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ABSTRACT

The efficacy of recombinant Lactococcus lactis as a delivery vehicle for a rotavirus antigen was evaluated in a
mouse model. The rotavirus VP8* protein was expressed intracellularly and extracellularly in L. lactis wild type
and in an alr mutant deficient in alanine racemase activity, necessary for the synthesis of the cell-wall
component D-alanine. When the mucosal immune response was evaluated by measuring VP8*-specific IgA
antibody in faeces, wild-type L. lactis triggered a low IgA synthesis only when the secreting strain was used. In
contrast, VVP8*-specific IgA was detected in faeces of both groups of mice orally given the alr mutant
expressing extracellular VP8* and intracellular VP8*, which reached levels similar to that obtained with the
wild type secreting strain. However, oral administration of the recombinant strains did not induce serum IgG or
IgA responses. L. lactis cell-wall mutants may therefore provide certain advantages when low-antigenic proteins
are expressed intracellularly. However, the low immune response obtained by using this antigen-bacterial host
combination prompts to the use of new strains and vaccination protocols in order to develop acceptable rotavirus

immunization levels.
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INTRODUCTION

Rotaviruses are enteric viruses and are a main cause of diarrhea in children worldwide. They are responsible of
more than 500,000 deaths of children under 5 years each year (Parashar et al. 2009). The VP4 protein from the
outside viral layer is the viral hemagglutinin and is digested by trypsin into two polypeptides, the N-terminal
VP8* (28 kDa) and the C-terminal VP5* (60 kDa) proteins. Mucosal immunity against rotavirus infections is
based on the production of IgA antibodies at the intestinal mucosa (Kapikian 2001; Ward 2003). In fact,
antibodies to VP8* produced in vivo can protect against rotavirus produced diarrhoea (Ruggeri and Greenberg
1991; Gil et al. 2000), making VVP8* a good target for the design of new rotavirus vaccines.

Lactococcus lactis is a well-characterized lactic acid bacterium which has been the chosen candidate vehicle for
the delivery of active molecules by mucosal routes, including humerous bacterial and viral antigens for the
development of live vaccines (Wells and Mercenier 2008; Bermudez-Humaran 2009; Rottiers et al. 2009).
Earlier work has addressed the effects of expressing antigens at different levels and locations (cytoplasmic,
secreted or cell-wall anchored), showing a clear dependence of the amount of expressed antigen in the elicited
immune response in animal models when the oral route was employed (Grangette et al. 2002). This led to the
evaluation of mutants altered in cell-wall synthesis with the aim of increasing the delivery capacity to the
mucosal immune system by promoting the in vivo release of antigens. Strains of L. lactis and Lactobacillus
plantarum deficient in the synthesis of D-alanine (alanine racemase mutants; alr), essential for the synthesis of
peptidoglycan, showed enhanced capacity to deliver the tetanus toxin fragment C (TTFC) model antigen to the
mucosal immune system in mice (Grangette et al. 2004).

The purpose of the present study was to assess the efficacy of L. lactis and its alr mutant in the mucosal delivery
of an antigen different to TTFC and with a potential use as rotavirus vaccine. To this end, wild-type L. lactis and
its alr mutant producing rotavirus VVP8* intracellularly and extracellularly were assayed for immunization in a

murine model.
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MATERIAL AND METHODS

Bacterial strains and growth conditions

Lactococcus lactis MG1363 and L. lactis PH3960 (alr), an MG1363 derivative deficient in the alanine racemase
gene (Hols et al. 1999), were used in this study. Both strains were routinely grown in M17 medium (Difco)
supplemented with 0.5 % (w/v) glucose at 30°C in static conditions. For growth of the PH3960 strain the
medium was supplemented with 200 ug D-alanine ml™. E. coli DH5a was used as cloning host and E. coli M15
was used for protein expression. They were grown in LB medium at 37°C under shaking. For plasmid selection,

erythromycin was used at 5 ug ml™ for L. lactis and ampicillin was used at 100 ug ml™ for E. coli.

Expression and purification of VP8* in E. coli and anti-VP8* serum preparation

The VP8* cDNA from the rotavirus simian strain SA11 (P5B[2] G3 genotype) was obtained from plasmid
pGALVP8 (Gil et al. 2001) by digestion with BamHI and Kpnl and cloned into pQE30 plasmid (Qiagen)
digested with the same enzymes. The resulting pQE-VP8 plasmid was used to transform E. coli M15 and protein
expression was induced with 1 mM IPTG. VP8* was totally present as inclusion bodies and it was dissolved
from the pellet by treatment with 8 M urea in 100 mM Tris/HCI pH 7.4 for 2 h at room temperature. The
denatured protein was then purified in Ni-NTA columns according to the supplier (Qiagen) including 8 M urea
in all the buffers. Urea was removed by sequential dialysis with decreasing urea concentrations followed by a
final dialysis in 50 mM Tris/HCI pH 7.4, 100 mM NaCl, 1mM EDTA and the protein was stored at -80°C. Anti-
VP8* serum was obtained by intramuscular injection of three doses of 100 g of the purified protein to rabbits

at the animal facilities of the Instituto de Biomedicina of Valencia.

Construction of plasmid vectors expressing VP8*

The VP8* cDNA was obtained by treating plasmid pGALVP8 (Gil et al. 2001) with Xbal/Klenow followed by
digestion with BamHI and cloned into the pTINX vector (Schotte et al. 2000) digested with Spel/Klenow and
BamHI, giving pRo157. In this construct the VP8* cDNA was fused to the sequence coding the Usp45
lactococcal secretion signal and expressed from the constitutive P1 lactococcal promoter (Waterfield et al.
1995). A vector for intracellular expression was constructed based in pTINX. The P1 promoter region and the
ribosome-binding site of usp45 were obtained from pTINX by PCR with oligonucleotides 5°-

AATAGAATTCGATTAAGTCATCT-3’ and 5’-TGAGGATCCGTCGCCGGCCATGCGTATATCTCCTTT-
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3’ (restriction sites introduced for cloning are underlined). The PCR fragment was digested with EcoRI and
BamHI and used to replace the EcoRI-BamHI fragment from pT1NX which contained the promoter and usp45
secretion signal. The resulting plasmid was used for cloning the VP8* cDNA as a Xbal/Klenow and BamHI
fragment, giving pR0298. All plasmid constructions were performed in L. lactis, which was transformed by

electroporation in a GenePulser apparatus (BioRad).

VP8* expression in Lactococcus and inocula preparation

The day before immunizations, 5 ml GM17 were inoculated with 10 ul frozen bacterial stock and were
incubated for 16 h at 30 °C. The cultures were washed in GM9 medium [1X minimal M9 salts, 0.5 % (w/v)
glucose, 0.5 % (w/v) Casitone, 20 mM MgSQO,, 2 mM CaCl,, 50 mM carbonate buffer pH 7.4] and diluted 1/10
in the same medium and further incubated for 4 h at 37°C. For the L. lactis alr strain a suboptimal concentration
of D-alanine (25 ug ml™) was added to allow bacterial growth. For inocula preparation, bacteria were recovered
by centrifugation washed three times with GM9 and resuspended to 10° c.f.u. in 100 ul of GM9 containing 10
ug the B subunit of cholera toxin (CTB) as adjuvant. CTB was purified using plasmid pAE—ctxB as described
(Areas et al. 2002). For western blot analysis, cells corresponding to 10° cfu were washed and resuspended in 50
ul of 50 mM Tris/HCI pH 7.5 containing 0.5 M sucrose and 50 mg lysozyme ml™. After 1 h at 37°C, cells were
washed with 1 ml 50 mM Tris/HCI pH 7.5 and resuspended in 50 pl Laemmili loading buffer and boiled for 5
min. One ml growth medium supernatants were treated with trichloroacetic acid at 10 % (w/v), incubated on ice
for 1 h and proteins were precipitated at 12,000 x g 10 min. Cell lysates and supernatant precipitated proteins
corresponding to 5 x 10° cfu were separated in 10 % SDS-PAGE gels and expression of VP8* was analyzed by

western blot with rabbit anti-VVP8* serum and the ECL system (GE Healthcare).

Mice inoculation and sample collection

Each immunization group consisted of 5 female BALB/c mice, 6 to 10 weeks old. Each individual was analyzed
by ELISA to confirm the absence of anti-rotavirus antibodies prior to the immunization schedule. The
inoculation was performed intragastrically using a mice intragastric probe (Harvard Apparatus) to ensure equal
administration (10° c.f.u. in 100 pl) to each mouse. The immunization consisted of three inoculation cycles of
three doses in three consecutive days spaced by three weeks intervals. Serum samples and faeces were collected
10 days after each immunization cycle. Blood samples were obtained from the tail vein and sera were obtained

by centrifugation at 3000 x g and stored at -32°C. Stool samples were collected and dissolved to at100 mg ml™
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in PBS containing the Mini EDTA-free Protease inhibitor cocktail (Roche) and frozen at -32°C until use. Prior

to be used the faecal suspensions were homogenized and centrifuged at 5000 x g for 10 min.

Viral challenge

After the last blood and faecal sampling, mice were inoculated by the intragastric route with 50 pl suspension of
rotavirus SA11 strain (6 x 10" pfu ml™). Faeces were recovered from individual mice for seven days and blood
samples were taken at 15 days post-infection. Samples were tested by ELISA for rotavirus antigens and

rotavirus-specific antibodies as described (Garcia-Diaz et al. 2004)

ELISA assays

Polystyrene plates were coated with 1 pg purified (6XHis)-VP8* protein mli™ in 0.1 M carbonate/bicarbonate
buffer pH 9.6 incubated at 37 °C for 2 h and stored at 4°C until use. The serum samples were serially diluted in
PBS with 0.5 % Tween 20 (v/v) (PBS-T) plus 1 % BSA (w/v) as blocking agent. 100 pl of undiluted faecal
suspensions were used. After washing with PBS-T, a 1:2000 dilution of anti-mouse IgG- or anti-mouse IgA-
HRP-conjugate (Sigma) in PBS-T containing 1 % BSA (w/v) was added as secondary antibody. The
colorimetric reaction was developed with o-phenylenediamine and H,O, for 10 min and the reactions stopped
with 50 ul 3 M H,SO,. The final absorbance was read at 492 nm. The statistical significance was calculated

using the Mann-Whitney U-test with SPSS 17.0 software (SPSS, Inc., Chicago, IL)

RESULTS

VP8* expression in L. lactis

Two vectors were constructed for intracellular and extracellular expression of VP8* from the rotavirus strain
SA1l in L. lactis (Fig. 1a). The extracellular construct (pR0o157) was based on the widely used lactococcal
Usp45 secretion signal. As can be seen in Figure 1B, this signal efficiently promoted the secretion of VP8*, with
low amounts of VP8* detected in the cellular fractions. Secreted VP8* was partially degraded into smaller
peptide products. When the intracellular vector (pR0298) was used, most of VP8* was detected in the cellular
fraction, with a small portion present in the supernatant probably as a result of cell lysis (Fig. 1b). Expression
was assayed in L. lactis wild type and an alr deficient mutant which was totally dependent on the addition of D-

alanine for growth. However, to ensure differences in cell-wall characteristics between both strains, a
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suboptimal D-alanine concentration was used in the expression and inoculation experiments (Grangette et al.
2004). Compared to the wild type, the presence of the alr mutation did not affect VP8* expression in either the

extracellular or intracellular constructs.

Oral immunization of mice with L. lactis expressing VP8* and viral challenge

An inoculation schedule was designed consisting in three consecutive daily oral doses of 10° bacterial cells
repeated three times at three weeks intervals. Serum samples were analyzed by ELISA for VP8*-specific 19G
and IgA. After the three immunization cycles no antibody response was obtained in sera with either of the
strains. However, as seen in Figure 2, administration of L. lactis expressing VP8 led to a significant increase in
the VVP8*-specific IgA response in faeces, indicating that the recombinant strains only triggered a local immune
response. However, strains producing secreted VP8* resulted in IgA levels that were already significant after the
second inoculation cycle for the wild type (P=0.01) and after the third inoculation cycle for the alr mutant
(P=0.004). When the intracellular constructs were used, the wild type induced specific IgA production only after
the third inoculation cycle which did not reach statistical significance (P=0.134). On the contrary, a significant
IgA production was already measured with the alr mutant after the second and third cycle (P=0.04 and 0.01,
respectively). This indicated that the low immunogenicity of the wild type was increased by the alr mutation,
which resulted in IgA levels similar to that obtained with the strains producing secreted VP8*.

Mice treated with recombinant L. lactis were orally challenged with rotavirus strain SA11. Although this simian
strain is able to infect and induce diarrhea in mice pups, its limited infection capacity in adult mice resulted in
background levels of rotavirus antigens in faeces with no differences between groups (data not shown). ELISA
analysis of sera from infected mice showed that some groups of mice were primed. This was reflected by
significantly (P=0.013) higher anti-rotavirus IgG levels in mice treated with wild-type L. lactis expressing
extracellular VP8*. The same effect was observed for the alr mutant expressing intracellular VP8*, although

differences were not significant (P=0.052) (Fig. 3).

DISCUSSION

Vaccination against rotavirus is currently regarded as the most efficient preventive measure against rotavirus

severe diarrhoea (Parashar et al. 2003). The present work aimed to investigate if L. lactis was a suitable vector

to confer mucosal immunity against a rotavirus antigen that has previously shown to elicit a rotavirus
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neutralizing response and to prove if cell-wall mutants of this bacterium behaved as better antigen delivery
vehicles. We showed that orally administered recombinant L. lactis to mice was able to deliver the VP8* antigen
to the intestinal mucosa. VP8* displayed a limited immunogenicity, as reflected by the need of a repeated
inoculation scheme and the use of CTB as adjuvant to trigger specific IgA production. When CTB was omitted
in the inoculations, no immune responses were observed (data not shown). Additionally, the low immune
response against VP8* can be the result of other factors. The P1 promoter has been successfully employed for
the delivery of recombinant proteins to mice intestinal mucosa by L. lactis (Steidler et al. 2000; Robinson et al.
2004; Vandenbroucke et al. 2004). Nevertheless, the actual strength of this promoter under the conditions of the
different segments of mice gastrointestinal tract is not known and the possibility exists that VP8* in situ
expression was a limiting factor.

When immunized mice were challenged with rotavirus SA11, a priming effect was only observed in the groups
that showed the higher local immune response. However, the use of the simian SA11 strain makes difficult to
assess the efficacy of protection and further experiments using murine VP8* antigens and virus strains are
required to address this point.

L. lactis producing VVP8* elicited only a local response, with no production of serum specific antibodies. These
results are in contrast with very recent data reported by Quiao et al., who showed that Lactobacillus casei
expressing porcine VP8* produced an IgG humoral response when given orally to mice (Qiao et al. 2009). This
suggests that immune responses to antigens expressed by lactic acid bacteria depend not only on the nature of
the antigen but also in the intrinsic adjuvant characteristics of the host strain and questions the suitability of L.
lactis as a host for rotavirus VP8* delivery. However, in agreement to the results reported here, a VP8*-LTB
(heat-labile toxin B subunit from E. coli) fusion was required to increase adjuvancy and obtain a strong immune
response in mice (Qiao et al. 2009).

When wild-type L. lactis producing VP8* was used, an IgA response was only observed with the extracellular
expression vector. The amount of secreted VP8* in culture medium was higher than that observed in the
intracellular constructs. This, together with the fact that soluble antigens are generally less immunogenic,
suggested that the lack of immune response elicited by the wild type with the intracellular construct was
possibly due to the limited amounts of VP8* produced. We tried to circumvent this by following a similar
strategy to that reported for the delivery of the TTFC model antigen by L. lactis and L. plantarum (Grangette et
al. 2004). The use of an alr mutant expressing intracellular VP8* only resulted in a slight increase of specific

IgA in faeces compared to the wild type expressing VP8* at the same location. Nevertheless, in comparison to
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the wild-type strain producing secreted VP8*, the use of the alr strain did not result in a stronger immune
response. The introduction of this mutation causes L. lactis cells to lyse upon D-alanine depletion (Steen et al.
2005). It is thus conceivable that the release of intracellular VVP8* during the gastrointestinal passage of
recombinant L. lactis alr could be the reason for the improved delivery capacity of intracellularly-expressed
VP8* obtained with this mutant. Following this reasoning, no clear differences could be observed between the
wild type and the alr mutant when the VP8* antigen was produced extracellularly. However, as previously
suggested (Grangette et al. 2004), other reasons, such as a different interaction with the host immune cells and

the activation of antigen-presenting cells, cannot be ruled out.

In summary, L. lactis expressing VP8* induces a low local response in mice when given orally. This response
could not be enhanced by the use of L. lactis cell-wall mutants. This implies that new lactic acid bacteria strains
with better adjuvant/delivery capacity, in combination with appropriated immunization protocols and viral

strains, must be tested in order to develop an efficient rotavirus vaccine based on VP8*,

ACKNOWLEDGEMENTS

This work was supported by European project DEPROHEALTH QLRT-2000-00146 and Consolider Fun-c-
Food CSD2007-00063 from the Spanish Ministry of Science and Innovation. Jess Rodriguez-Diaz was
recipient of a FPU grant and a JAE-post contract from the Consejo Superior de Investigaciones Cientificas. We
are indebted to Dr. Annick Mercenier and Dr. Catherine Daniel for making L. lactis alr mutant available to us.

Authors also wish to thank Dr. L. Steidler for the kind gift of plasmid pT1NX.

REFERENCES

Areas AP, Oliveira ML, Ramos CR, Sbrogio-Almeida ME, Raw I, Ho PL (2002) Synthesis of
cholera toxin B subunit gene: cloning and expression of a functional 6 XHis-tagged protein in

Escherichia coli. Protein Expr Purif 25: 481-487



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

Bermudez-Humaran LG (2009) Lactococcus lactis as a live vector for mucosal delivery of

therapeutic proteins. Hum Vaccin 5: 264-267

Garcia-Diaz A, Lopez-Andujar P, Rodriguez Diaz J, Montava R, Torres Barcelo C, Ribes
JM, Buesa J (2004) Nasal immunization of mice with a rotavirus DNA vaccine that induces

protective intestinal IgA antibodies. Vaccine 23: 489-498

Gil MT, de Souza CO, Asensi M, Buesa J (2000) Homotypic protection against rotavirus-
induced diarrhea in infant mice breast-fed by dams immunized with the recombinant VP8*

subunit of the VP4 capsid protein. Viral Immunol 13: 187-200

Gil MT, Perez-Arellano I, Buesa J, Perez-Martinez G (2001) Secretion of the rotavirus VP8*

protein in Lactococcus lactis. FEMS Microbiol Lett 203: 269-274

Grangette C, Muller-Alouf H, Geoffroy M, Goudercourt D, Turneer M, Mercenier A (2002)
Protection against tetanus toxin after intragastric administration of two recombinant lactic

acid bacteria: impact of strain viability and in vivo persistence. Vaccine 20: 3304-3309

Grangette C, Muller-Alouf H, Hols P, Goudercourt D, Delcour J, Turneer M, Mercenier A
(2004) Enhanced mucosal delivery of antigen with cell wall mutants of lactic acid bacteria.

Infect Immun 72: 2731-2737

Hols P, Kleerebezem M, Schanck AN, Ferain T, Hugenholtz J, Delcour J, de Vos WM (1999)
Conversion of Lactococcus lactis from homolactic to homoalanine fermentation through

metabolic engineering. Nat Biotechnol 17: 588-592

10



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

Kapikian AZ (2001) A rotavirus vaccine for prevention of severe diarrhoea of infants and
young children: development, utilization and withdrawal. Novartis Found Symp 238: 153-

171; discussion 171-159

Parashar UD, Burton A, Lanata C, Boschi-Pinto C, Shibuya K, Steele D, Birmingham M,
Glass RI (2009) Global mortality associated with rotavirus disease among children in 2004. J

Infect Dis 200 Suppl 1: S9-S15

Parashar UD, Hummelman EG, Bresee JS, Miller MA, Glass Rl (2003) Global illness and

deaths caused by rotavirus disease in children. Emerg Infect Dis 9: 565-572

Qiao X, Li G, Wang X, Li X, Liu M, Li Y (2009) Recombinant porcine rotavirus VP4 and
VP4-LTB expressed in Lactobacillus casei induced mucosal and systemic antibody responses

in mice. BMC Microbiol 9: 249

Robinson K, Chamberlain LM, Lopez MC, Rush CM, Marcotte H, Le Page RW, Wells JM
(2004) Mucosal and cellular immune responses elicited by recombinant Lactococcus lactis

strains expressing tetanus toxin fragment C. Infect Immun 72: 2753-2761

Rottiers P, De Smedt T, Steidler L (2009) Modulation of gut-associated lymphoid tissue

functions with genetically modified Lactococcus lactis. Int Rev Immunol 28: 465-486

Ruggeri FM, Greenberg HB (1991) Antibodies to the trypsin cleavage peptide VP8 neutralize

rotavirus by inhibiting binding of virions to target cells in culture. J Virol 65: 2211-2219

11



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

Schotte L, Steidler L, Vandekerckhove J, Remaut E (2000) Secretion of biologically active

murine interleukin-10 by Lactococcus lactis. Enzyme Microb Technol 27: 761-765

Steen A, Palumbo E, Deghorain M, Cocconcelli PS, Delcour J, Kuipers OP, Kok J, Buist G,
Hols P (2005) Autolysis of Lactococcus lactis is increased upon D-alanine depletion of

peptidoglycan and lipoteichoic acids. J Bacteriol 187: 114-124

Steidler L, Hans W, Schotte L, Neirynck S, Obermeier F, Falk W, Fiers W, Remaut E (2000)
Treatment of murine colitis by Lactococcus lactis secreting interleukin-10. Science 289:

1352-1355

Vandenbroucke K, Hans W, Van Huysse J, Neirynck S, Demetter P, Remaut E, Rottiers P,
Steidler L (2004) Active delivery of trefoil factors by genetically modified Lactococcus lactis

prevents and heals acute colitis in mice. Gastroenterology 127: 502-513

Ward RL (2003) Possible mechanisms of protection elicited by candidate rotavirus vaccines

as determined with the adult mouse model. Viral Immunol 16: 17-24

Waterfield NR, Le Page RW, Wilson PW, Wells JM (1995) The isolation of lactococcal
promoters and their use in investigating bacterial luciferase synthesis in Lactococcus lactis.

Gene 165: 9-15

Wells JM, Mercenier A (2008) Mucosal delivery of therapeutic and prophylactic molecules

using lactic acid bacteria. Nat Rev Microbiol 6: 349-362

12



308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329

FIGURE LEGENDS

Figl

VP8* expression in L. lactis. a Schematic representation of the plasmid constructs for intracellular and
extracellular production of VP8*. P1, lactococcal constitutive promoter; SD, Shine-Dalgarno sequence from
usp45; Usp45; secretion signal from the L. lactis Usp45 protein. b Western blot analysis of VP8* production.
Cell extracts and supernatants corresponding to 5x10® cfu were loaded onto each lane and VVP8* was detected
with a rabbit antiserum. wt is wild-type L. lactis and alr is the alr mutant strain. C is an intracellular extract of
wild-type L. lactis transformed with the pTINX vector. MW indicates the position of molecular weight markers
in kDa. The asterisks point to degradation products of extracellular VP8*. Usp45::VVP8* is non-secreted

unprocessed VP8*

Fig 2

Mice IgA antibody response after oral inoculation with L. lactis producing VP8*. The ELISA reads of VP8*-
specific IgA in faeces of mice inoculated with L. lactis expressing VP8* are shown. (o) first cycle of
inoculation; (m) second cycle of inoculation; (m) third cycle of inoculation. wt is wild-type L. lactis and alr is

the alr mutant strain. The control is wild-type L. lactis transformed with the pT1NX vector.

Fig3
Serum anti-SA11 1gG response in mice treated with recombinant L. lactis and challenged with rotavirus SA11
strain. Serum samples were tested at 1:100 dilution for rotavirus-specific 1gG by ELISA in rotavirus SA1l

antigen-coated wells.

13
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