A polymer coating applied to Salmonella prevents the binding of Salmonella-specific antibodies
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Herein, the encapsulation of Salmonella in polymer reduces the antigenicity of Salmonella following in vivo delivery. The polymer-modified Salmonella not only resist the biding of the neutralizing antibodies in peripheral blood but also replicate in tumor sites, which are believed to stimulate non-specific antitumor immunity. These results help define the obstacles necessary to overcome for a successful bacteriolytic therapy.
Abstract

The use of Salmonella as a potential antitumor agent has been investigated, but innate immunity against this bacterium reduces the efficacy of its tumor-targeting and antitumor activities. The purpose of this study was to investigate the modulation of the tumor-targeting efficiency of Salmonella enterica serovar choleraesuis by modifying the immune response to these bacteria by coating them with poly(allylamine hydrochloride) (PAH), designated PAH-S.C. To evaluate this modulation, we used naïve mice and mice immunized with Salmonella to study the role of the preexisting immune response to the antitumor activity of PAH-S.C. When anti-Salmonella antibodies were present, the invasion activity, cytotoxicity, and gene transfer of Salmonella was significantly decreased, both in vitro and in vivo. Treatment with PAH-S.C. resulted in delayed tumor growth and enhanced survival in immunized mice. Furthermore, immunohistochemical studies of the tumors revealed the infiltration of neutrophils and macrophages in immunized mice treated with PAH-S.C. These results indicate that Salmonella encapsulation effectively circumvented the Salmonella-specific immune response.

Introduction
One of the primary limitations of cancer therapy is the lack of selectivity of therapeutic agents against tumor cells. The use of preferentially replicating bacteria as an oncolytic agent is an innovative approach for cancer treatment.1-3 This approach is based on the observation that several obligate or facultative anaerobic bacteria are capable of selectively multiplying in tumors and thereby inhibiting their growth.4 Salmonella are gram-negative, facultative anaerobes that are a common cause of intestinal infections. Salmonella grow under aerobic and anaerobic conditions; thus, they are able to colonize small metastatic and larger tumors. Attenuated Salmonella have been shown to inhibit tumor growth in a broad range of human and mouse tumors.5
Salmonella-based vectors have been considered as potential antitumor agents for tumor vaccines, gene delivery and tumor-targeting vectors.6-8 However, a major disadvantage to this approach is the development of immunity to Salmonella.9 Salmonella-specific antibodies significantly reduce the tumor-targeting activity of Salmonella following a second administration of Salmonella. Humoral responses, particularly those involved in the production of neutralizing antibodies, reduce Salmonella’s antitumor activity. Moreover, preexisting Salmonella neutralizing antibodies are common in humans due to the ubiquitous nature of Salmonella serotypes10; therefore, these antibodies may interfere with Salmonella’s antitumor activity even at the first inoculation of Salmonella. Masking Salmonella immunogenicity with a linking polymer is one approach that can be used to inhibit antibody-mediated Salmonella neutralization.

Purified proteins, plasmids, and viruses can be encapsulated in a biodegradable polymer and delivered by various routes.11 The interactions of polymers with biological systems has been a topic of interest in widely divergent fields. Living cells can be encapsulated by the alternating adsorption of oppositely charged polyelectrolytes, and the metabolic activity of the coated cells is well preserved after encapsulation.12-13 The bacterial cell wall is negatively charged due to the presence of either teichoic acid in gram-positive bacteria or lipopolysaccharide (LPS) in gram-negative bacteria. Positively charged polyelectrolytes can bond to negatively charged bacterial surfaces to form thin films that circumvent preexisting immunity against bacterial vectors. In addition to rendering tumor-targeting Salmonella less susceptible to inactivation by neutralizing antibodies, this study demonstrates that the masking of Salmonella with a polymer reduces the antigenicity of Salmonella following in vivo delivery.

Materials and Methods
Bacteria, cell lines, reagents and mice
The Salmonella enterica serovar choleraesuis (S. Choleraesuis; S.C.) (ATCC 15480) vaccine strain was obtained from the Bioresources Collection and Research Center (Hsinchu, Taiwan). This rough variant of S.C., which is designated vaccine 51, was obtained by spreading an 18-h broth culture of the virulent strain 188 of the S. Choleraesuis serovar Dublin over the surface of a dried nutrient agar plate, adding a drop of a suspension of salmonella anti-o phage No. 1, and selecting for a phage-resistant colony after incubation at 37º C for 24 h.8-9 S.C. were transformed with pTCYLuc by electroporation to generate S.C./Luc as previously described.4 Murine 4T1 breast tumor cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 50 μg/ml gentamicin, 2 mM L-glutamine and 10% heat-inactivated fetal bovine serum at 37ºC in 5% CO2.14 Poly(allylamine hydrochloride) (PAH; MW: 15,000), 4’,6-diamidino-2-phenylindole (DAPI), fluorescein amine isomer I (FA), and paraformaldehyde were purchased from Sigma-Aldrich (St. Louis, MO, USA). Six-to-eight-week-old female BABL/c mice were obtained from the National Laboratory Animal Center of Taiwan. The animals were maintained in a specialized pathogen-free animal care facility in isothermal conditions with regular photoperiods. The experimental protocol adhered to the rules of the Animal Protection Act of Taiwan and was approved by the Laboratory Animal Care and Use Committee of the China Medical University (permit number: 99-20-N).

Preparation of PAH-modified Salmonella
S.C. (106 colony-forming units (cfu)) were washed with deionized water to remove nutrients and metabolites from the bacteria. The washed S.C. were dissolved in 1 ml of PAH solution (1.25 mg/ml - 20 mg/ml), incubated on a shaker for 15 min and then centrifuged (10 min at 1,000 g). The excess PAH solution was discarded, and the S.C. were dispersed and washed three times in water.

Characterization of the PAH-modified Salmonella

The size distributions and zeta potential values of the S.C. and the PAH-modified S.C. (PAH-S.C.) were measured in deionized water using a dynamic light scattering system (Zetasizer ZS90, Malvern instruments, Malvern, UK). The synthesis of FA was based on a reaction between the FA amine groups and the PAH carboxylic acid groups. PAH and FA were dissolved in acetonitrile and incubated at room temperature for 2 h. To remove the unconjugated FA, the solution was dialyzed in the dark in distilled water, which was replaced daily until no fluorescence was detected in the supernatant. The resultant FA-PAH was lyophilized in a freeze dryer.15 The PAH-S.C and FA-PAH-S.C. cells were prepared as previously described . The PAH-S.C. and S.C. incubated 4T1 cells, respectively, for 2 h. The cells were then washed with PBS, fixed in 3.7% paraformaldehyde and observed by confocal laser scanning microscopy. The images were superimposed using the LCS Lite software. The FA-PAH-S.C. were collected at various time points before the measurements. The fluorescence emission from the solutions was measured using a fluorescence spectrometer (LS50B, PerkinElmer, Emeryville, CA, USA). 

Animal Studies
Groups of mice were intraperitoneally (i.p.) immunized with heat-killed S.C. or PAH-S.C. at a dose of 104 cfu. The immunized and naïve mice were bled or sacrificed at several time points to determine antibody production.9 Other groups of naïve and immunized mice were subcutaneously (s.c.) inoculated with 106 tumor cells. When the tumors had grown to diameters between 50 and 100 mm3, the mice were intravenously (i.v.) injected with 5 mg/ml PAH or 2 × 106 cfu of S.C. or PAH-S.C. These groups of mice were sacrificed at various time points postinfection, and the numbers of Salmonella in the tumors, livers, and spleens were determined on LB agar plates; these data were expressed as cfu per gram of tissue. Tissue homogenates were also assessed for luciferase activity using a luciferase reporter gene assay system (Tropix). In a parallel experiment, the fluorescence emission from solutions was measured using a fluorescence plate reader (Tecan Safire II, Salzburg, Austria). In a separate experiment, palpable tumors were measured every 3 days in two perpendicular axes using a tissue caliper, and the tumor volumes were calculated as follows: (length of tumor) × (width of tumor)2 × 0.45. The survival rates of the mice in the treated and control groups were monitored daily.

Infection of tumor cells with Salmonella 
S.C. (106 cfu) or PAH-S.C. (106 cfu) were incubated with various sera collected from mice and cultured with 4T1 cells (105 cells/well) for 8 h. The medium was then removed, the cells were washed, and fresh medium supplemented with 50 μg/ml gentamicin was added. The supernatants were removed after an additional 90 min culture in gentamicin, and adherent cells were lysed to release the intracellular bacteria. The lysates were serially diluted in PBS and spread on LB agar plates, and the cfu were counted after an overnight incubation at 37°C. In a parallel experiment, the adherent cells were measured for cell survival. Cell survival was assessed using the colorimetric WST-1 assay (Dojindo Labs, Tokyo, Japan) according to the manufacturer’s instructions. Tumor cells (105/well) were cultured in 6-well plates overnight. Subsequently, S.C./Luc or PAH-S.C./Luc admixed with various sera collected from mice were added to cells that were then cultured in 1 ml of antibiotic-free medium and incubated for 8 h. All the cells were washed, replenished with complete medium containing gentamicin (50 μg/ml) and cultured for 16 h. The cells were lysed to prepare extracts for the determination of luciferase activity using a luciferase assay kit (Tropix).

Assessment of cytokines and immunohistochemical staining
The levels of cytokines, tumor necrosis factor α (TNF-α) and interleukin-1 β (IL-1β) in the sera of the mice after S.C. or PAH-S.C. administration were determined by enzyme-linked immunosorbent assay (ELISA) (R＆D, Minneapolis, MN, USA). To analyze cell infiltration in the tumors, groups of mice that had been inoculated s.c. with 106 4T1 cells at day 0 were injected i.v. with 2 × 106 cfu of S.C. or PAH-S.C. at day 10, and the control mice received PBS. The tumors were excised and snap-frozen on day 20. Cryostat sections (5 μm) were prepared, fixed, and incubated with rat anti-mouse Ly 6G (Gr-1) (RB6-8C5, BD Biosciences, San Diego, CA, USA) or rat anti-mouse Mac-3 (M3/84, BD Biosciences) antibodies. After sequential incubation with the appropriate peroxidase-labeled secondary antibody and aminoethyl carbazole (AEC) as the substrate chromogen, the slides were counterstained with hematoxylin. The numbers of infiltrating cells were quantified by averaging the number in each cell type in the three areas of highest cell density at 200X magnification in each section.15
Statistical Analysis
The unpaired, two-tailed Student’s t test was used to determine differences between groups for the comparison of tumor volume, Salmonella luciferase activity, cell number, body weight and cytokine production. A survival analysis was performed using the Kaplan-Meier survival curve and log-rank test. A p value less than 0.05 was considered to be statistically significant.
Results

Characterization of poly(allylamine hydrochloride) (PAH)-modified Salmonella
Because the surface charge of the bacterial wall is negative, the positively charged polyelectrolyte PAH is effectively and spontaneously absorbed onto the bacterial cell wall.13 The particle sizes and surface charges of PAH-S.C. cells prepared with different PAH concentrations were measured; the results are listed in Table 1. Dynamic light scattering analysis demonstrated that the average size of the PAH-S.C. particles increased with increasing PAH concentration. The surface charges of the S.C. and PAH-S.C. particles were measured by zeta potential. The net surface charges of the PAH-S.C. and S.C. particles ranged from -4.07 to 11.75 mV. The gradual increase in particle size and neutralization of the Salmonella surface charge suggest that the Salmonella were well coated with PAH. 

We also measured the replication rates of PAH-S.C. and S.C. cells to determine whether the PAH coating on the surface of Salmonella affected the physiology of the bacterium. When Salmonella were coated with 20 mg/ml PAH, the Salmonella growth curve was slightly decreased compared with the control (Fig. 1a). The growth rates of the other groups were not significantly different from that of the S.C. group. At 20 mg/ml, PAH may affect the growth of bacteria by inhibiting cell wall formation. 

To test whether the PAH-S.C. cells were able to infect tumor cells and to determine their infection efficiency in the absence and presence of a neutralizing antibody, the gentamicin protection assay was used to measure the degree of infection of tumor cells by PAH-S.C. The bacterial invasion assay demonstrated that the invasion efficiency of PAH-S.C. decreased with increasing PAH concentration (Fig. 1b). The same phenomenon was observed in the presence of a naïve antibody. Interestingly, the PAH-S.C. prepared with 5 mg/ml PAH retained invasion activity in the presence of a neutralizing antibody. The PAH-S.C. prepared with 20 mg/ml PAH lost invasion activity and cytotoxicity, both in the absence and presence of a neutralizing antibody (Fig. 1c). 

Previously, we demonstrated that Salmonella are effective gene transfer vectors in vitro and in vivo. 4, 16 To test whether PAH-S.C. were able to transfer genes into tumor cells, luciferase expression was measured after infection with PAH-S.C. carrying a luciferase gene (PAH-S.C./Luc) (Fig. 1d). Tumor cells infected with PAH-S.C. prepared with 20 mg/ml PAH displayed no significant luciferase signals, either in the absence or presence of a neutralizing antibody. Notably, the expression of luciferase in PAH-S.C. in the 5 mg/ml group was observed both in the absence and presence of a neutralizing antibody. Our results demonstrated that the anti-Salmonella antibody did not inhibit PAH-S.C. invasion. Therefore, coating Salmonella with 20 mg/ml PAH partially decreased its infection ability, and coating Salmonella with 1.25 mg/ml PAH did not protect Salmonella from the neutralizing antibody. The PAH-S.C. cells prepared with 5 mg/ml PAH were therefore used in the subsequent analyses. 

To further demonstrate that PAH did indeed adhere to the Salmonella surface, PAH was fluorescently labeled with FA to form FA-PAH. As illustrated in Fig. 2, the Salmonella cells were well covered with FA-PHA (Fig. 2a). We hypothesized that the Salmonella PAH coating would be diluted with each subsequent cell division. Furthermore, to determine the kinetics of PAH release in vitro, we collected the bacteria and removed the supernatants at several time points. As expected, the level of PAH coating continuously decreased during bacterial division (Fig. 2b). Additionally, we measured the fluorescence of the tumor homogenate after FA-PAH-S.C. administration. The FA-PAH levels in the Salmonella recovered from the tumors were determined at various time points (Fig. 2c). The fluorescence in the tumors 48 h after injecting the mice with FA-PAH-S.C. was approximately 20-fold lower than that in the tumors at 12 h. This is in contrast to the kinetics of bacterial accumulation in tumors. Our data support the hypothesis that the PAH-S.C. retained the ability to infect tumor cells in vitro and in vivo.

Tissue distributions of PAH-S.C. in naïve and immunized mice

To investigate the impact of immune responses on the tissue distribution of PAH-S.C., naïve and immunized mice bearing tumors were i.v. injected with PAH-S.C., and the amounts of Salmonella in the tumors, livers, and spleens were determined at days 1 and 10. As shown in Fig. 3a, systemically administered S.C. or PAH-S.C. preferentially accumulated within the tumors on day 1, at tumor-to-normal tissue accumulation ratios of 1000-10000:1. The amounts of S.C. and PAH-S.C.in the tumors remained at high levels over the ten days (Fig. 3b). We previously obtained similar results demonstrating that the bacterial load in tumors was significantly reduced in mice immunized against Salmonella.9 These findings suggested that the immune response inhibited the accumulation of Salmonella in the tumor sites. Notably, the PAH-S.C. restored the tumor-targeting ability of Salmonella in immunized mice.

As shown in Fig. 3b, ten days after PAH-S.C. inoculation, the amounts of Salmonella in the tumors were approximately four orders of magnitude higher than those found in tumors derived from immunized mice treated with S.C. In addition, luciferase expression was readily observed in the tumor sites after PAH-S.C./Luc inoculation (Fig. 3c). The PAH-S.C. displayed tumor-targeting efficiency and gene transfer ability in the presence of a host with anti-Salmonella immunity. Our data demonstrated that PAH-S.C. circumvented the anti-Salmonella antibodies in vitro and in vivo.

Effects of PAH-modified Salmonella on cytokine induction in naïve mice
Because significant proinflammatory cytokine induction occurs with Salmonella infection, the administration of agents such as TNF-α, TNF-α neutralizing antibodies, and IL-1 receptor antagonists may reduce the biological activity of these cytokines and their side effects.17 To examine the host inflammation response induced by PAH-S.C., immunized and naïve mice were treated with S.C. or PAH-S.C, and body weight was measured. As indicated in Fig. 4a, naïve mice treated with S.C. had a 9% lower average body weight compared with naïve mice treated with PBS. In contrast, the body weights of mice treated with PAH-S.C. were not significantly decreased. After S.C. and PAH-S.C. treatment, the levels of inflammatory cytokines including IL-1β and TNF-α were measured in the sera. Regardless of whether the mice were naïve or immunized, the induction of inflammation cytokines (i.e., IL-1β and TNF-α) in mice treated with S.C. was increased by 1.5-4.5-fold compared with the induction by PAH-S.C. treatment (Fig4. b and c). Taken together, these results suggest that PAH-S.C. had a greater tumor-targeting efficiency with potentially fewer side effects in the host than S.C.

Inhibition of tumor growth by PAH-modified Salmonella
Previously, we demonstrated that the presence of anti-Salmonella antibodies results in a noticeably lower total number of bacteria in tumor sites and decreases the antitumor effect of Salmonella.9 Therefore, the avoidance of neutralizing antibodies emerges as a key issue in the development of Salmonella therapeutic approaches. The antitumor effects of PAH-S.C. and S.C. were evaluated in terms of tumor growth and survival in naïve and immunized mice bearing tumors. S.C. and PAH-S.C. treatment both reduced tumor growth compared with PBS treatment in naïve mice. Interestingly, PAH-S.C. treatment significantly reduced tumor size compared with S.C. treatment in immunized mice (Fig. 5a). The mean tumor volume for immunized mice in the PAH-S.C.-treated group decreased by 48.72% compared with those in the S.C.-treated group. Fig. 5b demonstrates that the survival of the immunized mice injected with PAH-S.C. was significantly prolonged compared with that of the mice injected with S.C. To further confirm that PAH protects against neutralizing antibodies, we used PAH-S.C. to immunize mice. The anti-PAH-S.C. antibodies did not inhibit the antitumor activity of S.C (Fig. 5c). Furthermore, PAH did not produce an antitumor response. These results are consistent with our previous report that demonstrated that the specificity of anti-Salmonella antibodies influences the tumor-targeting potential of Salmonella.9 Overall, PAH-S.C. significantly suppressed tumor growth and prolonged the survival of immunized mice.
Increase of infiltrating cells by PAH-S.C. 

 The antitumor properties of Salmonella may partially rely on the activation of host immunity.18-21 Neutrophil and macrophage infiltration in tumors from tumor-bearing mice inoculated with S.C., PAH-S.C. and PBS were analyzed at 10 days postinfection by immunohistochemistry. The results of the immunohistochemical staining are presented in Fig. 6a. A few macrophages and neutrophils were detected in the tumors derived from immunized mice treated with S.C. Nevertheless, a notable increase in macrophage and neutrophil infiltration in the tumors was observed in naïve mice treated with PAH-S.C. and, in particular, in immunized mice treated with PAH-S.C. The numbers of infiltrating neutrophils and macrophages in the tumors treated with S.C. and PAH-S.C. were significantly increased compared with those in tumors treated with PBS (Figs. 5b and c). Notably, the number of infiltrating cells in tumors derived from immunized mice treated with PAH-S.C. was significantly increased compared with those treated with S.C. Taken together, these results reveal that PAH-S.C. cells enhanced immune cell infiltration in tumors in immunized mice. PAH-S.C. not only resisted the binding of neutralizing antibodies in peripheral blood but also replicated in tumor sites, which has been suggested to stimulate non-specific antitumor immunity. 
Discussion

Systemic administration of Salmonella in tumor-bearing mice leads to its preferential accumulation in tumor sites and thus retards tumor growth. Salmonella can effectively eradicate primary and metastatic tumors including bone, prostate, breast, pancreas and sarcoma.22-25 Many studies suggest the clinical potential of bacterial treatment for critical metastatic tumor targets.26-29 Salmonella with an attenuated lipid A have been evaluated in a Phase I clinical trial, in which patients received Salmonella (VNP20009), which was rapidly cleared from the blood, and the majority of tumors had no detectable Salmonella colonization. Moreover, patients that had preexisting anti-Salmonella antibodies had no detectable Salmonella colonization in the tumor sites after systemic administration.17 In agreement with a clinical study, our previous results indicated that higher anti-Salmonella antibody titers in the host resulted in lower amounts of Salmonella in tumor sites. Anti-Salmonella antibodies result in a noticeably lower total number of bacteria in tumor sites and decrease the antitumor effect of Salmonella. Therefore, the avoidance of neutralizing antibodies has emerged as a key issue in the development of Salmonella therapeutic approaches. In this study, we investigated the use of PAH to modify or shield Salmonella from the preexisting immune response in a host. 
For this purpose, we used commercially available charged polyelectrolytes, namely, PAH, to produce shells that cover living Salmonella. We presumed that coating Salmonella with such a film would not seriously affect its viability or invasion ability. A high concentration of PAH (20 mg/ml) may alter the bacterial outer membrane permeability by binding to the negatively charged LPS layer, resulting in a destabilized outer membrane that inhibits bacterial replication and invasion. Conversely, a low PAH concentration (1.25mg/ml) was insufficient to block Salmonella antigenicity and protect against antibody neutralization. 

Because toxic adverse effects caused by bacterial therapy are the main hindrance to further clinical application,16 we explored the use of PAH-S.C., which did not induce a large response of inflammatory cytokines; such an inflammatory response would negatively affect the health of the host. Compared with S.C., PAH-S.C. exhibited greater safety in all the tested parameters including bacterial accumulation in tissue, inflammatory cytokine induction, and weight loss. 

Because bacterial replication in tumors and the subsequent lysis of tumor cells may induce cell-mediated immune responses to tumor cells, higher oncolysis could, in part, account for increased infiltration of CD8+ T-cells in Salmonella-treated tumors.6, 21 The T-cell response against tumor cells may enhance the antitumor efficacy of Salmonella. Saccheri et al. observed an antimicrobial response present in tumors that activates cytotoxic CD8+ T-cells, which can recognize and kill tumor cells.6 The use of T-cell-deficient mice allowed us to analyze the role of T-cells in tumor-bearing mice after Salmonella administration. These results not only indicated that T-cell mechanisms are important for the control of systemic Salmonella treatment but further suggested that T-cells participate in antitumor activities directed against Salmonella. We also found that CD8+ T cells are antitumor effectors of Salmonella.

Furthermore, Salmonella induced IFN-γ production and polarized the T-cell response to a Th1-dominant state in wild-type mice but not in CD4+ T-cell-deficient mice. Thus, a bacterially activated CD4+ T-cell tumor infiltration may be a relevant source of IFN-γ in the tumor microenvironment and may contribute, a least in part, to the host antitumor immunity induced by Salmonella. The current findings and our previous reports suggest that tumor-targeted therapy involving Salmonella, which exerts tumoricidal effects and stimulates T-cell activities, represents a potential strategy for tumor treatment.30 However, persistently high levels of PAH-S.C. in tumors induced inflammatory responses, leading to the recruitment of immune cells including macrophages and neutrophils to the tumor site (Fig. 6). Hosts immunized with Salmonella can induce an antitumor response due to the ability of anti-Salmonella immune cells to kill Salmonella-infected tumor cells.31 The antitumor effects of neutrophils, in particular, after being activated by substances derived from microorganisms have also been demonstrated in various tumors.32-34 

In summary, PAH shields Salmonella from neutralizing antibodies. PAH-S.C. cells display lower toxicity and improved efficacy and safety. PAH also can provide a useful platform for the chemical modification of Salmonella , perhaps allowing other chemotherapeutic drugs to bind to tumor-targeting Salmonella. By taking advantage of the tumor-targeting activity of Salmonella and the pleiotropic activities of chemotherapeutic drugs, this system appears to hold promise for tumor treatment. These results yield insight into the complex interactions between Salmonella and host immunity, maximizing the possibility of therapeutic success. Therefore, PAH-S.C. has promising potential for further clinical studies.
Grant sponsor

National Science Council and China Medical University

Grant number:

NSC 100-2320-B-039-024; NSC 100-2815-C-039-031-B; CMU99-N2-08 and CMU100-N2-01

Acknowledgements
The authors thank Dvaid L. for carefully proof-reading the manuscript and providing valuable comments.

References
1. Pawelek JM, Low KB, Bermudes D. Bacteria as tumour-targeting vectors. Lancet Oncol 2003; 4: 548-56.

2. Pawelek JM, Low KB, Bermudes D. Tumor-targeted Salmonella as a novel anticancer vector. Cancer Res 1997; 57: 4537-44.

3. Zhao M, Yang M, Li XM, Jiang P, Baranov E, Li S, Xu M, Penman S, Hoffman RM. Tumor-targeting bacterial therapy with amino acid auxotrophs of GFP-expressing Salmonella typhimurium. Proc Natl Acad Sci USA 2005; 102: 755-60.
4. Lee CH, Wu CL, Shiau AL. Endostatin gene therapy delivered by Salmonella choleraesuis in murine tumor models. J Gene Med 2004; 6: 1382-93.
5. Low KB, Ittensohn M, Le T, Platt J, Sodi S, Amoss M, Ash O, Carmichael E, Chakraborty A, Fischer J, Lin SL, Luo X , et al. Lipid A mutant Salmonella with suppressed virulence and TNF-αinduction retain tumor-targeting in vivo. Nat Biotechnol 1999; 17: 37-41.
6. Saccheri F, Pozzi C, Avogadri F, Barozzi S, Faretta M, Fusi P, Rescigno M. Bacteria-induced gap junctions in tumors favor antigen cross-presentation and antitumor immunity. Sci Transl Med 2010; 2: 44ra57.
7. Shiau AL, Chen CC, Yo YT, Chu CY, Wang SY, Wu CL.Enhancement of humoral and cellular immune responses by an oral Salmonella choleraesuis vaccine expressing porcine prothymosin α. Vaccine 2005; 23: 5563-71.
8. Lee CH, Wu CL, Tai YS, Shiau AL. Systemic administration of attenuated Salmonella choleraesuis in combination with cisplatin for cancer therapy. Mol Ther 2005; 11: 707-16.
9. Lee CH, Wu CL, Chen SH, Shiau AL. Humoral immune responses inhibit the antitumor activities mediated by Salmonella enterica serovar Choleraesuis. J Immunother 2009; 32: 376-88.
10. Graham SM. Salmonellosis in children in developing and developed countries and populations. Curr Opin Infect Dis 2002; 15: 507-12.
11. Harris TJ, Green JJ, Fung PW, Langer R, Anderson DG, Bhatia SN. Tissue-specific gene delivery via nanoparticle coating. Biomaterials 2010; 31: 998-1006.
12. Fakhrullin RF, Zamaleeva AI, Morozov MV, Tazetdinova DI, Alimova FK, Hilmutdinov AK, Zhdanov RI. Living fungi cells encapsulated in polyelectrolyte shells doped with metal nanoparticles. Langmuir 2009; 25: 4628-34.
13. Kahraman M, Zamaleeva AI, Fakhrullin RF, Culha M. Layer-by-layer coating of bacteria with noble metal nanoparticles for surface-enhanced raman scattering. Anal Bioanal Chem 2009; 395: 2559-67.
14. Kim RJ, Kim SR, Roh KJ, Park SB, Park JR, Kang KS, Kong G, Tang B, Yang YA, Kohn EA, Wakefield LM, Nam JS. Ras activation contributes to the maintenance and expansion of Sca-1pos cells in a mouse model of breast cancer. Cancer lett 2010; 287: 172-81.
15. Chang CH, Huang WY, Lai CH, Hsu YM, Yao YH, Chen Ty, Wu JY, Peng SF, Lin YH. Development of novel nanoparticles shelled with heparin for berberine delivery to treat Helicobacter pylori. Acta Biomater 2011; 7: 593-603.
16. Lee CH, Wu CL, Shiau AL. Systemic administration of attenuated Salmonella choleraesuis carrying thrombospondin-1 gene leads to tumor-specific transgene expression, delayed tumor growth and prolonged survival in the murine melanoma model. Cancer Gene Ther 2005; 12: 175-82.

17. Toso JF, Gill VJ, Hwu P, Marincola FM, Restifo NP, Schwartzentruber DJ, Sherry RM, Topalian SL, Yang JC, Stock F, Freezer LJ, Morton KE, et al. Phase I study of the intravenous administration of attenuated Salmonella typhimurium to patients with metastatic melanoma. J Clin Onco 2002; 20: 142-52.

18. Lee CH, Wu CL, Shiau AL. Salmonella choleraesuis as an anticancer agent in a syngeneic model of orthotopic hepatocellular carcinoma. Int J Cancer 2008; 122: 930-35.

19. Avogadri F, Mittal D, Saccheri F, Sarrafiore M, Ciocca M, Larghi P, Orecchia R, Resciqno M. Intra-tumoral Salmonella typhimurium induces a systemic anti-tumor immune response that is directed by low-dose radiation to treat distal disease. Eur J Immunol 2008; 38: 1937-47.

20. Lee CH, Wu CL, Shiau AL. Toll-like receptor 4 mediates an antitumor host response induced by Salmonella choleraesuis. Clin Cancer Res 2008; 14: 1905-12.
21. Lee CH, Hsieh JL, Wu CL, Hsu PY, Shiau AL. T cell augments the antitumor activity of tumor-targeting Salmonella. Appl Microbiol Biotechnol 2011; 90: 1381-8.

22. Liu F, Zhang L, Hoffman RM, Zhao M. Vessel destruction by tumor-targeting Salmonella typhimurium A1-R is enhanced by high tumor vascularity. Cell Cycle. 2010; 9: 4518-24.

23. Nagakura C, Hayashi K, Zhao M, Yamauchi K, Yamamoto N, Tsuchiya H, Tomita K, Bouvet M, Hoffman RM. Efficacy of a genetically-modified Salmonella typhimurium in an orthotopic human pancreatic cancer in nude mice. Anticancer Res 2009; 29: 1873-8.
24. Yam C, Zhao M, Hayashi K, Ma H, Kishimoto H, McElroy M, Bouvet M, Hoffman RM. Monotherapy with a tumor-targeting mutant of S. typhimurium inhibits liver metastasis in a mouse model of pancreatic cancer. J Surg Res 2010; 164: 248-55.
25. Hayashi K, Zhao M, Yamauchi K, Yamamoto N, Tsuchiya H, Tomita K, Kishimoto H, Bouvet M, Hoffman RM. Systemic targeting of primary bone tumor and lung metastasis of high-grade osteosarcoma in nude mice with a tumor-selective strain of Salmonella typhimurium. Cell Cycle 2009; 8: 870-5.
26. Kimura H, Zhang L, Zhao M, Hayashi K, Tsuchiya H, Tomita K, Bouvet M, Wessels J, Hoffman RM. Targeted therapy of spinal cord glioma with a genetically modified Salmonella typhimurium. Cell Prolif 2010; 43: 41-8.
27. Hayashi K, Zhao M, Yamauchi K, Yamamoto N, Tsuchiya H, Tomita K, Hoffman RM. Cancer metastasis directly eradicated by targeted therapy with a modified Salmonella typhimurium. J Cell Biochem 2009; 106: 992-8.
28. Zhao M, Geller J, Ma H, Yang M, Penman S, Hoffman RM. Monotherapy with a tumor-targeting mutant of Salmonella typhimurium cures orthotopic metastatic mouse models of human prostate cancer. Proc Natl Acad Sci USA 2007; 104: 10170-4.
29. Zhao M, Yang M, Ma H, Li X, Tan X, Li S, Yang Z, Hoffman RM. Targeted therapy with a Salmonella typhimurium leucine-arginine auxotroph cures orthotopic human breast tumors in nude mice. Cancer Res 2006; 66: 7647-52.
30. Lee CH. Engineering bacteria toward tumor targeting for cancer treatment: current state and perspectives. Appl Microbiol Biotechnol 2012; 93: 517-23.
31. Avogadri F, Martinoli C, Petrovska L, Chiodoni C, Transidico P, Bronte V, Longhi R, Colombo MP, Dougan G, Rescigno M. Cancer immunotherapy based on killing of Salmonella-infected tumor cells. Cancer Res 2005; 65: 3920-7.

32. Kasai S, Fujimoto S, Nitta K, Baba H, Kunimoto T. Antitumor activity of polymorphonuclear leukocytes activated by a β-1,3-D-glucan. J Pharmacobiodyn 1991; 14: 519-25.
33. Fujii Y, Kimura S, Arai S, Sendo F. In vivo antitumor effect of lymphokine-activated rodent polymorphonuclear leukocytes. Cancer Res 1987; 47: 6000-5.
34. Yang KD, Stone RM, Lee CS, Chao TY, Cheng SN, Shaio MF. Effect of picibanil (OK432) on neutrophil-mediated antitumor activity: implication of monocyte-derived neutrophil-activating factors. Cancer Immunol Immunother 1992; 35: 277-82.
Table 1

Particle sizes and zeta potential values of PAH-S.C. particles prepared with different PAH concentrations in deionized water (n=5).

PAH concentration (mg/ml)       Particle size (nm)        Zeta potential (mV)      

0                            938.13 ± 84.69             -4.70 ± 2.45

1.25                         1281.14 ± 71.61            -0.7469 ± 2.04

5                           1180.57 ± 63.76             4.22 ± 1.18

20                          1260.55 ± 180.33            11.75 ± 0.31

Figure legends

Figure 1. Replication, invasion activity, cytotoxic effect, and transduction ability of PAH-S.C. (a) PAH-S.C. replication. The number of PAH-S.C. cells was determined 6 h postincubation. (b) The mice were immunized i.p. with 104 cfu of heat-killed S.C. on days 0 and 7. The naïve mice were injected with PBS. The sera were collected 7 days after the last immunization. 4T1 cells (105) were infected with 106 cfu of PAH-S.C. or S.C. cells admixed with various sera obtained from S.C.-immunized or naïve mice. A gentamicin protection assay was used to examine these cells 9.5 h later; the data are reported as means ± SD (n=3) (c) The effect of neutralizing antibodies on cell death induced by Salmonella infection. 4T1 (105) cells were infected with S.C. (106 cfu), S.C. admixed with various sera, PAH-S.C. (106 cfu), or PAH-S.C. admixed with various sera. The cell viability was then assessed using the WST-1 assay; the data are reported as means ± SD (n=6). (d) The effect of neutralizing antibodies on gene transfer in vitro. 4T1 (105) cells were infected with S.C./Luc (106 cfu), PAH-S.C./Luc (106 cfu), S.C./Luc admixed with sera or PAH-S.C./Luc admixed with sera. Luciferase activities in these cells were measured 16 h later. (*, p<0.05, ***, p<0.001).
Figure 2. Salmonella (S.C.) coated with PAH. (a) 4T1 cells treated with FA-PAH-S.C. were imaged by confocal microscopy. Cell nuclei and bacterial DNA were counterstained with DAPI. Scale bar = 8 μm. (b) Kinetics of PAH release. FA-PAH-S.C. cells were collected at several time points. The fluorescence emissions from the solutions were measured using a fluorescence spectrometer. The numbers of Salmonella were determined at the various time points. (c) Mice bearing 4T1 tumors ranging in size from 50 - 100 mm3 were injected i.v. with FA-PAH-S.C. (2 ×106 cfu) at 10 days, and the fluorescence emissions from the tumor homogenates were measured using a fluorescence spectrometer. The numbers of Salmonella in the tumors were determined at several time points, and the data are reported as means ± SD (n=3).
Figure 3. The effects of neutralizing antibodies on the tumor-targeting potential and gene transfer of Salmonella (S.C.). The mice were immunized i.p. with 104 cfu of heat-killed S.C., and the control mice were immunized with PBS. The mice were subcutaneously injected with tumor cells (106). Mice bearing 4T1 tumors ranging from 50 - 100 mm3 were injected i.v. with S.C. or PAH-S.C. (2 ×106 cfu) 10 days after the last immunization, and the numbers of Salmonella cells in the tumors, livers, and spleens were determined at (a) 1 and (b) 10 days postinfection. The data are reported as means ± SD (n=4-5); n.d., not detectable. (c) Immunized mice bearing 4T1 tumors were injected i.v. with 2 ×106 cfu of S.C./Luc or PAH-S.C./Luc. Luciferase expression levels in tissues derived from S.C./Luc-treated mice at day 1 postinfection were determined by luciferase assay. The data are reported as means ± SD (n=4) (*, p<0.05; p＜0.05 for immunized mice S.C. versus immunized mice PAH S.C.)
Figure 4. Susceptibility of mice to infection with Salmonella (S.C.). (a) Naive mice and immunized mice were injected intravenously with S.C. or PAH-S.C. (2 × 106 cfu); (a) the body weights and (b) TNF-α and (c) IL-1β levels were determined. The data are reported as means ± SD (n= 6). (*, p<0.05; **, p<0.01).
Figure 5. Antitumor effects of PAH-S.C. on immunized mice. Groups of mice were immunized i.p. with 1×104 cfu heat-killed S.C. The control mice were immunized with PBS. Mice bearing 4T1 tumors were injected i.v. with S.C. or PAH-S.C. (2 ×106 cfu) on day 10. Vehicle control mice received PBS. (a) Tumor volumes (mean ± SEM, n=7) in mice bearing 4T1 tumors were compared among the different treatment groups. (b) Kaplan-Meier survival curves at day 100 are shown. (p＜0.001 for naïve mice treated with vehicle versus naïve mice treated with S.C. and for naïve mice treated with vehicle versus naïve mice treated with PAH-S.C.; p<0.01 for immunized mice treated with S.C. versus immunized mice treated with PAH-S.C.). (**, p<0.01; ***, p<0.001). (c) Groups of mice were immunized i.p. with 1×104 cfu PAH-S.C. The control mice were immunized with PBS. Mice bearing 4T1 tumors were injected i.v. with PAH (5 mg/ml), S.C. or PAH-S.C. (2 ×106 cfu) on day 10. Vehicle control mice received PBS. Tumor volumes (mean ± SEM, n=7) in mice bearing 4T1 tumors were compared among different treatment groups (**p<0.01,***p<0.001).

Figure 6. Increased numbers of infiltrating cells in tumors from immunized mice treated with PAH-S.C. Mice bearing 4T1 tumors at day 0 were injected i.v. with 2 × 106 cfu of S.C., PAH-S.C. or PBS at day 10. (a) Tumors were excised at day 20, immunostained with antibodies against Gr-1, and Mac-3 was used to detect infiltrating cells (200X). The numbers of (b) neutrophils and (c) macrophage cells that infiltrated the tumors were determined by averaging the cell numbers from the three fields of highest positive-stained cell density at 200X magnification in each section. The data are reported as means ± SEM (n=4); (*p<0.05); HPF, high-power field.
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