
Vettori Cromosomali 



        the features of an ideal vector for gene delovery 

•  low invasivness 
 
•  target selectivity 
 
• low immunogenicity 
 
• high cargo capacity 

•  high stability 
 
•  proper ploidy 

•  feasible DNA technology 
 
•  low size 

artificial chromosomes may 
fulfil this requirements 



high cloning capacity vectors 

genomic library construction  

the clones may be used for sequencing and 
genome assembly or for functiona studies 

artificial chromosomes with therapeutic loci 

assembly of human/mammalian artificial 
chromosomes 

gene/cell therapy application 

genomic DNA, partially digested with 
restriction enzymes, or cut with rare cutting 
enzymes, is cloned. 



vectors                                                              insert size 

Plasmids                                                                        0-10 Kb 

Cosmids                                                                         30-45 Kb 

PAC (P1 artificial chromosome)                                   130-150 Kb 

BAC (bacterial artificial chromosome)                           50-300 Kb 

YAC  (yeast artificial chromosome)                                 0,2-2 Mb 

M/HAC (mammalian/human artificial chromosome)          >1 Mb     

GCV vectors 
(Genomic Context 
Vector) 



Struttura del batteriofago P1  (Bertani 1951) 

.  

(fago temperato) (Sternberg 1990) 

PAC (P1-DERIVED ARTIFICIAL CHROMOSOME) 

 P1 è un batteriofago temperato che è stato utilizzato per l’analisi genetica di E. coli 
 grazie alla sua capacità di effettuare la trasduzione generalizzata 



le frecce blu indicano i siti LoxP 
la distanza tra due siti loxP è di 90 kb 
 
 
la X indica il taglio per l’impacchettamento 

“PACKAGING” DI P1 (meccanismo a testa piena) 

sito pac  

loxP loxP loxP loxP loxP 

•  poichè la dimensione del genoma di P1 è di circa 90 kb, mentre la capacità della testa è di circa 100kb, 
  il DNA all’interno di ciascuna particella è terminalmente ridondante. 
•  poiché il sito di taglio si muove progressivamente lungo il genoma virale, la popolazione di molecole  
  incapsidate è circolarmente permutata e può contenere due siti loxP. 
• quando il fago infetta la cellula, il DNA iniettato circolarizza mediante: 1) ricombinazione omologa tra le estremità 
ripetute; Cre/LoxP nei genomi che contengo due siti loxP. 

l’impacchettamento avviene a partire da concatenameri ed inizia da un sito pac 
successivamente si impacchettano N particelle (< 10) con il meccanismo a testa piena 



Ciclo lisogenico 

Stato fisiologico 
della cellula 

(le funzioni litiche sono   represse da cI ) 

P1 lisogenico: si replica come plasmide a singola copia attraverso il replicone R (oriR, RepA, regione di controllo e geni par) 

P1 litico: replicazione del DNA guidata da replicone L (oriL); replicazione rolling circle 

Ciclo vitale del batteriofago P1 

STATO LISOGENICO        
 
 
Diminuisce C1 (repressore di P1) 
 
STATO LITICO 

5’ 

Replicazione theta 

5’ 

Progenie virale 
Lisi della cellula ospite 
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•  2 siti di ricombinazione loxP riconosciuti dalla ricombinasi Cre 
•  sito pac (162 bp) necessario per l’impaccamento delle molecole ricombinanti nelle particelle virali 
•  frammento “stuffer” di 11 kb di DNA di adenovirus (per riempire la testa fagica) 
•  gene Kan 
•  replicone P1 plasmidico             basso numero di copie 
•  replicone P1 litico              elevato numero di copie (sotto il promotore lac) 
•  sacB  che codifica per la levan sucrasi, enzima che catalizza l’idrolisi del saccarosio. Quando espresso 
in E. coli, l’enzima SacB genera levano, che si accumula nello spazio periplasmatico, con effetti                               
letali per la cellula  

Vettore utilizzato 
principalmente per la 
costruzione di librerie 
genomiche  

stuffer DNA 

il vettore PAC pAD10SacBII 
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Il clonaggio di un frammento all’interno di SacB ne elimina la funzione e rende le cellule vitali in terreno 
contenete saccarosio. 

Vettore utilizzato 
principalmente per la 
costruzione di librerie 
genomiche  

LB                                LB Kan              LB Kan Sacc 

stuffer DNA 

replica plating 
le colonie che crescono in 
questo terreno avranno 
l’inserto 



PAC vectors as big plasmids 



P1 Derived Artificial Chromosome (PACs) 

PAC circolari ricombinanti generati mediante ligasi in vitro sono introdotti in E.coli mediante 
 elettroporazione e sono mantenuti stabilmente come plasmidi a singola copia (Replicone R) 

130-150 kb di inserto 

pCYPAC-2 deriva da pAD10SacBII 
per eliminazione del frammento 
stuffer ed inserzione di un frammento 
pUC 

qualora lo si desideri, ad esempio della preparazione del vettore PAC, è possibile aumentare il 
numero di copie mediante attivazione dell’ori litica che è sotto il promotore Gal e può essere 
indotta utilizzando l’induttore gratuito IPTG 



PAC: main application 
 

cloning vectors for genomic libraries 



Vettori sintetici basati sul fattore F della fertilità di E.coli 
 
 
Plasmide F caratteristiche principali: 
 
•  Coniugazione batterica 
 
•  Dimensioni di 100Kb (60 proteine per la replicazione, ripartizione e coniugazione) 
 
•  DNA circolare (1 copia per cellula) 
 
•  Si può integrare in almeno 30 siti del cromosoma di E.coli  
 
•  Elevata capacità di clonaggio 
 
 
PRIMO VETTORE BAC SVILUPPATO NEL 1992 DA SIMON ET AL. (PNAS) 
 

BAC (BACTERIAL ARTIFICIAL CHROMOSOME) 



Elementi strutturali 
 
•  Geni regolatori derivati dal fattore F di E.coli 
    oriS, repE: consentono replicazione unidirezionale 
    parA, parB: mantenimento ad una copia per cellula 
•  CM: resistenza al cloramfenicolo 
•  CosN: sito di restrizione, tagliato dalla terminasi  
   del fagoλ	


•  LoxP: sito di ricombinazione riconosciuto dalla  
    ricombinasi Cre 
 
 
Proprietà  

•  elevata capacità di clonaggio (fino a 300 kb) 

•  elevata stabilità  
•  basso numero di copie (1-2 per cellula)  
•  facilmente manipolabili 
•  possono essere introdotti nelle cellule batteriche mediante elettroporazione, evitando così il ricorso a  
  procedure di impaccamento in vitro  
•  vettori di base per il sequenziamento dei genomi 

pBAC108L 



pBeloBac11: BAC con marcatore di selezione gene lacZ 
 

lacZ 

MCS 

L’inserto interrompe il gene lacZ: selezione su X-gal  
Colonie bianche e colonie blu 

Cm 

oriF 

pBeloBAC11 è stato ottenuto rimpiazzando il frammento contenente il sito di clonaggio 
con il gene lacZ (Kim et al., 1996). 
Una ulteriore modificazione proposta è stata la sostituzione di lacZ con il gene sacB  
(selezione positiva dei cloni con inserto) (Hamilton et al., 1996) 

I BAC possono essere introdotti nelle cellule superiori mediante lipofezione 



Bac contig: an example of chr 22 BAC contig map 



Bactofection 



Stages in the intracellular life cycle of L. monocytogenes 
 

1. In epithelial cells L. monocytogenes Internalin A protein interacts with host cell E-cadherin. 2. This promotes internalisation of the 
pathogen into the target cell. 3. The bacterium is then found within the host cell phagosome. 4. Lysis of the phagosome through 
bacterial production of LLO and PlcA releases L. monocytogenes into the host cell cytoplasm. 5. Growth occurs through 
metabolism of host cell hexose phosphates. Production of ActA at a single pole of the bacterial cell results in polymerization of host 
actin filaments which facilitate bacterial movement through the cytoplasm. 6. The pathogen can promote protrusions in the host cell 
surface which are engulfed by neighbouring cells. 7. L. monocytogenes can invade adjacent cells and is found engulfed within a 
double-membrane-bound phagosome. 8. Lysis of the phagosome through production of bacterial PlcB. 

Listeria monocytogenes as a Vector for Anti-Cancer Therapies Current Gene Therapy, 2010, Vol. 10, No. 1    47 

cells and can subsequently invade adjacent cells without an 
extracellular stage [17] (Fig. 1). Expression of all of these 
virulence factors is coordinated by the transcriptional regula-
tor PrfA [17]. 
 A number of pathogens including Rickettsia and Shigella 
spp share common features of cellular pathogenesis with L. 
monocytogenes [18]. However, it is clear that the biology of 
the organism and the cycle of cellular infection by L. mono-
cytogenes make this pathogen an attractive potential platform 
for delivery of therapeutics. As a Gram-positive organism, L. 
monocytogenes does not express lipopolysaccharide (LPS) 
endotoxin although less inflammatory pathogen-associated 
molecular patterns (PAMPs) are present [13]. In addition, the 
immune response to the pathogen has been very well charac-
terized and numerous approaches have been utilized to de-
velop attenuated strains of L. monocytogenes which retain 
immunogenicity in the absence of host damage. In particular, 
the mechanisms of cellular pathogenesis are well suited to 
the exploitation of the bacterium for delivery of therapeutics. 

The bacterium enters the cytoplasmic compartment and 
thereby accesses the MHC Class I pathway for stimulation of 
CD8+ T cell-mediated immunity in nucleated somatic cells 
[19]. The cytoplasm is also an ideal location for the delivery 
of cytotoxic proteins or DNA/RNA to the host cell. Indeed 
the bacterium is arguably better placed for therapeutic deliv-
ery than either Salmonella or E. coli-based vectors which 
remain trapped in the phagosomal compartment [20]. Fi-
nally, an ability to spread from cell-to-cell within the tumour 
mass may prove to be significant as this permits vector am-
plification and spread prior to DNA, RNA or protein deliv-
ery [21]. 

OVERVIEW OF THE LISTERIA-INDUCED IMMUNE 
RESPONSE 

 In mice L. monocytogenes initially resides within the 
resident macrophages of the spleen and liver and liver 
Kupffer cells are capable of limiting initial growth of the 
pathogen [13, 24]. However, some infected macrophages are 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (1). Stages in the intracellular life cycle of L. monocytogenes. 
1. L. monocytogenes interacts with specific ligands on host cells (reviewed in [22] and [17]). In epithelial cells L. monocytogenes Internalin 
A protein interacts with host cell E-cadherin. 2. This promotes internalisation of the pathogen into the target cell. 3. The bacterium is then 
found within the host cell phagosome. 4. Lysis of the phagosome through bacterial production of LLO and PlcA releases L. monocytogenes 
into the host cell cytoplasm. 5. Growth occurs through metabolism of host cell hexose phosphates. Production of ActA at a single pole of the 
bacterial cell results in polymerization of host actin filaments which facilitate bacterial movement through the cytoplasm (reviewed in [23]). 
6. The pathogen can promote protrusions in the host cell surface which are engulfed by neighbouring cells. 7. L. monocytogenes can invade 
adjacent cells and is found engulfed within a double-membrane-bound phagosome. 8. Lysis of the phagosome through production of bacte-
rial PlcB. 

utilizzare la capacità dei batteri di entrare all’interno delle 
cellule e di fuoriuscire dal fagolisosoma  

4. Lysis of the phagosome through 
bacterial production of LLO and PlcA 
releases L. monocytogenes into the host 
cell cytoplasm 
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Batteriofezione 

E. coli DH10B può essere ingegnerizzato per trasferire DNA in cellule di mammifero: 
 
•  delezione del gene asd  (aspartato β-semialdeide) converte E. coli DH10B in un ceppo DAP 
(diaminopimelato) auxotrofo, che lisa in seguito all’ingresso nelle cellule di mammifero a causa della 
sintesi alterata della parete cellulare 
 
•  Trasformazione del ceppo E. coli asd- con plasmide che contiene il gene dell’invasina di Yersinia 
pseudotubercolisis, pGB2Ωinv,  (conferisce a E. coli la capacità di invadere cellule non fagocitiche grazie 
al legame con i recettori integrinici β1)  
• Trasformazione del ceppo E. coli asd con il locus hly di Listeria monocytogenes ( produce la listeriolisina 
O che conferisce al batterio la capacità di lisare il fagolisosoma e di liberarsi nel citoplasma).  

Trasferimento di DNA ad alto peso molecolare (BAC) in cellule di mammifero 



È stato utilizzato un ceppo di E. coli DH10B asd- , reso invasivo mediante trasformazione con il 
plasmide pGB2Ωinv, per mediare il trasferimento in cellule Hela di un BAC di 200 kb contenente 
l’intero gene umano dell’uroporfirinogeno III sintetasi (BAC hgUroS-1-GFPneo), come dimostrato 
dall’espressione della EGFP dopo 48 h dalla trasfezione.	





FACS 

Aumento di 23 volte 

Aumento di 15 volte 
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Bacteria-mediated gene transfer (‘bactofection’) has
emerged as an alternative approach for genetic vaccination
and gene therapy. Here, we assessed bactofection of airway
epithelial cells in vitro and in vivo using an attenuated
Escherichia coli genetically engineered to invade non-
phagocytic cells. Invasive E. coli expressing green fluores-
cent protein (GFP) under the control of a prokaryotic
promoter was efficiently taken up into the cytoplasm of cystic
fibrosis tracheal epithelial (CFTE29o!) cells and led to dose-
related reporter gene expression. In vivo experiments
showed that following nasal instillation the vast majority of
GFP-positive bacteria pooled in the alveoli. Further, bacto-
fection was assessed in vivo. Mice receiving 5" 108 E. coli
carrying pCIKLux, in which luciferase (lux) expression is
under control of the eukaryotic cytomegalovirus (CMV)
promoter, showed a significant increase (Po0.01) in lux

activity in lung homogenates compared to untransfected
mice. Surprisingly, similar level of lux activity was observed
for the non-invasive control strain indicating that the
eukaryotic CMV promoter might be active in E. coli. Insertion
of prokaryotic transcription termination sequences into
pCIKLux significantly reduced prokaryotic expression from
the CMV promoter allowing bactofection to be detected in
vitro and in vivo. However, bacteria-mediated gene transfer
leads to a significantly lower lux expression than cationic lipid
GL67-mediated gene transfer. In conclusion, although proof-
of-principle for lung bactofection has been demonstrated,
levels were low and further modification to the bacterial
vector, vector administration and the plasmids will be
required.
Gene Therapy (2008) 15, 434–442; doi:10.1038/sj.gt.3303090;
published online 24 January 2008
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Introduction

Gene therapy is currently being evaluated for a wide
range of acute and chronic lung diseases, including acute
respiratory distress syndrome, cancer, asthma, emphy-
sema and cystic fibrosis (CF).1 Since the cloning of the CF
transmembrane conductance regulator (CFTR) gene,
we and others have carried out more than 20 gene
therapy trials, using a variety of viral and non-viral gene
transfer agents (GTAs).2 Most have demonstrated proof-
of-principle for lung gene transfer and, in some cases
have shown partial correction of the chloride transport
defect.3,4 However, efficient gene transfer into airway
epithelial cells, the target for CF gene therapy, has proven
difficult and further optimization of existing GTAs and
the development of novel GTAs are underway.

Over the last decade, delivery of plasmid DNA into
mammalian cells using virulence-attenuated bacteria has

emerged as an alternative approach for genetic vaccina-
tion and gene therapy. The term ‘bactofection’ has been
applied to describe bacteria-mediated gene transfer into
mammalian cells. Several studies have recently shown
that bactofection is feasible both in vitro and in vivo using
a broad range of intracellular bacteria, such as Shigella
flexneri,5,6 Salmonella typhimurium,7,8 Listeria monocyto-
genes,9,10 Salmonella typhi11 and recombinant invasive
Escherichia coli.12,13 Genetically engineered E. coli expres-
sing the inv gene (encoding invasin from Yersinia
pseudotuberculosis) and the hly gene (encoding listerioly-
sin O (LLO) from L. monocytogenes) bind to b1-integrin on
non-phagocytic cells leading to cell invasion.13 Following
internalization into vacuoles, the bacteria undergo lysis
due to diaminopimelic acid (dap) auxotrophy and the
released LLO allows the escape of the bacterial content
and plasmids into the cytosol of the mammalian cell.

Most in vitro studies assessing bactofection have been
performed on poorly differentiated, immortalized cell
lines such as HeLa, or macrophages, which have no
direct relevance for airway gene therapy. However,
Fajac et al.14 recently assessed uptake and intracellular
trafficking of this E. coli vector into human CF tracheal/
bronchial cells, 16HBE (human bronchial epithelial)
cells and explant outgrowths of non-CF bronchial tissue.
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This study showed efficient uptake of invasive E. coli into
cells at the periphery of the outgrowth and in all airway
cell lines tested and reported low efficiency gene transfer
of GFP (green fluorescent protein) under control of the
eukaryotic cytomegalovirus (CMV) immediate-early
promoter/enhancer. Attempts at bactofection in vivo
have mainly been directed at genetic vaccination,
targeting macrophages and dendritic cells;5,7,8,11,15 fewer
studies have assessed bacteria-mediated gene transfer
into non-phagocytic cells. Castagliuolo et al.12 demon-
strated that the invasive E. coli vector can efficiently
deliver therapeutic genes to the intact intestinal mucosa
in mice. However, bactofection of the airway epithelium
in vivo, the target for CF gene therapy, has not yet been
assessed.

In this study, the invasive E. coli was used to assess
bactofection of murine lungs. In contrast to previously
used first-generation bacterial vectors, which carry a
plasmid encoding the inv and hly genes, this second-
generation strain, E. coli BM4570, carries chromosomal
copies of the genes (C Grillot-Courvalin, in preparation).
We assessed the distribution and uptake of invasive
E. coli BM4570 expressing GFP under the control of the
prokaryotic Plac promoter in the lungs of mice. In
addition, bactofection was assessed in pulmonary tissue
using E. coli carrying a eukaryotic expression plasmid
encoding a luciferase (lux) reporter gene.

Results

E coli mediates gene expression in vitro
In order to assess E. coli-mediated lux gene transfer
in vitro, CF tracheal epithelial (CFTE29o!) cells were
incubated with invasive E. coli BM4570 carrying pCIK-
Lux, a plasmid in which the lux gene is under control of
the eukaryotic CMV promoter, for 2 h at multiplicity of
infections (MOIs) ranging from 50 to 5000. After 48 h of
infection, the cells were harvested and lux activity
determined. As shown in Figure 1, all MOIs led to
significant (Po0.01) dose-related lux activity compared
to untreated cells. However, lux activity even at the
highest MOI was significantly (Po0.05) lower than after
Lipofectamine 2000-mediated (Invitrogen Ltd., Paisley,
UK) gene transfer, despite the fact that a similar number
of plasmid molecules was added to the cell preparation
in each case.

These results indicate that invasive E. coli was able to
mediate lux expression, defined as lux protein generated
after bacteria infection, in a human CFTE29o!. Similar
results were obtained with 293T cells (data not shown).

Bacteria are mainly localized in the alveoli
To visualize bacterial localization in vivo, the lungs of
mice (n¼ 4) were inoculated via nasal ‘sniffing’ with
100 ml of invasive E. coli BM4570 carrying the pAT505
plasmid at 5# 107 to 5# 109 CFU (colony-forming unit)
per mouse. The pAT505 plasmid contains the gfpmut1
gene encoding GFP under the control of the prokaryotic
Plac promoter, resulting in GFP-expressing bacteria. The
animals were killed 1 h post-infection and lung sections
were examined for green fluorescent E. coli via confocal
microscopy. A total of 16 mice were assessed (n¼ 4 per
group), and at all doses studied the majority of bacteria
were concentrated around the alveoli indicating bacterial

pooling in this part of the lung (Figures 2a–d). For the
conducting airway epithelium, the target for CF gene
therapy, bacteria associated with the epithelium were
quantified (n¼ 4 mice) and 16±3% of airway epithelial
cells were associated with bacteria at the highest dose
administered. However, for the vast majority of these cells
only one bacterium (as judged by size and shape), was
associated with each cell (Figures 2e and f).

E. coli mediates lux expression in murine lung in vivo
To assess whether plasmids could be transferred from
the bacteria to the nucleus of lung cells in vivo, mice were
inoculated intra-nasally with invasive E. coli BM4570
harbouring pCIKLux at doses ranging from 5# 107 to
5# 109 CFU per mouse. All mice (n¼ 8) receiving the
highest dose died within 2 h and four out of eight mice
treated with 2.5# 109 E. coli died the following day.
All remaining mice were culled 48 h post-infection and
the lungs were harvested and assayed for lux activity.
Figure 3 shows that lux expression was undetectable in
mice that had received 5# 108 CFU, but was significantly
(Po0.01) increased in mice inoculated with 2.5# 109,
suggesting that E. coli-mediated gene transfer may have
occurred in the murine lung. However, when compared
to an already established non-viral GTA, cationic lipid
GL67, bacteria-mediated gene transfer was 10-fold less
efficient (Po0.01) in this model.

Invasive, but not non-invasive, E. coli enters
CFTE29o! cells efficiently
To determine more accurately, if lux expression in the
mouse lung is due to bactofection, we compared the
efficiency of invasive and non-invasive bacteria in vivo.
In preparation for these experiments, we repeated in vitro
experiments previously published by Fajac et al.14 to
ensure that the invasive and non-invasive bacteria
behaved appropriately in our hands. We first compared
the uptake of invasive E. coli BM4570 and its

Figure 1 Luciferase (lux) expression after bactofection of cystic
fibrosis tracheal epithelial (CFTE29o!) cells with invasive E. coli.
CFTE29o! cells were transfected with invasive E. coli BM4570
carrying the eukaryotic expression plasmid pCIKLux at MOI
50–5000. After 48 h of infection cells were harvested and lux
activity assayed. Bacteria-mediated expression was compared to
cells transfected with pCIKLux complexed to Lipofectamine 2000
(Lipo/pCIKLux) or untransfected cells. Data are expressed as
mean±s.e.m. (n¼ 5 per group, **Po0.01 when compared to
untransfected, *Po0.05 when compared to Lipofectamine).
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 in vitro bactofection 

Luciferase (lux) expression after bactofection of cystic fibrosis 
tracheal epithelial (CFTE29o) cells with invasive E. coli. 
CFTE29o cells were transfected with invasive E. coli BM4570 
carrying the eukaryotic expression plasmid pCIKLux at MOI 50–
5000. After 48h of infection cells were harvested and lux activity 
assayed. Bacteria-mediated expression was compared to cells 
transfected with pCIKLux complexed to Lipofectamine 2000 
(Lipo/pCIKLux) or untransfected cells. Data are expressed as 
mean±s.e.m. (n 1⁄4 5 per group, **Po0.01 when compared to 
untransfected, *Po0.05 when compared to Lipofectamine). 

non-invasive counterpart BM2710, each carrying the
prokaryotic expression plasmid pAT505 (resulting in
GFP-expressing green fluorescent bacteria) in CFTE29o!
cells (MOI 50–5000) in vitro. Cells were harvested 2 h
post-infection, fixed and slides examined for GFP-
expressing E. coli via confocal microscopy. In contrast
to the invasive strain, the non-invasive E. coli strain lacks
the inv gene from Y. pseudotuberculosis and hence does

not express invasin, responsible for bacterial uptake into
non-phagocytic cells. This strain would, therefore, not be
expected to enter CFTE29o! cells. Figure 4a shows that
the vast majority of invasive E. coli BM4570 was taken up
into the cytoplasm of CFTE29o! cells at MOI 500,
whereas non-invasive E. coli BM2710 did not enter the
cells (a few residual bacteria remained attached to slides
after fixing) (Figure 4b). These results support previous

Figure 2 Green fluorescent protein (GFP)-expressing invasive E. coli in the mouse lung. Lungs of mice were infected with invasive E. coli
BM4570 carrying the prokaryotic expression plasmid pAT505 (GFP expressed under the control of the prokaryotic Plac promoter) with doses
ranging from 5" 107 to 5" 109 CFU (colony-forming unit) per mouse. The lungs were harvested 1 h post-infection. Invasive E. coli were
associated with the alveoli in a dose-related manner ((a) 5" 107 CFU per mouse, (b) 5" 108 CFU per mouse, (c) 5" 109 CFU per mouse, (d)
PBS (phosphate buffered saline) control). Original magnification " 20. Bacteria associated with airway epithelial cells were also detected ((e)
mouse transfected with 5" 109 CFU, (f) PBS control). Original magnification " 63. GFP-expressing bacteria appear in green, alveoli in red and
4-6-diamidino-2-phenylindole (DAPI)-stained nuclei are shown in blue. Arrows indicate E. coli associated with alveoli and airway epithelial
cells, respectively. Images are representative of 10 fields of views per section.
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 in vivo bactofection to the murine lung 

Green fluorescent protein (GFP)-expressing invasive E. coli in the mouse lung. Lungs of mice 
were infected with invasive E. coli BM4570 carrying the prokaryotic expression plasmid pAT505 
(GFP expressed under the control of the prokaryotic Plac promoter). The lungs were harvested 1 
h post-infection. Invasive E. coli were associated with the alveoli in a dose-related manner ((a) 5 
x107 CFU per mouse, (b) 5 x108 CFU per mouse, (c) 5 X 109 CFU per mouse, (d) PBS 
(phosphate buffered saline) control). 
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Bacteria-mediated gene transfer (‘bactofection’) has
emerged as an alternative approach for genetic vaccination
and gene therapy. Here, we assessed bactofection of airway
epithelial cells in vitro and in vivo using an attenuated
Escherichia coli genetically engineered to invade non-
phagocytic cells. Invasive E. coli expressing green fluores-
cent protein (GFP) under the control of a prokaryotic
promoter was efficiently taken up into the cytoplasm of cystic
fibrosis tracheal epithelial (CFTE29o!) cells and led to dose-
related reporter gene expression. In vivo experiments
showed that following nasal instillation the vast majority of
GFP-positive bacteria pooled in the alveoli. Further, bacto-
fection was assessed in vivo. Mice receiving 5" 108 E. coli
carrying pCIKLux, in which luciferase (lux) expression is
under control of the eukaryotic cytomegalovirus (CMV)
promoter, showed a significant increase (Po0.01) in lux

activity in lung homogenates compared to untransfected
mice. Surprisingly, similar level of lux activity was observed
for the non-invasive control strain indicating that the
eukaryotic CMV promoter might be active in E. coli. Insertion
of prokaryotic transcription termination sequences into
pCIKLux significantly reduced prokaryotic expression from
the CMV promoter allowing bactofection to be detected in
vitro and in vivo. However, bacteria-mediated gene transfer
leads to a significantly lower lux expression than cationic lipid
GL67-mediated gene transfer. In conclusion, although proof-
of-principle for lung bactofection has been demonstrated,
levels were low and further modification to the bacterial
vector, vector administration and the plasmids will be
required.
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Introduction

Gene therapy is currently being evaluated for a wide
range of acute and chronic lung diseases, including acute
respiratory distress syndrome, cancer, asthma, emphy-
sema and cystic fibrosis (CF).1 Since the cloning of the CF
transmembrane conductance regulator (CFTR) gene,
we and others have carried out more than 20 gene
therapy trials, using a variety of viral and non-viral gene
transfer agents (GTAs).2 Most have demonstrated proof-
of-principle for lung gene transfer and, in some cases
have shown partial correction of the chloride transport
defect.3,4 However, efficient gene transfer into airway
epithelial cells, the target for CF gene therapy, has proven
difficult and further optimization of existing GTAs and
the development of novel GTAs are underway.

Over the last decade, delivery of plasmid DNA into
mammalian cells using virulence-attenuated bacteria has

emerged as an alternative approach for genetic vaccina-
tion and gene therapy. The term ‘bactofection’ has been
applied to describe bacteria-mediated gene transfer into
mammalian cells. Several studies have recently shown
that bactofection is feasible both in vitro and in vivo using
a broad range of intracellular bacteria, such as Shigella
flexneri,5,6 Salmonella typhimurium,7,8 Listeria monocyto-
genes,9,10 Salmonella typhi11 and recombinant invasive
Escherichia coli.12,13 Genetically engineered E. coli expres-
sing the inv gene (encoding invasin from Yersinia
pseudotuberculosis) and the hly gene (encoding listerioly-
sin O (LLO) from L. monocytogenes) bind to b1-integrin on
non-phagocytic cells leading to cell invasion.13 Following
internalization into vacuoles, the bacteria undergo lysis
due to diaminopimelic acid (dap) auxotrophy and the
released LLO allows the escape of the bacterial content
and plasmids into the cytosol of the mammalian cell.

Most in vitro studies assessing bactofection have been
performed on poorly differentiated, immortalized cell
lines such as HeLa, or macrophages, which have no
direct relevance for airway gene therapy. However,
Fajac et al.14 recently assessed uptake and intracellular
trafficking of this E. coli vector into human CF tracheal/
bronchial cells, 16HBE (human bronchial epithelial)
cells and explant outgrowths of non-CF bronchial tissue.
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fibrosis tracheal epithelial (CFTE29o!) cells and led to dose-
related reporter gene expression. In vivo experiments
showed that following nasal instillation the vast majority of
GFP-positive bacteria pooled in the alveoli. Further, bacto-
fection was assessed in vivo. Mice receiving 5" 108 E. coli
carrying pCIKLux, in which luciferase (lux) expression is
under control of the eukaryotic cytomegalovirus (CMV)
promoter, showed a significant increase (Po0.01) in lux

activity in lung homogenates compared to untransfected
mice. Surprisingly, similar level of lux activity was observed
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transmembrane conductance regulator (CFTR) gene,
we and others have carried out more than 20 gene
therapy trials, using a variety of viral and non-viral gene
transfer agents (GTAs).2 Most have demonstrated proof-
of-principle for lung gene transfer and, in some cases
have shown partial correction of the chloride transport
defect.3,4 However, efficient gene transfer into airway
epithelial cells, the target for CF gene therapy, has proven
difficult and further optimization of existing GTAs and
the development of novel GTAs are underway.

Over the last decade, delivery of plasmid DNA into
mammalian cells using virulence-attenuated bacteria has

emerged as an alternative approach for genetic vaccina-
tion and gene therapy. The term ‘bactofection’ has been
applied to describe bacteria-mediated gene transfer into
mammalian cells. Several studies have recently shown
that bactofection is feasible both in vitro and in vivo using
a broad range of intracellular bacteria, such as Shigella
flexneri,5,6 Salmonella typhimurium,7,8 Listeria monocyto-
genes,9,10 Salmonella typhi11 and recombinant invasive
Escherichia coli.12,13 Genetically engineered E. coli expres-
sing the inv gene (encoding invasin from Yersinia
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non-phagocytic cells leading to cell invasion.13 Following
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due to diaminopimelic acid (dap) auxotrophy and the
released LLO allows the escape of the bacterial content
and plasmids into the cytosol of the mammalian cell.

Most in vitro studies assessing bactofection have been
performed on poorly differentiated, immortalized cell
lines such as HeLa, or macrophages, which have no
direct relevance for airway gene therapy. However,
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 in vivo bactofection 

Bacteria associated with airway epithelial cells were also detected ((e) mouse transfected with 5 x109 CFU, (f) PBS control). Original magnification  
63X. GFP-expressing bacteria appear in green, alveoli in red and 4-6-diamidino-2-phenylindole (DAPI)-stained nuclei are shown in blue. Arrows 
indicate E. coli associated with alveoli and airway epithelial cells, respectively. Images are representative of 10 fields of views per section.  

5 x107 CFU per mouse 5 x108 CFU per mouse 

5 x109 CFU per mouse BPS 

non-invasive counterpart BM2710, each carrying the
prokaryotic expression plasmid pAT505 (resulting in
GFP-expressing green fluorescent bacteria) in CFTE29o!
cells (MOI 50–5000) in vitro. Cells were harvested 2 h
post-infection, fixed and slides examined for GFP-
expressing E. coli via confocal microscopy. In contrast
to the invasive strain, the non-invasive E. coli strain lacks
the inv gene from Y. pseudotuberculosis and hence does

not express invasin, responsible for bacterial uptake into
non-phagocytic cells. This strain would, therefore, not be
expected to enter CFTE29o! cells. Figure 4a shows that
the vast majority of invasive E. coli BM4570 was taken up
into the cytoplasm of CFTE29o! cells at MOI 500,
whereas non-invasive E. coli BM2710 did not enter the
cells (a few residual bacteria remained attached to slides
after fixing) (Figure 4b). These results support previous

Figure 2 Green fluorescent protein (GFP)-expressing invasive E. coli in the mouse lung. Lungs of mice were infected with invasive E. coli
BM4570 carrying the prokaryotic expression plasmid pAT505 (GFP expressed under the control of the prokaryotic Plac promoter) with doses
ranging from 5" 107 to 5" 109 CFU (colony-forming unit) per mouse. The lungs were harvested 1 h post-infection. Invasive E. coli were
associated with the alveoli in a dose-related manner ((a) 5" 107 CFU per mouse, (b) 5" 108 CFU per mouse, (c) 5" 109 CFU per mouse, (d)
PBS (phosphate buffered saline) control). Original magnification " 20. Bacteria associated with airway epithelial cells were also detected ((e)
mouse transfected with 5" 109 CFU, (f) PBS control). Original magnification " 63. GFP-expressing bacteria appear in green, alveoli in red and
4-6-diamidino-2-phenylindole (DAPI)-stained nuclei are shown in blue. Arrows indicate E. coli associated with alveoli and airway epithelial
cells, respectively. Images are representative of 10 fields of views per section.
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Bacteria-mediated gene transfer (‘bactofection’) has
emerged as an alternative approach for genetic vaccination
and gene therapy. Here, we assessed bactofection of airway
epithelial cells in vitro and in vivo using an attenuated
Escherichia coli genetically engineered to invade non-
phagocytic cells. Invasive E. coli expressing green fluores-
cent protein (GFP) under the control of a prokaryotic
promoter was efficiently taken up into the cytoplasm of cystic
fibrosis tracheal epithelial (CFTE29o!) cells and led to dose-
related reporter gene expression. In vivo experiments
showed that following nasal instillation the vast majority of
GFP-positive bacteria pooled in the alveoli. Further, bacto-
fection was assessed in vivo. Mice receiving 5" 108 E. coli
carrying pCIKLux, in which luciferase (lux) expression is
under control of the eukaryotic cytomegalovirus (CMV)
promoter, showed a significant increase (Po0.01) in lux

activity in lung homogenates compared to untransfected
mice. Surprisingly, similar level of lux activity was observed
for the non-invasive control strain indicating that the
eukaryotic CMV promoter might be active in E. coli. Insertion
of prokaryotic transcription termination sequences into
pCIKLux significantly reduced prokaryotic expression from
the CMV promoter allowing bactofection to be detected in
vitro and in vivo. However, bacteria-mediated gene transfer
leads to a significantly lower lux expression than cationic lipid
GL67-mediated gene transfer. In conclusion, although proof-
of-principle for lung bactofection has been demonstrated,
levels were low and further modification to the bacterial
vector, vector administration and the plasmids will be
required.
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Introduction

Gene therapy is currently being evaluated for a wide
range of acute and chronic lung diseases, including acute
respiratory distress syndrome, cancer, asthma, emphy-
sema and cystic fibrosis (CF).1 Since the cloning of the CF
transmembrane conductance regulator (CFTR) gene,
we and others have carried out more than 20 gene
therapy trials, using a variety of viral and non-viral gene
transfer agents (GTAs).2 Most have demonstrated proof-
of-principle for lung gene transfer and, in some cases
have shown partial correction of the chloride transport
defect.3,4 However, efficient gene transfer into airway
epithelial cells, the target for CF gene therapy, has proven
difficult and further optimization of existing GTAs and
the development of novel GTAs are underway.

Over the last decade, delivery of plasmid DNA into
mammalian cells using virulence-attenuated bacteria has

emerged as an alternative approach for genetic vaccina-
tion and gene therapy. The term ‘bactofection’ has been
applied to describe bacteria-mediated gene transfer into
mammalian cells. Several studies have recently shown
that bactofection is feasible both in vitro and in vivo using
a broad range of intracellular bacteria, such as Shigella
flexneri,5,6 Salmonella typhimurium,7,8 Listeria monocyto-
genes,9,10 Salmonella typhi11 and recombinant invasive
Escherichia coli.12,13 Genetically engineered E. coli expres-
sing the inv gene (encoding invasin from Yersinia
pseudotuberculosis) and the hly gene (encoding listerioly-
sin O (LLO) from L. monocytogenes) bind to b1-integrin on
non-phagocytic cells leading to cell invasion.13 Following
internalization into vacuoles, the bacteria undergo lysis
due to diaminopimelic acid (dap) auxotrophy and the
released LLO allows the escape of the bacterial content
and plasmids into the cytosol of the mammalian cell.

Most in vitro studies assessing bactofection have been
performed on poorly differentiated, immortalized cell
lines such as HeLa, or macrophages, which have no
direct relevance for airway gene therapy. However,
Fajac et al.14 recently assessed uptake and intracellular
trafficking of this E. coli vector into human CF tracheal/
bronchial cells, 16HBE (human bronchial epithelial)
cells and explant outgrowths of non-CF bronchial tissue.
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non-phagocytic cells leading to cell invasion.13 Following
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YAC retrofitting: cahnging the YAC elements by homologous recombination.  
For this a fragment having homologous tags at both ends and the sequence that it is intended to insert 
(i.e. PGKneo-TRP), is introduced into yeast cells containing the YAC. the transformants are selected 
using a marker of the inserting fragment (i.e. TRP).  



una	
  volta	
  inseri2	
  nelle	
  cellule	
  des2natarie	
  si	
  integrano	
  casualmente	
  e	
  stabilmente	
  
nel	
  genoma	
  dell’ospite	
  

YAC	
  possono	
  essere	
  trasferi2	
  in	
  cellule	
  di	
  mammifero	
  mediante:	
  

• 	
  fusione	
  cellule	
  di	
  mammifero	
  con	
  sferoplas2	
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• 	
  lipofezione	
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  microiniezione	
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  l’aggiunta	
  di	
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forma	
  episomale	
  



YACs	
  versus	
  BACs	
  
YAC	
  
• 	
  gli	
  YAC	
  possono	
  ospitare	
  fino	
  a	
  2	
  Mb	
  di	
  inserto	
  di	
  DNA	
  
• 	
  la	
  trasformazione	
  con	
  gli	
  sferoplas2	
  di	
  lievito	
  è	
  piu-osto	
  inefficiente,	
  e	
  grandi	
  quan2tà	
  di	
  DNA	
  	
  	
  	
  	
  	
  	
  
sono	
  richieste	
  per	
  la	
  costruzione	
  di	
  librerie	
  
• 	
  gli	
  YAC	
  sono	
  lineari	
  e	
  quindi	
  difficili	
  da	
  isolare	
  intaX	
  a	
  causa	
  della	
  loro	
  susceXbilità	
  a	
  rompersi	
  
• 	
  gli	
  YAC	
  sono	
  piu-osto	
  instabili	
  e	
  soggeX	
  a	
  riarrangiamen2	
  
• 	
  gli	
  YAC	
  devono	
  essere	
  generalmente	
  trasferi2	
  in	
  E.	
  coli	
  per	
  successive	
  manipolazioni	
  e	
  
modifiche	
  
BAC	
  
• 	
  i	
  BAC	
  possono	
  ospitare	
  fino	
  a	
  300	
  kb	
  di	
  inserto	
  di	
  DNA	
  
• 	
  i	
  BAC	
  possono	
  essere	
  trasferi2	
  in	
  E.coli	
  mediante	
  ele-roporazione	
  con	
  una	
  efficienza	
  100	
  volte	
  
superiore	
  alla	
  trasformazione	
  di	
  lievito	
  
• 	
  il	
  DNA	
  dei	
  BAC	
  esiste	
  in	
  una	
  forma	
  circolare	
  superavvolta	
  che	
  ne	
  perme-e	
  un	
  facile	
  isolamento	
  e	
  
preparazione	
  con	
  minime	
  ro-ure	
  
• 	
  	
  i	
  BAC	
  sono	
  mantenu2	
  stabilmente	
  nelle	
  cellule	
  ba-eriche	
  (RecA	
  deficien2)	
  a	
  basso	
  numero	
  di	
  
copie	
  
• 	
  i	
  BAC	
  possono	
  essere	
  modifica2	
  dire-amente	
  in	
  E.coli	
  
• 	
  	
  i	
  BAC	
  possono	
  essere	
  trasferi2	
  nelle	
  cellule	
  di	
  mammifero	
  mediante	
  lipofezione	
  e	
  ba-eriofezione	
  



GCV VECTORS 

Vantaggi	
  

• 	
  maggiore	
  capacità	
  di	
  ospitare	
  il	
  gene	
  terapeu2co	
  nella	
  sua	
  forma	
  naturale	
  

• 	
  prolungata	
  espressione	
  del	
  transgene	
  	
  (Baker	
  and	
  Co-en,	
  1997)	
  

Limi2	
  

• 	
  integrazione	
  random	
  nei	
  cromosomi	
  dell’ospite	
  

• 	
  bassa	
  efficienza	
  di	
  trasferimento	
  



Basu and Willard 2005. Artificial and engineered chromosomes: non-integrating vectors for 
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Bacteria-mediated gene transfer (‘bactofection’) has
emerged as an alternative approach for genetic vaccination
and gene therapy. Here, we assessed bactofection of airway
epithelial cells in vitro and in vivo using an attenuated
Escherichia coli genetically engineered to invade non-
phagocytic cells. Invasive E. coli expressing green fluores-
cent protein (GFP) under the control of a prokaryotic
promoter was efficiently taken up into the cytoplasm of cystic
fibrosis tracheal epithelial (CFTE29o!) cells and led to dose-
related reporter gene expression. In vivo experiments
showed that following nasal instillation the vast majority of
GFP-positive bacteria pooled in the alveoli. Further, bacto-
fection was assessed in vivo. Mice receiving 5" 108 E. coli
carrying pCIKLux, in which luciferase (lux) expression is
under control of the eukaryotic cytomegalovirus (CMV)
promoter, showed a significant increase (Po0.01) in lux

activity in lung homogenates compared to untransfected
mice. Surprisingly, similar level of lux activity was observed
for the non-invasive control strain indicating that the
eukaryotic CMV promoter might be active in E. coli. Insertion
of prokaryotic transcription termination sequences into
pCIKLux significantly reduced prokaryotic expression from
the CMV promoter allowing bactofection to be detected in
vitro and in vivo. However, bacteria-mediated gene transfer
leads to a significantly lower lux expression than cationic lipid
GL67-mediated gene transfer. In conclusion, although proof-
of-principle for lung bactofection has been demonstrated,
levels were low and further modification to the bacterial
vector, vector administration and the plasmids will be
required.
Gene Therapy (2008) 15, 434–442; doi:10.1038/sj.gt.3303090;
published online 24 January 2008
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Introduction

Gene therapy is currently being evaluated for a wide
range of acute and chronic lung diseases, including acute
respiratory distress syndrome, cancer, asthma, emphy-
sema and cystic fibrosis (CF).1 Since the cloning of the CF
transmembrane conductance regulator (CFTR) gene,
we and others have carried out more than 20 gene
therapy trials, using a variety of viral and non-viral gene
transfer agents (GTAs).2 Most have demonstrated proof-
of-principle for lung gene transfer and, in some cases
have shown partial correction of the chloride transport
defect.3,4 However, efficient gene transfer into airway
epithelial cells, the target for CF gene therapy, has proven
difficult and further optimization of existing GTAs and
the development of novel GTAs are underway.

Over the last decade, delivery of plasmid DNA into
mammalian cells using virulence-attenuated bacteria has

emerged as an alternative approach for genetic vaccina-
tion and gene therapy. The term ‘bactofection’ has been
applied to describe bacteria-mediated gene transfer into
mammalian cells. Several studies have recently shown
that bactofection is feasible both in vitro and in vivo using
a broad range of intracellular bacteria, such as Shigella
flexneri,5,6 Salmonella typhimurium,7,8 Listeria monocyto-
genes,9,10 Salmonella typhi11 and recombinant invasive
Escherichia coli.12,13 Genetically engineered E. coli expres-
sing the inv gene (encoding invasin from Yersinia
pseudotuberculosis) and the hly gene (encoding listerioly-
sin O (LLO) from L. monocytogenes) bind to b1-integrin on
non-phagocytic cells leading to cell invasion.13 Following
internalization into vacuoles, the bacteria undergo lysis
due to diaminopimelic acid (dap) auxotrophy and the
released LLO allows the escape of the bacterial content
and plasmids into the cytosol of the mammalian cell.

Most in vitro studies assessing bactofection have been
performed on poorly differentiated, immortalized cell
lines such as HeLa, or macrophages, which have no
direct relevance for airway gene therapy. However,
Fajac et al.14 recently assessed uptake and intracellular
trafficking of this E. coli vector into human CF tracheal/
bronchial cells, 16HBE (human bronchial epithelial)
cells and explant outgrowths of non-CF bronchial tissue.
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