Bio-Tek Instruments, sections were stained with hematoxylin and eosin, sub-
Winooski, UT). The reaction value of each sample was jected to periodic acid Shiff (PAS) reaction without or
calculated as the difference between the OD of coated andwith diastase (Sigma) treatment, and to Pearl's reac-
uncoated wells £OD4gs). The cut-off corresponded to the tion for ferric iron. The avidin—biotin—peroxidase com-
mean AODggs (+3S.D.) of sera of control mice, tested in plex technique was used for the immunohistochemical

three independent assays. studies performed on paraffin sections. The panel of an-
tibodies included S-100 (DAKO, Denmark), HH-F 35
2.5. Tat-specific T cell proliferation (DAKO) for detection of a-actin, CD68 and Mac387

(DAKO) for detection of macrophages. Briefly, after de-

Mononuclear cells were purified from spleens as de- paraffinization and rehydration, endogenous peroxidase
scribed[17]. Cells were cultured in the presence of Tat was blocked with 0.3% kD, in methanol; samples were
(1 or 5pg/ml) or ConA (10wg/ml, Sigma), and prolifera-  then incubated with primary antibodies for 10-12h at
tion was determined by*H]thymidine incorporatior{17]. 4°C. Biotinilated-anti-mouse and anti-rabbit immunoglob-
Cut-off values for pC\at or pCV+at/copolymer mice sam-  ulins (Sigma) were utilized as secondary antibodies. Spe-
ples correspond to the mean S§ZS.D.) of control mice cific reactions were detected following incubation with
immunized with pCV-0 alone or with the corresponding avidin—biotin-peroxidase-conjugated and development in
pCV-0/copolymer complex, respectively. diaminobenzidine (Sigma).
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2.8. Statistical analysis Table 1
Lymphoproliferative responses to Tat
x2-test was performed as describiés]. Immunogen (dose) Mice ID Number of Taf  ConA?
number responding mice
pCV-at/K1® (1pg/ilpng) 2 4/4 2.9 138
3. Results 3 - 36 121
4 - 225 57.8
3.1. Analysis of the humoral response to Tat 7 - 21 112
pCV+at/K1l (10ng/10png) 1 3/5 1.2 12
Anti-Tat-specific IgG were never detectable in all mice 2 - 1.8 208
immunized with pCVtat/K1, pCV-tat/K2, and pCViat/K5, 3 - 3.28 139
independently of the dose of immunogen that was adminis- ‘7‘ - g'g 23
tered, and of the block copolymer forming the micellar-type '
particles. Similarly, a lack of detectable anti-Tat IgG was ob- PCV-atKl (30p.g/30pg) 1 2/6 15 53
served in control mice immunized with pCdt alone (data ; _ ;"314 ig
not shown). These results are in agreement with the pre- 5 _ 213 177
vious pCV+iat DNA monkeys’ study showing that anti-Tat 6 - 12 196
antibodies were absent or barely detectable in animals vac- 7 - 08 12
cinated intramuscularly with the pCkt plasmid DNA pCV-tat® (1pug) 6 15 133 17.39
[22]. 7 - 1.98 14.24
8 - 081 883
. . . . 9 - 0.87 9.27
3.2. Analysis of Tat-specific T cell proliferation 10 B 807 1189
The presence of cell-mediated immune responses toPCV-at (1010) 1 i 71 1
Tat was evaluated on splenocytes of immunized mice. g _ g:g ﬁ:i
Tat-specific T cell proliferation was detected only in mice 4 _ 119 164
immunized with pCVtat/K1 and pCViat alone. Specifi- 7 - 6.9 192
cally, as shown ifTable 1, Tat-specific T cell proliferation 8 - 7 13.7
was detectable in 4/4 (100%), in 3/5 (60%) and in 2/6 (33 9 - 86 104
%) mice immunized, respectively, with 1, 10 and ;39 of pCV-tat (30p.g) 6 1/5 6.58 35.39
pCV-tat/K1, and in 1/5 (20%), in 7/7 (100%) and in 1/5 7 - 230 1371
(20%) mice immunized, respectively, with 1, 10 or 8 of g _ i'gi lg"gg
naked pCVtat DNA. From estimates of 2, the percentage 10 _ 131 442

of the responders in the group of mice immunized with 1

“‘g Of. pCV-th/Kl V\.Ias S|gn|f|cantly different from that of or ConA (10wg/ml) addition. S| higher than cut-off (1.6 and 2.75 for mice
mice immunized W'th Lg Qf naked pC\iat (P < 0.05). immunized with pCVtat/K1 or with pCV+4at alone, respectively) were
In contrast, the difference in the percentage of the respon-considered positive. All mice inoculated with pQ&¥K2 and pCViat/K5
ders was not significant between groups immunized with 10 responded to ConA (SI between 10 and 89) but not to Tat.
or 30pg of pCV+4at/K1 or pCV4at alone. All animals vac- bThe difference in T cell proliferation between the groups vaccinated
cinated with pCVtat/KZ or with pCV-tat/KS did not show with 1 g of pCV-4at/K1l and naked pCMat was statistically significant

- . . P < 0.05).
detectable Tat-specific T cell proliferation, at any dose of (P <005)
the immunogen (data not shown).

aValues represent the Sl of murine splenocytes after Tat (luay/l)

lated splenocytes. Thus, in vitro re-stimulation may lead
3.3. Analysis of anti-Tat CTL responses to super-activation, and death, of antigen-specific CTLs

that, consequently, are not detectable after 5 days of

Specific anti-Tat CTL activity was detected after im- co-cultivation. In contrast, no CTL response to Tat was ob-

munization with pCVtat/K2, pCV-+at/K5, or with naked served in mice immunized with 10 or 3@ of pCV+tat/K2,
pCV-tat DNA (Table 2, but not with pCVtat/K1 (data not as in control mice injected with pCV-0/K2. Similarly, in
shown). A substantial CTL response to Tat was induced in the groups of mice immunized with pCM#/K5, only vac-
5/5 (100%) mice vaccinated withplg of pCV+at/K2, both cination with 1ug of pCV+4at/K5 generated specific CTL
with fresh splenocytes or with splenocytes co-cultivated responses in 4/6 (66%) mice, whereas anti-Tat CTLs were
with BALB/c 3T3-Tat expressing cells. In some animals, not detectable in animals immunized with 19 and 3Qug
the magnitude of response was not significantly increasedof pCV-tat/K5, as in control mice injected with pCV-0/K5.
after re-stimulation. A possible reason may be that anti-Tat CTL responses to Tat were also detectable in splenocytes,
CTL responses derive from cells that in vivo are highly fresh or co-cultivated, from 2/5 (40%), 4/9 (44%) and 1/5
activated, as suggested by the results on fresh unstimu-(20%) mice, respectively, after immunization with 1, 10 or
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Table 2
CTL response to Tat
Immunogen (dose) Fresh BALB/c 3T3-Tat
Number of Percentage of Number of Percentage of
responding mice specific lysis responding mice specific lysis
pCV-tat/K2P (1 png/1pg) 5/5 17.8 (10-32) 5/5 22.6 (16-28)
pCV-tat/K2 (10.9/101.9) 0/6 0 0/6 0
pCV-tat/K2 (30.g/30.9) 017 0 o7 0
pCV-0/K2 (30p.9/30.9) 0/4 0 0/4 0
pCV-tat/K5 (1g/200) 2/6 16 (14-18) 3/6 12 (10-13)
pCV-tat/K5 (10u.g/200w.9) ND ND 0/4 0
pCV-tat/K5 (30.g/600n.9) ND ND 0/6 0
pCV-0/K5 (30p.9/600u.9) 0/5 0 0/5 0
pCV-tat® (1) 0/5 0 2/5 13.5 (12-15)
pCV-tat (10.9) 4/9 15.5 (10-23) 0/9 0
pCV-tat (30.0) 0/5 0 1/5 19
pCV-0 (30pn.9) 0/3 0 0/3 0
ND: not done.

2Mice splenocytes were tested, unstimulated (fresh) or after co-cultivation with BALB/c 3T3-Tat expressing cells for 5 days (BALB/c 3T3-Tat), on
syngeneic target BALB/c 3T3-Tat cells. The number of responding mice and the mean percentage of specific lysis, with range indicated in parentheses,
are reported.

bThe difference in CTL response among groups vaccinated wjith &f pCV-+tat/K2 and pCVtat was significant £ < 0.05).

30pg of naked pC\tat DNA. From the estimates gf?, the lobular architecture with increased number of Kupffer cells.
percentage of responders in the group of mice vaccinatedin the portal tract, some Kupffer cells and macrophages
with pCV+at/K2 (1 .g) was statistically different from that  contained PAS-reactive microspherules in the cytoplasm,
of mice injected with the same dose of naked p@¥(P < whereas hepatocytes appeared normal. These cells were
0.05), whereas the difference induced by p@¥K5 (1 .g) not observed either in the sinusoid or in the portal tracts of
as to lug of pCV-+at alone was not statistically different. control mice immunized with naked DNA. No specific al-
terations that may be related to injection of DNA/copolymer
3.4. Histological, histochemical and complexes were reported in the other organs examined, as
immunohistochemical analyses of mice tissues compared to mice injected with naked DNA.

As shown inFig. 1, small foci of necrosis involving mus-  3.5. Evaluation of the immunogenicity of cationic
cle fibers with a poor cellular inflammatory reaction were block copolymers
observed at the site of injection in mice injected with the
DNA/copolymer complexes, as compared to control mice  Since one of the most important characteristics required
injected with naked pCV-0 or pCV¥at DNA. In particu- for a DNA delivery system is the lack of immunogenicity, we
lar macrophages, showing good reactivity to CDE68 and determined whether K1, K2 and K5 were capable of eliciting
Mac387 antibodies, were constantly present in the muscularantibody responses. The presence of antibody to K1, K2 and
fascia, in the surrounding adipose tissue and, to a lesser exK5 was determined in mice sera after the 3rd, 4th and 5th
tent, in the subcutaneous tissue. The number of macrophagegnmunization and at sacrifice (bleedings I-1V). The results
was related to the dose of copolymer injected, since it are reported iffable 3 Data indicated that the cationic block
was higher in the mice inoculated with the highest dose of copolymers were scarcely immunogenic. In fact, an antibody
DNA/copolymer complexes and inconspicuous in control response to K1, K2 and K5 was found only in a few mice,

animals injected with naked pCV-0 or pCét DNA. The and was proportional to the dose and the number of boosts
intensity of the macrophages reaction was, instead, notof block copolymers. Indeed, specific antibodies anti-cation
related to the dose of pCV-0 or pCtdt DNA in the com- block copolymers were generally absent or at very low titres

plexes. The cytoplasm of the macrophages contained PASin mice injected with Jug of K1 and K2 or with 2Qug of K5,

and PAS-D positive microspherules, corresponding to the whereas mice injected with the highest doses of K1, K2 and
DNA/copolymer complexes. T and B lymphocytes were not K5 developed antibodies. Moreover, after the injection of 10
found in the inflammatory reaction. Macrophages contain- or 30.g of K1 or K2, and of 200 or 60ig of K5, antibodies
ing PAS-reactive microspherules were observed in dilated were detectable earlier, after the 4th immunization (bleeding
sinuses of some regional lymph nodes of mice immunized Il), as compared to mice receivingu of K1 or K2, or
with the DNA/copolymer complexes, but not in control 20ug of K5 in which antibodies were barely detectable even
mice immunized with naked DNA. Liver presented normal after six immunizations (bleeding IV).
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Fig. 1. Histologic examination of mice tissues after injection of DNA/copolymer complexes by the i.m. route. One representative mouse is shown.
Inflammatory reaction consisting exclusively of macrophages infiltrates in the muscular fibers at the site of inoculation (a), and the contigtitals inte
tissue (b); macrophages around to the muscle fibers show large cytoplasm containing PAS-reactive granules corresponding to the DNA/copolyme
complexes (c) and strong reactivity to anti-CD68 antibody (d). Kupffer cells and macrophages containing granules are found in the liver (e) and in the
marginal sinus of regional lymph nodes (f). No other differences were reported between mice injected with the DNA/copolymer complexes and naked
DNA. PAS reaction: (a) 169, (c) 400x. Hematoxylin—eosin staining: (b) 63 (e) 250«<. Anti-CD68 staining: (d) 168. Perl's reaction: (f) 63.

4. Discussion countries where infrastructures and logistic may represent a
major obstacle. The high dose and multiple boosts require-
A DNA vaccine is easy and cheap to produce in large ments are likely due to massive enzymatic degradation,
amount, stable and safe, as suggested by studies in micéyoth extra- and intracellularly, of the majority of the DNA
and monkeys[17-20,22,27]and by many independent molecules injected, and to the low efficiency of transfection
DNA vaccination studies in small and large animal models of naked DNA, so that only few intact DNA molecules may
[26,36], in non-human primate87], and in human volun-  reach the nucleus, be expressed and available for antigen
teers[21,38,39] In vivo synthesized antigens elicit broad presentation. To improve the DNA vaccination approach,
immune responses, including CTI[&7,40] Furthermore,  we have developed a novel class of cationic block copoly-
due to the presence of unmethylated CpG sequences, aners capable of protecting DNA from DNAse | degradation
DNA vaccine has the advantage to boost the innate immu-and of enhancing delivery of DNA to APCs after i.m.
nity that potentate the adaptive immunjg2,41] However, injection. To use a vaccine relevant antigen, which is a rel-
DNA vaccination generally requires high dose of DNA atively poor immunogen and for which CTL responses are
(100ug in mice up to 2-4 mg in non-human primates and required for protectiofil1-16,22] we chose the HIV-1at
in humans) and many boostes7,19,22,27,37,39%vhich gene. As concernetit DNA vaccination, studies in which
raise the costs of production and, most importantly, may high doses of differertiat expressing plasmids and multiple
reduce the success of vaccination especially in developingboosts were used have been already published by us (in
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Table 3
Humoral response to cationic block copolynfers
Immunogen (dose) Bleedings

| Il 1] v
pCV-tat/K1 (1 w/1pg) 0/4 0/4 o8 0/4
pCV-tat/K1 (10u/10g) 0/5 0/5 0/5 0/5
pCV-tat/K1 (30./30.9) 0/6 0/6 0/6 0/6
pCV-0/K1 (30u/30.9) 0/4 0/4 2/8 (1000) 0/4
pCV-tat/K2 (1 ng/1pg) 0/5 0/5 0/5 2/5 (500)
pCV-tat/K2 (10uwg/10p.9) 0/6 0/6 0/6 4/6
pCV-tat/K2 (301.9/301.9) 0/7 0/7 3/7 (500) 5/7 (500-1000)
pCV-0/K2 (30.9/30n9) 2/F (500) 3/4 (500-1000) 4/5 (500-1000) £141000)
pCV-tat/K5 (1 .g/20p.9) 0/7 0/7 0/7 0/8
pCV-tat/K5 (10ug/200w.9) 0/6 2/6 (500-1000) 2/6 (500-1000) b/4
pCV-tat/K5 (30uwg/600w.9) o/7 4/7 (1000) 5/% (500) 4/& (500-1000)
pCV-0/K5 (30p.9/600u.9) 0/5 2/5 (1000) 3/5 (500-1000) 5/5 (500-1000)

2Mice sera were assayed by ELISA, using K1, K2 or K5 block copolymers as the antigen, after the 3rd, 4th, 5th and 6th immunization (bleedings
I-1V). Results are expressed as number of responding mice, with the range of end point ELISA IgG titers indicated in parentheses.
bThe different number of total mice tested is due to the fact that for some animals sera were not available for all bleedings.

mice and monkeys) and by others (in mice and humans)complex, determining a prolonged antigen expression and
[17-22] Anti-Tat-specific CTL responses were detected presentatiorj42]. Third, the micellar-type particles induce

in two of these studies. One is our monkeys study, where a more intense macrophage recruitment at the site of in-
0.5-1mg of pCWtat DNA was given intramuscularly for  oculation, as compared to naked DNA. This situation may
seven immunizations (22); the other is a mice study (20) in favor antigen capture and processing by macrophages and
which animals were immunized by gene gun witp.@ of by immature circulating dendritic cells (DCs), which are

a differenttat expressing plasmid for six times. Of note, in  the most effective antigen-capturing cells and key for initi-
the same study anti-Tat CTL responses were not detectedation and regulation (Thl or Th2) of the immune response,

in mice immunized six times i.m. with 150y of tat DNA. as shown by otherf24,42-48] leading to a pure Th1l re-
This study demonstrates an enhancement of the sponse, with enhancement of antigen-specific proliferation
antigen-specific CTL response withug) of tat DNA asso- and CTL responses. In this respect, although the reason for

ciated with K2 and with K5, as compared tq.f of naked the differential induction of antigen-specific proliferation
pCV-tat, even though the degree of CTL induction was and CTL responses by K1, and K2—-K5, respectively, is
higher and significantly different only with that/K2 com- unclear, it is possible that upon APC uptake the K1/and the
plex. In contrast, vaccination with 10 and 39 of tat/K2 K2—K5/DNA complexes are differently processed and the
or tat/K5 was totally ineffective at inducing an immune antigen-derived epitopes are presented to different subsets of
response to Tat. In addition, the results show a significant T cells, CD4+ or CD8+, respectively. In this scenario it is
enhancement of antigen-specific T cell proliferation again conceivable that co-immunization with batit/copolymers
with the lowest dose ofat DNA complexed with K1, as  complexes may broaden the immune response to Tat.
compared to J.g of nakedtat DNA, whereas at the higher As concerned naked DNA vaccination, the results show
doses differences were not statistically significant. that the strongest immune response against Tat was elicited
The enhancing effect of the lowest dose of DNA/copoly- by the dose of 1f.g. The reason why immunization with
mer complexes on anti-Tat immune response, as comparedB0wg of nakedtat was less effective is unclear. However,
to immunization with nakedat, may depend on several since the antigen concentration is critical for induction of
reasons. First, the block copolymers protect DNA from en- immune responses and each antigen has its optimal immuno-
zymatic degradatiofR3]. In this respect, we have observed genic dose, it is conceivable that L@ is the optimal dose
in previous studies that the expression qfdlof pCV-tat for pCV-tat DNA vaccination in this system.
DNA in vivo is detectable by RT-PCR only when the DNA An important concern of a delivery system for use in hu-
is complexed with the copolymer, and even when mice are mans is toxicity and immune reactivif$0,49]. To this goal,
injected with 1Qug of naked pCVtat DNA the expression of  a long-term vaccination protocol, with repeated boosts, was
tatremains undetectable or is barely detect§bg. Second, used and serological responses to the copolymers were an-
at the higher doses the dissociation of the DNA/copolymer alyzed. With regard to the safety issue, the results indicate
complexes, and/or the DNA topology, may be inadequate in that this novel class of cationic block copolymers associated
vivo, whereas the dose ofplg may be optimal for slow and  with DNA is safe, even after six administrations with high
continuous release and expression of DNA from the polyion doses. No local adverse reactions nor difference in health



1110

conditions and behavior, such as liveliness, vitality, weight,
motility, sheen of hair, were observed during the 5 months of
observation in mice vaccinated with all the DNA/copolymer
complexes, as compared to mice treated with naked #EV-
or pCV-0 DNA, or to untreated animals. Moreover, no spe-
cific histological alterations that may be related to injec-
tion of the DNA/copolymer complexes were observed, as
indicated by similar histological pictures reported for all
mice, vaccinated both with naked and copolymer-complexed
DNA. As regard to immune reactivity, the results suggest
that the copolymers are scarcely immunogenic. An antibody
response was detected only after four or five injections of the
highest doses of the DNA/copolymer complexes, whereas
it was absent or barely detectable after six administrations
of the lowest dose. Thus, it is conceivable that if fewer
immunizations with the lower dose of the DNA/copolymer
complexes can elicit an effective immune response to Tat,
the immune response to the delivery system is likely to be
insignificant.

In conclusion, the results presented here indicate that these

new synthetic cationic block copolymers (in particular K2)
represent a novel approach for gene delivery for vaccination

purpose. They are safe, cheap and easy to produce, to storage

and to transport. In addition, that DNA/copolymer com-
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are required. They protect DNA from DNAse | degrada-
tion, and enhance the anti-Tat proliferation and, importantly,
the antigen-specific CTL response with a very low dose of
DNA. Studies are ongoing to determine the effectiveness
of these polymers after fewer immunizations. Of note, our
new synthetic strategy allows a fine control of the copoly-
mer chemical structure and, consequently, a fine modula-
tion of the inherent complexing propensity of the polycation
block towards DNA[23]. Finally, even though the concept
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of cationic block copolymers that assemble and condense(is) cataro A, Caputo A, Maggiorella MT, et al. SHIV89.6P pathogeni-

around DNA has also been described by other gr¢dfk
this is the first report, to our knowledge, of their application
for DNA vaccination purpose.
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