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ABSTRACT Immunity generated by in vivo inoculation of
plasmid DNA is a straightforward and potentially valuable
new approach to immunization. Little is known about the type
of cells involved, the various immunological aspects, and the
destiny of the transgene. In this report, we describe a system
in which immunity is the result of in vivo targeting of B
lymphocytes. This was accomplished using plasmid DNA
encoding an immunoglobulin heavy-chain gene under the
control of immunoglobulin promoter and enhancer elements.
We show persistence of the transgene in splenic B lymphocytes
for at least 3 months, i.e., the average life span of long-lived
B lymphocytes in the mouse. The transgene could not be
detected in any other lymphoid or nonlymphoid organs over a
period of 6 months. We also established that the transgene is
integrated in the host DNA. These studies bring new under-
standing to the events underlying the in vivo use of plasmid
DNA. Moreover, the characteristics of this new approach
make somatic transgene immunization a model system to
study the immunogenicity of endogenous antigens in adult
animals.

Since the discovery that inoculation of plasmid DNA induces
specific immunity in vivo (1), reports have appeared to dem-
onstrate the use of such an approach to elicit immunity against
viruses (2–5), bacteria (6, 7), parasites (8–10), tumor antigens
(11), self-antigens (12, 13), and allergens (14, 15). This has
raised hopes for the development of simpler and more cost-
effective methods of vaccination. From a practical standpoint,
immunization via DNA inoculation relies on in vivo transduc-
tion, production and possibly secretion of the transgene prod-
uct, and antigen presentation by specialized cells. However, in
most studies neither the in vivo transduced cells nor the
antigen-presenting cells involved in this process have been
identified. Most experiments to date were based on expression
of foreign DNA under the control of viral promoters (1–9) that
have limited tissue specificity. Therefore, no control of ex-
pression is possible other than at the site of DNA inoculation.

B lymphocytes are generated in the bone marrow and then
localize in secondary lymphoid organs and in the blood
throughout life (16–18). Upon activation by antigen, a B cell
can produce between 1 3 103 and 8 3 104 molecules of Ig per
cell per second (19, 20). Consequently, B cells are formidable
minifactories of proteins in mammals. B lymphocytes can also
present antigen to T lymphocytes: (i) antigens internalized via
their membrane Ig receptor (21), and (ii) peptides of secretory
proteins including their own Ig (22, 23). Because of these
properties, B lymphocytes constitute an ideal substrate for
strategies of gene targeting and immunization with plasmid
DNA.

Recently, we showed that direct intraspleen inoculation of
plasmid DNA carrying a full-length Ig H chain gene under the
control of Ig promoter and enhancer elements results in
expression of the transgene in the spleen, secretion of trans-

gene Ig in the serum in amounts ranging between 15 and 30
ngyml, and induction of a specific immune response against
epitopes expressed in the transgene product (ref. 24 and
Gerloni, M., Bellou, W. R., Billetta, R., and Zanetti, M.,
unpublished data). We termed this process somatic transgene
immunization to signify that a transgene is targeted and
incorporated into somatic cells, and elicitation of immunity is
the outcome of this event. Early in vitro studies (25–28) and
analysis of Ig transgenic mice in vivo (29–31) showed that the
Ig promoter and enhancer elements selectively direct gene
expression in B cells. Therefore, we hypothesized that B
lymphocytes might be the target of somatic transgene immu-
nization. Here we study the fate of the transgene after inoc-
ulation and its tissue distribution and genetic stability, and we
provide formal evidence that splenic B lymphocytes are in fact
the cells involved in this process.

METHODS

Plasmid DNAs. Plasmid g1NANP (32) carries a chimeric H
chain gene in which a productively rearranged murine V region
gene is joined to a human g1 C region gene. The V region of
this H chain gene was modified in the third complementarity-
determining region (CDR3) by introduction of the nucleotide
sequence coding for three Asn-Ala-Asn-Pro repeats (32). The
promoter and enhancer elements in this plasmid are those
constitutively existing in Ig H chain genes and have been
described previously (33). Plasmid pSVneo is the original
plasmid vector that lacks the murine V region and the human
g1 C region genes (34).

DNA Inoculations. The plasmid DNA was prepared from
transformed DH5a Escherichia coli according to standard
procedures (35) and analyzed for purity using the following
equation: %N 5 (11.1R26.32)y(2.162R) where R 5 260
nmy280 nm, %N 5 percent of nucleic acid (36). For DNA
inoculation, 8 to 10-wk-old C57BLy6 (H-2b) female mice (The
Jackson Laboratory) were inoculated with plasmid DNA (100
mg in 30 ml of sterile saline solution) directly into the spleen
(24). Briefly, mice were anesthetized with a mixture of ket-
amine, xylazine, and acetopromazine and shaved locally, and
a small incision (3–4 mm) was made with a scalpel. By pulling
gently, the spleen was exposed, and the DNA was injected
using a 28-gauge needle. The abdomen was immediately
sutured using 4-0 sterile, nonabsorbable surgical suture thread.
Mice were maintained in the animal facility of the University
of California, San Diego (UCSD), and were handled according
to UCSD and National Institutes of Health regulations.

Immunochemical Techniques. The presence of transgene H
chain Ig in the serum was detected using a capture ELISA (37).
Briefly, a 1:10 dilution of individual mouse sera in 1% BSA in
PBS (pH 7.3) containing 0.05% Tween 20 PBS albumin
(PBSA) was incubated on 96-well plates (Dynatech) coated
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with a goat antibody to human gamma globulin (10 mgyml).
The bound antibodies were revealed using goat antibody to
human gamma globulins conjugated with horseradish perox-
idase absorbed with murine Ig (Sigma). The bound peroxidase
activity was revealed by adding o-phenylenediamine dihydro-
chloride and H2O2. Plates were read after 30 min in a
microplate reader (Vmax, Molecular Devices) at 492 nm. The
concentration was determined by comparing the serum OD
values with those of known amounts of human gamma glob-
ulins. Tests were done in duplicate. Antibodies to g1NANP
were detected on 96-well polyvinyl microtiter plates coated
with affinity-purified antibody g1NANP (2.5 mgyml). Sera
were diluted in PBSA. The bound antibodies were revealed
using a horseradish peroxidase conjugated goat antibody to
mouse gamma globulins absorbed with human gamma globu-
lins (Pierce). The bound peroxidase was revealed by adding
o-phenylenediamine dihydrochloride and H2O2. Tests were
done in duplicate.

PCR and Southern Blot Hybridization. Ten milligrams of
the tissue were digested in the presence of protease, and the
cell lysates were loaded onto the QIAamp spin column (Qia-
gen, Chatsworth, CA). After washing twice by centrifugation,
the DNA was eluted from the column with distilled water and
quantitated on a 1% agarose gel. PCR was performed with a
total of four sets of primers (pCLypCD, pSEypNAD, pNELy
pNED, and pbA1ypbA2). pCL (from 2107 to 285 nt: 59-
TTATTGAGAATAGAGGACATCTG-39) and pCD (from
459 to 439 nt: 59-ATGCTCATAAAACTCCATAAC-39) were
used to amplify the whole variable diversity joining (VDJ)
region of the transgene; pSE (from 232 to 211 nt: 59-
AACAGTATTCTTTCTTTGCAGC-39) and pNAD (from 352
to 333 nt: 59-GAGAGTAGGGTACTGGGTTT-39) were spe-
cific for amplification of the genetic marker, (NANP)3 in
CDR3. pNEL (from 169 to 189 nt: 59-AGCACCTACTATC-
CAGACACT-39) and pNED (from 366 to 346 nt: 59-
GTAGTCCATACCATGAGAGTA-39) were the inner prim-
ers for nested PCR. pbA1 (from 184 to 201 nt: 59-
TGGGCCGCCCTAGTCACC-39) and pbA2 (from 427 to 408
nt: 59-CGTTTGGCCTTAGGGTTCAG-39) were designed to
amplify the murine b-actin gene according to the sequence
indicated in ref. 38. The PCR consisted of 30 cycles at 94°C for
45 sec, 58°C for 45 sec, and 72°C for 45 sec; 0.3 mM each
primer, 0.2 mM each deoxynucleotide, 1.5 mM MgCl2 in 20
mM TriszHCl (pH 8.4)y50 mM KCl, and 1 unit of Taq DNA
polymerase (GIBCOyBRL). PCR products for Southern blot
analysis were resolved in 1% (wtyvol) agarose gel and blotted
onto Hybond-N nylon membrane (Amersham). The mem-
branes were hybridized with the oligonucleotide pNAD and
labeled using T4 polynucleotide kinase forward reaction in the
presence of [g-32P]ATP.

Integration Study. Integration of the transgene in the host
genomic DNA was studied by digestion–self-ligation–PCR
approach. Briefly, the genomic DNA extracted from spleen
was digested with XbaI and subsequently self-ligated (circu-
larization) with T4 DNA ligase at a lower DNA concentration.
The circularized DNA was used as the template for further
PCR amplification with primers: p62L (from 2177 to 2199 nt:
59-AGTGCTGATCACTGAATGTGAGG-39) and p62U
(from 441 to 460 nt: 59-GTTATGGAGTTTTCTGAGCATT-
39). The PCR was performed with Taq polymerase and Elon-
gase mix (GIBCOyBRL) in a wide range of MgCl2 concen-
trations. A total of 35 cycles were run under the following
thermal cycling conditions: 94°C for 45 sec, 60 °C for 45 sec,
and 68 °C for 10 min.

DNA Sequencing. A 566-bp DNA fragment containing the
whole VDJ coding region was amplified from splenic genomic
DNA using two primers (pCL and pCD) specific for the
rearranged murine VH (33). This fragment was subcloned into
the pGEM-T vector (Promega). The plasmid DNA was ex-
tracted from transformed DH5a E. coli and sequenced by a
dideoxy termination method with a Sequenase 2.0 DNA
sequencing kit (United States Biochemical) using two primers
(pSE and pCD) annealing in front of the FR1 and at the end
of FR4 from opposite directions (see Fig. 2B).

FIG. 1. Schematic representation of plasmid DNA g1NANP. This
plasmid carries a chimeric H chain gene in which a productively
rearranged murine variable region gene is joined to a human g1
constant region gene. The variable region gene was modified in the
CDR3 by introduction of the nucleotide sequence coding for three
Asn-Ala-Asn-Pro repeats to serve as a specific molecular marker (32).
In this plasmid, the promoter and enhancer elements are those
constitutively existing in Ig H chain genes. Neor, neomycin resistance
gene; Ampr, ampicillin resistance gene; PR, promoter; EN, enhancer;
CH, heavy chain C region; VH, heavy chain variable region; FR,
framework region.

Table 1. Detection of transgene H chain immunoglobulins and antibodies to g1NANP after
intraspleen inoculation of plasmid DNA

Inoculum
(plasmid)

No. of
mice

Transgene
H-chain Ig*

(ngyml)

Antibodies to g1NANP**

0 wk 2 wk 4 wk 6 wk

g1NANP 10 11.9 6 5.4 #2.3 2.8 6 0.3 2.9 6 0.4 3.0 6 0.3
pSVneo 4 0 #2.3 #2.3 #2.3 2.4 6 0.2

*Presence of transgene H chain immunoglobulins was determined at 2 wk after a single DNA inoculation.
Detection was performed using a capture ELISA.

**Antibodies are expressed as a Log titer. Titer determined as the last serum dilution giving an OD
reading .0.200 (A492).
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Fluorescence-Activated Cell Sorting. Spleen cells were pre-
pared by grinding the spleen tissue harvested 15, 21, and 28
days after inoculation or from naive mice. The cell suspension
was washed twice with 0.5% PBSA, and the red blood cells
were removed by treatment with lysing buffer (Sigma). The
lymphocytes were differentially stained with phycoerythrin-
conjugated rat anti-mouse Ly-5 (B-220) Pan B cell (Caltag,

South San Francisco, CA), f luorescein isothiocyanate-
conjugated rat anti-mouse CD4 (Caltag), and fluorescein
isothiocyanate-conjugated rat anti-mouse CD8 (Caltag) for 20
min at 4°C. The cell suspension was washed twice in 0.5%
PBSA and resuspended at the concentration of 5 3 106

cellsyml in DMEM (Irvine Scientific). The cells were sorted on
a FACStar (Becton Dickinson) at the Flow Cytometry core
facility of the UCSD Cancer Center. Genomic DNA was
extracted from 1 3 106 B or T lymphocytes using the QIAamp
Blood kit (Qiagen). The DNA fragments were amplified by
PCR and run on a 1% agarose gel. They were subsequently
transferred to a nylon membrane for Southern blot hybridiza-
tion using the 32P-labeled pNAD oligonucleotide.

RESULTS

In Vivo Production of Transgene H Chain Ig and the
Humoral Response. Plasmid DNA g1NANP (Fig. 1) coding for
an engineered murine variable region (39) joined with a human
g1 constant region gene was inoculated into the spleen of adult
C57BLy6 mice. Following a single intraspleen inoculation,
transgene H chain Igs were detected (;12 ngyml) in the serum
of all mice inoculated with plasmid DNA g1NANP but not in
mice inoculated with the plasmid control pSVneo lacking the
coding region for the H chain (Table 1). In all mice, together
with detection of the transgene product antibodies against the
g1NANP, protein was also detected starting from week 2
(Table 1). This is in agreement with previous experiments (24).

Kinetics and Tissue Distribution of the Transgene in vivo.
To monitor the kinetics of detection of the transgene in vivo,
genomic DNA extracted from the spleen of inoculated mice
was analyzed by PCR and Southern blot hybridization at
various times after inoculation. As shown in Fig. 2A (Left)
amplification of the transgene VDJ region was visible up to 12
wk after a single DNA inoculation. No amplification was seen
in the subsequent time points (16, 24, 36, and 52 wk). To
control for specificity and increase the sensitivity of the
reaction, two additional PCR assays were performed using
primers designed to anneal to sites within the VDJ region. One
set of primers (pSEypNAD) specifically amplified the (Asn-
Ala-Asn-Pro)3 coding sequence, and another (inner primers:
pNELypNED) served for nested PCR (see legend of Fig. 2B).
The results confirmed those obtained with VDJ amplification.
Southern blot analysis using a probe specific for the NANP-
coding region further confirmed the PCR results (Fig. 2 A
Right). Thus, the transgene H chain persisted in vivo for a
period of 3 months. To determine tissue distribution of the
transgene in vivo, genomic DNA was extracted from various
lymphoid (i.e., spleen, lymphnodes, and bone marrow) and
nonlymphoid (i.e., liver, kidney, lung, and muscle) tissues
explanted at different times and analyzed for specific ampli-
fication of the transgene VDJ by PCR. Whereas an amplifi-
cation product was readily visible in splenic genomic DNA, no
specific amplification occurred in any of the other tissues. This
did not vary at any of the time points analyzed (Fig. 2C Left).
Southern blot analysis confirmed the PCR results (Fig. 2C
Right).

Detection of the Transgene in Splenic Lymphocytes. To
formally demonstrate that B lymphocytes were in fact the
target cell population in vivo for the transgene, the following
experiment was performed. Starting from the second wk after
plasmid DNA inoculation, splenic B and T lymphocytes were
isolated to a high degree of purity (97–99%) by fluorescence
activated cell sorting (Fig. 3). The genomic DNA was extracted
from the two cell populations and amplified by PCR using the
same sets of primers as in Fig. 2. At the 15 day time point,
distinct amplification products were readily detectable in both
B and T lymphocytes (Fig. 3 Left). However, at both the 21 and
28 day time points, specific amplification was observed only in
B cells (Fig. 3 Middle and Right). Southern blot hybridization

FIG. 2. PCR amplification and Southern blot hybridization to
detect the presence of the transgene H chain in vivo. (A) Presence of
the transgene in splenic genomic DNA at various times after DNA
inoculation. Spleens were harvested 4, 12, 16, 24, 36, and 52 wk after
DNA inoculation. The spleen of a naive mouse served as a negative
control and is referred to as time 0. Detection of the transgene in the
genomic DNA was performed by PCR amplification using three sets
of primers (pCLypCD, pSEypNAD, and pNELypNED) specific for
three different DNA fragments of plasmid DNA g1NANP and con-
firmed by Southern blot hybridization using the 32P-labeled pNAD
oligonucleotide. The location and size of the PCR fragments [VDJ,
(NANP)3, and NESTED] are illustrated in Fig. 2B. A PCR fragment
identified as b-actin (for the murine b-actin gene) served as an internal
control. Left, the results of PCR amplification. Right, the results of
Southern blot hybridization. B is a schematic representation of the VH
gene contained in plasmid DNA g1NANP. The annealing sites of the
primers, the predicted amplification fragments and their molecular
size, are identified: FR, framework region; VDJ refers to a fragment
that is inclusive of the coding region for the rearranged VDJ gene
segments; (NANP)3 refers to a 384-bp fragment containing in the
CDR3 of the VH region the sequence coding for three repeats of the
tetrapeptide Asn-Ala-Asn-Pro between nucleotides 304 and 340 (32);
NESTED refers to a 198-bp fragment inclusive of the coding region for
FR3 and the CDR3. 11 refers to the first nucleotide in the coding
region of FR1. Any other position in the gene is numbered in reference
to nucleotide 11. (C) Tissue distribution of the transgene in vivo.
Genomic DNA was extracted from the tissues listed. Tissues were
obtained at various times from DNA inoculation. Tissues from a naive
mouse refers to time 0. Left, PCR amplification of the VDJ fragment
of the transgene using the primers pCLypCD. Right, results of South-
ern blot hybridization using the 32P-labeled pNAD oligonucleotide.
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confirmed the specificity of the amplification products. Based
on this analysis it is suggested that B lymphocytes in the spleen
are the target cell population in which the transgene persists
for a long time. Together with the fact that the transgene could
not be amplified from peripheral blood lymphocytes (data not
shown), these results indicate that in all likelihood the destiny
of spleen B lymphocytes harboring the transgene is to remain
localized in the tissue in which they were transduced. Uptake
of plasmid DNA by B cells may have occurred either through
surface Ig specific for DNA or through a non-Ig DNA receptor
(40–42). As to the transient presence of the transgene in T
lymphocytes, further studies are needed to understand
whether these cells play any role. Experiments are also in
progress to assess the participation of dendritic cells in somatic
transgene immunization.

Integration of the Transgene in the Host DNA. Upon
activation via membrane Ig or mitogens, B lymphocytes go into
a phase of high replicative activity (43). Because foreign
plasmid DNA has greater propensity to integrate in cells that
are actively replicating (44), persistence of the transgene in B
lymphocytes for 3 months prompted us to investigate the
possibility of integration. To this end, we used a PCR approach
in which genomic DNA was first digested with XbaI and
subsequently ligated and amplified. We reasoned that a pat-
tern of multiple molecular size products (smear) would suggest
integration of the transgene, whereas a single band of 15kb
would suggest that the transgene persists in episomal form.
The rationale of the experiment is illustrated in Fig. 4A. Both
genomic DNA extracted from the spleen 4 and 12 wk after
plasmid DNA inoculation gave rise to amplified products of
multiple molecular sizes (a smear). No such a pattern was
observed in the genomic DNA extracted 36 wk after inocula-
tion (Fig. 4B Top Left) consistent with the kinetics of transgene
detection shown in Fig. 2. To ascertain the presence of a
nonintegrated (episomal) form of the transgene in addition to
the integrated one, another PCR amplification was performed
in which an Elongase mix was used to ensure amplification of
large (up to 20 kb) DNA fragments. We reasoned that if
plasmid DNA exists in episomal form, a sharp band of
molecular size corresponding to the reference plasmid DNA
would be seen. As shown in Fig. 4B (Top Right) no sharp band

corresponding to the reference plasmid DNA was observed.
This suggests that at the two time points examined only the
integrated form is present. A hybridization pattern (smear)
similar to the amplified PCR products was seen by Southern
blot analysis (Fig. 4B Bottom). Further experiments are needed
to determine the number of copies of the transgeneycell.

Sequencing the Transgene from Genomic DNA. The immu-
nogenic potential of a transgene-encoded product rely on the
fact that no sense somatic mutation will affect the nucleotide
sequence of the transgene while harbored in vivo. Hypermu-
tation frequently occurs in the VDJ region of Ig, and in
particular in the CDRs, a fact in agreement with the notion
that hypermutation takes place during antigen selection and
affinity maturation of the antibody response (45). Although
the transgene used in this study lacks a transmembrane do-
main, rendering cell-surface anchoring unlikely, experiments
were nevertheless performed to assess the accumulation of
mutations as a result of protracted in vivo persistence in
integrated form. The transgene VDJ region was amplified
from splenic genomic DNA and subcloned and sequenced by
the dideoxy termination method. No evidence of hypermuta-
tion was found in the VDJ region of the transgene even after
3 months in vivo (Table 2).

DISCUSSION

The experiments presented here are the first example of in vivo
gene targeting to a specific cell type, B lymphocytes, to initiate
an immune response. During somatic transgene immunization,
two important prerequisites to immunogenicity, specific re-
cruitment of antigen-producing cells and antigen-presenting
cells, are met and linked operationally within the same cell in
vivo. Our work indicates that targeting a tissue of high repli-
cative activity with a gene possessing tissue-specific regulatory
elements may result in integration. Possibly, integration also
reflects the structural homology existing between the trans-
gene and the host chromosomal DNA. Our finding contrasts,
however, with reports in which plasmid DNA under the control
of viral promoters injected into tissues with low replicative
activity remains episomal (46). As to the persistence of the
transgene in vivo, our experiments are in agreement with the

FIG. 3. Isolation of splenic B and T lymphocytes and detection of the transgene H chain in the purified lymphocyte populations. B and T
lymphocytes from the spleen of DNA-inoculated mice were sorted and purified on a fluorescence-activated cell sorter at the times indicated. Lane
1, fragment amplified with the primers pCLypCD (VDJ); lane 2, fragment amplified with the primers pSEypNAD [(NANP)3]; lane 3, fragment
amplified with the primers pNELypNED (NESTED); lane 4, fragment amplified with the primers pbA1ypbA2 (b-actin).
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observation that in vitro transduced B cells adoptively trans-
ferred into severe combined immunodeficient mice also main-
tained expression of the transgene for 3 months (47). Since
resting long lived B lymphocytes in the mouse have an esti-
mated average life span of 6 wk or more (48–50), it is suggested
that the transgene persists in vivo in these cells until apoptosis
occurs. Interestingly, effects on the immune response such as
immunologic memory against transgene Ig extended long after
(21 months) the detection of the transgene in vivo (unpub-
lished data).

The characteristics of in vivo B cell targeting give a new
perspective to the in vivo use of plasmid DNA. Targeting and
delivery of DNA to B lymphocytes can be used to study the
quantitative and qualitative aspects that render B lymphocytes
and their secreted product immunogenic in vivo in a way that
mimics a physiological mechanism, e.g., secretion of threshold
amounts and no interference by immunological adjuvants or
mitogens. Likewise, this novel approach can be exploited to
identify cell types and dissect cellular networks during the
immune response in vivo. Because of the low amounts of
transgene product secreted and the apparent paucity of B cells
involved (24), somatic transgenic mice can be used as an
alternative to conventional (germ line) Ig transgenic mice
(48–52). In the latter, the transgene is introduced in the zygote
and is present from embryonic life through adult life in the vast
majority of B cells. In contrast, our approach allows one to
specifically target B lymphocytes and express an Ig transgene
at any time during the adult life involving only a discrete
number of B cells. This may lead to new possibilities for
studying immunogenicity versus tolerance in adult immuno-
competent animals.

Perhaps, if one can rule out untoward effects due to
integration of the Ig transgene in B cells, our work could lead
to new strategies for the induction of systemic immunity and
immunologic memory. For instance, somatic transgene immu-
nization can be used to induce immunity in selected circum-
stances against: (i) self idiotypes in patients with nonsecreting
chronic lymphocytic leukemia (53); (ii) Ig genes chimerized
with self-receptors, cytokines, or growth factors (54–57); and
(iii) self or foreign antigen peptides coded in the CDRs of the
transgene (58). It cannot be excluded that a similar approach
may become useful in gene therapy and replacement to achieve
good levels of secretion for a variety of proteins of biological
or pharmacological interest. Before these practical approaches
can be considered, noninvasive methods of gene delivery to
target B lymphocytes need to be explored.
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