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Abstract Vaccination by intradermal or intramuscular injection of eukaryotic antigen expression vectors (so-called DNA vaccines) elicits strong cellular and humoral immune responses. A novel approach employs attenuated mutant strains of Gram-positive and Gram-negative intracellular bacteria as carriers for the delivery of DNA vaccines. This strategy allows the administration of the DNA vaccines via mucosal surfaces and a direct delivery of the plasmid DNA to professional antigen presenting cells (APC), such as macrophages and dendritic cells (DC). In this work, we have found that several Gram-negative bacteria are capable of delivering plasmid vectors to human DC. In addition, we tested the suitability of the Gram-positive bacterium Listeria monocytogenes as a vaccine carrier for the immunization of fish. © 2001 Elsevier Science Ltd. All rights reserved. Keywords: DNA vaccine carriers; Attenuated bacteria; Dendritic cells; Fish infection



1. Introduction Genetic vaccination is a promising new technology that was developed during the last decade. The vaccination with naked DNA molecules that code for an antigen under the control of a eukaryotic promoter was a major breakthrough in the development of novel immunization strategies. DNA vaccines have proven to elicit strong immune responses, able to mediate prevention or therapy of infectious diseases in small animal models (for review, see Ref. [1]). Bone-marrow derived APC, rather than myocytes or keratinocytes, seem to be essential for the immune responses observed after vaccination by intramuscular injection as well as gene gun inoculation [2]. A more direct delivery of DNA vaccine vectors to APC can be achieved by the exploitation of intracellular bacteria. These microorganisms show a pronounced preference for professional APC, like macrophages. Af* Corresponding author. Present address: Institute for Hygiene and Microbiology, University of Wu¨rzburg, D-97080 Wu¨rzburg, Germany. Tel.: + 49-931-2013901; fax: + 49-931-2013445. E-mail address: [email protected] (G. Dietrich). 1 These two authors contributed equally to the manuscript.



ter being phagocytosed by APC, the bacteria can survive inside these cells either by modification of the phagosomal compartment, e.g. by preventing the fusion with lysosomes or by egression from the phagosome into the host cell cytosol [3]. Most intracellular bacteria can be transformed with eukaryotic expression vectors. Attenuated mutant strains of these bacteria, which lyse inside the APC, can therefore carry these plasmids into the host cell phagosome or cytosol and release the DNA upon intracellular disintegration. The DNA can subsequently enter the nucleus and plasmid-encoded antigens can be expressed by the APC. These antigens can be presented by the APC together with major histocompatibility (MHC) class I and class II molecules, which should result in efficient cellular and humoral immune responses (for review, see Ref. [4]). Attenuated mutant strains of Shigella flexneri, Salmonella typhimurium, invasive Escherichia coli and Listeria monocytogenes have been utilized successfully for plasmid DNA delivery to a wide range of mammalian cell types under in vitro conditions [5–9]. In vivo delivery of DNA vaccines in small rodent models was demonstrated with L. monocytogenes, S. typhimurium, S. typhi and S. flexneri, leading to humoral and cellular immune responses against bacterial, viral
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and tumor antigens as well as protection against bacterial and viral infection and tumor challenge (for review, see Ref. [4]). While it is now well established that DNA vaccine delivery by intracellular bacteria is a highly efficient method for the elicitation of immune responses in rodents, it remains to be determined whether it is also functional in primates. In this work, we therefore tested the suitability of Gram-negative carriers for plasmid delivery to human DC. In addition, we performed experiments to analyse the potential application of attenuated bacterial carriers for vaccination of fish. Most studies in the area of DNA vaccination have focused on the elicitation of immune reponses in mammals. In recent years, however, DNA vaccines were also applied to the immunization of fish. Infectious diseases represent a major impediment to the development and profitability of the aquaculture industry. A variety of bacterial, viral and parasitic pathogens cause dramatic losses in farmed fish [10]. While vaccines offer the most efficient way to control infectious pathogens in farmed fish, current strategies have only been successful against some of these diseases. These are mostly caused by bacteria and there are still several important diseases, mainly of viral and parasitic origin, for which no prophylactic treatment exists. Recent studies with reporter genes showed that fish cells efficiently express foreign proteins encoded by eukaryotic expression vectors [11]. Intramuscular injection of DNA vaccines elicits strong immune responses, which are able to protect fish against a variety of viral diseases [11,12]. However, apart from optimizing the efficiency of DNA vaccines and other important issues, such as
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safety and production cost, intramuscular injection of DNA vaccines in fish is not practical and cost effective for large numbers of animals [13]. Hence, alternative modes of application — e.g. oral vaccination — are highly attractive for use in the aquaculture industry. Several species of the genus Listeria are able to infect fish [14,15]. Attenuated Listeria strains may therefore be very effective candidates as carriers of DNA vaccines for oral immunization of farmed fish. We, therefore, tested the capacity of Listeria to invade fish cells in vitro.



2. Materials and methods



2.1. Bacterial strains, plasmids and cell lines All bacterial strains, nucleic acids and cell lines used in this study are presented in Table 1.



2.2. Isolation of human DC from peripheral blood Peripheral blood mononuclear cells (PBMC) were isolated from heparinized leucocyte-enriched buffy coats of healthy adult donors by Lymphoprep (1.077 g/ml; Nycomed, Oslo, Norway) density gradient centrifugation applying 400× g at room temperature. PBMC were plated on tissue culture dishes (3003; Falcon Labware, Oxnard, CA) at a density of 5×106 cells/ml in RPMI 1640 medium (Gibco Life Technologies, Karlsruhe, Germany), supplemented with L-glutamine (2 mM), 1% autologous human plasma and 100



Table 1 Bacterial strains, plasmids and cell lines (ApR-ampicillin-resistance, TcR-tetracycline-resistance) Name



Relevant characteristics/sequence/type



Source or reference



Gibco



L. monocytogenes EGD S. typhimurium SL7207 Y. pseudotuberculosis S. flexneri



F%, mcrA D-(mrr-hsdRMS-mcrBC), f80dlacZDM15, DlacX174, deoR, recA1, fara, D139 D(ara,leu)7697, galU, galK Wild type hisG46, DEL407 [aroA544::Tn10 (Tcs)] YadA::Tn5, yopB DipaB



[3] Stocker, BAD Forsberg, A, Sansonetti, P



Plasmids: Pact-gfp p3LGFP



ApR,TcR, PactA -gfp TcR, PCMV-gfp



[8] [8]



Epithelioma papulosum cyprini from carp (Cyprinus carpio) Embryonic cell line from Xiphophorus xiphidium Melanoma cell line from the platyfish-swordtail hybrid (Xiphophorus helleri x X. maculatus)



Fijan, N



Bacterial strains: E. coli K12 DH10b



Cell lines: EPC A2 PSM



Kuhn, C Wakamatsu, Y
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U/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) for 45 min at 37°C. Non-adherent cells were washed free with warm PBS and adherent cells were cultured for 7 days without antibiotics in RPMI 1640 medium, supplemented with 1% autologous human plasma, 2 mM L-glutamine, 1000 U/ml rhIL-4 (PBH, Hannover, Germany) and 800 U/ml rhGM-CSF (Leukomax; Sandoz, Basel). Cytokines were replenished every other day.



2.3. Infection of dendritic cells On day 7, non-adherent DC were collected prior to infection by moderately vigorous aspiration and transferred to new 6, 12 or 24 well plates at a density of 5 × 105 cells/ml. DC were infected with logarithmically growing bacteria. After washing twice with phosphatebuffered saline, the bacteria were diluted in RPMI 1640 medium and added in the desired multiplicity of infection (MOI) to each well. The cultures were incubated in RPMI 1640 medium with 1% autologous human plasma at 37°C for 1 h to allow the bacteria to invade the cells. For selective removal of extracellular bacteria, 50 mg/ml gentamicin (Gibco Life Technologies) was added to each well and the cells were washed twice.



2.4. Transmission electron microscopy DC were infected with different bacteria as described above. At three time points (1, 3 and 6 h), cells were washed, fixed in 2.5% glutaraldehyde, postfixed in 2% osmium tetroxide, stained with 0.5% uranylacetate, dehydrated in graded alcohols and finally embedded in Lowicryl K4M.



2.5. Fluorescence microscopy of DC Green fluorescent protein (GFP)-expressing DC were visualized by using a fluorescence-equipped inverted phase contrast microscope and photographed with a digital imaging-system camera (Visitron Systems, Puchheim, Germany). Images are computer-generated with the help of MetaMorph Imaging software (Universal Imaging Corp., West Chester, PA) by overlaying black/white photographs and fluorescent images.



2.6. Flow cytometry Flow cytometry was used to monitor the expression of surface marker CD83 (which is specific for mature DC) of uninfected and infected DC. Indirect immunofluorescence was performed according to standard techniques, using murine mAbs revealed by PE-conjugated anti-mouse Ig (Dianova, Hamburg, Germany). The primary Ab used was CD83 (HB15a, Immunotech, Hamburg, Germany). The stained cells were analyzed



on an EPICS XL-MCL (Coulter Immunotech Diagnostics, Krefeld, Germany).



2.7. In 6itro infection of fish cell lines Fish cell lines were routinely cultured in Dulbecco’s modified Eagle’s medium (DMEM; including 10% FCS, 2 mM L-glutamine, 1 mM sodium pyruvate; Gibco Life Technologies) at 28°C/h in the presence of 5% CO2. For infection, logarithmically growing bacteria were added to adherent fish cells in DMEM (including 10% FCS, 2 mM L-glutamine, 1 mM sodium pyruvate) containing 10 mg/ml tetracycline at an MOI of 10:1 at temperatures as indicated in Section 3. The infected cells were cultured for 24 h in the presence of 5% CO2 before the infection was assayed by fluorescence microscopy with a fluorescence-equipped inverted phase contrast microscope (Leica, Solms, Germany) and documented by photography.



3. Results and discussion



3.1. DNA deli6ery in human DC by attenuated Gram-negati6e bacteria DC are potent antigen-presenting cells and play a crucial role in the initiation and modulation of immune responses. In this study, we tested the capacity of different attenuated human pathogenic Gram-negative bacteria (e.g. S. typhimurium, S. flexneri and Yersinia pseudotuberculosis) to infect human monocyte-derived DC and to deliver plasmid DNA to these cells. We first analyzed the influence of bacterial infection on the surface marker CD83, which is a specific mature phase marker for human DC. To this end, DC were infected with several Gram-negative bacteria: E. coli, S. typhimurium, S. flexneri and Y. pseudotuberculosis. After 24 h p.i., between 50 and 85% of DC expressed CD83 indicating maturation of infected DC (Fig. 1). However, this upregulation was most prominent after infection with S. typhimurium and Y. pseudotuberculosis (85% CD83-expressing DC), whereas infection with E. coli and S. flexneri resulted in only 50% CD83-positive DC. Due to their strong capacity to induce DC maturation, we analysed the capacity of S. typhimurium and Y. pseudotuberculosis to infect DC and deliver eukaryotic antigen expression vectors to these cell types. The plasmid p3LGFP [8] carrying gfp (coding for the green fluorescent protein, GFP) under the control of the CMV-promoter was transformed in appropriate attenuated bacterial strains (Table 1). The uptake of bacteria into DC was assayed by transmission electron microscopy (Fig. 2A) and by determination of viable bacterial cell counts (data not shown). In all cases,
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process was discovered in DC, giving exogenous protein antigens access to processing and presentation via the MHC class I pathway [16]. The observation that plasmid delivery by Salmonella is only functional in primary macrophages but not in macrophage cell lines [5,6] suggests that this property may be specific for mature macrophages or DC. This is the first successful demonstration of plasmid delivery to mammalian cells by Yersinia. In addition, our data suggest that attenuated strains of Salmonella and Yersinia can be used successfully as carriers for the delivery of subunit vaccines not only to rodents, but also to cells of primates, like human DC.



3.2. Infection of fish cell lines by L. monocytogenes



Fig. 1. Flow cytometry profiles of surface marker expression of CD 83 on human DC 24 h p.i. (A) E. coli DH10b; (B) S. flexneri DipaB; (C) S. typhimurium SL7207; and (D) Y. pseudotuberculosis. Black histograms represent uninfected DC. Y-axis of the histogram shows the relative cell number, X-axis the log fluorescence intensity.



bacteria were found in most DC (\ 85%) at 1 h after incubation, the bacteria located mainly within membrane-bound phagosomes (Fig. 2A). At this time point, the majority of the phagosomes contained a single bacterium. After 6 h of infection, all tested attenuated bacteria in DC were still in different stages of degradation (data not shown). Interestingly, the rapid lysis of the bacteria in the host cell phagosome is not detrimental for plasmid delivery to DC. By flow cytometry (data not shown) and fluorescence microscopy (Fig. 2B), we found that up to 0.07% of the DC expressed GFP after infection with S. typhimurium and Y. pseudotuberculosis carrying the plasmid p3LGFP. Although our data demonstrate that delivery of plasmid DNA p3LGFP by different Gram-negative bacteria results in the expression of GFP by human DC, it remains unclear how the plasmid DNA is transported from the phagolysosome into the nucleus of the host cell. One possibility is that the infection by these bacteria leads to leakage of the phagosome. Alternatively, a specific, but yet unknown, transport process may be responsible for the translocation of the plasmid DNA across the phagosomal membrane. Recently, a phagosome-to-cytosol transport



As an alternative to Gram-negative carriers, we recently utilized attenuated L. monocytogenes for the delivery of eukaryotic antigen expression vectors to professional APC of small rodents in vitro as well as in vivo [8,9]. Specific delivery of plasmid vectors to the cytosol of APC was achieved by autolysis of Listeriae due to the production of a Listeria-specific phage lysin under the control of the listerial actA-promoter that is activated upon bacterial egress from the phagosome [8]. Since several species of the genus Listeria (including those species which are apathogenic for humans) can infect fish [14,15], these bacteria may be attractive carriers for oral vaccination of fish. Listeria spp. may be especially useful as recombinant carriers of fish vaccines due to their capacity to replicate even at low temperatures. Therefore, we evaluated the capacity of L. monocytogenes to infect fish cell lines. We infected several types of fish cell lines derived from common carp as well as from fish of tropic origin: an epithelioma cell line (EPC) from carp (Cyprinus carpio), an embryonic cell line (A2) from the live-bearing poeciliid Xiphophorus xiphidium and a melanoma cell line (PSM) from platyfish-swordtail hybrids (Xiphophorus helleri x X. maculatus) (Table 1). These cell lines were infected with L. monocytogenes carrying vector pAct-gfp. This Listeria strain expresses GFP only upon infection of host cells when the bacteria escape from the phagosome and enter the cytosol of the infected cell [8]. Infection was performed at 30°C at an MOI of 10:1 with L. monocytogenes EGD carrying vector pAct-gfp. At 24 h p.i., the infection was assessed by fluorescence microscopy (Fig. 3). We found a highly efficient infection of all cell lines with L. monocytogenes EGD/pact-gfp at 24 h p.i., demonstrating that fish cells of various type and origin can be infected by L. monocytogenes. Additionally, the strong expression of GFP under the control of PactA in the intracellular habitat demonstrates that this promoter is also activated in the cytosol of fish cells. The expression of GFP could be detected as early as 3 h p.i. (data not shown), suggest-
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ing a similar regulation of this promoter as had been observed in mammalian cells [8]. Interestingly, we observed by fluorescence microscopy intracellular move-



ment of the bacteria, suggesting a potential polymerization of host cell actin by L. monocytogenes in fish cells.



Fig. 2. (A) Electron microscopy of phagocytosis of S. typhimurium and Y. pseudotuberculosis by human DC (1 h post infection, MOI 10, bar size 1.1 mm). (B) GFP-expression in human DC after infection with S. typhimurium and Y. pseudotuberculosis. The strains carrying the plasmid p3LGFP were employed (40 h p.i., MOI 50, bar size 100 mm). Green fluorescence was visualized by using a fluorescence-equipped inverted phase contrast microscope and photographed with a digital imaging-system (combined phase-contrast and fluorescence image).



Fig. 3. Infection of fish cell lines with L. monocytogenes EGD/pact-gfp. (A) EPC, (B) A2 and (C) PSM cells were infected at 30°C in DMEM (10% FCS, 1% L-Glutamate, 10 mg/ml tetracyclin) at an MOI of 10. The infections were assayed 24 h p.i. by fluorescence microscopy. Images from combined light and fluorescence microscopy are shown.
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Fig. 4. Infection of EPC cells with L. monocytogenes EGD/pact-gfp. Prior to infection (2 h), the cells were brought to (A) 16, (B) 20, (C) 25 and (D) 30°C, respectively. The temperatures were kept constant over the entire period of infection. The cells were infected in DMEM (10% FCS, 1% L-glutamate, 10 mg/ml tetracyclin) at an MOI of 10:1. The infections were assayed 24 h p. i. by fluorescence microscopy. Images from combined light and fluorescence microscopy are shown.



Since most fish which are important in aquaculture — like the common carp or salmonids like trouts and salmons — are cultivated at temperatures below 30°C, we tested the capacity of L. monocytogenes to infect EPC cells at 16, 20, 25 and 30°C, as well as the activation of PactA under these conditions (Fig. 4). We found L. monocytogenes EGD/pact-gfp to be invasive at all temperatures tested. However, the invasiveness was lowest at 16°C, increasing to maximum levels at 30°C. Additionally, the bacteria were able to replicate over the temperature gradient with lowest rates of replication at 16°C. We also found the PactA to be active at temperatures as low as 16°C, with levels of GFP-expression increasing to maximum levels at 30°C. These data indicate that Listeria spp. may indeed be



attractive carriers for vaccine administration to fish via the oral route. They can infect fish [14,15] and they are able to invade a variety of fish cell types. They can enter the cytosol of infected cells and the listerial actA promoter, which has been employed as a specific tool for autolysis of the bacteria for enhanced DNA delivery to mammalian cells [8], is also active in fish cells. All these processes are functional even at low temperatures, which is an important prerequisite for the wide applicability of live vaccines in farmed fish. In addition, the capacity of Listeria to replicate over a wide temperature range may facilitate large-scale vaccine production, which may be more difficult to achieve with attenuated fish pathogens that are adapted to cold temperatures, like Renibacterium or Piscirickettsia.
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However, these data provide only the first evidence that recombinant Listeriae may be suitable carriers for oral vaccination of fish. Several important issues have to be evaluated: (i) after oral infection, the bacteria should be capable of invading the immunologically relevant organs of fish, e.g. the head nephros and spleen; (ii) it has to be established whether L. monocytogenes is also capable of delivering intact plasmid molecules to fish cells by intracellular autolysis, leading to expression and presentation of plasmid-encoded antigens; and (iii) the ability of Listeriae to deliver DNA vaccines in fish in vivo should be tested. In addition, several safety issues concerning the utilization of recombinant live vaccines in veterinary animals should be carefully addressed: (i) containment measures would have to be found which restrict the replication of the recombinant vaccine carriers in the environment; (ii) L. monocytogenes is a human pathogen, therefore species of the genus Listeria should be evaluated which are apathogenic in humans; and (iii) the fate of the plasmid DNA molecules should be followed.
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