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Abstract

A variety of factors could affect the frequency of integra-
tion of plasmid DNA vaccines into host cellular DNA,
including DNA sequences within the plasmid, the ex-
pressed gene product (antigen), the formulation, deliv-
ery method, route of administration, and the type of cells
exposed to the plasmid. In this report, we examined the
tissue distribution and potential integration of plasmid
DNA vaccines following intramuscular administration in
mice and guinea pigs. We compared needle versus Bio-
jector (needleless jet) delivery, examined the effect of
aluminum phosphate adjuvants, compared the results of
different plasmid DNA vaccines, and tested a gene (the
human papilloma virus E7 gene) whose protein product
is known to increase integration frequency in vitro. Six
weeks following intramuscular injection, the vast majori-
ty of the plasmid was detected in the muscle and skin
near the injection site; lower levels of plasmid were also
detected in the draining lymph nodes. At early time
points (1-7 days) after injection, a low level of systemic

exposure could be detected. Occasionally, plasmid was
detected in gonads, but it dissipated rapidly and was
extrachromosomal - indicating a low risk of germline
transmission. Aluminum phosphate adjuvant had no ef-
fect on the tissue distribution and did not result in a
detectable increase in integration frequency. Biojector
delivery, compared with needle injection, greatly in-
creased the uptake of plasmid (particularly in skin at the
injection site), but did not result in a detectable increase
in integration frequency. Finally, injection of a plasmid
DNA vaccine containing the human papilloma virus type
16 E7 gene, known to increase integration in vitro, did
not result in detectable integration in mice. These results
suggest that the risk of integration following intramuscu-
lar injection of plasmid DNA is low under a variety of
experimental conditions.

Copyright© 2001 S. Karger AG, Basel

Introduction

The primary safety concern for DNA vaccines is their
potential to integrate into host cellular DNA [1-5]. We
developed a sensitive assay for the detection of integra-
tion in vivo, which involves separation of high-molecular-
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weight (HMW) genomic DNA from extrachromosomal
plasmid by gel electrophoresis, followed by detection of
potentially integrated plasmid in the gel-purified genomic
DNA by polymerase chain reaction (PCR). In the accom-
panying manuscript [6], we described the assay in detail
and demonstrated that intramuscular injection of three
different plasmid DNA vaccines in mice did not result in
a significant level of detectable integration in the injected
muscle.

When considering the risk of integration, the tissue dis-
tribution of the plasmid should be examined, since the
type of cells exposed to the plasmid could affect the poten-
tial for integration. For example, the potential for integra-
tion should be greater in cells that are actively proliferat-
ing. In addition, exposure of the gonads to the plasmid,
and potential integration into germline DNA, should be
examined to determine the risk of germline transmission.

A variety of other factors could potentially affect the
frequency of integration into cellular DNA. First, the
DNA sequence of the plasmid could affect integration. It
is known that short segments of DNA, sometimes of
unpredictable sequence, can affect rates of integration or
recombination. Such sequences include the VDJ recombi-
nation signal sequence and related sequences [7, 8], chi-
like elements and minisatellites [9-13], A/u segments [ 14—
16], a recombinase recognition signal found in hepatitis B
and mammalian genomes [17], and topoisomerase II rec-
ognition sites [17, 18]. Second, the protein product (anti-
gen) encoded by the plasmid DNA vaccine could conceiv-
ably affect integration. For example, expression of human
papilloma virus (HPV) type 16 E6 and E7 proteins
increase rates of plasmid integration in vitro by 3- to 30-
fold, presumably by interacting with cell-cycle-regulatory
proteins [19]. Third, the formulation use of adjuvants,
delivery method, and route of administration could each
affect either the cellular uptake of plasmid or the type of
cells exposed to plasmid, and thus could potentially affect
the integration frequency.

In the present study, using several different plasmid
DNA vaccines for influenza and HIV genes, we examined
the tissue distribution of plasmid DNA vaccines following
intramuscular administration to mice or guinea pigs. In
addition, we investigated the effect of aluminum phos-
phate adjuvant on tissue distribution and integration fre-
quency, compared needle versus Biojector (needleless jet)
delivery, and tested a gene (HPV 16 E7) whose product is
known to increase integration frequency in vitro.
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Methods

Plasmids

Plasmid constructs were made in variations of the V1Jn vector
[20, 21]. In V1Jns, a 13-bp linker containing an Sfil restriction site
was inserted into a Kpnl site within the bovine growth hormone
(BGH) terminator (the polyadenylation signal was not affected). In
V1Jp, a 34-bp linker containing two Sfi sites (separated by a Pacl
site) was inserted in the same location.

Six different plasmid DNA vaccines were tested: VIJp-HA, a
6,614-bp plasmid containing the hemagglutinin (HA) gene of in-
fluenza A/Georgia; V1Jp-M1, a 5,674-bp plasmid containing the
matrix (M1) gene of influenza A/Beijing; V1Jns-tPA-gag, a 6,375-bp
plasmid containing the HIV gag gene with a 5’-secretory signal from
tissue plasminogen activator; V1Jns-GAG?2, a second plasmid con-
struct containing the HIV gag gene; V1Jns-HPV16-E7wt, a 5,162-bp
plasmid containing the wild-type HPV16 E7 gene, and V1Jns-
HPV16-E7mutant, a 5,162-bp plasmid containing a mutant, inacti-
vated E7 gene. Plasmids were purified and characterized as de-
scribed previously [6], with the exception that the E7 plasmids were
purified by CsCl banding rather than by high-pressure liquid chro-
matography.

Animal Treatment and Tissue Collection

Balb/c mice were injected in both quadriceps with 50 ul of either
plasmid or vehicle (saline or phosphate-buffered saline). The doses of
plasmid (per injection) used in mice were 100 ug per quadriceps for
the V1Jp-HA and V1Jp-M1 studies, 150 pg per quadriceps for the
V1Jns-HPV16-E7 plasmids, 160 pg per quadriceps for V1Jns-tPA-
gag alone and 135 pg per quadriceps for V1Jns-tPA-gag mixed with
700 pg/ml aluminum (as aluminum phosphate). For short-term tis-
sue distribution studies (1-7 days’ duration), the mice received a sin-
gle dose of plasmid and were necropsied at the time point indicated
in Results. For longer-term studies, mice received either a single
injection or two injections (spaced 3 weeks apart) and were necrop-
sied 6 weeks after the last injection, as indicated in Results.

Biojector delivery studies, including a comparison with needle
injection, were carried out in guinea pigs. The Biojector is a needle-
less injection device that utilizes pressurized CO; to propel a narrow
stream of liquid through the skin during injection. Both the needle
and Biojector injections were target for intramuscular delivery to the
hamstrings, using dye studies to optimize Biojector conditions. A
#2-tip was used for the Biojector, which was held perpendicular to
the muscle during injection. The guinea pigs were injected in both
hamstrings with 200 ul of either plasmid or vehicle (saline). The
doses of plasmid (per injection) used in guinea pigs were 1.1 mg per
hamstrings for V1Jns-tPA-gag, and approximately 1.4 mg per ham-
strings for V1Jns-GAG2. Guinea pigs were necropsied 6 weeks after
injection.

At necropsy, animals were anesthetized using isoflurane and bled
via the vena cava into EDTA-containing tubes. The blood was stored
at —70°. To assess the tissue distribution of the plasmid, multiple
tissues were usually removed, including blood, brain, thymus, heart,
lung, liver, spleen, mesenteric lymph nodes, kidneys, ovaries or
testes, inguinal nodes, skin at the injection site, and the injected mus-
cle (quadriceps in mice, hamstrings in guinea pigs). The muscle was
removed last to avoid contamination of other tissues. For tissue dis-
tribution studies within the 1st week after injection, the injection site
tissues (muscle, skin, inguinal node) were not taken in order to avoid
contamination of distal sites. Tissues were rinsed in phosphate-buff-
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ered saline, placed in cryotubes, frozen in liquid nitrogen, placed in
storage boxes, sealed in plastic bags, and stored at —70° until DNA
isolation.

DNA Isolation and Conventional PCR Analysis

DNA isolation, gel purification and conventional PCR analysis
are described in detail in the accompanying manuscript [6]. Briefly,
total DNA was isolated from tissue samples (generally a pool of like
tissue taken from 5 cohort animals) using digestion with RNase (and
a-amylase for liver) followed by proteinase K; extraction with phe-
nol:chloroform and chloroform, and precipitation with isopropanol.
Total DNA samples were assayed for the presence of plasmid by ei-
ther conventional or TagMan PCR. Stringent procedures were im-
plemented to prevent contamination throughout the various proce-
dures.

For conventional PCR, DNA samples were usually assayed for
three segments of the relevant plasmid, including the CMV-III seg-
ment of the cytomegalovirus promoter, the BGH-II segment of the
BGH terminator, and one or more segments of the antigen gene (the
HA-I or HA-III segments of HA gene, the M-I segment of the matrix
gene, the GAG-I segment of V1Jns-tPA-gag, or the GAG-II segment
of V1Ins-GAG?2). For the HPV 16 E7 study, only the CMV and BGH
segments were assayed. For gel-purified samples where material was
limited, only 1 or 2 segments were usually assayed. The oligonucleo-
tide primers for the GAG-II segment are listed in table 1. All other
primers were described in the accompanying paper [6].

Sample preparation and PCR analysis was carried out as de-
scribed [6]. The sensitivity of the conventional PCR reaction was
routinely 1 copy of plasmid/ug DNA. The level of plasmid was esti-
mated by comparison of the PCR product intensity with that of a
reconstruction positive control (including standards from 1 to 16
copies/ug DNA). For samples with higher plasmid levels, the samples

Table 1. Conventional PCR primers

Segment Oligonucleotide primers Product
size, bp
GAG-II 5-CTG AAT GCC TGG GTG AAG GTG GTG 358

5-TCA GGC CCA GGA TGA TCC ACCTCT

were diluted into control mouse DNA such that their PCR product
intensities fell within those of the standard curve (1-16 copies/ug
DNA).

TagMan PCR

In the some studies, DNA samples were also assayed by ‘Tag-
Man’ real-time quantitative PCR. TagMan was sensitive to approxi-
mately 1 copy/ug DNA, and was quantitative between 0 and 100
copies/ug DNA. Samples were assayed for 1-3 segments of the plas-
mid, including the CMV segment from the cytomegalovirus promot-
er (CMYV), the BGH segment from the bovine growth hormone termi-
nator (BGH), and the GAG segment from V 1Jns-tPA-gag. The oligo-
nucleotide primers, the fluorescent TagMan probe (with FAM and
TAMRA dyes on each end), and the expected product size for each
segment are listed in table 2.

Prior to TagMan PCR, DNA samples were heat-denatured at 94°
for about 15 min. TagMan PCR reactions were carried out in a final
volume of 50 ul containing a final concentration of 1 x Master Mix
(from Perkin-Elmer), 200 nM probe, 180 nM of each primer, and
0.5 ug of sample DNA. Amplification and real-time fluorescence
detection were performed using the ABI Prism 7700 Sequence
Detector. In each TagMan PCR experiment, a positive control titra-
tion curve was assayed along with the test samples. Generally, the
titration curve consisted of 0, 10, 102, 103, 104, 105 and 106 copies of
plasmid/pug DNA. The 0 samples from the titration curve served as a
negative control to detect contamination. In addition, H,O (no
DNA)-negative control reactions were included. Samples were gener-
ally assayed in quadruplicate. For data analysis, the baseline was gen-
erally determined between cycles 3 and 15. A standard curve was
generated by the instrument using the positive controls, plotting Ct —
the cycle number where the fluorescence crossed a threshold value —
versus the log of plasmid copies/ug DNA. The threshold was set such
that the standard curve would have the maximum possible correla-
tion coefficient, which was generally between 0.990 and 1.0. The lev-
el of plasmid in samples was determined by comparison of samples
Ct values with the standard curve.

Integration Assay

The integration is described in detail in the accompanying manu-
script [6]. A variety of gel purification procedures were used. Restric-
tion enzyme digestion was not used, and therefore the gel-purified
(recovered) DNA could be considered representative of the whole.

Table 2. TagMan primers and probes

Seg-  Oligonucleotide primers/probes Name Product
ment size, bp
BGH 5-ATG CGG TGG GCT CTATGG BGH-F2 72
5-TTC TTT CTG GCC CAG GAG G BGH-R1
fam-CCA GGT GCT GAA GAA TTG ACC CGG T-tamra BGH-Pr
CMV  5-TGA ACC GTCAGATCG CCT G CMV-F 68
5-TCG GTC CCG GTG TCT TCT AT CMV-R
fam-ACG CCA TCC ACG CTG TTT TGA CCT-tamra CMV-Pr
GAG 5-CAA GAT TGT GAG GAT GTACTCC GAG-F 86
5-ACC TGT CCA CAT AGT CCC TGA GAG-R
fam-ATC CTG GAC ATC AGG CAG GGC-tamra GAG-Pr
Tissue Distribution and Integration of DNA Intervirology 2000;43:273-281 275
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Table 3. Plasmid levels at distal sites after intramuscular injection in mice: approximate copies/ug DNA

Tissue? Plasmid level, copies/ug DNA®

2.0 mg/ml V1Jp-HA 2.0 mg/ml V1Jp-M1 3.2 mg/ml 2.7 mg/ml

V1Jns-tPA-gag V1Jns-tPA-gag + AIPO4

1 day 3 days 7 days 6 weeks® 1 day 7 days 6 weeksP 2 days 6 weeks 2 days 6 weeks
Peripheral blood (F) Pos Pos 0 0 8§—>16 1-4 0 1-8 0 1-8 n.d.
Peripheral blood (M) Pos Pos 0 0 §—>16 1-2 0 1-8 0 1->16 n.d.
Thymus Pos Pos 0 0 1-2 0 0 0 0 0 n.d.
Spleen Pos Pos 0 0 1-4 1-4 0 1-2 0 1-2 n.d.
Ovaries Pos 0 0 0 20-80  4-20 0 8-40 0 1-8 n.d.
Testes 0 0 0 0 1-2 1 0 0 0 0 n.d.
Brain Pos Pos 0 0 1-2 1-4 0 1-2 0 1-4 n.d.
Heart Pos Pos ~1 n.d. 1 0 n.d. 1-4 0 0 n.d.
Lung Pos Pos ~1 n.d. 8—>16 1-8 n.d. 1 0 0 n.d.
Liver Pos Pos ~1 n.d. 8§—>16 1-2 n.d. >16 0 1-4 n.d.
Kidney Pos Pos ~1 n.d. 8-16 1-4 n.d. 1-8 0 1-4 n.d.
Mesenteric node Pos Pos 0 n.d. 8—>16 4-16 n.d. 1-8 0 8—>16 n.d.

F = Female; M = male; n.d. = not determined.
2 Tissues were taken at various times after injection (last injection). Mice were injected in each quadriceps with 50 ul of either 2.0 mg/ml
V1Jp-HA, 2.0 mg/ml V1Jp-M1, 3.2 mg/ml V 1Ins-tPA-gag or 2.7 mg/ml V1Jns-tPA-gag + 700 ug/ml Al (as AIPO4). DNA was isolated from a
pool of like tissue from cohort animals (same treatment group/sex/time point). Each of the tissues shown, except ovaries, was examined in
male animals; blood was examined in both males and females. At 6 weeks, both male and female pools were assayed for each tissue examined,

and in each case both were found to be negative (data not shown separately).

b Mice received 2 doses of vaccine (3 weeks apart) and were necropsied 6 weeks after a second dose (9 weeks total).

¢ Plasmid level was estimated by conventional PCR. Values > 16 copies/ug DNA were estimated by dilution analysis. The levels of plasmid
in the V1Jp-HA study are shown as positive (Pos) or negative (0), however most positive samples were between 1 and 16 copies/ug DNA (at 7
days, the positive samples near the limit of detection and therefore had ~ 1 copy/ug DNA).

Three conventional agarose gel procedures were used: the TAE pro-
cedure, which utilizes 0.5% agarose (FMC SeaKem Gold) gels in
Tris-acetate-EDTA (TAE) buffer, electrophoresed at 40 V for 22.5 h;
the TBE procedure, which utilizes 1% agarose (FMC SeaKem Gold)
gels in Tris-borate-EDTA (TBE) buffer, electrophoresed at 50 V for
45 h (V1Jp-HA study) or 70 V for 32 h (V1Jp-M1 and V 1Jns-tPA-gag
studies), and the GibcoTBE procedure, which utilizes 1.2% agarose
(Gibco/BRL) gels in TBE buffer, electrophoresed at 80 V for 22 h.
Genomic DNA was also purified by pulsed-field gel electrophore-
sis using the BioRad CHEF (Clamped Homogeneous Electric Field)
Mapper System. For the CHEF procedure, the electrophoresis pa-
rameters were determined by the instrument using an autoalgorithm
for separation of 10-50 kb DNA. DNA was recovered from gel slices
by electroelution (ee). The gel-purified, HMW genomic DNA was
assayed by conventional PCR for potentially integrated plasmid.

Results

Tissue Distribution Studies in Mice

The tissue distribution following intramuscular injec-
tion in mice was examined for three different plasmid
DNA vaccines: V1Jp-HA, containing the influenza HA
gene; V1Jp-M1, containing the influenza matrix gene, and
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V1Jns-tPa-gag, containing the HIV gag gene. V1Jns-tPA-
gag was tested both in the absence and presence of alu-
minum phosphate adjuvant. As shown in table 3, at early
time points (1-7 days) after a single intramuscular injec-
tion, a low level of systemic exposure was detected for all
treatment groups. The level of plasmid at these distal sites
was low, generally below 16 copies/ug DNA, and dissi-
pates to undetectable levels by 6 weeks postdose. There
was no significant difference between the various plas-
mids, or between plasmid with and without aluminum
phosphate adjuvant.

Analysis of Gonad DNA for Integrated Plasmid

Because of concern over germline transmission, mouse
testis and ovary samples that were positive for the presence
of plasmid were assayed for integrated plasmid. HMW
genomic DNA was purified by agarose gel electrophoresis
to remove free plasmid, and the gel-purified DNA was then
reassayed by PCR to detect potentially integrated plasmid.
Both the testis and ovary samples were negative for inte-
grated plasmid after gel purification (table 4).
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Table 4. Plasmid detected in gonads following intramuscular injection is extrachromosomal

Tissue? Plasmid Time Plasmid level Rounds of Plasmid level
treatment point, days  (pre-gel) gel purification (post-gel)
copies/ug DNAD  (steps)° copies/ug DNA
Testes 2.0 mg/ml V1Jp-M1 1 1-2 2 (TAE, TBE, ee) 0
Ovaries 2.0 mg/ml V1Jp-M1 1 20-80 2 (TAE, TBE, ee) 0
3.2 mg/ml V1Jns-tPA-gag 2 8-40 2 (TAE, TBE, ee) 0

a2 Mice were injected in each quadriceps with 50 pl of the indicated plasmid, and tissues were taken at indicated

times.

b Plasmid level before and after gel purification was determined by conventional PCR. Values > 16 copies/ug DNA

were estimated by dilution analysis.

¢ Gel purification procedures are abbreviated as described in Methods. ‘ee’ refers to electroelution and to a stopping

point in the multiround gel purifications.

Table 5. Effect of aluminum phosphate adjuvant on integration of V1Jns-tPA-gag plasmid after intramuscular injection in mice

Tissue? Delivery® Sex Plasmidlevel Rounds of gel purification (steps)d Plasmid level
(pre-gel) (post-gel)
copies/pug DNA® copies/pug DNA

Quadriceps Plasmid F 8,010 n.d. n.d.

Plasmid M 24,900 6 (TAE, TBE, TAE, TBE, ee, GibcoTBE, ee)  1-4
Plasmid + AIPOy4 F 13,200 4 (TAE, TBE, TAE, GibcoTBE, ce) 0
Plasmid + AIPOy4 M 13,800 4 (TAE, TBE, TAE, GibcoTBE, ee) 0-1
Skin (injection site) Plasmid F 120 n.d. n.d.
Plasmid M 1,270 4 (TAE, TBE, TAE, GibcoTBE, ce) 0
Plasmid + AIPO, F 370 2 (TAE, TBE, ec) 0
Plasmid + AIPO, M 5,030 4 (TAE, TBE, TAE, GibcoTBE, ee) 0
Inguinal node Plasmid F 0 n.d. n.d.
Plasmid M 1-8 2 (TAE, ee, TBE, ee) 0
Plasmid + AIPOy4 F 0 n.d. n.d.
Plasmid + AIPOy4 M 0 n.d. n.d.

n.d. = Not determined.

2 Tissues were taken approximately 6 weeks after dosing. Ovaries, testes, blood, brain, thymus, spleen, heart, lung, liver, kidney and mesen-
teric nodes were negative for the presence of plasmid for all samples (with or without AIPO4, male or female) and are therefore not shown.
b Mice were injected with 50 pl per quadriceps of either 3.2 mg/ml V1Jns-tPA-gag plasmid alone or 2.7 mg/ml plasmid + 700 pg/ml Al (as

AlIPOy).

¢ Plasmid level in quadriceps and skin samples before gel purification was determined by TagMan PCR. Plasmid level in all other tissues
including inguinal nodes, and in all gel-purified samples, was determined by conventional PCR.

d
gel purifications.

Gel purification procedures are abbreviated as described in Methods. ‘ee’ refers to electroelution and to a stopping point in the multiround

Effect of Aluminum Phosphate Adjuvant

The V1Jns-tPA-gag plasmid was analyzed in the ab-
sence and presence of aluminum phosphate adjuvant. As
noted above, aluminum phosphate had no effect on the
tissue distribution of the plasmid (table 3). As shown in

Tissue Distribution and Integration of DNA
Vaccines

table 5, there was also no significant effect on plasmid
uptake in either the injected quadriceps, skin at the injec-
tion site, or the draining lymph nodes. Note the high but
variable uptake of plasmid in skin with intramuscular
injection.
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Table 6. Effect of Biojector delivery on tissue distribution and integration of V1Jns-tPA-gag plasmid in guinea pigs

Tissue? Delivery® Sex Plasmidlevel  Rounds of gel purification (steps)d Plasmid level
(pre-gel) (post-gel)
copies/pug DNA® copies/pg DNA

Hamstrings Needle F 2-16 n.d. n.d.

Needle M 2,800 n.d. n.d.
Biojector F 120 n.d. n.d.
Biojector M 2,700 5 (TAE, TBE, TAE, GibcoTBE, ee, CHEF, ee) 1-8
Skin (injection site) Needle F 1,800 n.d. n.d.
Needle M 68,000 n.d. n.d.
Biojector F 72,000 n.d. n.d.
Biojector M 430,000 7 (TAE, TBE, TAE, GibcoTBE, ee, CHEF, ee, 2-8
TAE, GibcoTBE, ce)
Inguinal node Needle F 0 n.d. n.d.
Needle M 0 n.d. n.d.
Biojector F 1-8 n.d. n.d.
Biojector M 1-16 2 (TAE, TBE, ee) 0
Peripheral blood Needle F 0 n.d. n.d.
Needle M 0 n.d. n.d.
Biojector F 0 n.d. n.d.
Biojector M 1-4 1 (TAE, ee) 0
Brain Needle F 0 n.d. n.d.
Needle M 0 n.d. n.d.
Biojector F 0 n.d. n.d.
Biojector M ~1 1 (TAE, ee) 0
Thymus Needle F 0 n.d. n.d.
Needle M 0 n.d. n.d.
Biojector F 0 n.d. n.d.
Biojector M 1-2 1 (TAE, ee) 0

n.d. = Not determined.

2 Tissues taken approximately 6 weeks after injection. Ovaries, testes, spleen, heart, lung, liver, kidney and mesenteric nodes were negative
for the presence of plasmid for all samples (Biojector or needle, males or female) and are therefore not shown.
b Guinea pigs were injected with 200 pl per hamstring of 5.5 mg/ml V1Jns-tPA-gag plasmid, either by needle or Biojector (needleless jet)

delivery.

¢ Plasmid level before and after gel purification was estimated by conventional PCR. Dilution analysis was used for samples with >16

copies/ug DNA.

4 Gel purification procedures are abbreviated as described in Methods. ‘ee’ refers to electroelution and to a stopping point in the multiround

gel purifications.

Following gel purification to remove free plasmid,
there was little to no detectable plasmid remaining in any
of the treated samples, indicating that the plasmid re-
mained extrachromosomal. This was true both in the
absence and presence of the adjuvant (table 5).

Residual plasmid that remains with HMW genomic
DNA following gel purification could represent integrated
plasmid. However, it is also possible that the residual
plasmid is extrachromosomal. Purification procedures al-
most never yield 100% pure material, and 1 copy (<1 X

278 Intervirology 2000;43:273-281

10-17 g) of plasmid/ug genomic DNA represents an im-
purity level of <100 billionth by weight. The residual free
plasmid could be ‘trapped’ in the genomic DNA, or it
could be large linear concatemers of similar size to
genomic DNA such that it comigrates with genomic DNA
during electrophoresis. Even if the residual plasmid in the
gel-purified genomic DNA did represent integrated plas-
mid, it was calculated that 1 copy of integrated plasmid/
ug of genomic DNA (representing 150,000 diploid cells)
would be at least three orders of magnitude below the fre-
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Table 7. Effect of Biojector delivery on

uptake and integration of V1Jns-GAG2 gni;nal Plasmid level, copies/ug DNA*
plasmid in guinea pigs 0 hamstrings® skin
needle Biojector needle Biojector
1 21 74,933 30 36,200
2 11 1,377 1,787 512,667
3 25 35 12 135
4 21 1,141 250 458,667
5 18 1,090 55 1,343
6 11 20 641 54,700
7 19 215 128 9,560
8 21 57 72 125,333
9 14 212 19 96,700
10 18 28 30 354
Average = SD 18+5 7,900+23,600 300£560  130,000% 193,000
Pool (pre-gel)d 12 5,800 290 165,000
Pool (post-gel)® 0 1-8 0 1-2

2 Male guinea pigs were injected with 200 ul per hamstring of 7.13 mg/ml V1Jns-GAG?2
plasmid, either by needle or Biojector (needleless jet).

b

Tissues were taken approximately 6 weeks after injection. Only the hamstrings, skin at the

injection site, and inguinal nodes were examined. Treated inguinal node samples were
sporadically positive, with 0-2 copies/ug DNA, for both needle and Biojector delivery (data

not shown).

¢ Plasmid level was determined by TagMan PCR. Results represent the average of 3 plas-
mid segments for each sample. The average and standard deviation of the 10 individual

samples is given.

d DNA from cohort animals was pooled. Plasmid levels in the pool were determined by

TagMan PCR.

¢ Pooled samples were subjected to 4 rounds of gel purification (TAE, TBE, TAE, GibcoT-

BE, ee), except for the Biojector hamstring sample which had 6 rounds (TAE, TBE, TAE,
GibcoTBE, ee, CHEF, CHEF, ee). Gel purification procedures are abbreviated as described
in Methods. ‘ee’ refers to electroelution and to a stopping point in the multiround gel purifica-

tions. Plasmid level after gel purification was determined by conventional PCR.

quency of spontaneous gene-inactivating mutations [35,
6].

Comparison of Biojector with Needle Delivery

Biojector studies were carried out in guinea pigs be-
cause mice are too small for the device. Biojector delivery
was optimized for intramuscular injection during trial
experiments with a dye solution. In the first study, guinea
pigs were injected once in each hamstring with V1Jns-
tPA-gag plasmid. Six weeks after injection, the tissue dis-
tribution and potential integration of the plasmid were
investigated. DNA was isolated from a pool of like tissue
taken from cohort animals (same treatment group/sex).
As shown in table 6, compared with needle, Biojector
delivery led to a greater uptake of the plasmid in skin, and

Tissue Distribution and Integration of DNA
Vaccines

also caused slightly more dispersion of the plasmid to dis-
tal sites. However, Biojector delivery did not lead to sig-
nificant levels of integrated plasmid detectable after gel
purification (table 6).

In the second Biojector study, male guinea pigs were
injected with V1Jns-GAG2 plasmid. Tissue DNA was
1solated from individual animals to permit a better assess-
ment of plasmid uptake. Although there was considerable
animal-to-animal variability, Biojector delivery led to sig-
nificantly higher levels of plasmid uptake in hamstrings
and skin at the injection site, as compared with needle
delivery (table 7). For integration assays, the cohort DNA
was pooled and subjected to gel purification. Again, gel
purification removed essentially all of the plasmid, indi-
cating that the plasmid was extrachromosomal.
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Table 8. Integation studies in mice using V1Jns-HPV16 E7 plasmids: comparison of wild-type versus mutant E7

genes
Tissue? E7 geneb Plasmidlevel Rounds of gel purification (steps)d Plasmid level
(pre-gel) (post-gel)
copies/ug DNA® copies/ug DNA
Quadriceps Wild-type 100-800 S(TAE, TBE, TAE, TBE, ee, CHEF,ee) <1
Mutant 100-800 5 (TAE, TBE, TAE, TBE, ee, CHEF, ee) 1-8
Skin (injection site) ~ Wild-type 10-40 2 (TAE, TBE, ee) 0
Mutant 10-20 2 (TAE, TBE, ee)

Wild-type =1
Mutant =1

Inguinal node

2 (TAE, TBE, ee)
2 (TAE, TBE, ee)

SO | O

2 Tissues were taken approximately 6 weeks after dosing. Analysis was limited to the tissues shown.

b Mice were injected with 50 ul per quadriceps of 3.0 mg/ml V1Jns-HPV E7 plasmid, containing either a wild-type
(active) or mutated (inactivated) E7 gene from HPV type 16.

¢ Plasmid level was estimated using conventional PCR, using dilution analysis for samples with >16 copies/ug

DNA.

4 Gel purification procedures are abbreviated as described in Methods. ‘ee’ refers to electroelution and to a stopping

point in the multiround gel purifications.

Comparison of Wild-Type versus Mutant E7 Genes

Since the HPV16 E7 gene has been shown to increase
integration frequency in vitro, we compared a plasmid
expression vector containing the wild-type (active) E7
gene with a similar plasmid containing a mutant (inacti-
vated) E7 gene as a control. If the E7 gene had a signifi-
cant effect on integration in vivo, then the level of plas-
mid associated with genomic DNA after gel purification
should be greater in the wild-type E7 versus mutant E7
treatment groups. As shown in table 8, neither treatment
group exhibited significant levels of integrated plasmid,
and the wild-type E7 gene had no effect on the detectable
level of integration.

Discussion

Since the type of cells exposed to the plasmid could
affect integration frequency, analysis of tissue distribu-
tion should be an integral part of any integration study.
After intramuscular injection, the vast majority of the
plasmid remains near the injection site. At early time
points (1-7 days after injection), a low level of systemic
exposure can be detected. However, the plasmid is
present at these distal sites at low levels (usually less than
16 copies/ug DNA), and it dissipates rapidly such that it is
usually undetectable by 6 weeks. Plasmid was occasional-
ly detected in ovaries and testes; however, it is unlikely
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that the plasmid was within germ cells, and we demon-
strated that the plasmid was extrachromosomal, suggest-
ing that there is little risk of germline transmission.

A second factor that could affect integration frequency
1s the sequence of the plasmid itself, since specific nucleo-
tide sequences as short as 7 bp are known to affect integra-
tion or recombination. Between the present study, the
accompanying paper [6] and our original exploratory
study [5], we have tested 7 different plasmid DNA vac-
cines — all involving a derivative of the V1J vector. The
genes tested include the influenza nucleoprotein [5], HA,
and matrix genes, the HIV-1 gag gene (with and without a
tPA secretory signal), and the wild-type and mutant E7
genes of HPV16. We have not detected any significant
differences in the tissue distribution or integration fre-
quency between these different plasmids, suggesting there
are no cis-acting elements in these plasmids that enhance
integration to the detectable range.

A third factor that could affect integration is the
expressed gene itself. The HPV16 E7 gene is known to
stimulate integration in vitro by up to 30-fold. However,
we detected no effect of E7 in the present study. It is likely
that the rapid cell proliferation observed in vitro is neces-
sary to observe the effects of the E7 gene product, which is
thought to act by interfering with cell cycle-regulatory pro-
teins [19].

The formulation is a fourth factor that could affect
integration frequency. In the present study, we found that

Manam et al.



aluminum phosphate adjuvant had no effect on plasmid
tissue distribution or integration frequency. The adjuvant
has been found to enhance the immune responses elicited
by the vaccine; apparently this is due to direct adjuvant
effect rather than an enhancement of plasmid uptake.

Finally, a fifth factor that could affect integration is the
delivery method and route of administration. We found
that Biojector delivery could enhance the uptake of plas-
mid in the muscle and skin at the injection site, as well as
lead to slightly greater dispersion of the plasmid to distal
sites. However, the Biojector did not lead to significant
levels of integrated plasmid, even in samples that had
>100,000 copies/ug DNA of free plasmid.

In conclusion, the results of the present study and the
accompanying paper [6] suggest that the risk of plasmid
integration following intramuscular injection is exceed-
ingly small under a variety of experimental conditions,
including needle or Biojector delivery, the presence or

absence of aluminum phosphate adjuvant, and 7 different
plasmid DNA vaccines — including one whose gene prod-
uct is known to enhance plasmid integration in vitro.
While these results add support to the safety of plasmid
DNA vaccines, the database of preclinical safety informa-
tion for DNA vaccines is still quite limited, and it is advis-
able to investigate tissue distribution and potential inte-
gration whenever there is a significant change in DNA
vaccination protocol.

Acknowledgments

The authors thank Sangeetha Saga, John Shiver, William McCle-
ments, Donna Montgomery, Robert Evans and P.K. Tsai for the
preparation and characterization of the plasmid DNA vaccines, and
Steven Hall, Beth Muller, Brenda Givler, Donna Lynch, Kim Trick
and Beth Jackson for assistance with animal studies.

References

Donnelly JJ, Ulmer JB, Shiver JW, Liu MA: 9 Jaeger U, Delle Karth G, Knapp S, Friedl J, 16 Nystrom-Lahti M, Kristo P, Nicolaides NC,
DNA vaccines. Annu Rev Immunol 1997;15: Laczika K, Kusec R: Molecular mechanism of Chang S-Y, Aaltonen LA, Moisio A-L, Jarvi-
617-648. the t(14;18) — A model for lymphoid-specific nen HJ, Mecklin J-P, Kinzler KW, Vogelstein
Smith HA: Regulatory considerations for nu- chromosomal translocations. Leuk Lymphoma B, De La Chapelle A, Peltomaki P: Founding
cleic acid vaccines. Vaccine 1994;12:1515- 1994;14:197-202. mutations and Alu-mediated recombination in
1519. 10 Krowczynska AM, Rudders RA, Krontiris TG: hereditary colon cancer. Nat Med 1995;1:
Robertson JS: Safety considerations for nucleic The human minisatellite consensus at break- 1203-1206.

acid vaccines. Vaccine 1994;12:1526-1528. points of oncogene translocations. Nucleic 17 Aoki H, Kajino K, Arakawa Y, Hino O: Molec-
Temin HM: Overview of biological effects of Acid Res 1990;18:1121-1127. ular cloning of a rat chromosome putative
addition of DNA molecules to cells. J Med 11 Lafuse W: Molecular biology of murine MHC recombinogenic sequence homologous to the
Virol 1990;31:13-17. class I genes. Crit Rev Immunol 1991;11:167- hepatitis B virus encapsidation signal. Proc
Nichols WW, Ledwith BJ, Manam SV, Troilo 194. Natl Acad Sci USA 1996;93:7300-7304.

PJ: Potential DNA vaccine integration into 12 Shiroishi T, Koide T, Yoshino M, Sagai T, 18 Bodley AL, Huang H-C, Yu C, Liu L: Integra-
host cell genome. Ann NY Acad Sci 1995;772: Moriwaki K: Hotspots of homologous recombi- tion of simian virus 40 into cellular DNA
30-39. nation in mouse meiosis. Adv Biophys 1995; occurs at or near topoisomerase II cleavage hot
Ledwith BJ, Manam S, Troilo PJ, Barnum AB, 31:119-132. spots induced by VM-26 (teniposide). Mol Cell
Pauley CJ, Griffiths TG II, Harper LB, Beare 13 Wahls WP, Wallace LJ, Moore PD: Hypervari- Biol 1993;13:6190-6200.

CM, Bagdon W1J, Nichols WW: Plasmid DNA able minisatellite DNA is a hotspot for homolo- 19 Kessis TD, Connolly DC, Hedrick L, Cho KR:
vaccines: Investigation of integration into host gous recombination in human cells. Cell 1990; Expression of HPV16 E6 or E7 increases inte-
cellular DNA following intramuscular injec- 60:95-103. gration of foreign DNA. Oncogene 1996;13:
tion in mice. Intervirology 2000;43:258-272. 14 Rudiger NS, Gregersen N, Kielland-Brandt 427-431.

Weaver D, Boubnov N, Wills Z, Hall K, Staun- MC: One short well conserved region of Alu- 20 Montgomery DL, Ulmer JB, Donnelly JJ, Liu
ton J: V(D)V recombination: Double-strand sequence is involved in human gene rearrange- MA: DNA vaccines. Pharmacol Ther 1997;74:
break repair gene products used in the joining ments and has homology with prokaryotic chi. 195-205.

mechanism. Ann NY Acad Sci 1995;764:99- Nucleic Acids Res 1995;23:256-260. 21 Montgomery DL, Shiver JW, Leander KR,
111. 15 Marshall B, Isidro G, Boavida MG: Insertion Perry HC, Friedman A, Martinez D, Ulmer JB,

Fuscoe JC, Zimmermann LJ, Harrington-
Brock K, Burnette L, Moore MM, Nicklas JA,
O’Neill JP, Albertini RJ: V(D)J recombinase-
mediated deletion of the Aprt gene in T-lym-
phocytes from adult humans. Mutat Res 1992;
283:13-20.

Tissue Distribution and Integration of DNA
Vaccines

of a short Alu sequence into the hMSH2 gene
following a double cross over next to sequences
with chi homology. Gene 1996;174:175-179.

Donnelly JJ, Liu MA: Heterologous and ho-
mologous protection against influenza A by
DNA vaccination: Optimization of DNA vec-
tors. DNA Cell Biol 1993;12:777-783.

Intervirology 2000;43:273-281

281



