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Abstract

DNA vaccines have the potential to provide a safe route for protective immunity to neoplasms and infectious agents. However, current
DNA vaccine plasmids are not optimal with additional non-essential DNA, nor do they facilitate controlled or flexible targeting of antigens
to various intracellular destinations. A family of DNA vaccine vectors, optimized and minimized to comply with FDA guidelines regarding
content and elimination of extraneous materials, was constructed. The resulting vectors are much smaller than existing vectors, drive higher
levels of target gene expression, facilitate high throughput cloning applications, and allow simultaneous cloning into multiple vectors that
feature various intracellular targeting destinations for the protein product. The ability to control expression and trafficking is intended to
provide a rapid, rational approach to cancer therapy and emerging infectious diseases.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction anchored (e.g. human alkaline phosphatase (PLAP) glyco-
sylphosphatidylinositol (GPI)-anchof}], endosome (e.g.
DNA vaccines offer a new way to immunize humans human Lampl)[5-7] or proteosome (e.g. mouse Ubig-
(or animals) with materials that are entirely gene-based anduitin A76) [8,9] is a demonstrated method to alter and
expressed by the organism’s own cells, making an ideal enhance immune responses often in an antigen specific man-
mimic of intracellular antigens. This means there is greater ner [L0-14} reviewed in[15]. Endosomal targeting often
control over the immunization and immune presentation pro- promotes a MHC class Il respon§g], while the destabi-
cesses, because the investigator determines which antigenkzing ubiquitin molecule (UbiquitinA76 versus native Ubig-
to use, delivery (e.g. electroporation, nanoparticles, geneuitinG76)is utilized to enhance entry into proteosomal degra-
gun) where to elicit the response (e.g. mucosal, dendritic, dation pathway and MHC class | presentation, and shifts host
or muscle), intracellular trafficking of antigen, and which response towards TH-1 type immuni8g;9].
immune stimulators (e.g. cytokines, CD80, CD86 immunos-  Unfortunately, minor variations in vector backbone can
timulatory DNA sequences), if any, to be co-expressed to alter expression leve]$6], intracellular localizatiofil 7] and
modulate the type of response (Thl or Th2; reviewed in ultimately the immune respong&8]. Consequently, using

[1,2)]). existing vectors to determine optimal antigen targeting des-
Targeting heterologous proteins to various intracellular tinations may generate misleading results, due to differences
destinations including secreted (e.g. TH&), membrane- in expression, mMRNA stability, plasmid isoforms, plasmid

size or supercoiling, orimmunostimulatory effects from plas-
* Corresponding author. Tel.: +1 402 472 6530; fax: +1 4024726532,  Mid encoded CpG. The controlled vectors described herein
E-mail address: jim@natx.com (J.A. Williams). address this problem.
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2. Materials and methods

2.1. Cloning

downstream of the desired intracellular targeting gene leader
cassette. The cloning site is designed for high throughput
cloning applications, and is compatible between multiple

vectors, allowing several different intracellular targeted gene

DNA vaccine plasmids were created by single step assem-constructs to be made in one step. The prokaryotic region
bly of six precloned modules using gene self assembly (origin and Kanamycin resistancéaspR] gene) is flanked
(GENSA) technology as describ§tB]. GENSA uses class by prokaryotic transcriptional terminators to improve sta-
IIS restriction enzymes to generate unique, non-palindromic bility and yield with a broad range of target genes. Unique
overhanging termini that can ligate to only one other restriction sites flank the prokaryotic modules, to allow easy
terminus in a complex mixture, thus assuring that each modifications (i.e. replacement of KanR cassette with repres-
fragment ligates in the correct orientation to its correct sor titration cassettg0]). All plasmid elements have been
partner. optimized and minimized to comply with FDA guidelines

The (GENSA) modules consisted of products represent- [21] regarding content and elimination of extraneous materi-

ing: als. The resulting vector is much smaller than existing vectors
. . — . such as gWiz (5kb versus 3-3.5kb for the pDNAVACC
e High copy number pUC prokaryotic replication origin. : . SR
. . vectors) yet drives higher levels of expression in vitro (see
e Prokaryotic selectable marker gene (kanamykinR). below)
e Eukaryotic enhancer—promoter (CMV). '
e Synthetic eukaryotic untranslated leader—intron—trans-

lational initiation sequence (Kozak sequence) cassette

derived from rabbif-globin leader and intron.

e High throughput seamless cloning site targeting gene
leader cassette (basis for difference between pDNA-

VACCultral—-7) or control module containing EGFP.

e Synthetic eukaryotic transcriptional terminator based on

rabbit-globin.

3.2. Vector backbone alterations dramatically affect
copy number and expression

The yield of plasmid is dramatically altered by orienta-
tion of the prokaryotic origin anéanR gene relative to each
other in the same vector backbor@lle ). In general, the
replication origin needs to be protected from read-through
transcription from adjacent genes to prevent plasmid destabi-

Additional features, such as prokaryotic terminators, were lization or reduced copy numbg?2]. The optimal orientation

incorporated seamlessly into the modules througexten-
sions on the PCR primers.

determined herein protects the origin from transcriptional
readthrough, by divergent transcription of the origin &maR

Cloning and sequencing were performed using standardgene, as well as inclusion of dual transcriptional terminators

restriction enzyme cloning methodologies. PCR was per-

formed usingPfu DNA polymerase.
2.2. Other techniques

Plasmid Copy Number was determined by quantification
of plasmid obtained from Qiagen miniplasmid kit prepara-
tions. Plasmid quality was determined by resolving plasmid
DNA on 1% agarose gels, and visualizing DNA by poststain-
ing with SYBR green Il (Sigma, St. Louis Missouri).

Expression of EGFP in vitro was determined using flu-

after thekanR gene.

The pDNAVACCultra plasmid has the optimizédnR
gene-origin orientation, as well as a rationally designed
RNAII mutation. This increases plasmid copy number two-
fold versus pDNAVACC Table J).

DNA quality is also affected by the organization of
elements, as well as the specific elements included (e.g.
CMV promoter)[23]. The pDNAVACCultra vector devel-
oped herein has a high degree of stability and quality with
respectto: (1) replication intermediates; (2) dimerization; and
(3) percent supercoiling. In contrast, reversal ofieR gene

orescent microscopy 24—72 h post-transfection of fibroblastin pPDNAVACC leads to low-level replication intermediate
cell lines (either human HTam or mouse PA317) using either formation (Table J).
lipofectamine (Invitrogen, Carlsbad, CA, USA), Superfect Transfection with pDNAVACCultra—EGFP results in high
(Qiagen, Valencia, CA, USA), or TROjene (Avanti Polar level of expression with close to 100% transfection. Expres-
Lipids, Alabaster, AL, USA). sion is improved relative to the control gWIZ—GFP plasmid
(Fig. 2) and the pDNAVACC-EGFP vectokd4nR gene in
opposite orientationTable 1).
3. Results
3.3. Intracellular targeting
3.1. DNA vaccine plasmid design and construction
High throughput seamless cloning site targeting gene
The DNA vaccine vectors were constructed by simultane- leader cassette incorporating targeting leader signals (human
ously joining six fragments, using GENSA technoldd$]. TPA, mouse ubiquitin A76) and/or C terminal membrane
A pDNAVACCultra vector is shown irFig. 1A. The vector anchoring tags (human PLAP GPI-Anchor or human Lampl
facilitates cloning of genes or epitopes of interest seamlesslyendosome), as necessary, were created, and incorporated
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(A) Map of pDNAVACCUItra3

Not! (3300)
Eukaryotic terminator (synthetic)
Bglll (3159)
Xhol (3149)
Endo
Sapl (3046)
Glycine linker

cloning stuffer

Sapl (3012)
TPA trpA terminator
Ncol (2942)

_AF}_?{\ Stul (20)

\ RNaseH cleavage site
. modified pUC Origin

RNAII promoter

Exon 2 (synthetic)

Kozak sequence

Intron (synthetic)
Optimized UTR (synthetic)
CMV promoter x
Ncol (2530) X
CMV enhancer
Spel (2169)
Xbal (2073)
Kpnl (2066)

pDNAVACCultra3
3321 bp

Dralll (1051)
Xhol (1180)

tonB bidirectional terminator
fd gene VIII terminator
Apal (1971) kanR

(B) Cloning cassette from pDNAVACC5

Intron V¥ Kozak NcoI SapI Sapl z
1 CAGGCCGCCA CCATGGCAAG AGCGTTCCAT GCATCCTAGC TCTTCGTAA

Xhol BglII
51 TCGAGCCGCA

ATG TAA = address tags

Fig. 1. pDNAVACC plasmids. (A) Map of pDNAVACCultra3. (B) Cloning cassette from pDNAVACCS.

-(ge:)t::;ilzation of origin composition and orientation in pDNAVACC plasmid

Origin configuratiof Relative copy number at 3TP In vitro expressiof Replication intermediates
Configuration 1] T «pUC origin T «<ani T i 1.0x (PDNAVACC-EGFP) ++ Detected

Configuration 1l T «Ultra origin T «kanf T 1.5x NA NA

Configuration 2l T pUC origine T «tkan TH 0.7x NA NA
Configuration 3l T €pUC origin Kanfe TTH 1.8x NA NA
Configuration 3J] T €Uitra origin KanFe TT | 2.0x (P DNAVACCultra—EGFP) +H+++ ND

a T: transcriptional terminator; TT: tandem dual transcriptional terminators; NA: not assayed; ND: none detected.
b Relative to pDNAVACC-EGFP.
¢ Expression of EGFP in eukaryotic cell lines, from lowest (+) to highest (+++++).
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Fig. 2. Invitro expression from pDNAVACC plasmids. In vitro expression of
EGFP driven by pDNAVACCultra—EGFP vector (top) or gWIZ-GFP (bot-
tom).

into a family of pPDNAVACCultra vectors, pDNAVACCultral
(secreted-endosome; TPA-Lampl), pDNAVACCultra2 (sec-
reted; TPA), pDNAVACCultra3 (secreted-membrane-ancho-
red; TPA-PLAP;Fig. 1A), pDNAVACCultra4 (proteasome;
ubiquitin), pPDNAVACCultra5 (nativeFig. 1B), pDNAVAC-
Cultra6 (membrane-anchored; PLAP), pDNAVACCultra7
(endosome; Lamp1l). All cloning sites are designed for high
throughput cloning applications-ig. 1B; see below), and
are compatible between multiple vectors, allowing several

Class IIS enzyme sites
tagA tagB

Ml P

55 cDNA 4

sig. pept-N sig. pept-C

(A)

5'-GCGCTTC N "GGGANNNNNNNNNNN-3'
(B) Sapl - tag - primer

Fig. 3. Method for directional amplification and cloning of cDNA sequences
into pDNAVACC vectors. (A) Plasmid containing two unique address
tags, created by digestion with class IIS enzymes located between cuts.
(B) Typical primer, containing a class IS enzyme recognition signal
(Sapl), at least one intervening nucleotide, and an overlapping region
with a unique, non-palindromic sequence (GGG, the address tag in this
example).

the ubiquitin and secreted clones contain targeting peptide
immediately upstream of the ATG). For membrane or endo-
some anchored vectors, a GGC glycine linker is used instead
of TAA stop, to facilitate the C terminal extensions needed
for trafficking (i.e. GPI or endosomal targeting) to be inserted
between the GGC and the TAA stop codon). Cleavage of
the vectors wittSapl generates sticky ends compatible with
the cleaved PCR product. The insert is thus directionally
and precisely cloned into the vector. The vector and PCR
productSapl sites are not incorporated into the final vector.
Sapl sites within the target gene are generally not detrimen-
tal since there is only a 1/16 chance that an inteffagl

site would match one of the address tags. Cloning of sev-
eral independent antigens into the vector family has been
performed; in all cases the majority of recovered colonies
were correct recombinants (data not shown). An 8-96 well
(PCR [96-well gradient block]) format can be used for high
throughput applications (PCR, purification, digestion, liga-
tion to Sapl digested vector). This method is superior to
recombination mediated cloning for this application, since
with class IIS cloning a single primer pair facilitates cloning
into three vectors, whereas sets of longer primers with vector
specific sequences would be needed for seamless recombi-

different intracellular targeted gene constructs to be made inpation cloning into trafficking vectors.
one step. The sequences of the vectors are available upon

request.

3.4. High throughput cloning

An example cloning application of the pDNAVACC vec-
tors is outlined inFig. 3. Genes are copied by amplification
from clones or genomic DNA using primers incorporating
Sapl sites into termini to generate eithérATG and 3-TAA
or 5-ATG and 3-GGC 3 bp sticky ends upon digestion with
Sapl (New England Biolabs, Beverly, MA, USA). For the
stuffers that do not hava C terminal extension (e.g. Ubiqui-

4. Discussion
4.1. Intracellular targeting

A DNA vaccine vector family, with an identical back-
bone to limit variability, and seamless cloning cassette, has
been developed, such that a gene product can be targeted
to multiple intracellular destinations, without alteration of
flanking vector or gene sequences. These vectors are designed
to allow simultaneous cloning into multiple vectors that fea-

tin, native and secreted) the address tags correspond preciselfure various intracellular targeting destinations for the protein

tothe start (ATG) and stop (TAA) codons of the geRig( 1B;

product. The cloning requires no additional bases, such as a
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restriction enzyme site, to be presentin the final vector. Thus, ory cytotoxic T lymphocytes and inefficient antiviral protection are

the variability between vectors imposed by additional bases  rectified by ubiquitination. J Virol 1998;72:5174-81.

required for traditional cloning is eliminated [9] Delogu G, Howard A, Collins FM, Morris SL. DNA vaccination
As well the vectors facilitate “mixed preséntation immu- against tuberculosis: expression of a ubiquitin-conjugated tubercu-

o . . . . losis protein enhances antimycobacterial immunity. Infect Immun
nization” wherein an immune response to a target antigenis  2000:68:3097—102.

enhanced by immunization with a plasmid cock{ad,25] [10] Fanning SL, Czesny B, Sedegah M, Carucci DJ, van Gemert
pDNAVACCultra plasmids allow testing all combinations of GJ, Eling W, et al. A glycosylphosphatidylinositol anchor signal
antigen targeting for up to five different intracellular destina- ~ S€quence enhances the immunogenicity of a DNA vaccine encod-

. ing Plasmodium falciparum sexual-stage antigen, Pfs230. Vaccine
tions. _ _ _ 2003;21:3228-35.

The vectors are also suited for high throughput cloning [11] Lu v, Raviprakash K, Leao IC, Chikhlikar PR, Ewing D, Anwar A,
and expression of putative genes from sequenced genomes et al. Dengue 2 PreM-E/LAMP chimera targeted to the MHC class
such as malarig26]. This so called “reverse vaccinol- Il compartment elicits long-lasting neutralizing antibodies. Vaccine
ogy” approach is a time and cost effective method for _ 2003:21:2178-89.

Vi data t . d | t . di [12] Bucht G, Sjolander KB, Eriksson S, Lindgren L, Lundkvist A, Elgh
[azp?q)ymg genome data to vaccine developmen (reV|ewe n F. Modifying the cellular transport of DNA-based vaccines alters

the immune response to hantavirus nucleocapsid protein. Vaccine
2001;19:3820-9.

4.2. Vector design considerations [13] Drew DR, Lightowlers M, Strugnell RA. Humoral immune responses
to DNA vaccines expressing secreted, membrane bound, and non-

. . secreted forms of th@aenia ovis 45W antigen. Vaccine 2000;18:
Expression levels from the CMV promoter is affected 2599_3 ?

by the orientation of the kanamycin resistance gene, with [14] Rice J, King CA, Spellerberg MB, Fairweather N, Stevenson FK.
dramatically higher expression when the kanamycin gene  Manipulation of pathogen-derived genes to influence antigen presen-
promoter is distal to this eukaryotic promoter. This may tation via DNA vaccines. Vaccine 1999;17:3030-8.

reflect the presence of spurious binding sites for eukary- [15] Leifert JA, Rodriguez-Carreno MP, Rodriguez F, Whitton JL. Target-

. . . ing plasmid-encoded proteins to the antigen presentation pathways.
otic repressor or activator proteins. Indeed, a number of Immun Rev 2004-199:40-53.

elements from prokaryotic plasmids have been shown t0[i6] Hartikka J, Sawdey M, Comefert-Jensen F, Margalith M, Barn-
negatively affect gene expression in eukaryotic deig29] hart K, Nolasco M, et al. An improved plasmid DNA expression
or bind eukaryotic transcription factof30—32] Our obser- vector for direct injection into skeletal muscle. Hum Gene Ther
vations of effects ofkanR gene orientation on eukaryotic 1996;7:1205-17.

. K . b d licati . [17] Ramanathan MP, Ayyavoo V, Weiner DB. Choice of expression vec-
expression, prokaryotic copy number and replication inter- tor alters the localization of a human cellular protein DNA. Cell Biol

mediate formation, further demonstrate that sequences in  2001:20:101-5.
the plasmid backbone need to be consistent between targetf18] Zinckgraf JW, Silbart LK. Modulating gene expression using DNA
ing constructs, and be carefully optimized for therapeutic v_accines with qifferent_’SUTRs in_ﬂuence antibody titer, seroconver-
applications. sion and cytokine profiles. Vaccine 2002;21:1640-9.
[19] Hodgson C, Zink MA, Xu G. Vectors for Gene Self-assembly. US
Patent 6,410,220.
[20] Cranenburgh RM, Hanak JA, Williams SG, Sherratt Bscherichia

—
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