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Abstract: Bacterial vectors offer a biological route to gene and protein delivery with this article
featuring delivery to antigen-presenting cells (APCs). Primarily in the context of immune
stimulation against infectious disease or cancer, the goal of bacterially mediated delivery is to
overcome the hurdles to effective macromolecule delivery. This review will present several
bacterial vectors as macromolecule (protein or gene) delivery devices with both innate and
acquirable (or engineered) biological features to facilitate delivery to APCs. The review will also
present topics related to large-scale manufacture, storage, and distribution that must be
considered if the bacterial delivery devices are ever to be used in a global market.
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1. Introduction for improved gene and protein delivery and offer a powerful

Bacterial vectors represent an alternative approach tobiological engineering approach to improving bacterial
mammalian cell gene and protein delivery. However, the vectors during immune-modulating delivery efforts.
concept is very similar to efforts using viral or polymeric The ability to influence the delivery process becomes
carriers (as highlighted in other articles within this issue) important at several stages of protein or gene delivery. The
with the bacterial cell substituted as the protein or gene pacterial cell offers opportunities to aid or improve the final
delivery device. This article will focus on candidate bacterial delivery effort by addressing the individual steps along the
delivery systems, their inherent or modifiable properties that way to final intracellular localization. The first issue is one
influence cellular delivery potency, vector manufacturing and of protein or gene packaging. How can the bacterial cell
distribution, and the specific application of antigen-presenting concentrate and package a macromolecule for cellular
cell (APC) delivery for immune modulation. delivery? Second, the cargo and delivery device must enter

To begin, it is important to establish the role of the {he mammalian cell. How can the relatively large bacterial
bacterial cell in gene and protein delivery. In this review, gelivery device overcome this obstacle? Once inside the cell,
the bacterial cell is viewed as a delivery device, one that i pacterial delivery device must release its cargo for
carries innate and adjustable properties for improving jyyaceliular delivery and trafficking to the correct final
delivery. For example, though bacterial vectors may have |,.4iion typically either the cellular cytosol or nucleus. Are
natural properties that aid in APC targeting, uptake, and .o \yavs to overcome intracellular delivery barriers through
intracellular delivery, several experimental tools (primarily biological engineering of the bacterial carrier? Each of these

drlv_en by ”_‘O'e"“'ar biology) exist to furthe_r |nfluer_lc_e the steps will be addressed for the specific bacterial vectors
antigen delivery process. These tools provide precision anddescribed below

flexibility when one is trying to engineer biological vectors i i . ) ,
It is also important to specify the physical, chemical, and
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delivery applications to antigen-presenting cells or other development as delivery vectors, and the advantages each
professional phagocytic cells; alternatively, the size of a provides. Overall, the goal of the article will be to examine
typical bacterial vector then innately targets these samethe types, tools, and potential of bacterial delivery for
phagocytic cells, aiding efforts in antigen protein or gene immune-modulation applications.

delivery! As one might expect, bacterial cells naturally

possess biological components that activate APCs. Gram-2, Target Cells: APCs

negative cells contain lipopolysaccharide (LPS), whereas The pacterial vectors described seek to stimulate a robust
Gram-positive cells possess lipoteichoic acid. These and otheli,mune response by targeting APCs. In so doing, there is
features (CpG motifs* and peptidoglycaif) naturally an implicit goal of influencing antigen delivery and immune
influence bacterial uptake and activation by APCs. Such response through vector engineering. Vector engineering will
properties have the potential then to act as natural adjuvantsake place in vitro; however, the benefits of this engineering
that beneficially 'mprove APC uptake and the overall || generally occur in vivo. Toward this end, the delivery
immune respons:? In addition, the simple growth proper-  yoyte for bacterial vectors will be explained from administra-
ties and storage options associated with bacteria offer newsjgn to the body to interactions with APCs.
opportunities for vector manufacture, allotment, and storage.  gefore direct in vivo APC interaction, the bacterial device
Finally, the ever-expanding molecular toolbox associated st he delivered to the body. Introduction of the bacterial
with bacterial organisms opens the possibility of rapidly yectors must take into account the biological nature of the
improving protein and gene delivery through molecular yector and the likelihood of initiating contact between the
engineering efforts aimed at improving intracellular delivery \,actors and APCs. In addition, safety precautions must be
of bacter_lal cargo. N _ _ considered when a foreign biological organism is added to
The biological plasticity of bacterial vectors will be the body. The foreign and/or pathogenic nature of the

highlighted throughout this article as well as their manipula-
tion for the improvement of gene and protein delivery, at
both the cellular and manufacturing scales. Also highlighted
will be the range of bacterial hosts available, their historical

(1) Reis e Sousa, C.; Stahl, P. D.; Austyn, J. M. Phagocytosis of

bacterial cell can trigger potentially deadly immune reactions.
Pathogenic bacteria naturally possess endotoxins, exotoxins,
or both that can lead to maladies ranging from mild cases
of food poisoning (and associated vomiting, diarrhea, and
fever) to potentially deadly septic shock. While exotoxin
activity [derived from toxins such as shiga toxighigella

dysenteriag cholera toxin Vibrio cholerg, and anthrax
toxin (Bacillus anthracij] can be avoided by choosing strains
lacking the particular toxin, endotoxins are often intrinsic
components of the bacterial cell. As mentioned, key endot-
oxins include Gram-negative LPS and Gram-positive lipote-
ichoic acid. These and other bacterial cell components, when
present at sufficiently high concentrations, set off a series
of humoral and cellular immune responses. The humoral
response includes recognition by antibodies, complement,
and acute-phase proteitfsin addition, macrophage and
dendritic cells, perhaps aided by the humoral recognition,
will also converge upon and consume the bacterial cells.
The bacterial delivery vector will then naturally elicit an
immune response. The natural immune reaction can be
beneficial as the bacteria will have a built-in adjuvant eftéct.
The key is to match the correct (and safe) dosage, vector,
and adjuvant response with the desired immune reaction.
Typically, a bacterial infection will innately lead to APC
cytokine (TNFe, IL-1, IL-6) releasé? and attract other APCs
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and polymorphonuclear leukocytes to the site of infection. tedious nature of harvesting dendritic cells for antigen loading
Surrounding tissue is at risk during the digestion of the and subsequent reintroduction to the bétlidowever, the
foreign bacteria as APCs and polymorphonuclear leucocytesmethod appears to require only small numbers of antigen-
also release microcidal agents (lysozyme, bacterialcidal/ loaded dendritic cells to be effective and would appear to
permeability-increasing protein, acid hydrolases, nitric oxide, overcome immune tolerance precipitated by certain diseases
and oxygen free radicals) that can damage nearby endothelia[such as cancefy:28

cells*17 Potential untoward side effects (resulting from
cytokine release) might include fever, capillary leakage, and
myocardial depression, and, at the extreme, multiple-organ
dysfunction, shock, and death. However, again, tempering
these extreme reactions while delivering a specific antigen
is the goal of bacterially mediated immunomodulation.

Recently, other attempts to combat undesired side effects
involve the use of bacterial minicells for DNA and protein
delivery. Minicells are produced due to premature septation
by most bacterial species and are typically @00 nm
achromosomal vesicles that do not divide. Prior efforts have

Concerns over adverse reactions to the bacterial vectorsuseOI minicells to effectively deliver both protein and DNA-

can be lessened through modifications made to the bacterig€Ncded antigens to APCs. Though more work has to be
or the form of administration. At one extreme, the bacteria d0n€ t0 generate and purify the minicells, they offer a

can be killed prior to in vivo additiorEscherichia colicells relatively new (:‘”d potentially safer) approach to APC
killed with paraformaldehyde fixation were still very potent antigen delivery:
at offering antitumor protectiotf.Other methods for limiting However, many studies focus on the in vivo administration

bacterial toxicity include genetic manipulations to attenuate of bacterial vectors, and in this context, the location of vector
the bacterial vectors. Examples of such manipulations will administration should maximize the chance of APC encoun-
be detailed below according to the specific bacterial vectors ter. Primary locations include mucosal surfaces, under the
profiled. Still, another alternative is to load the bacterial skin, and other areas likely to be faced with foreign antigen
vectors ex viva®2° Here, APCs such as dendritic cells are entry? The most typical delivery routes include oféP-32
harvested, exposed to the bacterial vectors carrying theintranasaf® intramusculaf35 subcutaneou¥, intraperito-
antigen of choice, and then reintroduced in vivo to elicit a
response to the antigen. Since numerous studies have shown _ _
the in vitro capability of bacterial vectors to prime AP&s2 (21) Yrlid, U.; Svensson, M.; Johansson, C.; Wick, MSalmonella
ex vivo loading is a logical answer to concerns over in vivo infection of bone marrow-derived macrophages and dendritic

. . . . ) . cells: Influence on antigen presentation and initiating an immune
bacterial administration. Drawbacks include the invasive and responseFEMS Immunol. Med. MicrobioR00Q 27 (4), 313~

20.
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E. coli vaccine to promote MHC class I-dependent antigen (27) Gabrilovich, D. I.; Nadaf, S.; Corak, J.; Berzofsky, J. A.; Carbone,
presentation: Application to cancer immunotherapgne Ther. D. P. Dendritic cells in antitumor immune responses. |Il. Dendritic
2002 9 (21), 1455-63. cells grown from bone marrow precursors, but not mature DC

(19) Rescigno, M.; Valzasina, B.; Bonasio, R.; Urbano, M.; Ricciardi- from tumor-bearing mice, are effective antigen carriers in the
Castagnoli, P. Dendritic cells, loaded with recombinant bacteria therapy of established tumofGell. Immunol1996 170(1), 111
expressing tumor antigens, induce a protective tumor-specific 9.
responseClin. Cancer Res2001, 7 (Suppl. 3), 865570s. (28) Gabirilovich, D. I.; Ciernik, I. F.; Carbone, D. P. Dendritic cells

(20) Schweichel, D.; Steitz, J.; Tormo, D.; Gaffal, E.; Ferrer, A.; Buchs, in antitumor immune responses. |. Defective antigen presentation
S.; Speuser, P.; Limmer, A.; Tuting, T. Evaluation of DNA in tumor-bearing host<Cell. Immunol.1996 170 (1), 101-10.
vaccination with recombinant adenoviruses using bioluminescence (29) Giacalone, M. J.; Sabbadini, R. A.; Chambers, A. L.; Pillai, S.;
imaging of antigen expression: Impact of application routes and McGuire, K. L. Immune responses elicited by bacterial minicells
delivery with dendritic cellsJ. Gene Med2006 8 (10), 1243- capable of simultaneous DNA and protein antigen delivery.
50. Vaccine2006 24 (33—34), 6009-17.
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neal?*3637and intravenou® Of these delivery routes, oral endocytosis. These essential features of pathogens are
administration is common and offers the advantages of recognized by transmembrane pattern recognition receptor
simple, noninvasive administration and, therefore, better (PRR) proteins on the surface of APCs called toll-like
potential patient compliance. receptors (TLRs). TLR-4 elicits an immune response upon
Once the vector is properly introduced into the body, the recognition of LPS in Gram-negative bacteria, whereas
next desired step is APC interaction. Before describing components of Gram-positive bacteria are recognized by
specific interactions between bacteria and APCs, we will TLR-2. Furthermore, the engagement of TLRs strengthens
present a broad overview of AP®acterial interactions with ~ the phagocytic ability of APCs as well as activating mac-
an emphasis on bacterial delivery of protein or genetic rophages and dendritic cells, resulting in stronger antigen
antigens. presentation to subsequent immune cells. APC activation by
A foreign bacterial cell has the potential to elicit either a 1LRS is commonly done through a complex signal trans-
humoral (antibody) or cell-mediated immune response. The duction pathway, mmated_when microbial compongnts bind
difference often comes down to the bacterial “dosage”, {0 the extracellular portion of TLR¥. Parenthetically,
delivery route, and bacterial type. While a distinct possibility Pacterial cells such asersinia Listeria, Salmonella and
is the generation of antibodies against the bacterial carrier, Shigellaemploy invasion or secretory systems to induce
the real objective is to generate antibodies against the proteir!Ptake by nonphagocytic cells such as epithelial c@lls.
or genetic antigen carried by the bacterial cell, if a humoral ~Once inside the cell, the bacteria and the internal protein
response is the primary objective. Alternatively, the objective Or encoded antigen are processed as depicted in Figure 1.
may be to generate and influence the cell-mediated responsd WO separate presentation routes exist for the delivered
to the delivered antigen. antigens, leading to production of antibodies by B cells or
APCs such as B cells, macrophages, and dendritic cellsthe activation of T-cells prograr_nmed to chate and kill any
are considered professional APCs and stand on the bordePther cells that present the delivered antigen.
between innate and adaptive immunity. In particular, mac-  Given this background, an underlying theme of APC
rophage and dendritic cells patrol sections of the body pronedelivery is to influence the type of antigen presentation (and
to bacterial invasion (skin, mucous membranes, and Gl tract).hence the type of immune response) as well as the overall
Once the cells recognize a bacterial cell, often triggered by antigen presentation efficacy. Bacterial vectors are in a good
interactions between key features (i.e., LPS, peptidoglycan, position to influence antigen presentation through the delivery
and lipoteichoic acid) of the bacteria and surface receptorsOf proteins (exogenous antigens) or DNA (leading to
on APCs, the bacteria are engulfed by phagocytosis orendogenous antigens). The end goal is a directed immune

(30) Chart, H.; Smith, H. R.; La Ragione, R. M.; Woodward, M. J.
An investigation into the pathogenic propertiesEscherichia
coli strains BLR, BL21, DH& and EQ1.J. Appl. Microbiol.200Q
89 (6), 1048-58.
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Paglia, P.Salmonellavaccine carrier strains: Effective delivery
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Immunol.1999 29 (2), 693-9.
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of flk1-based DNA vaccine and an immunomodulatory gene (IL-
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harm.2004 19 (5), 649-57.
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Shigellaas a DNA delivery vehicle for DNA-mediated immuniza-
tion. Sciencel995 270 (5234), 299-302.

(34) Cicin-Sain, L.; Brune, W.; Bubic, I.; Jonjic, S.; Koszinowski, U.
H. Vaccination of mice with bacteria carrying a cloned herpesvirus
genome reconstituted in vivd. Virol. 2003 77 (15), 8249-55.

(35) Shiau, A. L.; Chu, C.Y.; Su, W. C.; Wu, C. L. Vaccination with
the glycoprotein D gene of pseudorabies virus delivered by
nonpathogenidEscherichia colielicits protective immune re-
sponsesVaccine2001, 19 (23—24), 327784.

(36) Yrlid, U.; Svensson, M.; Hakansson, A.; Chambers, B. J,;
Ljunggren, H. G.; Wick, M. J. In vivo activation of dendritic cells
and T cells duringSalmonella entericaserovar Typhimurium
infection. Infect. Immun2001, 69 (9), 5726-35.

(37) Paglia, P.; Terrazzini, N.; Schulze, K.; Guzman, C. A.; Colombo,
M. P. In vivo correction of genetic defects of monocyte/
macrophages using attenuat&almonellaas oral vectors for
targeted gene deliverygsene Ther200Q 7 (20), 1725-30.

assault on the bacterially delivered antigens as a means of
attacking the current presence of such antigens in the body
or to act as a prophylactic method of preempting antigen
introduction (i.e., vaccination). What's more, the bacterial
cell itself offers opportunities to improve upon delivery using
biological engineering to influence everything from immune
response to the number and type of antigens delivered. Other
papers in this issue will be dedicated to specific applications,
but two of the most obvious are for cancer and infectious
disease.

3. Bacterial Choices for Delivery

Detailed below are bacterial choices for gene and protein
delivery. Early efforts provide a historical backdrop for
continued efforts with new bacterial vectors. Each vector will
be profiled with emphasis placed on innate delivery advan-
tages and use in APC delivery.

A. First Reports. The first acknowledged transfer of
genetic material from bacterial to mammalian cells involved
the transfer of plasmid-encoded simian virus 40 DNA from
E. colito CV-1 monkey cell$® The work was groundbreak-
ing but yielded low gene transfer success rates at 1 per 10

(38) Kawai, T.; Akira, S. TLR signalingCell Death Differ.2006 13
(5), 816-25.

(39) Cossart, P.; Sansonetti, P. J. Bacterial invasion: The paradigms
of enteroinvasive pathogenScience2004 304 (5668), 242-8.
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Figure 1. Processing of bacterial vectors by APCs. (a) Encoded antigens are delivered for nuclear antigen production (termed
endogenous antigens) and are recognized and presented via major histocompatibility complex | (MHC-I) to illicit a cytotoxic
T-cell (T., CD8+) response. (b) In a second pathway, processing of exogenous protein antigens delivered by bacterial vectors
and destined for MHC-II presentation for helper T-cell (T, CD4+) activation.

Table 1. Common Bacterial Delivery Vectors

Gram-positive or

bacteria morphology/size? Gram-negative key natural delivery features®
E. coli rod-shaped/1.1—1.5 um x 2—6 um Gram-negative LPS which triggers uptake by APCs
Salmonella rod-shaped/0.7—1.5 um x 2—5 um Gram-negative LPS; APC uptake and phagosomal survival
Shigella rod-shaped/0.4—0.6 um x 1—3 um Gram-negative LPS; APC uptake and phagosomal
escape to cytosol
Listeria rod-shaped (rounded ends that can Gram-positive phagosomal escape to cytosol

approach coccoidal shape)/0.4—0.5 yum x 0.5—2 um

2 Size data and other general features taken from Bergey’s Manual of Determinative Bacteriology, 9th ed.; Holt, J. G., Krieg, N. R., Sneath,
P. H., Staley, J. T., Williams, S. T., Hensyl, W. R., Eds.; Williams & Wilkins: Philadelphia, 1994. » This does not imply that these are the only
features needed for APC delivery, but those presented represent key physical or biological features associated with the given bacterial vectors.

monkey cells. Still the work introduced the notion, a first famous for being the workhorse of biotechnology, a feature
bacterial vectorE. coli), and a baseline for future improve- closely linked to the cell’s rapid growth rate and simple
ment. growth requirements. These same features have prompted a
The success also introduces the first bacterial vector to comprehensive analysis of the organism.41 Since the initial
be profiled,E. coli. Table 1 highlights certain physical and efforts with gene transfer to mammalian cells, numerous
biological features oE. coli. The bacterium is perhaps most molecular biology tools for optimizing the cell further for
gene and protein delivery have been developed (with specific
(40) Schaffner, W. Direct transfer of cloned genes from bacteria to case examples presented in a subsequent section).
mammalian cellsProc. Natl. Acad. Sci. U.S.AL98Q 77 (4), The use oE. colicells for delivery of genes and proteins
2163-7. to APCs is not as well-developed as several other bacterial
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types to be presented. The primary reason is that mostbacteriat’*¢Once inside the phagosome, the bacteria evade
nonpathogeni&. coli lines lack dedicated mechanisms of cellular mechanisms of intracellular defense (by limiting or
cell entry (most likely leading to the relatively low trans- delaying exposure to NADPH oxidase and lysosome fu-
fection efficiency observed in early reports). However, siorf®59, replicate, and thrive as pathogens safe from
several cases have been reported for nonpathogerdoli extracellular antibiotic therapy. These qualities innately aid
cells used as delivery vectors. For each case cited, experiprotein and gene delivery mediated by the bacterium.
ments confirmed successful delivery to macrophage or However, the bacteria are often modified to attenuate
dendritic cellst®2425354244 However, as will be detailed later, pathogenicity and/or improve cytosolic antigen delivény?
many more efforts have focused on conferring recombinant \jqgified strains include@hoBQ purB, aroA purl, andmsbB
properties upoik. colito enhance cellular entry and delivery.  yutants with thearoA, purl, andpurB mutations leading to

B. Common Bacterial Options. ThoughE. colirepre-  gefects in aromatic amino acid and purine biosynthesis and
sented the first successful bacterial-to-mammalian delivery the phoBQandmsbBmutations causing improved lysosomal
vector, several other candidates emerged thereafter. One of;sion and altered LPS biosynthesis, respectively. The

the common links between these other vectors is their gya1eqy has proven to be effective for the cytosolic delivery
pathogenic nature. Many pathogens have an evolutionary ¢ protein and genetic antigeP& 315459 However, though

advantage with regard to cellular entry and intracellular

survival. These traits are advantageous during bacterially
mediated delivery schemes. However, we must account for (47)
the pathogenic nature if the vectors are to be used safely in
a therapeutic setting.

i. Salmonella Salmonellaare perhaps the most widely
used bacteria for antigen delivery applications (Table 1). In (49)
large part, this stems from their pathogen capability for
preferentially gaining entrance to APCs and surviving within
intracellular phagosomesalmonellastrains hold the ad-
ditional benefit of being readily modified genetically, which
has been used to weaken their native pathogen effects and
influence subsequent steps in the cellular delivery process.

Salmonellaare capable of triggering cellular uptake that (51)
especially targets APC3:54¢ Salmonellastrains release a
set of invasion proteins post-contact with host APC cells;
the invasion proteins help facilitate the uptake of the (52)

(48)

(50)

(41) Blattner, F. R.; Plunkett, G., lll; Bloch, C. A.; Perna, N. T,
Burland, V.; Riley, M.; Collado-Vides, J.; Glasner, J. D.; Rode,
C. K.; Mayhew, G. F.; Gregor, J.; Davis, N. W.; Kirkpatrick, H.
A.; Goeden, M. A.; Rose, D. J.; Mau, B.; Shao, Y. The complete
genome sequence @fscherichia coliK-12. Sciencel997, 277
(5331), 1453-74.
Hu, P. Q.; Tuma-Warrino, R. J.; Bryan, M. A.; Mitchell, K. G.;
Higgins, D. E.; Watkins, S. C.; Salter, R. [Escherichia coli
expressing recombinant antigen and listeriolysin O stimulate class
I-restricted CD& T cells following uptake by human APQ.
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applications.
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Listeria has been able to elicit strong CB8T-cell re- Yersinia pseudotuberculosi® Yersinia enterocoliticA® 121
sponsed8109.113,114 Bordatella bronchisepticand pertussis?? Mycobacterium
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second method of improvement involves the recombinant
addition of antigen delivery capabilities.

Another protein that has aided efforts directed at bacterially
mediated gene and protein delivery is the invasin protein

Perhaps the best-studied case is that of listeriolysin O from Y. pseudotuberculosig® Invasin allowsY. pseudotu-

(LLO). Listeriolysin O is found inListeria monocytogenes

berculosisto gain entrance to mammalian cells during

and is one of the causative agents in the intracellular survival pathogenesis. The invasin protein was first isolated by Isberg

of this pathogen3! It was quickly recognized that listeriolysin
could play an important role in directed efforts of cellular
delivery132.133

Listeriolysin O works by weakening phagosomal mem-
branes, thereby allowirlg monocytogends escape the phago-

some and enter and propagate within the mammalian cyto-

and Falkow and appears to function by binding to cell surface
integrins which then signal cytoskeletal rearrangement and
phagocytosid®® Other pathogenic bacteria candidates for
bacterial delivery vectors also possess mechanisms of cell
entry. For examplelListeria produces surface-associated
proteins internalin A and B (InlA/B), which help facilitate

plasm. The protein forms pores in phagosomal membranesnonprofessional phagocytic cellular uptdRe!®n the case

and is optimally active at phagosomal pH values(5)134

of Salmonellaand Shigella SipB/C and IpaB/C are the

Hence, LLO provides the mechanism for phagosomal escapeinvasion proteins facilitating cell entry through the type Il

and bacterial entrance and delivery to the cytosol.

(123) Starke, J. R.; Connelly, K. K. Bacille Calmette-Guerin vaccine.
In Vaccines Plotkin, S., Mortimer, E. A., Eds.; Saunders Co.:
Philadelphia, 1994.

(124) Edelman, R.; Palmer, K.; Russ, K. G.; Secrest, H. P.; Becker, J.
A.; Bodison, S. A.; Perry, J. G.; Sills, A. R.; Barbour, A. G;
Luke, C. J.; Hanson, M. S.; Stover, C. K.; Burlein, J. E.; Bansal,
G. P.; Connor, E. M.; Koenig, S. Safety and immunogenicity of
recombinant Bacille Calmette-Guerin (rBCG) expressiug-
relia burgdorferiouter surface protein A (OspA) lipoprotein in
adult volunteers: A candidate Lyme disease vacciugecine
1999 17 (7—8), 904-14.

(125) Lee, S. F. Oral colonization and immune responséitrepto-
coccus gordonii Potential use as a vector to induce antibodies
against respiratory pathoger@urr. Opin. Infect. Dis2003 16
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bacteria: Impact of strain viability and in vivo persistence.
Vaccine2002 20 (27—28), 3304-9.
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(129) Shimoiji, Y.; Oishi, E.; Kitajima, T.; Muneta, Y.; Shimizu, S.;
Mori, Y. Erysipelothrix rhusiopathiaé’S-1 as a live vaccine
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71(5), 2810-8.
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(132) Bielecki, J.; Youngman, P.; Connelly, P.; Portnoy, DBAcillus
subtilis expressing a haemolysin gene frausteria monocyto-
genescan grow in mammalian cellNature 199Q 345 (6271),
175-6.

(133) Ikonomidis, G.; Paterson, Y.; Kos, F. J.; Portnoy, D. A. Delivery

secretory system (TTSS8)139.140

As mentioned, besides revealing basic mechanisms for cell
entry and phagosomal escape, the action of invasin and
listeriolysin has been used to manipulate bacterial gene and
protein deliveryt8:24:42:43.14¥143 Qne of the first reports of this
was the work of Grillot-Courvalin and co-worket&.In this
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2006 30 (4), 514-29.
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1995 5 (3), 120-4.

(137) Lecuit, M.; Ohayon, H.; Braun, L.; Mengaud, J.; Cossart, P.
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Immun.1997 65 (12), 5309-19.

(138) Galillard, J. L.; Berche, P.; Frehel, C.; Gouin, E.; Cossart, P.
Entry of L. monocytogenemto cells is mediated by internalin,
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positive cocci.Cell 1991, 65 (7), 1127-41.

(139) Osiecki, J. C.; Barker, J.; Picking, W. L.; Serfis, A. B.; Berring,
E.; Shah, S.; Harrington, A.; Picking, W. D. IpaC frddhmigella
and SipC fronSalmonellgpossess similar biochemical properties
but are functionally distincMol. Microbiol. 2001, 42 (2), 469—

81.

(140) Hayward, R. D.; Cain, R. J.; McGhie, E. J.; Phillips, N.; Garner,
M. J.; Koronakis, V. Cholesterol binding by the bacterial type
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mammalian cellsMol. Microbiol. 2005 56 (3), 590-603.

(141) Castagliuolo, I.; Beggiao, E.; Brun, P.; Barzon, L.; Goussard,
S.; Manganelli, R.; Grillot-Courvalin, C.; Palu, G. Engineered
E. coli delivers therapeutic genes to the colonic muc@ene
Ther.2005 12 (13), 1076-8.

(142) Laner, A.; Goussard, S.; Ramalho, A. S.; Schwarz, T.; Amaral,
M. D.; Courvalin, P.; Schindelhauer, D.; Grillot-Courvalin, C.
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cells.Gene Ther2005 12 (21), 1559-72.

(143) Fajac, I.; Grosse, S.; Collombet, J. M.; Thevenot, G.; Goussard,
S.; Danel, C.; Grillot-Courvalin, C. RecombinaBscherichia
coli as a gene delivery vector into airway epithelial cells.
Controlled Releas€004 97 (2), 371-81.

of a viral antigen to the class | processing and presentation (144) Grillot-Courvalin, C.; Goussard, S.; Huetz, F.; Ojcius, D. M.;

pathway bylListeria monocytogenesd. Exp. Med1994 180(6),
2209-18.

Courvalin, P. Functional gene transfer from intracellular bacteria
to mammalian cellsNat. Biotechnol1998 16 (9), 862-6.
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context, the invasin and lysteriolysin proteins were engi- T5, T7, tac, trc, Bap, and lacUV5 systemi8 Because of
neered withirk. colito facilitate the entry and gene delivery the similarities between the two organisms, the same
to several mammalian cell lines. The importance of this work promoters could most likely be adapted3almonellastrains.
was the first steps toward engineering and improving Promoter systems fdrysteriaincludeactA?2343:58in|C, and
bacterially medicated delivery with hosts that are not natively tet23 and promoters used fdhigellainclude T7886 and
pathogenic. ompCB8-8688 |f gene expression is designed to commence
Subsequently, several efforts have used recombinant straingifter delivery to the APC nucleus, the promoter of choice is
(primarily E. coli) for APC gene and protein delivety?*42  ysuyally the powerful cytomegalovirus (CMV) immediate-
With APCs, the need for invasin does not appear to be crucial early promoter which calls for strong levels of mammalian
for intracellular deliver_y of bacterial carrie-rs. However, LLO  cell-driven gene expressidif® Constitutive or inducible
can greatly enhance intracellular bacterial delivéry. control over gene expression can also influence overall

Besides the recombinant addition of genes meant to aidantigen presence and delivery. Constitutive systems auto-
antigen delivery, the antigens themselves are also typically matically provide a steady level of recombinant proteins, yet
introduced using recombinant DNA technology. As such, inqucible systems, especially those coupled to strong pro-
both the newly introduced antigens and the mechanismsyiers; can rapidly boost antigen or recombinant protein
(isteriolysin O or invasin) for aiding antigen delivery can o615 promoter/control systems (suchaa$) have also
_be influenced by the molecular biology techniques used to been developed to call for gene expression in the cytosol of
introduce them. o . . o

: _ _ _ APCs, providing a unique way to induce gene expression in

First, molecular biology techniques can influence recom- i context of gene deliveR}49Table 2 summarizes com-

binant gene dosage. Plasmids are commonly used to intro- o promoters and plasmids (and associated copy numbers)

duce the antigen, t_he delivery-enhancing adqnlo_nal 9Y€Nes, ;sed in recombinant engineering of bacterial vectors.
or both. The plasmids themselves can be maintained in the

bacteria at either high or low copy numbers (from 1 to 700 Another issue potentially affecting antigen delivery is the
copies)15.146 Further, the recombinant genes may also be spatial location of the antigen within the bacterial carrier. In
localized to the chromosome of the bacteria, stably placing @ Gram-negative carrier, the final protein antigen may reside
the recombinant gene as a low-copy number replicate. Thesdn the cytosol, the periplasmic space, or the outer cell wall
efforts provide one degree of freedom in influencing antigen or be openly secretéd!*°Gram-positive systems would have
delivery, and such efforts will influence the final level of similar options minus the periplasmic space location. This
recombinant protein produced either in the bacteria or in the concept was tested by compartmentalizing antigen epitopes
targeted APC, with intuition suggesting that more of the to theE. coli cell surface, periplasmic space, or cytoplasm,
recombinant molecule will lead to better antigen presentation with results placing less emphasis on location and more
and immune response. However, this is not always the caseemphasis on total antigen as being a determinant for
Excess lysteriolysin O appears to damage APCs during usesyccessful antigen processitigStill, other studies have

in antigen delivery®*47In the cited work, LLO toxicity was  shown the benefits of antigens secreted from bacterial
mitigated by killing the bacterial vectors prior to administra- ectors?2112.1511525pecific secretion systems used for re-
tion. Another possible approach is to vary or tune the LLO ¢ompinant antigen delivery include the type | and IIi
gene copy number within the cell prior to or during
administration. Hence, alternative gene dosage strategies

provide a readily accessible tool in the goal of optimizing (148) Baneyx, F. Recombinant protein expressioEsgherichia coli

antigen delivery. Curr. Opin. Biotechnol1999 10 (5), 411-21.

(149) Bubert, A.; Sokolovic, Z.; Chun, S. K.; Papatheodorou, L.; Simm,
A.; Goebel, W. Differential expression bfsteria monocytogenes

Like the gene copy number, promoter and control elements

will also influence final protein levels. Several promoter and virulence genes in mammalian host cellfol. Gen. Genet1999
control options exist and are in large part dictated by the 261(2), 323-36.

expression system and organism that are used. Several wellf150) Gentschev, I.; Dietrich, G.; Spreng, S.; Neuhaus, B.; Maier, E.;
established promoter systems existEorcoli, including the Benz, R.; Goebel, W.; Fensterle, J.; Rapp, U. R. Use of the

o-hemolysin secretion system &scherichia colifor antigen
delivery in theSalmonella typhiTy21a vaccine strainint. J.

(145) Sorensen, H. P.; Mortensen, K. K. Advanced genetic strategies Med. Microbiol.2004 294 (6), 363-71.
for recombinant protein expression iBscherichia coli J. (151) Shen, H.; Miller, J. F.; Fan, X.; Kolwyck, D.; Ahmed, R.; Harty,
Biotechnol.2005 115 (2), 113-28. J. T. Compartmentalization of bacterial antigens: Differential
(146) Balbas, P.; Bolivar, F. Back to basics: pBR322 and protein effects on priming of CD8 T cells and protective immuniBell
expression systems i. coli. Methods Mol. Biol.2004 267, 1998 92 (4), 535-45.
77—-90. (152) Nishikawa, H.; Sato, E.; Briones, G.; Chen, L. M.; Matsuo, M.;
(147) Guzman, C. A.; Domann, E.; Rohde, M.; Bruder, D.; Darji, A.; Nagata, Y.; Ritter, G.; Jager, E.; Nomura, H.; Kondo, S.; Tawara,
Weiss, S.; Wehland, J.; Chakraborty, T.; Timmis, K. N. I.; Kato, T.; Shiku, H.; Old, L. J.; Galan, J. E.; Gnjatic, S. In
Apoptosis of mouse dendritic cells is triggered by listeriolysin, vivo antigen delivery by aSalmonella typhimuriunype Il
the major virulence determinant bisteria monocytogeneMol. secretion system for therapeutic cancer vaccideSlin. Invest.
Microbiol. 1996 20 (1), 119-26. 2006 116 (7), 1946-54.
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Table 2. Plasmids and Promoters Used for Common Bacterial Delivery Vectors

E. coli Salmonella Shigella Listeria
Replicon/ Copy Number
pUC/500—700 pUC/500—700 pUC/500—700 pUC/500—700
pMB1/15—20 p15A/18—22 p15A/18—22 p15A/18—22
pMB1/15—20 ColE1/15—20 ColE1/15—20
pBR/15—-20 pMB1/15—20
pSC101/~5
Promoters
araBAD CMV CMV actA
p-actin dmsA Ipp CMV
CMV htpG nirl5 hly
crl htrA ompC lac
lacz irgA trc p60
SP6 nirB T7 SV40
SV40 nirl5 T7
tet pagC
T7 Pr
Ps
SV40
tac
trc
T7
References
18, 24, 34, 9, 22, 25, 30, 43, 45, 32,78-88 23, 45, 55, 93, 97,
39—41, 45 48, 50, 52, 56, 62, 63, 100—103, 105, 111

65, 66, 70, 71, 74
systemg52-154 While the type | system simply transports a
given protein from the bacterial cytoplasm to the surrounding
environment, the type Il system provides a portal for
facilitating transport of the protein from the bacterial to the
eukaryotic cytoplasm. The common type | system employed
is thea-hemolysin machinery frori. coli, whereas the type
Il systems fromSalmonellaand Shigellaoffer the ability
to transport proteins directly to the cytoplasm of nonphago-
cytic cells as an initial means of bacterial cellular entry.
Though phagocytic APCs have a natural propensity for
bacterial uptake, the type Ill systems have been employed
for the improved cytosolic delivery of protein antigens.
Compartmentalization can also be applied to spore-forming
bacteria (i.e.B. subtilig with a recombinant gene fused to

a spore surface proteins (CotB and CotC) for antigen surface

display?®>1%6 The ability to control antigen location in the
bacterial vector serves as another variable for improving
overall antigen delivery.

(153) Cornelis, G. R. The type Il secretion injectisonNat. Re.
Microbiol. 2006 4 (11), 811-25.

(154) Finlay, B. B.; McFadden, G. Anti-immunology: Evasion of the
host immune system by bacterial and viral pathog€ed.2006
124 (4), 767-82.

(155) Isticato, R.; Cangiano, G.; Tran, H. T.; Ciabattini, A.; Medaglini,
D.; Oggioni, M. R.; De Felice, M.; Pozzi, G.; Ricca, E. Surface
display of recombinant proteins ddacillus subtilisspores.J.
Bacteriol. 2001, 183 (21), 6294-301.

(156) Mauriello, E. M.; Ducle, H.; Isticato, R.; Cangiano, G.; Hong,
H. A.; De Felice, M.; Ricca, E.; Cutting, S. M. Display of
heterologous antigens on tBacillus subtilisspore coat using
CotC as a fusion partne¥accine2004 22 (9—10), 117787.

5. Future Obstacles and Opportunities

A. Efforts at Bacterial Vector Design. As mentioned, a
key advantage that bacterial vectors offer is techniques in
genetic and metabolic engineering for improving antigen
delivery. First, a range of gene localization and expression
techniques that influence antigen copy number and location
exist. As more and more antigens are identified for various
infectious diseases or cancer, bacterial vectors will offer a
shuttle for introducing the newly identified antigens to the
immune system. Furthermore, it should be possible to
coordinately express more then one antigen at a time (i.e., a
panel of disease specific antigens) to mount a complete
immune response against a particular disease in one particular
administration. As an example of complete antigen challenge
and the use of specialty bacterial plasmids, the complete
murine cytomegalovirus (MCMV) genome was cloned into
a bacterial artificial chromosome (BAC, for the stable, low-
copy humber maintenance of large DNA constructs) plasmid.
The MCMV BAC was then introduced into 8almonella
vector for vaccination against MCMV challengfe.

The uses of listeriolysin and invasin are fine examples of
biological solutions to cell entry and intracellular release of
bacterial cargo and highlight efforts to introduce recombinant
biological properties for improving bacterially derived
delivery. However, those are only two example proteins
engineered to improve bacterial antigen delivery. The likeli-
hood of additional proteins available to further aid delivery
efforts seems plausible. For example, there may be undis-
covered mechanisms associated witkteria, Salmonella
Shigella or other bacteria adept at entering mammalian cells
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that could be transferred tB. coli or other recombinant  continuous nutrients and prevent the buildup of stationary-
systems to improve delivery further. phase growth inhibitors, cell densities have steadily expanded
One barrier most likely still hindering gene delivery is the over time from bioreactors capable of supporting 54 g dry
intracellular trafficking of gene cargo to the nucleus. Current cell weight (dcw)/L to 190 g dcw/L with a theoretical
systems might be able to efficiently enter the cell cytoplasm maximum of 350 g dcw/L2%41%%In essence, the operation
and release genetic cargo, but the use of designed mechamakes a modest-sized reactor behave like a significantly
nisms for facilitating nuclear transport has not been inves- larger operation. Thus, the speed and unique scalability of
tigated thoroughly. Still, options for incorporating nuclear fed-batch bioreactor systems offer a distinct advantage for
localization mechanisms from other systems, with viruses a bacterial vector manufacture, especially if a rapid and sizable
likely one, for improving gene delivery may exi§t-15° production effort is needed. The approach could help ease
B. Overcoming Administration Problems. Several un- ~ concerns over vector supply and the costs needed for
desirable outcomes are possible when using bacterial vectorsProduction:®
As mentioned, there is an intrinsic danger when administering At the same time, the bacterial vectors are easily manu-
bacterial organisms to the body. Besides sepsis, otherfactured with an intact antigen. Bacterial/antigen purification
undesired outcomes include arthritis or urethftiBroblems is then quite simple since filtration or centrifugation can be
can be minimized through vector choice (attenuated or used to collect the final bacterial vectors. The smaller
nonpathogenic bacteria), dosage limit, delivery location, and bioreactors used in fed-batch operations also reduce the
ex vivo delivery. In addition, another option available to operating and capital costs before, during, and after the
those adversely affected is treatment with antibiotics. Another bioreactor unit operation. This includes the size of equipment
concern is the use of commensal organisms that may readilyneeded for vector collection, making the overall process more
colonize mucosal locations and, through prolonged presenta-economically sound. In addition, like other bioreactor opera-
tion, cause immune tolerance toward the antigen meant totions, the process is generally considered to be environmen-
be delivered for immune system stimulatitsf. tally friendly with no concerns over harmful solvents or
C. Meeting the Challenges of Vector DemandFinally, operating conditions (such as high temperature or pressure).
it is important to look beyond the molecular and cellular ~ Formulation and storage are additional points of consid-
aspects that drive bacterially mediated gene and proteineration for bacterial vectors. Once harvested, the cells may
delivery and also focus on the vector manufacturing schemesbe divided into appropriate dose sizes and preserved (with
that will ultimately determine the large-scale distribution of samples stored at%C for short-term storage or80 °C for
a given bacterially based therapy. Here, bacterial vectors offerlonger-term storage). A perhaps minor but necessary con-
several advantages. Simple growth requirements and condi-sideration is whether the bacteria are sensitive to sunlight
tions offer cost-effective methods of large-scale, environ- as certain bacterial vectors lose potency with expo¥ire.
mentally friendly production strategies. For example, organ- While small individual aliquots would ease the burden of
isms likeE. coli andB. subtiliscan be cultured to high cell massive storage space, the need for lowered temperatures
densities using fed-batch bioreactors (initially developed for would still present an energy cost when manufacturing the
recombinant protein production) that provide additional vectors. However, especially in developing countries, suc-
nutrients over time to overcome growth limitations and allow cessful cold storage has proven to be important in maintain-
impressive cell density measuremetfs163 Through a  ing vector potency and immunization succé&¥s!’®
combination of process adjustments meant to provide As an alternative approach, the cells may be lyophilized

(157) Munkonge, F. M.; Dean, D. A.; Hillery, E.; Griesenbach, U.; (163) Swartz, J. REscherichia coliRecombinant DNA Technology.

Alton, E. W. Emerging significance of plasmid DNA nuclear In Escherichia coli and Salmonella typhimurium: Cellular and
import in gene therapyAdv. Drug Delivery Rev. 2003 55 (6), Molecular Biology 2nd ed.; Neidhardt, F. C., Ed.; American
749-60. Society for Microbiology: Washington, DC, 1987; Vol. 2.
(158) Whittaker, G. R. Virus nuclear impoAdy. Drug Delivery Re. (164) Shiloach, J.; Bauer, S. High yield growth®f coli at different
2003 55 (6), 733-47. temperatures in a bench scale fermenRintechnol. Bioeng.
(159) Pouton, C. W. Nuclear import of polypeptides, polynucleotides 1975 17, 227-39.
and supramolecular complexésdv. Drug Delivery Re. 1998 (165) Nakano, K.; Rischke, M.; Sato, S.; Markl, H. Influence of acetic
34 (1), 51-64. acid on the growth oEscherichia coliK12 during high-cell-
(160) Leenhouts, C. J.; Ramasamy, R.; Steen, A.; Kok, J.; Buist, G.; density cultivation in a dialysis reactoAppl. Microbiol. Bio-
Kuipers, O. P. (Applied Nanosystems B.V.). Method to provide technol.1997, 48 (5), 597601.
bacterial ghosts provided with antigens. U.S. Patent 7,067,639, (166) Plotkin, S. A. Vaccines: Past, present and futNe¢. Med.2005
2006. 11 (Suppl. 4), S511.
(161) Shiloach, J.; Fass, R. Growiikg coli to high cell density: A (167) Corbel, M. J. Reasons for instability of bacterial vacciies..
historical perspective on method developm@&ibtechnol. Ad. Biol. Stand 1996 87, 113-24.
2005 23 (5), 345-57. (168) zaffran, M. Vaccine transport and storage: Environmental
(162) Monteiro, S. M.; Clemente, J. J.; Henriques, A. O.; Gomes, R. Challenges. InNew Approaches to Stabilization of Vaccine
J.; Carrondo, M. J.; Cunha, A. E. A procedure for high-yield Potency Brown, F., Ed.; Karger: Basel, Switzerland, 1996.
spore production byacillus subtilis Biotechnol. Prog.2005 (169) Lloyd, J. S. Improving the cold chain for vaccing#1O Chron.
21 (4), 1026-31. 1977, 31 (13).
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and stored dry at room temperature. Lyophilization is another Alternatively, recombinant efforts have introduced foreign
common industrial unit operation that could be directed proteins also capable of improving. colis response to
toward bacterial vector manufacture in this scenario. A key drying1”?
question is the efficacy of the vectors before and after
lyophilization. From one standpoint, if therapeutic potenc .
i)s/ rgaintained, lyophilization WOFz,Hd provide apphysicgl formy offer a Iong-t_erm and co_st-effectlve storage Opﬁm?g__
of attenuation (if not outright cell death) that limits the Here. vegetative cells are induced to form spores by limiting
unwanted problems potentially caused by live bacterial & carbon, nitrogen, or phosphorus soufté?*And like non-
administration. On the other hand, lyophilization may damage SPore-forming bacteria, the spores can be collected through
the cell and its macromolecular contents needed for effica- Simple centrifugation or filtration unit operations. However,
cious immunomodulation, a problem enhanced by the because the spores have formed specifically to ensure long-
necessary sample freezing stép. term survival of the bacteria, they can then be safely stored
Excipients that weaken the damaging effects of cold immediately after collection. Coupled with antigen surface
storage and lyophilization are available. Glycerol is a location, spores then provide a ready-made antigen delivery
common, and safe, cryopreservant used+80 °C storage device.
of bacterial stocks. However, studies suggest glycerol does
not provide the same level of protection during lyophilization
(in addition to being difficult to remove during freeze-
drying). Here, disaccharides such as trehalose and sucros
have shown promise in the preservation of lyophilized

Finally, spore-forming bacterial vectors (i.&, subtilig

MP0600889

?174) Crowe, J. H.; Crowe, L. M.; Carpenter, J. F. Preserving dry
biomaterials: The water replacement hypothesis, Part 1.

bacterial sample¥? with the presence of such sugars BioPharm1993 (April), 28.
providing a physical encasing that slows biochemical reac- (175) de Castro, A. G.; Lapinski, J.; Tunnaclifie, A. Anhydrobiotic
tions and replaces the hydrogen bonding capabilities of water engineeringNat. Biotechnol200Q 18 (5), 473.

during the drying proces$3174In E. coli, natural trehalose  (176) Garcia De Castro, A.; Bredholt, H.; Strom, A. R.; Tunnacliffe,
biosynthesis can be induced through osmotic pressure A. Anhydrobiotic engineering of gram-negative bacteAapl.
(elevated concentrations of salt); the lyophilized strains then Environ. Microbiol. 2000 66 (9), 4142-4.

o . 176 (177) BIlli, D.; Wright, D. J.; Helm, R. F.; Prickett, T.; Potts, M.;
naturally exhibit better storage and reconstituigr. Crowe, J. H. Engineering desiccation tolerancé&stherichia

coli. Appl. Erviron. Microbiol. 200Q 66 (4), 1680-4.
(170) John, T. J. Vaccine stability in the context of vaccine deliver in (178) Paccez, J. D.; Luiz, W. B.; Sbrogio-Almeida, M. E.; Ferreira,

a developing country: India. INew Approaches to Stabilization R. C.; Schumann, W.; Ferreira, L. C. Stable episomal expression
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