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Abstract

To support our work on the development of bacterial spores as oral vaccines we examined the immunogenicity and intracellular fate
of Bacillus subtilisendospores in a murine model. Mice dosed orally with spores developed systemic IgG and mucosal sIgA responses.
Analysis of IgG subclasses revealed a predominance of the IgG2a subclass during the early stages of immunisation. Analysis of cytokine
MRNA in GALT and lymphoid organs showed early induction of IfNa Thl cytokine, as well as the pro-inflammatory cytokine
TNF-a. Significant levels of IgG antibodies were produced against vegetative bacilli following dosing with spores. This showed that
spores could germinate in the Gl tract. In vitro studies detailing the intracellular fate and persistence of spores in a macrophage-like
cell line (RAW264.7) demonstrated that spores could germinate efficiently in macrophages, initiate gene expression as well as inducing
pro-inflammatory cytokines.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction growth. Delivery of spores enables transit of the entire inocu-
lum across the stomach followed by germination of a sub-
The Gram positive soil bacteriuBacillus subtilishas population &1%) of spores in the small intestine. Germina-
been extensively studied as a model prokaryotic system withtion could occur either in the lumen of the gastro-intestinal
which to understand gene regulation and the transcriptionaltract (GIT) or in the gut associated lymphoid tissue (GALT)
control of unicellular differentiatiofil,2]. This organism is  and, supporting the latter, significant numbers of spores as
regarded as a non-pathogen and the spore form is currentiywell as germinated spores have been recovered in the Peyer’s
being used as a probiotic for both humans and anii®ls patches (PPs) and mesenteric lymph nodes (MLN) follow-
In recent work theB. subtilisspore has been exploited for ing oral dosing of micg5]. Oral dosing of mice with spores
delivery of heterologous antigens using tetanus as a modelcarrying an antigenEscherichia coliB-galactosidase) ex-
[4,5]. Fusion of tetanus toxin fragment C (TTFC) to the pressed only in the germinating spore was found to generate
spore outer coat protein CotB followed by oral immunisa- SignificantB-galactosidase-specific systemic IgG responses
tion of mice with these spores resulted in protection against demonstrating that the germinating spore provides an addi-
challenge with tetanus toxin. The use of spores as vaccinedtional, and attractive, route for oral immunisatifj.
is persuasive providing a robust and heat-stable bio-particle The interaction of spores and germinating spores with the
that can be engineered to display more than one proteinGALT is intriguing and shows that this soil organism is not
antigen on the spore coat. One potential drawback of usingsimply a transient passenger of the gut. In this work we
the spore coat for antigen presentation is whether a chimerichave examined the potential nature of this interaction with
protein is stable, can fold properly and is subject to inad- the GALT by examining the spectrum of immune responses
vertent proteolysis in the stomach. Addressing this, anotherraised against orally immunised spores as well as the fate of
approach has recently been identif[éfiand is based upon  spores within antigen presenting cells.
the observation thaB. subtilis spores germinate to some
degree in the small intestif&,8]. Here, the foreign antigen
is expressed in the vegetative cell by use of a st®ngub-
tilis promoter that is expressed only during vegetative cell

2. Materials and methods

2.1. Strains
* Corresponding author. Tel+-44-1784-4437-60; . .
fax: +44-1784-4343-26. SC2362 has been described elsewligfand carries the
E-mail address:s.cutting@rhul.ac.uk (S.M. Cutting). rrnO-lacZgene as well as theatgene encoding resistance to
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chloramphenicol (p.g/ml). rrnO is a vegetatively expressed
gene encoding a rRNA. In this strain the 5'-regionrofO
carrying the promoter had been fused tolheoli lacZgene.
PY79 is the prototrophic and isogenic ancestor of SC2362
and is Spd [9]. DL169 (rnO-lacZ gerD-cwIBA::neo) car-

ries therrnO-lacZreporter gene together with tigerD-cwIB
mutation[6]. Deletion of this region of the chromosome re-
sults in a severe germination defect (reduced to 0.0015%
when compared to that of an isogenic wild type strain PY79;
E. Ricca; personal comm.).

2.2. Preparation of spores

Sporulation was induced in DSM (Difco-sporulation me-
dia) using the exhaustion method as described elsewher
[10]. Cultures were harvested 22 h after the initiation of
sporulation. Purified suspensions of spores were prepare
as described by Nicholson and Setlfl®] using lysozyme
treatment to break any residual sporangial cells followed by
successive washes in 1M NaCl, 1M KCI and water (two
times). PMSF was included to inhibit proteolysis. After the
final suspension in water spores were treated a06®r 1 h
to kill any residual cells, then titrated immediately for colony
forming units (CFU)/ml before freezing aliquots-a20°C.

2.3. Extraction of spore coat proteins and vegetative
cell lysates for ELISA

Spore coat proteins were extracted from suspensions of
spores of strain PY79 at high density x110'°spores/ml)
using an SDS-DTT extraction buffer as described in detail
elsewherd10]. For vegetative cell lysates, strain PY79 was
grown to an Olggp of 1.5 in LB medium and the cell sus-
pension washed and then lysed by sonication followed by
high-speed centrifugation. Extracted proteins were assesse
for integrity by SDS-PAGE and for concentration using the
Bio-Rad DC Protein Assay kit.

2.4. Immunisations

Groups of eight mice (female, C57 BL/6, 8 weeks) were
lightly anaesthetised with halothane and then inoculated
orally by intra-gastric gavage with a suspension.66110'°
spores or 3 100 vegetative cells of strain PY79 (in a vol-
ume of 0.2ml) on days 0, 1, 2, 20, 21, 22, 36, 37 and 38.
Serum and faecal samples were collected on days19,

35 and 62. A nive, non-immunised control group of six
animals was also included.

2.5. Detection of rrnO-lacZ expression

Cells carrying rrnO-lacZ (SC2362) were induced to
sporulate in Difco-sporulation medium (DSM) using the ex-
haustion methofiL0]. Samples were removed at time points
following the initiation of sporulation (hour 0) and cells pel-
leted, resuspended in 1 ml of Z buffer containing lysozyme
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(20 ng/ml) andB-galactosidase activity determined using the
substrateo-nitrophenyl B-p-galactopyranoside (ONPG) as
described10]. For Western blotting, total cell extracts were
fractionated on 12% SDS-PAGE gels, transferred to nitrocel-
lulose membranes and probed with a polyclonal antiserum
to B-galactosidase protein (Sigma) at a dilution of 1:2000.

2.6. Indirect ELISA for detection of antigen-specific
serum and mucosal antibodies

Plates (Nunc) were coated with Qufj/well of either
extracted spore coat protein or vegetative cell lysate in
carbonate/bicarbonate buffer and left at room temperature
overnight. After blocking with 0.5% BSA in PBS for 1h

&t 37°C serum samples were applied using a two-fold di-

tion series starting with a 1/40 dilution in ELISA diluent

u
Olnuffer (0.1M Tris=HCI, pH 7.4; 3% (w/v) NaCl; 0.5%

(w/iv) BSA; 10% (v/v); sheep serum (Sigma); 0.1% (v/v)
Triton X-100; 0.05% (v/v) Tween-20). Plates were incu-
bated for 2h at 37C before addition of anti-mouse HRP
conjugates (Sigma). After a further incubation of 1h at
37°C enzymatic reactions were started using the substrate
TMB (3,3,5,5-tetramethyl-benzidine; Sigma), and then
stopped with 2M HSQ,. Dilution curves were drawn for
each sample and endpoint titres calculated as the dilution
producing the same optical density as the 1/40 dilution of a
pooled pre-immune serum. Statistical comparisons between
groups were made by the Mann—Whitrigytest. AP-value

of >0.05 was considered non-significant. For ELISA analy-
sis of faecal IgA, we followed the procedure of Robinson et
al [11] using approximately 0.1 g faecal pellets suspended
in PBS with BSA (1%) and PMSF (1 mM) and incubated
at 4°C overnight prior to ELISA. For each sample the end-
oint titre was calculated as the dilution producing the same
ptical density as the undiluted pre-immune faecal extract.

2.7. Preparation of antiserum against spores

New Zealand white rabbits were injected subcutaneously
with 1 x 10° inactivatedB. subtilis spores (incubated in
4% (v/v) formaldehyde overnight at 3C) of strain PY79
in Freund’'s incomplete adjuvant, followed by two boost-
ers at 3-week intervals. Blood was removed from an ear
vein. Whole serum was applied to a HiTrap Protein A HP
column (Amersham Bioscience), and the IgG fraction was
eluted as instructed by the supplier. Fractions were checked
for purity by SDS-PAGE, then pooled and dialysed against
PBS and stored frozen at20°C.

2.8. Macrophage cell culture and spore infection

The murine macrophage-like cell line RAW264.7 (ob-
tained from the European Collection of Animal Cell Cul-
tures (ECACC)) was cultured as monolayers in RPMI-1640
medium (Invitrogen) supplemented with 10% (v/v) fecal
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bovine serum, 5Q.,g mi~1 penicillin and 5Qug mI~* strep- system. Images were taken using LaserSharp software and
tomycin (complete medium), in an atmosphere of 90% hu- processed with the Confocal Assistant programme. Sections
midity containing 5% CQ@ at 37°C. Two days before use, were 0.3.m. Laser powers were 10% for Ar 488 nm and
the cells were detached by gentle scraping and seeded intal0% for Green HeNe, scanning speed was 50Ips. Image
24-multiwell disposable plates containing sterile 13-mm size was 33um x 33um.
diameter cover slips in the same medium at a density of
approximately 5x 10* cells per well. The macrophage 2.10. Electron microscopy
monolayers were then infected wigh subtilisspores (strain
PY79, SC2362 or DL169) at a macrophage:spore ratio of Macrophage monolayers in 24-multiwell disposable trays
1:10 (approx. 5« 10° spores per well) or when using vege- were infected withB. subtilisspores (PY79) as described
tative cells a ratio of 1:60 (approximately3L0° vegetative above Gection 2.8 After 2h, phagocytosis was stopped
cells per well) in RPMI-1640 medium without antibiotics. and monolayers were fixed for 1 h in 3% glutaraldehhyde
Phagocytosis was allowed to proceed at@7n 5% CQ, in 0.1 M sodium cacodylate buffer (pH 7.4). The cells
for 2 h and halted by replacing the medium with RPMI-1640 were washed in the same buffer, then post-fixed in 2%
containing 2.50g mi~1 gentamycin to kill any extracellular ~ osmium tetroxide plus 1% potassium ferricyanide, dehy-
germinated spores or vegetative cells and 10°6M cy- drated through a graded alcohol series, embedded in Epon,
tochalasin which prevented phagocytosis. Background levelsthin sectioned and finally stained with uranyl acetate and
of spores physically bound to macrophages was determinedead citrate before observation with a transmission electron
by spore infection in the medium containingtL0-% M cy- microscope.
tochalasin and 2.ag mI~1 gentamycin. At each time point,
the cover slips with monolayers were removed and washed2.11. In vitro cytokine analysis
5 times in sterile 0.03M PBS (pH 7.4). Monolayers were
evaluated at this point for counts or for immunofluorescence  Macrophages (RAW264.7) were grown on 6-well cell cul-
(see below). To quantify the total number of intracelllar ~ ture plates in RPMI-1640 complete medium. Two-day-old
subtilis monolayers were lysed by resuspension in sterile macrophages were infected with subtilis spores strain
distilled water and serial dilutions of lysate from each well PY79, DL169, or autoclaved PY79 spores, at a ratio of 10
were prepared and plated on DSM agar. To evaluate sporespores per macrophage in complete medium, or with vege-
counts, lysates were heated at°@for 30 min. to kill all tative cells strain PY79 at the same ratio but in RPMI-1640
heat-sensitiv@. subtilis prior to serial dilution and plating.  medium without antibiotics. Spore coats or cell walls ex-
tracted from spores or vegetative cells were also used to
2.9. Immunofluorescence and confocal microscopy infect macrophages and the amount of extract used was
adjusted to correspond to the equivalent number of spores
Macrophage monolayers were infected with spores of or vegetative cells used in the parallel infection experi-
strain SC2362 or DL169 as described aboSedtion 2.7. ments. Cell walls were prepared as described previously
Labelling steps were performed at RT. Monolayers on cover [12]. At indicated time points, culture medium was re-
slips were fixed by incubation in 3.7% (w/v) paraformalde- moved, macrophages were washed and lysed in situ, ho-
hyde and 30 mM sucrose in PBS for 20 min. Free aldehyde mogenised by passing the cell extract five times through
groups were quenched by incubation for 10min. with a 20-gauge needle, and total RNAs extracted and purified
50 mM NH4Cl in PBS. The cells were washed once in PBS using an RNeasy mini kit as described by the manufacturer
with 0.1% BSA and permeabilised by incubation for 5min. (Qiagen).
in 0.2% Triton X-100 and 1% BSA in PBS. Immunofluo-
rescence labelling was performed using 45 min. incubation 2.12. In vivo cytokine analysis
with primary antibodies, four washes with PBS, and a fur-
ther 45 min. incubation with fluocescein-labelled secondary  Specific pathogen free Balb/C mice (female, 8 weeks
antibodies. Specifically, dormant and germinated sporesold) were inoculated with & 100 spores ofB. subtilis
were detected by double indirect immunofluorescence strain PY79. A né&e, non-immunised group of mice was
staining using a rabbit polyclonal antibody directed against also included. Spleen, liver, mesenteric lymph nodes (MLN)
spores $ection 2.7 used at 1:400) and a mouse polyclonal and submandibular glands (SMG) were removed from sac-
antibody directed againg-galactosidase (Sigma, used at rificed mice at indicated time points and frozen immedi-
1:200). A mixture of secondary antibodies, FITC-conjugated ately at—80°C until needed. To extract total RNAs, organs
anti-rabbit IgG and TRITC-conjugated anti-mouse IgG and tissues were thawed and disrupted by pressing between
(Sigma, used at 1:200) was subsequently added. The celldwo glass slides, lysed in RLT buffer (Qiagen) containing
were washed again then mounted onto a microscope slidel% B-mercaptoethanol, homogenised by passing two times
in SlowFade component A (Moleculer Probes). Samples through a QlAshredder column (Qiagen). Total RNAs from
were examined in a Nikon Eclipse fluorescence microscopelysates were extracted and purified as described by the man-
equipped with a Bio-Rad Radiance 2100 laser scanning ufacturer (Qiagen RNeasy mini Kit).
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Fig. 1. Immune response ®. subtilis following oral administration of spores. Groups of eight C57 BL/6 mice were dogparally with 1.5 x 100

(@) spores or 3« 1010 vegetative cells[{]) of B. subtilis Serum spore-specific IgG (A), vegetative cell-specific IgG (B), faecal spore-specific slgA (C)
and vegetative cell-specific slgA (D) fromima (O) and immunised groups was detected by ELISA. The end-point titer was calculated as the dilution
of serum/faecal extract producing the same optical density as a 1/40 dilution of a pooled pre-immune serum/fecal extract. Asterisks shdiyw statistica
significant differences compared to theivegroup atP < 0.05 using the Mann—-Whitney-test. Data are presented as the meastandard deviations.
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2.13. RT-PCR 10000 -

Total RNAs were quantified by a GeneQuant spectropho-
tometer (Amersham Biosciences). RT-PCR was carried
out using lug of total RNA per reaction as described
by the manufacturer (Amersham Biosciences ready-to-go
RT-PCR beads). Primers specific fBractin and various
cytokines were detailed elsewhefg3]. Reaction condi-
tions were first-strand cDNA synthesis at“42for 15min,
reverse-transcriptase inactivation at°@s for 5min, and
PCR at 95C for 30s, 55C for 30s and 72C for 1 min.
RT-PCR products were run on a 2% agarose gel, and sub-
jected to UV visualisation and densitometric analysis with
a Bio-Rad Gel Doc system. 100 4

1000 4

* ¥ *

End-point titer

3. Results

3.1. Immunogenicity of spores following oral
administration in mice

10 T T T T T T ]
0 10 20 30 40 50 60 70

Days post primary immunisation

To test for induction of local and systemic immunity,
groups of eight inbred mice were immunised orally with
either a suspension of wild typB. subtilis PY79 spores M M M
(1.5x 101 spores per dose) or-3 10t vegetative cells of Fig. 2. Serum anti-spore 1gG isotypes. Sera froriveaand immunised
strain PY79. Analysis of anti-spore specific 1gG titres fol- groups were taken at different days post-immunisatipnand analysed
lowing administration with spores$-ig. 1A) showed a clear  for IgG1, IgG2a and IgG2b isotypes. IgG subclasses from mice immu-
systemic immune response together with seroconversion buthised with spores, IgG1@®), igG2a @) and IgG2b &). Naive groups,

. . . . 1gG1 (O), IgG2a () and IgG2b (). Asterisks show statistically sig-
not following dosing with vegetative cells. The response at nificant differences compared to theive group atP < 0.05 using the

day 62 was significantlyl( < 0.05) abo_ve that of the We Mann-WhitneyU-test. Data are presented as the meastandard devi-
group and mice dosed with vegetative cells. Analysis of ations.
anti-vegetative cell-specific 1gG titre&i. 1B) though, re-
vealeq low but significant immune responses above those Ofimmunity including CTL responsei4-17] We analysed
the nadve group ¢ < 0.05) when either spores or vegeta- : .
: . o . the profiles of seven cytokines, IlalIL-2, IL-4, IL-5, IL-6,
tive cells were used for dosing. Similarly, analysis of faecal : . .
. TNF-a, and IFN+y, in the spleen, liver, MLN, submandibu-
IgA revealed clear anti-spore sIgA responses when spores; ; .
. i ar glands (SMG) from mice given one oral dose of PY79
were used for dosing but no significar® & 0.05) levels . . :
. . . spores Fig. 3. Induction of only two cytokines was appar-
of anti-spore specific sIgA responses when vegetative cells : : .
were used for dosing or in theiive group Fig. 10). Finally ent in the time course we followed, the pro-inflammatory
. . o ' cytokine TNFe and the Thl cytokine IFNx Both cytokine
measurement of anti-vegetative cell-specific sIgA responses

) . . MRNAs were induced early in the liver, SMG and MLNs
(Fig. 1D) showed seroconversion when either spores or veg- = . ) . .
; . ~ with slightly higher levels of IFNy. Expression of both cy-
etative cells were used for dosing and these levels were sig-, . . . ; .
o . N tokines was highest in the MLNs and here IRMNxpression
nificantly above those in the ha group ¢ < 0.05). N
: . was maintained at a steady level. Low but detectable levels
We also analysed the anti-spore specific IgG subclasses, : ) .
) . of expression were found in the spleen. In control experi-
IgG1, IgG2a and IgG2b, present in the serum. As shown in S . )
. ; . S . ments using ri@e mice no cytokine mRNA was detectable
Fig. 2, we observed an immediate and rapid increase in the not shown)
levels of the IgG2a subclass that, by day 20, had peaked ano( '
then were maintained at a steady level. In contrast, 1gG1
titres increased steadily to their maximum by day 62. 1IgG2b 3.3. Intracellular survival of B. subtilis in macrophages

levels also rose to significant levels but this increase followed

that of 1IgG1. To analyse the intracellular survival &f subtilisspores
in macrophages we assessed the persistence of spores of
3.2. Analysis of cytokine-specific mMRNA in vivo strain PY79 within cultured macrophages. We infected the

murine macrophage-like cell line RAW264.7 with spores
The predominance of the IgG2a subclass could indicate anat a macrophage/spore ratio of 1:10. Phagocytosis was al-
early (Th1) T-cell response and the involvement of cellular lowed to continue for 2h and then inhibited by addition
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Fig. 3. Cytokine responses in vivo. Inbred Balb/C mice were inoculated with10° spores ofB. subtilis strain PY79. At designated time points,
cytokine expression in various organs and tissues of the animals was detected on total RNAs using RT-PCR. In each case two mice were examined ar
similar results obtained of which one is shown. Graphs show densitometric analyses of corresponding gel photographs, where % expression represen
the relative abundance of each cytokine at each time point compared to hatotih. Dotted line represent relative abundance of each cytokine at hour

0 (100%). No expression was detected ifivea non-immunised mice at any time point (not shown).

of cytochalasin fig. 4). Analysis of total and spore counts and no measurable numbers of bacteria could be detected
showed that spores were present in measurable numberd2 h after the inhibition of phagocytosis. Moreover, no in-
above background for 25 h following the arrest of phagocy- crease in viable units was found showing that vegetdive
tosis. The lifespan of in vitro cultured macrophages in our subtilis cannot replicate within a phagocytic cell.
experiment was about 24—-30 h so spores appear to be present

and viable for the same period. Interestingly, total counts 3.4. Germination of spores in macrophages

were higher than the heat-treated, spore counts, for the first

8 h following inhibition of phagocytosis. In our assay phago-  Our in vitro analysis of viable counts suggested that
cytosis was inhibited by replacement of the culture medium spores might be capable of germinating within a macrophage
with fresh medium containing cytochalasin and gentamycin since the total counts were higher than the spore counts.
(2.5pg/ml). Gentamycin at this concentration will kill any  To test this directly we examined the fate and persistence
extracellular vegetative cells that might have arisen by spore of spores within cultured macrophages. In this experiment
germination yet is at a concentration that has been shown tomacrophages were infected with spores of strain SC2362
have no effect on the survival of bacteria inside macrophagesthat carried therrnO-lacZ gene. First, we examined ex-
[18,19] Infecting macrophages with vegetatie subtilis pression ofrrnO-lacZ and the presence @-galactosidase
cells (at a higher macrophage: cell ratio of 1:60) showed in sporulating cells of SC2362. As shown Ig. 5, ini-

that vegetative bacteria were inactivated at a greater ratetially, during the first 2h of sporulation substantial levels
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10000007 we infected macrophages in parallel with spores of strain

] DL169 (Fig. 6) that carriesrrnO-lacZ strain but is also
germination defective. In this experiment no expression of
rrO-lacZ was detectable, moreover, spores were clearly
seen inside the macrophage 5h after infection in marked
contrast to infection with SC2362 spores. Labelling of
B-galactosidase could only occur if thenO-lacZ gene had
been expressed and therefore proves that, in an in vitro cell
line, B. subtilisspores can germinate and initiate outgrowth.
Cells expressingrnO-lacZ retained the ellipsoidal shape of
spores and did not resemble the elongated rod-like shape of
typical vegetative cells. This suggests that although spores
had germinated they were unable to emerge from their spore
coat and must therefore be blocked in outgrowth.

Analysis of electron micrographs of infected macrophages
(Fig. 7) supported our confocal analysis. Spores were seen
making contact with macrophagdsig. 7A) which showed
extending pseudopod?0] prior to engulfment of the intact
spore within a phagosomé&i). 7B). Two stages of spore
100 ‘ ] ‘ _ . . germination could be detected. Cracking of the spore coats

0 5 10 15 20 25 30 (Fig. 7Q in which the electron-dense outer layer of the spore
coat was displaced from the rehydrating spore core, and ger-
minated sporesH{g. 7D) which had lost their coats. We
Fig. 4. Phagocytosis d@. subtilisspores. Murine RAW264.7 macrophages  were unable to detect any rod-shaped bacilli though. Out-
were infected in vitro at an infection ratio of 10 spores or 60 vegetative growth is the first step before cell growth and replication

cells per macrophage. Phagocytosis was allowed to proceed for 2h then nd we interpret our direct ntin nf | and EM anal
arrested by addition of cytochalasin. Survival Bfsubtilis spores (total a € Interpret ou ectcou g, confocal a anal-

(O), heat-resistant®)) or vegetative cells[{)) inside macrophages was ~ YSIS @s evidence that the spore can germinate, initiate pro-
determined. The dotted line is the background level of spores physically tein synthesis but is unable to grow and replicate within the
adhered to cytochalasin-treated macrophages. Data are presented as tfmacrophage.

meant standard deviation of eight independent experiments.

100000+

=3

% 100001

1000 4

Hours after infection

3.5. Analysis of cytokine-specific mMRNA in vitro
of active B-galactosidase were present in the developing
cell but these levels rapidly declined as the cell became RT-PCR was used to examine the expression of the
irreversibly committed to spore formation and vegetative pro-inflammatory cytokines, TNk; IL-6 and IL-la in
expression was switched off. Importantly, by hour 6 when RAW264.7 macrophages infected with spores of the wild
the immature spore is formed within the developing cell type strain PY79Kig. 8A). The most significant induction
no B-galactosidase protein could be detected by Westernresponse was that of IL-6 which reached maximum levels
blotting using an antp-galactosidase antibody. Since it 5-10h after infection of macrophages after which the level
was formally possible that a vegetatively expressed protein of IL-6 began to decline. IL-4 and TNFe responses were
might be sequested into the spore if sufficiently high levels early and minimal. Since the spore can germinate within
of the protein were made during vegetative cell growth this the macrophage we performed two additional controls in
experiment demonstrated that SC2362 spores carried ngparallel. First, we infected macrophages with autoclaved
detectable levels of-galactosidase. Using an anti-spore spores Fig. 8B) and second, infection with a germination
coat polyclonal serum and a polyclonal aftgalactosidase  defective strain, DL169Hig. 8CQ). With both controls the
serum we could specifically detect either spores or veg- IL-6 responses were somewhat lower and did not decline
etative cells with no cross-reaction (results not shown) but appeared stable after maximum levels had been reached.
and using these reagents we could then examine the fateA further difference, although minor, was that lle-Jand
of phagocytosed spores within macrophages. Using dou-TNF-a responses were more pronounced than with infec-
ble indirect immunofluorescence we examined in vitro the tion by wild type spores. To further dissect this profile of
fate and persistence of spores within infected RAW264.7 cytokine expression we performed infection experiments us-
macrophages in which phagocytosis was arrested after 2 hing purified spore coats-(g. 8D), vegetative cellsKig. 8E)
of infection (Fig. 6). Intact spores were readily detected and cell walls from vegetative cell&ig. 8F. In each case
inside the macrophage and the intensity of detection fell IL-6 was the predominant cytokine expressed although less
rapidly after 45 min.3-Galactosidase was also readily de- so using vegetative cells. ILelwas expressed most sig-
tectable within the macrophage after 45 min. To prove that nificantly when macrophages were infected with vegetative
therrnO-lacZ expression was a result of spore germination cells and with cell lysates.
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Fig. 5. Expression ofrn0O-lacZ Strain SC2362 r(n0-lac2) was induced to sporulate in Difco-sporulation medium (DSM) to induce synchronous
sporulation. At hourly time points following the induction of sporulatiofy)(samples were taken for (1) analysis @fgalactosidase-specific activity

and (2) detection of the 117 kD@-galactosidase protein by Western blotting of SDS-PAGE fractionated whole cell exfgaGalactosidase activity

is expressed as percentage of maximum activity. Numbers below the Western blot indicate the time after the initiation of sporulation. The forespore
compartment first appears at hours 3—4 and the mature spore is released by lysis of the mother cell between hours 8 and 10. This experiment has be
repeated a total of four times with the same result and the figure shows a representative prafi@-latZ expression.

4. Discussion comes from our in vivo analysis of cytokine mRNA which
showed early induction of a major effector of cellular im-
We have shown thaB. subtilisspores are immunogenic  munity, IFN=y, in the MLN, SMG and liver. These early
when delivered orally to mice. This shows then, that al- responses suggest an innate immune response and secre-
though a resident soil organism, spores cannot be consideredion of IFN-y by peripheral blood mononuclear cells. It is
simply as a food, rather, they generate specific local andtoo early to speculate as to which cell type is responsible
systemic immune responses. Our analysis of mucosal im-for IFN-y synthesis but CD4 natural killer (NK) T cells
mune responses raises two important findings. Firstly, thathave been shown to produce early IRFNinduction fol-
spores generate not only humoral immunity but may also lowing infection with Mycobacterium bovis BC®&1] and
produce cellular immune responses. Secondly, that spored.isteria monocytogend®2]. Both NK cells and peritoneal
can germinate in the GALT. Evidence for cellular immu- macropohages have been shown to produce yHN-ex-
nity comes from the predominance of the IgG2a subclass perimentally induced bacterial peritonitis in mig23]. In
over IgG1 during the early stages of immunisation. Com- other work we have shown that spores can be found in the
pelling evidence shows that a predominance of this subclassPPs, MLNs and SMGs following oral dosir[§]. Spores
is indicative of a type 1 (Thl) T-cell response leading to are approximately 1.2m in length so are of sufficient size
CTL recruitment as well as IgG synthegikl,14-17]The to be taken up by M cells and then transported into the PPs
increase in 1gG2b during the later stages of immunisation where they could interact with macrophages, dendritic cells
indicates a type 2 (Th2) T-cell response and would accountor B cells before being transported to the efferent lymph
for the slgA/lgG1 response. Support for a Thl response nodes. Our analysis of cytokine responses also showed early



SC2362
2

r
I
@)
c
o
@D
o
=2
=
5
(o]
Q.
=}
@
N
N
-
N
=)
=)
Y
=
N
[e0)
N
T
AR
[0
159
(8]

Fig. 6. Laser scanning confocal micrographs showing phagocytosiB. asubtilis in murine RAW264.7 macrophages. Micrographs show a representative time course experiment using double
immunofluorescence staining. Macrophages were infected with spores of SGR362gc2) or DL169 (rnO-lacZ gerD-cwlBA: :neg and phagocytosis terminated as describe®éttion 2 At time

points thereafter, dormant spores were stained with an anti-spore serum and an FITC-conjugated secondary antibody (green, lanes 1 and d)spgseesiwate stained with an afitigalactosidase

serum and a TRITC-conjugated secondary antibody (red, lanes 3 and 6). Lanes 2 and 5 are double overlays. This figure shows a representativedpfegiedofmapproximately 50 macrophages:
examined in total. This infection experiments has been repeated over five times under varying parameters.
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Fig. 7. Transmission electron microscopy of spore-infected RAW 264.7 macrophages. Macrophages were infected with PY79 spores (10 spogsymacropha
and incubated at 37 in RPMI-1640 containing 2.sg ml~1 gentamycin. Cells were harvested and prepared for examination using transmission electron
microscopy. N, macrophage nucleus. (A) The arrow points to a spore being captured by a macrophage in which pseudopods are visible. (B) A spore capture
inside a phagosome. (C) A spore within a phagosome showing breakage of the electron-dense outer coat. (D) A germinated spore inside a phagosom
Bar is 1um. Approximately 20 infected macrophages were examined in detail and shown to interact with spores in each of the stages outlined here.

induction of TNFe which is a pro-inflammatory cytokine  anti-vegetative cell responses observed. In previous work
whose production by macrophages has been linked withwe have used a molecular (RT-PCR) analysis to examine
chronic infectiond24,25] vegetative gene expression in the Gl tract following oral
Our evidence for spore germination comes from dosing of sporef8]. In that study we detected germination
anti-vegetative cell-specific IgG and sIgA responses whenin the jejunum and ileum and this supports our analysis
mice were dosed with a pure suspension of spores. Tohere. The presence of spores as well as vegetative cells in
account for these responses when spores were used for doghe GALT would be explained if spores enter the PPs and
ing we propose that spores germinate in the Gl tract sincegerminate. Interestingly, we have also shown in a previous
our inoculating dose was both lysozyme and heat-treatedstudy that, following oral dosing, more spores were excreted
to remove any residual vegetative cells. While we cannot in the faeces than were administergd. This somewhat
exclude the possibility of an extremely low level of contam- surprising result implies that, irrespective of the fate of
ination it would be surprising since dosing mice with a large spores in the GALT, spores must be able to germinate in the
dose (3x 10%0) of vegetative cells gave similar responses Gl tract lumen and undergo limited rounds of growth and
to dosing with spores alone. Interestingly, when vegetative replication. SinceB. subtilishas been shown to be able to
cells were used for dosing, anti-vegetative cell-specific re- grow anaerobically26] so this is a plausible explanation.
sponses were higher but in the case of slgA declined more The immune responses to vegetative cells when mice
rapidly in comparison to spore dosing. This may indicate were dosed only with spores and the presence of significant
evidence of tolerance to vegetative cells since our immuni- numbers of spores and vegetative cells in the GALT suggest
sation regime involved multiple doses. Another possibility that spores germinate in this important region of mucosal
we cannot exclude is that spores and vegetative cells sharemmunity. Previous work detailing the fate 8acillus an-
some antigens. Dosing mice with vegetative cells generatedthracis has shown thaB. anthracisspores can germinate
no anti-spore responsdsig. 1A) but dosing with spores did  in alveolar macrophagg27]. B. anthracisis, of course, a
generate anti-vegetative cell respondég.(1B). Therefore, potent pathogen and germination in macrophages is a nec-
we cannot exclude the possibility that breakage of the sporeessary step for pathogenesis with the germinating spore ulti-
yields cross-reactive antigens sufficient to generate themately gaining entry to the macrophage cytopld&8129]
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Fig. 8. Cytokine responses in vitro. RAW164.7 macrophages were infectedBwishubtilis strain PY79 spores (A), autoclaved spores (B), germination
defective spores of strain DL169 (C), spore coats (D), vegetative cells (E) and walls purified from vegetative cells (F). At designated timegangs, cy
expression in macrophages was detected on total RNAs using RT-PCR. These experiments were repeated in their entirety four times and shown is a
representative experiment. Graphs show densitometric analyses of corresponding gel photographs, where % expression represents thelaalzgive abun

of each cytokine at each time point compared to thag-afctin. Dotted line represent relative abundance of each cytokine at hour 0 (100%).
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We reasoned tha&acillus spores, as metabolically dormant evidence for cellular and inflammatory responses. Cellular
life forms, are likely to possess the same basic mechanismsresponses may be beneficial for the use of this organism as a
for spore germination, a process that does not require devaccine vehicle but inflammatory responses are of potential
novo protein synthesif80]. Analysis of the persistence of concern with the use of this organism as a probiotic.
spores in macrophages together with confocal analysis of
vegetative gene expression provided strong evidencdthat
subtilis spores germinate and initiate gene expression but Acknowledgements
cannot grow. Spores are extremely robust bio-particles and
there is no reason to assume that phagocytosis and ultimately This work was supported by a grant from the Wellcome
engulfment within a phagolysosome will have any immedi- Trust and the EU 5th Framework to SMC.
ate effect on spore viability. Indeed, extensive research on
the resistance properties of spores has shown that they cal
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crackln_g_ of the coats. !t IS un“.kely that the phagosome offers [5] ;Lljjcnlffpl—?(;ﬁz I‘flA,alé:;?r”vfeatg(e)r 7N?3I;i?:c21 E,3%u.tting SM. Bacterial
an nutritionally attractive environment but rather the phago- spores as vaccine vehicles. Infect Immun 2003:71:2810-8.
some/phagolysosome could somehow chemically mimic the [6] buc LH, Hong HA, Cutting SM. Germination of the spore in the
conditions required for spore germination thus promoting gastrointestinal tract provides a novel route for heterologous antigen
germination and rapid destruction of the bacterial cell. This __Presentation. Vaccine 2003;21:4215-24. =

. [7] Hoa TT, Duc LH, Isticato R, Baccigalupi L, Ricca E, Van PH, et al.
model has be_en proposed B)ranthraC|s[27] but we Wou_ld The fate and dissemination of B. subtilis spores in a murine model.
argue that this may be a more general method, and indeed,  appi Environ Microbiol 2001:67:3819-23.
an effective mechanism, for dealing with the destruction of [8] Casula G, Cutting SM. Bacillus probiotics: spore germination in the

'References

resident spores. Limited survival of the vegetat®esub- gastrointestinal tract. Appl Environ Microbiol 2002;68:2344-52.

. . . 9] Yo P, Perkins J, Losick R. Constructi f loni it

tilis cell in macrophages has been demonstrated previously [/ Youngman P, Perkins J, Losick R. Construction of a cloning site
. . . . near one end of Tn917 into which foreign DNA may be inserted

[32] and is consistent with our findings here. However, al- without affecting transposition iBacillus subtilisor expression of

though the vegetative cell is ultimately destroyed we have the transposon-borne erm gene. Plasmid 1984;12:1-9.
shown that there is sufficient time for the germinated spore [10] Nicholson WL, Setlow P. Sporulation, germination and outgrowth.

to initiate vegetative gene expression. This may explain In: Harvyood CR, Cutting SM, eQitors. Molecular biological methods
for Bacillus Chichester, UK: Wiley; 1990. p. 391-450.

how in other work we have shomgalacto&dgs_e-spgmflc [11] Robinson K, Chamberlain LM, Schofield KM, Wells JM, Le Page
IgG and IgA responses following oral administration of RWF. Oral vaccination of mice against tetanus with recombinant
SC2362 frnO-lacZ) spores to mice but not in mice dosed Lactococcus lactisNat Biotechnol 1997;15:653—7.
with non-germinating DL169 sporegiO-lacZ gerD-cwlB [12] Harwood CR, Coxon RD, Hancock IC._The Bacillqs cell envelope
A: :ned. We reason then that the persistence of spores and secretion. In: Harwood, CR, Cutting SM, editors. Molecular
. : o 1 . biological methods forBacillus Chichester, UK: Wiley; 1990.
within macrophages must play a determining role in elicit- p. 327-90.
ing cellular immunity. Interestingly, cellular responses could [13] Platzer C, Richter G, Uberla K, Muller W, Blocker H, Diamantstein
provide a mechanism to account for the probiotic properties T, etal. Analysis of cytokine mRNA levels in interleukin-4-transgenic
of these bacteria perhaps by serving as immunostimulant. mice by quantitative polymerase chain reaction. Eur J Immunol
. . . . 1992;22:1179-84.
As might be_expect_ed_ foran or_ganlsm that (_:an persist, alb_elt[14] Roberts M, Li J, Bacon A, Chatfield S. Oral vaccination against
for a short time, within an antigen presenting cell, there is tetanus: comparison of the immunogenicities of Salmonella strains
clear evidence of an early inflammatory response involving expressing fragment C from the nirA and htrA promoters. Infect
the inflammatory cytokines, TNE&; IFN-y and IL-6. Immun 1998;66:3080-7. o
In conclusion, this study was designed to support the (5] sakaM. Yasuda Y, Mizokami M, Kozuka S, Taniguchi T, Matano K,
; et al. Mucosal immunization against hepatitis B virus by intranasal
recent development of spore-based vaccines. We show that ¢, agministration of recombinant hepatitis B surface antigen and
B. subtilisspores, although found normally in the soil, have recombinant cholera toxin B subunit as an adjuvant. Vaccine
a more intimate interaction with the GALT than might be 2001;19:1460-6. _
initially predicted. They are not recognised as a food, they [16] VanCott JL, Staats HF, Pascual DW, Roberts M, Chatfield SN,
. . Yamamoto A, et al. Regulation of mucosal and systemic antibody
germlnate_ln the GI_T and, t(_) account for the humoral re- responses by T helper cell subsets, macrophages, and derived
sponses, interact directly with the GALT presumably by cytokines following or al immunisation with live recombinant

uptake into the PPs. Importantly, we have also provided Salmonella. J Immunol 1996;156:1504—14.



L.H. Duc et al./Vaccine 22 (2004) 1873-1885 1885

[17] Balloul J-M, Grzych J-M, Pierce RJ, Capron A. A purified 28,000 Da [25] Melby P, Andrade-Narvaez FJ, Darnell BJ, Valencia-Pacheco G,

protein from Schistosoma mansoni adult worms protects rats and mice Tryon VV, Palomo-Cetina A. Increased expression of proinflam-
against experimental schistosomiasis. J Immunol 1987;138:3448-53. matory cytokines in chronic lesions of human cutaneous

[18] Ohya S, Xiong H, Tanabe Y, Arakawa M, Mitsuyama M. Killing leishmaniasis. Infect Immun 1994;62:837-42.
mechanism ofListeria monocytogenedn activated macrophages [26] Nakano MM, Zuber P. Anaerobic growth of a “strict aerobBacillus
as determined by an improved assay system. J Med Microbiol subtilis). Ann Rev Microbiol 1998;52:165-90.
1998;47:211-5. [27] Guidi-Rontani C, Weber-Levy M, Labruyere E, Mock M.

[19] Drevets DA, Canono BP, Leenen PJ, Campbell PA. Gentamycin kills Germination of Bacillus anthracisspores within alveolar macro-
intracellularListeria monocytogenesnfect Immun 1994;62:2222-8. phages. Mol Microbiol 1999;31:9-17.

[20] Griffin FM, Griffin JA, Leider JE, Silverstein SC. Studies on the [28] Dixon TC, Fadi AA, Koehler TM, Swanson JA, Hanna PC. Early
mechanism of phagocytosis. |. Requirements for circumferential Bacillus anthracismacrophage interactions: intracellular survival and
attachment of particle-bound ligands to specific receptors on the escape. Cell Microbiol 2000;2:453—-63.
macrophage plasma membrane. J Exp Med 1975;142:1263-82. [29] Welkos S, Little S, Friedlander A, Fritz D, Fellows P. The role

[21] Emoto M, Emoto Y, Buchwalow IB, Kaufmann SH. Induction of of antibodies toBacillus anthracisand anthrax toxin components
IFN-y-producing CD4- natural killer T cells by Mycobacterium in inhibiting the early stages of infection by anthrax spores.
bovis bacillus Calmette Guerin. Eur J Immunol 1999;29:650-9. Microbiology 2001;147:1677-85.

[22] Andersson A, Dai WJ, Di Santo JP, Brombacher F. Early fN-  [30] Moir A, Smith DA. The genetics of bacterial spore germination. Ann
production and innate immunity duringisteria monocytogenes Rev Microbiol 1990;44:531-53.
infection in the absence of NK cells. J Immunol 1998;161:5600-6. [31] Nicholson WJ, Munakata N, Horneck G, Melosh HJ, Setlow

[23] Sekl S, Osada S-1, Ono S, Aosasa S, Habu Y, Nishikage T, et al. Role P. Resistance of Bacillus endospores to extreme terrestial and
of liver NK cells and peritoneal macrophages in gamma interferon extraterrestrial environments. Microbiol Mol Biol Rev 2000;64:548—
and interleukin-10 production in experimental bacterial peritonitis in 72.
mice. Infect Immun 1998;66:5286-94. [32] Bielecki J, Youngman P, Connelly P, Portnoy DBacillus subtilis

[24] Dornand J, Gross A, Lafont V, Liautard J, Oliaro J, Liautard J-P. The expressing a haemolysin gene frauisteria monocytogenasan grow
innate immune response against Brucella in humans. Vet Microbiol in mammalian cells. Nature 1990;345:175-6.

2002;90:383-94.



	Intracellular fate and immunogenicity of B. subtilis spores
	Introduction
	Materials and methods
	Strains
	Preparation of spores
	Extraction of spore coat proteins and vegetative cell lysates for ELISA
	Immunisations
	Detection of rrnO-lacZ expression
	Indirect ELISA for detection of antigen-specific serum and mucosal antibodies
	Preparation of antiserum against spores
	Macrophage cell culture and spore infection
	Immunofluorescence and confocal microscopy
	Electron microscopy
	In vitro cytokine analysis
	In vivo cytokine analysis
	RT-PCR

	Results
	Immunogenicity of spores following oral administration in mice
	Analysis of cytokine-specific mRNA in vivo
	Intracellular survival of B. subtilis in macrophages
	Germination of spores in macrophages
	Analysis of cytokine-specific mRNA in vitro

	Discussion
	Acknowledgements
	References


