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Eukaryotic expression vectors can be delivered to macrophages using attenuated self-destructing 
Listeria monocytogenes. L. monocytogenes cells are preferentially lysed in the host cell macrophage 
cytosol by the production of a P,ctA-dependent Listeria-specific phage lysin. Efficient expression of the 
cloned reporter genes by the macrophages and subsequent antigen presentation were achieved after the 
delivery of eukaryotic expression vectors by the attenuated suicide L. monocytogenes strain. After deliv
ery by L. monocytogenes plasmid DNAs were found to integrate into the macrophage cell's genome at a 
frequency of about 10-'. 
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Vaccination by intramuscular injection of antigen-encoding DNA 
is a promising new approach 1__., but the mechanism(s) by which an 
immune response is accomplished is not fully understood. Bone 
marrow-derived antigen presenting cells (APCs), rather than 
myocytes, seem to induce the immune responses after migration 
to the spleen'. Because of the low numbers of APCs in muscle, pro
tection against infectious agents by intramuscular injection of 
plasmid DNA may only be possible using very potent antigens. 
This makes it desirable to deliver the antigen-encoding DNA 
directly to splenic APCs. 

Recently, attenuated Shigella flexnerf and invasive Escherichia coif 
were used for plasmid delivery in cultured mammalian cells, guinea 
pigs, and mice. We report on the development of Listeria monocyto
genes as a DNA-delivery vehicle. L. monocytogenes is a gram-positive, 
facultative intracellular bacterium. As opposed to gram-negative 
bacteria, L. monocytogenes lacks lipopolysaccharide (LPS) and is also 
able to invade a wider range of mammalian cells, replicating in the 
cytosol'. Because it invades its host through the intestinal mucosal 
surface, L. monocytogenes is a candidate for oral vaccination. Shortly 
after infection, bacteria are found in the spleen where professional 
APCs are abundant. Delivery of plasmid DNA to those cells therefore 
should be significantly enhanced by the use of suitably constructed L. 
monocytogenes. We used attenuated L. monocytogenes cells, which 
undergo self-destruction in the cytosol of infected macrophages by 
the production of a P,",-dependent phage lysin. Lysis results in the 
release of plasmid DNA, which carries different heterologous genes 
under the control of the human cytomegalovirus major immediate
early promoter/enhancer region (PcMvl- After the delivery of the 
eukaryotic expression vectors by the attenuated suicide L. monocyto
genes strain, both efficient expression of the cloned genes by the 
macrophages and antigen presentation were achieved. 

Results 
Attenuation of L. monocytogenes. The attenuated L. monocytogenes 
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mutant strain ~2, which ~as mainly used in this study, is a deriva
tive of the fully virulent wild-type strain L. monocytogenes EGD. The 
mutant, which lacks the entire lecithinase operon consisting of the 
genes mpl, actA, and plcB'(ref. 9), invades host cells and is released 
into the cytosol of the infected cells with efficiencies similar to the 
wild-type strain, but is impaired in intra- and intercellular move
ment (Fig. lA) similar to an actA mutant10 • Furthermore, it appears 
to cause less inflammatory reaction than the wild-type strain or an 
actA mutant' . Infection ofBALB/c mice with the ~2 mutant yields 
an intravenous LD50 that is three orders of magnitude higher than 
that of wild-type L. monocytogenes EGD (i.e., l X 10' bacteria for ~2 
compared with 1 X 10' for EGD). 

The listerial promoter P,a, is activated in the host cell's cytosol. 
The genes actA and plcB of L. monocytogenes are transcribed from 
promoter P "" under the control of the transcription activator PrfA, 
which regulates most of the known virulence genes of L. monocyto
genes'. The promoter P,a, is preferentially activated in the cytosol of 
the infected host cells (data not shown). We inserted the gfp gene 11 

behind P "" into the shuttle vector pLSV16. The wild-type strain 
and the ~2 mutant bacteria carrying the P"'-gfp plasmid did not 
show significant fluorescence when the bacteria were grown in 
brain-heart infusion (BHI) medium (data not shown). Fluorescent 
bacteria were, however, ,observed when the two listeria! strains 
(EGD and the ~2 mutant, carrying P "'-gfp) were used to infect the 
macrophage-like cell line P388D1 (Fig. lA). Under these conditions 
fluorescence of the bacteria was observed approximately 3 h postin
fection (p.i.), i.e., at a time when most intracellular listeriae are 
localized in the host cell's cytosol1°. Fluorescence remained at a high 
level for at least 10 h. As expected, the wild-type bacteria spread 
into neighboring cells 6 h p.i.", whereas the ~2 mutant accumulat
ed as microcolonies within the infected cells. 

Intracellular self-destruction of L. monocytogenes. The lysis pro
tein PLYl 18 is a late gene product of the Listeria bacteriophage All8 
necessary for the release of progeny phage. PLY118 is a cell 
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Figure 1. Expression of the cDNA for 
gfp and the p/y118-gene under the 
control of the actA-promoter of L. 
monocytogenes in bacteria during 
infection of macrophages. (A) GFP
expressing listeriae (EGO or ii2 
carrying P,..-gfp) in infected P388D, 
macrophages after infection in 
complete medium at an MOI of 10:1. 
At different time intervals the 
fluorescent bacteria were analyzed 
microscopically. (B and C) 
Inactivation of L. monocytogenes 
mutant ii2 in the cytosol of infected 
macrophages by intracellular 
expression of p/y118 under control of 
P • .,... Macrophage cell lines (B) 
J774A.1 and (C) P388D, were infected 
with ~2(p3L118) and ~2(pcDNA3L) at 
an MOI of 1:1 (-2.5 x 10' macrophages 
per well). Combined viable bacterial 
counts from three independent 
experiments are shown. 
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Figure 2. Expression of GFP in macrophages using L 
monocytogenes-mediated plasmid DNA delivery. P388D, cells were 
infected with L. monocytogenes mutant ii2 carrying plasmids 
p3LGFP118; p3LGFP, in the presence or absence of penicillin and 
streptomycin (P/S), and the control plasmid pcDNA3L. One million 
macrophages per flask were infected with bacteria at an MOI of 50:1. 
Cells expressing GFP were determined by fluorescence microscopy 
of at least 5 x 10' cells per flask at each time point. Combined data of 
two replicate experiments are shown. 

wall-hydrolyzing enzyme specific for Listeria". To cause self destruc
tion of L. monocytogenes within host cells, the gene ply 118 ( encoding 
PLY! 18) was cloned downstream of the actA promoter and inserted 
into plasmid pcDNA3L to yield p3Ll 18. As expected, the ii2 mutant 
carrying the plasmid p3Ll 18 was not affected when the bacteria 
were grown in BHI. Rapid lysis of the bacteria occurred, however, in 
the cytosol of infected J774A.l and P388D, macrophages (Fig. 1B 
and C). The control strain carrying pcDNA3L multiplied for 24 h in 
the cytosol ofJ774A.l cells and for only 6 h in P388D, cells. The rea
son for the observed decrease in the number of viable bacteria in 
P388D, cells between 6 hand 24 h p.i. is presently unknown. A pos
sible explanation may be a higher bactericidal activity of the P388D, 
macrophages compared with J774A.l and/or an enhanced lysis of 
the infected P388D, cells and the subsequent killing of the released 
extracellular bacteria in the gentamicin-containing medium, an 
effect that also has been observed by others when macrophage cells 
were infected with actA or plcB mutants"·". The difference in the 
intracellular growth rate between Listeria carrying p3Ll 18 and 
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Figure 3. Detection of GFP-expression in P388D, cells after infection 
with ~2(p3LGFP118). (A) Fluorescence microscopic image and (B) 
light microscopic image of the same field are shown 48 h p.i. Arrows 
indicate positions of fluorescing cells. (C-EJ P388D, cells 72 h p.i. (C 
and D) Images from fluorescence microscopy. (El Image from 
combined light and fluorescence microscopy. 

those carrying pcDNA3L appears 2 h p.i., when the bacteria are pre
dominantly in the host cell 's cytosol, the compartment where P,a, is 
activated, allowing the synthesis of the lysin. The difference in viable 
bacterial counts between L'12(p3Ll 18) and L'12(pcDNA3L) is about 
one log order of magnitude in both macrophage cell lines after 6 h of 
intracellular growth. This difference increases to more than two 
orders of magnitude in J774A.l 24 h p.i., indicating an efficient 
cytosol-activated production oflysin resulting in self-destruction of 
the p3Ll 18-carrying bacteria. 
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Figure 4. CAT-expression in P388D, cells infected with L 
monocytogenes strain J.2 harboring plasmids p3LCAT118 D, 
p3LCAT (with • and without ill addition of penicillin and 
streptomycin) and control plasmid pcDNA3L • Combined CAT
activities of two replicate experiments are shown. 
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Figure 5. Presentation of the OVA-epitope (257-264) after delivery by 
.i2(p3LOVA118). MHC class I presentation of the OVA (257-264) H2-
K'-epltope of ovalbumin was determined by interleukin-2 (IL-2) 
secretion of OVA-specific RF33. 70 T-T hybridoma cells. Secreted IL-
2 was quantified by 'H-thymldlne incorporation of IL-2-dependent 
CTLLcells. 

Plasmid-delivery by L. monocytogenes. We reasoned that 
PLY 118-mediated cytosolic lysis of L. monocytogenes should lead to 
efficient release of DNA into the cytosol of the macrophages. 
Plasmid-borne genes under the control of Pc,., could then be 
expressed in the infected host cells. Plasmids p3LGFP118, 
p3LCATI 18, and p3LOVA118, which carry either gfp (encoding 
humanized GFP"), cat (encoding chloramphenicol acetyl trans
ferase [ CATI), or part of the ova gene (encoding the T cell-reactive 
H-2K• epitope [OVA 257-264], from chicken ovalbumin") under 
the control of PcMv on an otherwise identical vector plasmid, were 
constructed. Strains containing similar plasmids without ply118 
(p3LGFP, p3LCAT, and p3LOVA) were used as controls. The func
tional integrity of the plasmids was tested by the transient transfec
tion of L929 cells with p3LGFPl 18, p3LGFP, p3LCATI 18, and 
p3LCAT. We found that P388D, macrophages exhibited consistent
ly higher levels of GFP- and CAT-expression than J774A. l cells 
upon transfection. Therefore, we used the P388D, cell line for all 
subsequent experiments. 

P388D, macrophages were infected with L. monocytogenes 
mutant ~2 (Fig. 2) carrying the plasmids p3LGFP118, p3LGFP, and 
pcDNA3L, respectively, at a multiplicity of infection (MO[) of 50: I. 
One hour p.i. most of the macrophages contained one bacterium 
per host cell on average. The number of intracellular bacteria that 
carried the plasmid without ply 118 increased with time, whereas 
that of bacteria carrying the plasmid with P.,,..-plyllB remained at 
the initial level in the infected macrophages. The effect of the lysin 
on bacterial killing in the infected macrophages was significant 
(>90% of the bacteria were killed 6 h p.i.), but did not reach the 
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Figure 6. Analysis of Integration of plasmid p3LCAT Into the genome 
of P388D, macrophages by nucleic acid hybridization. (A) Analysis by 
digestion of genomic DNA with Srfl, pulse field gel electrophoresis. 
(B) Southern blot analysis with a "P-labeled p3LCAT probe. lanes 
1--3: DNA of three independently obtained G418-resistant P388D,
clones; lane 4: DNA of uninfected P388D,-cells (10 µg/lane); lane 5: 
purified plasmid p3LCAT (0.1 ng); all treated with Srfl. (C) Southern 
blot analysis of DNA from three independently obtained G418-
resistant P388D,-clones with a "P-labeled p3LCAT probe. lanes 1--3: 
DNA of three G418-resistant P388D,-clones; lane 4: DNA of 
uninfected P388D,-cells (10 µg/lane); lane 5: purified plasmid p3LCAT 
(0.1 ng), all digested with Pstl. 

level attained by treatment with the antibiotics penicillin and strep
tomycin (which killed >99% of the bacteria within 6 h p.i.). About 
0.03% of the macrophages infected with ~2(p3LGFP118) showed 
GFP-expression between 24 to 48 h p.i. The fluorescence in the 
GFP-expressing macrophages was distributed over the entire 
cytosol (Fig. 3) and not concentrated in the bacteria as observed 
when GFP was expressed under the control of P "" (Fig. IA). This 
finding indicates that the plasmid was transferred to the 
macrophages via the bacteria and that GFP was indeed expressed by 
the host cells. Infection with strain ~2(p3LGFP) resulted in GFP
expression in about 0.001 % of the macrophages while infection 
with the control strain ~2(pcDNA3L) did not show expression. 
Hence, efficient delivery of plasmid DNA into the cytosol of host 
cells by L. rnonocytogenes is stimulated by self-destruction of the 
bacteria by expression of PLY! 18 in the host's cytosol. Beside the 
advantages of avoiding the use of antibiotics, lysin-mediated plas
mid release seems to be an efficient method comparable to elimi
nating the bacteria by antibiotic treatment. We found that about 
0.01 % of the macrophages infected with mutant ~2(p3LGFP) 
expressed GFP after treatment with penicillin and streptomycin. In 
this experiment, most of the macrophages again contained on aver
age one bacterium per host cell 1 h p.i. When the wild-type strain 
EGD was used in similar experiments for the delivery of plasmid 
p3LGFP 118, the frequency of successful plasmid transfer was even 
higher (i.e., >0.2% of macrophages expressed GFP; data not 
shown). Extracellular addition of the plasmids p3LGFP118 or 
p3LGFP to IX 10' P388D, macrophages does not lead to GFP
expressing transfectants, demonstrating the transfection efficiency 
of the listeria) delivery system. 

Macrophages expressing GFP after plasmid-delivery by mutant 
~2(p3LGFP) are able to proliferate (Fig. 3C-E) and can be isolated 
by fluorescence-activated cell sorting (FACS) followed by culturing 
in fresh media. We observed a gradual loss of fluorescence with pro
longed culture time, which was not altered by addition of cyclohex-
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imide or proteasome inhibitors, suggesting that the relatively low 
percentage of GFP-expressing macrophages is not due to a high 
instability of GFP in these cells. 

P388D1 macrophages were infected with mutant d2 carrying dif
ferent CAT-expression vectors at an MO I of 50: 1, leading to infection 
of most host cells with one bacterium per host cell on average. CAT
activities peaked at 48 h p.i., and lysis of the bacteria by expression of 
PLYl 18 led to the most efficient CAT-expression (Fig. 4). 

Antigen-presentation after L. monocytogenes-mediated plasmid
delivery. To test the efficiency of antigen presentation by 
macrophages after delivery of the antigen-encoding plasmid by liste
riae, we used the d2 mutant carrying the plasmid p3WVA118. This 
plasmid contains part of the ova gene encoding the H-2K' epitope 
(OVA 257-264) from chicken ovalbumin1'. Efficient presentation of 
this epitope in the context of major histocompatibility (MHC) class I 
occurred in bone marrow-derived macrophages because the OVA
specific T-cell hybridoma RF33.70 (ref. 16) recognized macrophages 
infected with d2(p3LOVA118), but not macrophages infected with 
d2(pcDNA3L) (Fig. 5). 

Integration of plasmid molecules in the genome of macrophage 
cells. One major problem arising from DNA-vaccination is the possi
ble integration of plasmid DNA into the host genome. To investigate 
this question, we took advantage of the neomycin phosphotrans
ferase II gene ( neo) carried on the vector pcDNA3, which was part of 
each vector construct. Infection of P388D1 cells with d2(p3LCAT) at 
an MOI of 50:1 leads to the infection of most of the host cells. 
Selection on G418 resulted in resistant macrophage clones, which 
were maintained under selective conditions for over 12 weeks. In all 
clones plasmid p3LCAT was detected in macrophage chromosomal 
DNA by Southern blot hybridization with radioactively labeled 
p3LCAT; while no such sequences were present in the chromosomal 
DNA of uninfected P388D1 cells. When the total DNAs of three dif
ferent clones were cleaved with Srfl (which does not cleave vector 
p3LCAT) and the fragments were separated by pulse-field gel elec
trophoresis (Fig. 6A), a single, large-sized fragment (always larger 
than 1 Mbp) hybridizing with the probe was detected in each case 
(Fig. 6B). Free purified vector DNA showed two bands (probably 
supercoiled and open circular form) of higher mobility under these 
conditions. Each of the three analyzed clones exhibited a different 
intensity in the "plasmid-hybridizing" large DNA-fragment, suggest
ing different multiple copies of the plasmid DNA incorporated into 
the host's genome. Analysis of the genomic DNAs after cleavage with 
Pstl, which cleaves the plasmid DNA into two fragments (Fig. 6C), 
resulted in the same two fragments, exhibiting the same hybridiza
tion intensities as the uncleaved large chromosomal fragments 
resulting from the Srfl-digestion. This finding strongly suggests that 
multiple plasmid copies are integrated into the host cell genome in 
tandem arrangement. The flanking sequences resulting from Pstl
digestion could not be detected, probably due to their single copy 
number. The rate of integration in P388D1 macrophages was about 
10-', as calculated by three independent experiments in which 
macrophage cells were initially infected at a rate of about one bacteri
um per cell. These data show that plasmid DNA of the type com
monly used in DNA vaccination may well integrate into the genome 
of transfected host cells. 

Discussion 
The use of an attenuated strain of L. monocytogenes as a plasmid 
DNA delivery system is a new approach to the original DNA vaccina
tion strategy1-' and to the recently described alternatives'·'. The atten
uated L. monocytogenes carrier strain (devoid ofLPS and other high
ly toxic materials) can be given orally. It interacts with the intestinal 
mucosa at an early stage and may subsequently introduce the plas
mids directly into phagocytic host cells, mainly professional APCs in 
the spleen. The efficiency of the release of plasmid DNA into the host 
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cell's cytosol is enhanced by the expression of the Listeria-specific 
lysin under the control of the intracellularly activated actA-promoter, 
resulting in self-destruction of the bacteria. This procedure avoids 
the use of antibiotics and is superior to antibiotic-treatment-based 
release of the plasmid DNA. There may be two reasons for the differ
ence in the observed numbers of infected macrophage cells and those 
expressing GFP: (1) only some of the attenuated bacteria infecting 
the host cells survive the antimicrobial milieu inside the phagosome 
and are able to escape into the host cell cytosol1', whereas the others 
are totally digested, including the plasmid DNA; and (2) not all liste
riae being taken up reach the host cell cytosol as an intact viable enti
ty, but the plasmid DNA is still released into this compartment. This 
may be reflected by the observation that the attenuated d2 mutant 
strain is able to deliver plasmid DNA without PLY118-mediated 
autolysis, albeit with lower efficiency (Fig. 2 and 4). The released 
plasmid molecules may be subject to degradation during bacterial 
lysis or by host-cell nucleases. Apart from enhancement of plasmid 
release, the coexpression of the lysin adds to the safety of the attenu
ated L. monocytogenes mutant d2 by considerably lowering the num
ber of viable bacteria. 

Among the safety problems that may arise as a result of DNA vac
cination, the integration of the applied plasmid DNA into the host 
cell's chromosomes is of major concern1.2•1'·1'. No integration was 
observed when plasmid DNA was injected into mouse muscle tissue 
even though this DNA had persisted for more than 19 months'°. Two 
different studies indicate, however, a possible integration ofheterolo
gous DNA into the host cell's genome when plasmid DNA was deliv
ered to cultured mammalian cells by E. coli' or when M 13mp 18 DNA 
was ingested orally by mice'1. The data reported here show that the 
plasmid p3LCAT, which is a derivative of the eukaryotic expression 
vector pcDNA3 commonly used for DNA vaccination, is able to inte
grate into the genome of the macrophage cell line P388D, at a fre
quency of about 10-'. This unexpectedly high frequency of plasmid 
integration may be due to the high plasmid copy number delivered to 
most of the infected cells and may not generally hold true for all DNA 
vaccination strategies. It indicates, however, that integration of such 
plasmids may occur, which might create problems in the application 
of DNA-vaccines. On the other hand, intramuscular immunization 
with DNA encoding strong antigens seems to lead to destruction of 
most of the antigen-expressing myofibers due to a CDS+ T-cell 
response against the antigen22 • The delivery of the plasmid DNA by 
the attenuated L. monocytogenes strain may even increase this effect 
as phagocytic and nonphagocytic cells of the vaccinated host which 
are infected by L. monocytogenes, will evoke a strong cytotoxic T lym
phocyte response due to the presence oflisterial p60 and listeriolysin 
in these cells"·". Both proteins have been shown to contain immun
odominant T-cell epitopes that are presented in the context ofMHC 
class I. Therefore, host cells infected by L. monocytogenes, including 
those with integrated plasmid sequences, finally should be eradicated 
by the cellular immune system, thereby reducing the risk possibly 
associated with genomic plasmid integration. 

Experimental protocol 
Bacterial strains. Deletion mutant Ll.2 of wild-type L. monocytogenes strain 
EGD Svl/2a Jacks the genes mpl, actA, and plcB'. Plasmids used are described in 
Table 1. 

Mammalian cell culture and infection. The macrophage-like cell lines 
P388D, and J774A.1 were cultured in RPM! 1640 medium (Gibco BRL, Paisley, 
UK) supplemented with 10% heat-inactivated FCS (Gibco) and 2 mM L-gluta
mine (Gibco) , referred to as complete medium, at 37°C in a humified 5% CO, 
atmosphere. Macrophage cells were infected with logarithmically growing bac
teria. After incubation for 60 min, extracellular bacteria were removed by wash
ing the cultured cells three times with PBS. For selective removal of extracellular 
bacteria, the infected macrophages were routinely cultured in the presence of 10 
µg/ml gentamicin. To some infections, penicillin ( 100 JU/ml) and strepto
mycin (100 µg/ml) (PIS; Gibco) were added from 2 h p.i. onwards to lyse 
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Table 1. Plasmids. 

Vector Backbone Resistance Transcription 
marker units 

P~-gfp pLSV16 (ref. 25) tet P .... -gfp 
pcDNA3L pcDNA3 (lnvitrogen), tet P,v.,-neo 

L. monocytogenes ori 
p3L118 pcDNA3L tet P«,,-p/y118 
p3LGFP118 pcDNA3L tet P,.,,.-p/y118, Pc,,,,-gfp 
p3LCAT118 pcDNA3L tet P «,..-ply118, P=·cat 
p3LOVA118 pcDNA3L tet P.,,-ply118, Pc,,,,·0V8 
p3LGFP pcDNA3L tet P=·gfp, Psv.,·neo 
p3LCAT pcDNA3L tet P=-cat, P.,.,-neo 
p3LOVA pcDNA3L tet Pc.,-ova, P.,,.,-neo 

intracellular bacteria. During long-term infections, media were changed 
every 24 h. 

Determination of viable bacterial counts. Infections were done in com
plete medium containing 10 µg/ml tetracycline (Sigma, St. Louis, MO). 
Macrophage cells were incubated for 60 min, washed three times with PBS, 
and cultured in complete medium supplemented with 10 µg/ml gentamicin 
(Boehringer Mannheim, Mannheim, Germany) and 10 µg/ml tetracycline. 
Macrophages were lysed as indicated and viable bacterial counts determined 
by plating serial dilutions on BHl-agar. 

Transfection of mammalian cells. Transfections were done with the 
Transfection MBS Mammalian Transfection Kit (Stratagene, La Jolla, CA), in 
accordance with the manufacturer's instructions. Cells were assayed 48 h post
transfection for GFP- or CAT-activity, respectively. 

Cell sorting. Macrophages expressing GFP were sorted with an Epics Elite 
ESP cell sorter (Coulter, Krefeld, Germany). GFP-fluorescence was analyzed 
using a 515- to 535-nm bandpass filter and excitation with the 488-nm line of 
an Argon laser. Cells sorted as positive had a more than 25-fold increase in flu
orescence. 

Determination of CAT-activity. Cells were harvested and CAT-activities of 
cell lysates containing I 00 µg of total protein were determined in accordance 
with the manufacturer's instruction (lnvitrogen, Carlsbad, CA). Protein con
centrations had been measured with the Bradford assay (Bio-Rad, Hercules, 
CA). Purchased CAT-enzyme (Boehringer) was used for generation of a stan
dardization curve for the activity of pure enzyme. 

Proliferation assay of OVA-specific T-cells. Bacteria were added to adherent 
C57Bl./6-derived bone marrow macrophages ( 10' per well), which were previ
ously cultured in Dulbecco's modified Eagle's medium (DMEM including 10% 
FCS, 2 mM L-glutamine, 1 mM sodium pyruvate) containing 500 U/ml inter
feron gamma and 10 µg/ml tetracycline for 24 h. After phagocytosis for 1 h, 50 
µg/ml gentamicin was added and the infected macrophages were incubated at 
37°C in the presence of 10% CO, for 24 h. The cells were washed three times 
and fixed in 1% paraformaldehyde in PBS. RF33.70T-T hybridoma cells specif
ic for OVA (257-264)-K' (10' per well) were then added in RPM! 1640 supple
mented with 10% FCS, 2 mM L-glutamine and 50 µg/ml gentamicin for 24 h. 
The amount of secreted interleukin-2 (11.-2) after 48 h was quantified by 'H
thymidine incorporation of!L-2--<lependent CTLL cells as described". 

Analysis of plasmid integration into macrophage genomic DNA. 
Macrophage cells were infected with ~2(p3LCAT) at an MO! of 50: I. Medium 
was supplemented with gentamicin ( 10 µg/ml), tetracycline ( 10 µg/ml) , peni
cillin ( 100 IU/ml), and streptomycin ( 100 µg/ml) 2 h p.i., and with G418 (600 
µg/ml; Gibco) on day 5. The macrophage cells were maintained with daily 
changes of media, until colonies resistant to G4 I 8 were detected and harvested 
individually. The clones were grown to confluency under selective conditions. 
On day 90 p.i., inserted plasmid p3LCAT was assayed by nucleic acid hybridiza
tion after pulse-field gel electrophoresis or agarosc gel electrophoresis. 
Macrophage cells were embedded in agarose and treated with Proteinase K 
(Merck, Darmstadt, Germany). Subsequently, DNA was digested with Srfl, sep
arated by pulse-field gel electrophoresis, transferred to Hybond N membrane 
and hybridized to BamHI-linearized, "P-labeled p3LCAT vector. Alternatively, 
genomic DNA was isolated, digested with Pstl, separated by agarose gel elec
trophoresis, and blotted and hybridized to BamHl-linearized, "P-labeled 
p3LCAT vector. 
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