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a b s t r a c t
Diarrhoeal infections are a major cause of morbidity and mortality with enterotoxigenic Escherichia coli (ETEC)
and cholera imposing a signiﬁcant global burden. There is currently no licensed vaccine for ETEC. Development
of new nonliving oral vaccines has proven difﬁcult due to the physicochemical and immunological challenges associated with the oral route. This demands innovative delivery solutions to protect antigens, control their release
and build in immune-stimulatory activity. We describe the Single Multiple Pill® (SmPill®) vaccine formulation
which combines the beneﬁts of enteric polymer coating to protect against low gastric pH, a dispersed phase to
control release and aid the solubility of non-polar components and an optimized combination of adjuvant and
antigen to promote mucosal immunity. We demonstrate the effectiveness of this system with whole cell killed
E. coli overexpressing colonization factor antigen I (CFA/I), JT-49. Alpha-galactosylceramide was identiﬁed as a
potent adjuvant within SmPill® that enhanced the immunogenicity of JT-49. The bacteria associated with the
dispersed phase were retained within the capsules at gastric pH but released at intestinal pH. Vaccination with
an optimized SmPill® formulation promoted CFA/I-speciﬁc immunoglobulin A (IgA) responses in the intestinal
mucosa in addition to serum IgG and a solubilized adjuvant was indispensable for efﬁcacy.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Abbreviations: AUC, area under the curve; BSA, bovine serum albumin; CF,
colonization factor; CFA, colonization factor antigen; CT, cholera toxin; EDTA,
ethylenediaminetetraacetic acid; ETEC, enterotoxigenic Escherichia coli; FITC, ﬂuorescein
isothiocyanate; GEMS, Global Enterics Multicenter Study; GFP, green ﬂuorescent
protein; GIT, gastrointestinal tract; IEC, intestinal epithelial cell; iNKT, invariant natural
killer T cell; JT-227, CFA/I-positive ETEC strain expressing GFP; JT-49, E. coli K12 strain
overexpressing CFA/I; LT, heat-labile toxin of ETEC; mAb, monoclonal antibody; OEV,
oral ETEC vaccine; PBS, phosphate buffered saline; PMSF, phenylmethylsulfonyl ﬂuoride;
SGF, simulated gastric ﬂuid; SIF, simulated intestinal ﬂuid; SIgA, secretory immunoglobulin A; SmPill®, Single Multiple Pill®; STI, soybean trypsin inhibitor; WCK, whole cell killed;
WT, wild type; α-Galcer, alpha-galactosylceramide.
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Infectious diarrhoea is a highly prevalent cause of morbidity and
mortality in developed and developing countries. Children and infants
are most susceptible to diarrhoeal infections, accounting for over
600,000 deaths and millions of hospitalizations annually, concentrated
mostly in low income countries [1,2]. Despite the availability of treatments for diarrhoeal infections, such as oral rehydration therapy and
antibiotics, repeated bouts of infection during childhood are common.
Moreover, these episodes of diarrhoea have been correlated to lasting
intestinal damage and may result in malnutrition and impaired development in adult life, perpetuating cycles of poverty in these regions
[3]. One of the most prevalent global causes of enteric diarrhoeal
death in children, and other demographics is enterotoxigenic
Escherichia coli (ETEC) [4]. ETEC is primarily spread via the faecal-oral
route, most commonly through contaminated water and food. ETEC is
largely found in freshwater bodies such as rivers and reservoirs, with
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infections being most prevalent in spring and summer [5]. Although
ETEC is encountered globally, it is primarily concentrated in SubSaharan Africa and South Asia and recent reports from the Global
Enterics Multicenter Study (GEMS) suggests that ETEC will remain in
the top four pathogens causing childhood diarrhoea in these regions
[6]. Moreover, ETEC is also a major health concern for aid workers,
military personnel and tourists visiting affected regions and is the
leading cause of traveller's diarrhoea in westerners [7]. Although
traveller's diarrhoea is an acute, short term infection, some cases can
progress to a more severe and chronic condition such as idiopathic
inﬂammatory bowel disease leading to life-long consequences [8,9]. In
addition, increased global travel by westerners makes the development
of an effective vaccine against ETEC a priority [10].
Following ingestion, ETEC bacteria do not invade, but rather colonize
the small intestine by adherence to intestinal epithelial cells (IECs) via
ﬁmbrial colonization factors (CFs) [11], of which 25 have been identiﬁed
in different strains of ETEC [11]. However, the most commonly detected
CF antigens (CFAs) are CFA/I, CS1, CS2, CS3, CS4, CS5 and CS6. Pathogenesis is associated with the delivery of heat-labile (LT) and/or heat-stable
toxins, both leading to secretory diarrhoea. Victims may die of dehydration if adequate ﬂuid and electrolyte replacement therapy cannot be
accessed in time [12]. Toxin delivery is exclusively mediated through
intimate contact with IECs and is considered a key pathogenic event,
while blocking this process prevents the bacterium from exerting its
pathogenic effects. Rabbit models have demonstrated that local
antibody responses directed against CFAs play a key role in protective
immunity [13]. Furthermore, natural immunity following repeated
exposure to local ETEC strains expressing homologous CFAs is well
documented in humans thus making CFAs promising antigenic targets
for a candidate ETEC vaccine [14].
Oral vaccination has been demonstrated as the most effective method of inducing immune responses in the gut against enteric infections
via the induction of secretory immunoglobulin A (SIgA). This was illustrated by the failure of injectable cholera vaccines to elicit satisfactory
protection during trials in the 1960s [15,16], and the success of current
oral cholera vaccines such as Dukoral® in large scale ﬁeld trials [17].
Additionally, the introduction of oral rotavirus vaccination programs
in endemic countries has had a very positive effect on disease burdens
in these regions [18]. There is little doubt that the introduction of
ETEC vaccination into these regions would have a further positive effect
on the reduction of childhood diarrhoea cases. In contrast, early
candidate oral ETEC vaccines (OEVs) failed to elicit satisfactory results
in children from endemic regions [19]. Problems associated with poor
immunogenicity in endemic populations are not uncommon as many
prototype oral vaccines that are immunogenic in Western volunteers
subsequently failed in ﬁeld trials [16]. This may be due to the predisposition of gut immune responses to skew towards hypo-responsiveness
and tolerance [20], in addition to differences in nutrition (often a lack
of key nutrients e.g. Vitamin A), microbiota composition, previous natural exposure to antigen due to infection and the presence of helminths,
which are often referred to collectively as “environmental enteropathy”.
Overcoming this challenge will be key to the future success of any OEV
prototype for which there is an urgent global need [2].
One strategy to overcome the poor immunogenicity of oral vaccines
is to increase the antigen load on whole cell killed (WCK) bacterial cells
rather than increasing the dose of bacteria. Large doses of WCK bacteria
have been reported to induce vomiting in children following oral
administration [21]. Tobias et al. generated a non-toxic, formalin killed
E. coli K12 strain overexpressing CFA/I (JT-49) [22], which has been
shown to be one of the most conserved CFAs globally [23]. JT-49 exhibited enhanced surface expression of CFA/I compared to a wild type
(WT) reference ETEC strain, allowing for a reduced bacterial dose to
be administered while preserving antigenicity [22]. This also translated
into enhanced immunogenicity in pre-clinical studies [24]. Furthermore
this strain was safe, well tolerated and immunogenic during trials in
Swedish volunteers [25]. The combination of enhanced immunogenicity
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over WT ETEC strains and positive outcomes in early human trials led us
to choose JT-49 as a candidate antigen.
One of the biggest challenges of the oral route lies in overcoming the
acidic pH of the stomach and the proteolytic environment of the duodenum, which can degrade labile components prior to their arrival at the
key antigen sampling sites located in the gut [26]. These anatomical
locations include the jejunum and ileum, both of which are rich in
Peyer's patches (PPs) (PP-associated microfold cells being one of the
key sites of antigen sampling in the GIT) and mucosal dendritic cells
which play a key role in the elicitation of gut immune responses [27].
Therefore, oral vaccine delivery vehicles are attractive as a means to
not only protect and target antigens, facilitate controlled release [26],
and simplify delivery but also enhance the efﬁcacy of mucosal vaccine
formulations [28]. While many oral vaccine delivery systems have
been evaluated in animal models, this has yet to be translated into efﬁcacy in humans. In a phase one trial utilizing a microparticle-based oral
delivery system containing puriﬁed ETEC CFAs, only 24% of subjects
displayed an increase in antigen-speciﬁc serum IgA demonstrating
that delivery alone may be insufﬁcient at driving oral vaccine efﬁcacy
[29].
We hypothesized that an integrated system comprising a capsular
delivery technology with an enteric (low pH-resistant) coating and an
intrinsic controlled release mechanism, would enhance the efﬁcacy of
an immunogenic antigen in combination with an efﬁcacious and safe
adjuvant [26]. We describe the design of a novel Single-Multiple Pill®
(SmPill®) vaccine formulation which combines these attributes. We
previously reported a SmPill® oral drug delivery system [30,31], but
there are demanding and unique challenges for the delivery of oral
vaccines compared to small molecule drugs. These challenges include
the marked susceptibility of protein antigens to degradation in the
GIT, limited uptake of vaccine antigens across the IEC barrier and the
generally poor immunogenicity of oral vaccines [26], necessitating the
identiﬁcation and inclusion of effective orally active adjuvants. We
demonstrate that protection of antigens alone within SmPill® is insufﬁcient to enhance immunity but our integrated system incorporating a
candidate ETEC vaccine antigen and the invariant natural killer (iNK)
T cell activator, alpha-galactosylceramide (α-Galcer) combines antigen
protection, controlled release and immune-potentiating activity after
three rounds of immunization. Advanced characterisation reveals the
internal structure of this system with antigens associated with and
released in the dispersed phase. This novel system thus addresses the
key challenges to oral vaccine delivery in an integrated manner.
2. Material and methods
2.1. Manufacture of SmPill®
SmPill® mini-spheres were manufactured as previously described
[32] and summarized in Fig. 1. Brieﬂy, when included in a formulation,
α-Galcer (Avanti Polar Lipids Inc., USA) was dissolved in Kolliphor HS
15 (BASF GmbH, Germany) at 40 °C under magnetic stirring. JT-49
(generously provided by Prof. Ann-Marie Svennerholm) or JT-227 in a
PBS suspension was then added and the resulting dispersed phase
mixed until homogeneous. Sorbitol (Roquette Freres, France) was dissolved in water at room temperature, then type A porcine gelatine
(Nitta Gelatin NA Inc., USA) was added, the temperature was increased
to 60–70 °C and the mixture stirred until complete dissolution of the
components. The aqueous phase and dispersed phase were mixed at
50–55 °C to achieve homogeneity. The homogeneous solution was
ejected through a single oriﬁce to form droplets that fell into a cooling
oil medium (Miglyol 810N, Cremer Oleo GmbH;Co. KG, Germany) at
8–10 °C. After approximately 30 min, the mini-spheres were recovered
from the cooling oil medium, centrifuged to eliminate excess oil and
dried at room temperature. Mini-sphere size after drying was between
1 and 2 mm. SmPill® mini-spheres were coated using a Vector MFL.01
Fluid Bed System in the bottom spray conﬁguration with Eudragit
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Fig. 1. SmPill® manufacture and super-structure. The Single-multiple Pill (SmPill®) mini-spheres are manufactured using a multi-step process. (a) Vaccine components (antigen and
adjuvant) are combined within a suitable solubilizing agent (e.g. Kolliphor HS 15) which forms the dispersed phase. (b) Gelatine is dissolved in water together with plasticizers to
form the aqueous phase. Both phases are (c) combined to form an emulsion. (d) This emulsion is added drop-wise into a chilled oil composed of medium chain fatty acids. This
process yields (d) mini-spheres containing the dispersed phase within the now solid aqueous phase. After drying (e), beads are coated using a ﬂuid bed system with a bottom spray
conﬁguration with a chosen enteric polymer to protect against acidic gastric pH and to allow for controlled release in discrete regions within the intestine. (f) Mini-spheres ranging in
size from 1-2 mm are the outcome of this process. (g) SmPill® mini-spheres containing 3 × 108 whole cell killed JT-49 with or without α-Galcer were dissolved in PBS at 37 °C to
release into suspension. Compared to a reference control of 3 × 108 JT-49 in PBS, dot-blots against CFA/I derived from SmPill® supernatants appeared similar showing accurate and
reproducible loading of vaccine components is possible across three independent production cycles. Most importantly the CFA/I-mAb used in the dot blots recognized the epitope on
JT-49 in SmPill® conﬁrming the intact loading of the components which is often a concern with some oral delivery methods.

L30D 55 (Evonik Industries AG, Germany). The weight gain of polymer
achieved was between 5 and 8%. Bacterial content of SmPill® was
conﬁrmed by CFA/I-speciﬁc dot blot for each batch. Finalized batches
of SmPill® were stored dry and at room temperature until use.
2.2. Microscopic analysis of SmPill®
SmPill® were embedded in TissueTek OCT compound (Sakura
Finetek) and snap frozen in liquid nitrogen. Sections (7 μm) were
blocked in phosphate-buffered saline (PBS)-1% Bovine serum albumin
(BSA) for 30 min and stained for 1 h with mouse anti-CFA/I mAb
(supplied by Prof. Ann-Marie Svennerholm) diluted 1:25 in PBS-0.1%
BSA followed by FITC-conjugated anti-mouse IgG (eBioscience) diluted
1:50 in PBS-0.1% BSA for 1 h. The sections were observed using the
Olympus FV1000 scanning confocal (SBI microscopy facility, TBSI).
SmPill® were also analysed by electron microscopy after being
osmicated in OsO4 and embedded in Epon. Ultra-sections were gold
coated for 30 s and directly observed using a Hitachi S-4300 Field
Emission Scanning Electron Microscope (Conway Institute, UCD).
2.3. Bacterial release from SmPill®
SmPill® were incubated in simulated intestinal ﬂuid (6.8 g/l NH2PO4,
7.7% 0.2 N NaOH, 10 g/l pancreatin; pH 6.8) or simulated gastric ﬂuid
(2 g/l NaCl, 3.2 g/l porcine pepsin, 0.7% HCl; pH 1.2) at 37 °C with
shaking for 1 h. Bacterial release was analysed at various time-points
by CFA/I-speciﬁc dot-blot assay using mouse anti-CFA/I mAb (supplied
by Prof. Ann-Marie Svennerholm) diluted 1:100 in PBS-Tween -0.1%
BSA for 2 h followed by HRP-conjugated anti-mouse IgG (Southern
Biotech) diluted 1:2000 in PBS-Tween -0.1% BSA for 2 h. Then ﬂow
cytometry analysis was performed at various time-points using a CFA/
I-positive GFP-expressing ETEC strain (JT-227) and SmPill® containing
this bacterial strain. Samples were acquired on a BD Accuri C6 ﬂow
cytometer (BD) running FACs Diva (BD). Analysis of samples was
performed using FlowJo™ (Tree Star Inc., USA).

2.4. Intestinal explant model
One SmPill® containing GFP+ ETEC (JT-227) was introduced into the
lumen of a 2-cm intestinal explant, tied at both ends to restrain the
mini-sphere and incubated in RPMI 1640 medium at 37 °C, 5% CO2
for 5 or 30 min. The explant containing the SmPill® was ﬁxed in 4%
paraformaldehyde/PBS overnight at 4 °C. After incubation in 12%
sucrose/PBS for 3 h and 20% sucrose/PBS overnight at 4 °C, the explant
was embedded in TissueTek optimal cutting temperature compound
and snap frozen in liquid nitrogen. Sections (7 μm) were observed
using an Olympus BX51 upright microscope and a Leica SP8 gated
STED (SBI microscopy facility, TBSI).
2.5. Animals
Female BALB/c mice were obtained from Charles River Laboratories,
Inc., and were used at 12–16 weeks of age. Animals were maintained according to the regulations of the EU and the Irish Department of Health
and all procedures performed were conducted under animal licence
number B100/3321 and were approved by the Trinity College Dublin
Animal Research Ethics Committee (Ethical Approval Number 091210).
2.6. Immunization strategy
Groups of mice (n = 5) were immunized orally on days 0, 1, 14, 15,
28 and 29 as per Supplementary Fig. 1. One hour prior to immunization
food was withdrawn with water provided ad libitum. Mice were orally
gavaged with 200 μl of 0.3 M sodium bicarbonate buffer (pH 9) to
neutralize stomach acid. After 20 min mice were gavaged with 200 μl
sterile PBS containing 3 × 108 WCK JT-49 bacteria per mouse with or
without α-Galcer (10 μg) (Avanti Lipids) or CT (10 μg) (Sigma Aldrich)
or with PBS alone. Alternatively, mice were vaccinated with SmPill®
mini-spheres. Food was again withdrawn 1 h prior to vaccination,
however, no bicarbonate buffer was administered. SmPill® minispheres containing 3 × 108 JT-49 with or without α-Galcer (10 μg)
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were delivered by loading the spheres into the silicon tip of a 17G
ﬂexible feeding tube (Agntho's, Sweden) and 50 μl of pH 5 buffer was
used to aid delivery. Food was returned to all animals 30 min after
vaccination.
2.7. Collection of faecal, saliva and serum samples
Faecal pellet supernatants (FPS) were collected as described
previously [24]. Brieﬂy mice were placed into individual cages and 5
fresh faecal pellets collected in 500 μl of cold faecal pellet buffer
(0.1 mg/ml Soybean trypsin inhibitor (STI) (Sigma Aldrich), 1% BSA,
25 mM ethylenediaminetetraacetic acid (EDTA) (Gibco), 1 mM
PEFABloc (Sigma Aldrich), 50% Glycerol in 1× PBS) and kept on ice for
4 h. Samples were then emulsiﬁed with a yellow inoculation needle
(Greiner Bio-one), centrifuged at 15,400g × 5 min at 4 °C and supernatants stored at −80 °C until further use.
To obtain saliva, mice were injected intra-peritoneally with 0.1 mg/ml
of Pilocarpine-HCl (TOCRIS Bioscience) in 100 μl Dulbecco's PBS (BioSera)
and carefully observed for the onset of salivation. Saliva was collected in
tubes for the duration of salivation, kept on ice, and later stored at
−20 °C until further use.
Blood was obtained from mice by incision into the tail vein following
heating under a heat lamp for 5 min. Samples were left to coagulate
overnight at 4 °C and then centrifuged at 9200g × 10 min. The serum
was removed and stored at −20 °C until further use.
2.8. Intestinal IgA responses
Intestinal tissue IgA responses were measured using the PerfusionExtraction (PERFEXT) method previously described [33]. Brieﬂy, mice
were sacriﬁced by CO2 asphyxiation and perfused with 20 ml 0.1%
Heparin-sulphate (Sigma Aldrich)-PBS using a 23G needle (BD) and
20 ml syringe (BD) through the heart and the caudal mesenteric
arteries. The intestines were removed, the GIT was trimmed of fat and
mesentery and the duodenum removed. Intestinal segments from the
jejunum and colon were opened longitudinally to remove faeces and
washed in ice cold PBS. Samples were placed in 270 μl ice cold sample
buffer (0.1 mg/ml STI, 0.05 M EDTA, 1 mM PEFABloc, 0.1% BSA, 0.05%
Tween20 in 1× PBS) and stored on ice. 30 μl of 20% saponin from quillaja
bark (Sigma Aldrich) was added into each tube and incubated overnight
at 4 °C. Supernatants were isolated following centrifugation at
14,000g × 10 min at 4 °C and stored at −20 °C until further use.
Washes were performed on isolated intestines with 6 ml wash
buffer (0.1 mg/ml STI, 0.05 M EDTA in 1 × PBS) for small or 1 ml for
large intestinal washes respectively and washes kept on ice. Samples
were centrifuged at 1500g × 10 min at 4 °C. 2 ml of small and 0.8 ml
of large intestinal supernatant was transferred into tubes containing
100 mM phenylmethanesulfonylﬂuoride (PMSF) (Sigma Aldrich).
Samples were centrifuged at 18,000g × 10 min at 4 °C before being
transferred to tubes containing a further 100 mM PMSF. 50 μl of fetal
calf serum (BioSera) and 5 μl of 1% sodium azide solution were ﬁnally
added per 1 ml of supernatant and stored at −20 °C until analysis.
2.9. Measurement of CFA/I speciﬁc antibody responses
CFA/I-speciﬁc antibody titres were determined by antigen-speciﬁc
enzyme-linked immunosorbent assay. 50 μl per well of 1 μg/ml recombinant CFA/I (supplied by Prof. Ann-Marie Svennerholm) was diluted in
1 × PBS and added to 96-well micro-titre plates (medium binding)
(Greiner BioOne) and incubated overnight at 4 °C. Plates were washed
three times in 1 × PBS and blocked with 200 μl 0.1% BSA for 60 min at
37 °C. The blocking solution was ﬂicked from the plates and tapped
dry. 50 μl of sample were added to and serially diluted across the plate
in 0.1% BSA in 1 × PBS-T (0.05% Tween) and incubated overnight at
4 °C. Plates were washed again 3 times in wash buffer (1 × PBS +
0.05% Tween 20). 50 μl per well of biotin-conjugated anti-mouse IgA
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(1:1000) (BD), IgG (1:4000) (Sigma Aldrich), IgG1 (1:5000) (BD),
IgG2a (1:5000) (BD) or IgG2b (1:5000) (BD) was added to each well
and incubated overnight at 4 °C. Plates were washed three times in
wash buffer and 50 μl per well of 700 ng/ml HRP-conjugated
streptavidin (Sigma Aldrich) added to plates for 30 min at room
temperature. Plates were washed four times in wash buffer and one
ﬁnal time in 1 × PBS. 1 mg/ml o-Phenylenediamine dihydrochloride
substrate (Sigma Aldrich) was prepared in 0.1 M phosphate citrate
buffer (pH 5) (heated to 37 °C) containing 4 μl H2O2 per 10 ml substrate
and 100 μl added per well. The plates were left to develop at room
temperature in the dark, the reaction was then stopped by the addition
of 25 μl/well of 1 M H2SO4 and the absorbance at 492 nm read using a
Microplate Reader (Thermo Scientiﬁc) running Scan-IT software
(Thermo Scientiﬁc) to acquire data. Antibody concentrations were
expressed as endpoint titres calculated by regression of a curve of OD
values versus reciprocal serum levels to a cut-off point of 2 standard
deviations above control sera.
2.10. Statistics
The data represented in each graph are arithmetic means, calculated
from 5 animals per group. The error bars represent the standard errors
of the mean. Analysis of variance (ANOVA) was used to determine
signiﬁcant differences between treatments, and the degree of any
signiﬁcance was calculated by Tukey's multiple comparison test in experiments containing 3 or more groups. A single-tail Student's t-test
was used to calculate any degree of signiﬁcance in experiments containing two groups. Area under the curve (AUC) was calculated for each
mouse at each time point. AUC represent the arithmetic means of 5
mice. Prism5 (GraphPad) was used for all statistical analysis. P values
b0.05 were regarded as signiﬁcant.
3. Results and discussion
3.1. Manufacture and loading of vaccine components into the SmPill®
The manufacturing process of SmPill® vaccine mini-sphere is
described in Fig. 1. Antigens and adjuvants were solubilized/suspended
to form the dispersed phase (Fig. 1a). Here, Kolliphor HS 15 was used as
it has been extensively characterized and its safety has been demonstrated in humans in addition to being commercially available as an
excipient [34]. The dispersed phase is combined with an aqueous
gelatine phase (Fig. 1c) to form an emulsion that is added drop-wise
into a cooling medium (a generic cold oil composed of medium chain
fatty acids), resulting in the formation of mini-spheres, thus trapping
the dispersed phase micro-droplets in the aqueous gelatine phase
which forms the matrix (Fig. 1d). Following a drying process, the
mini-spheres receive a pH-resistant enteric coating (Fig. 1e). The ability
to select from a variety of different and commercially available enteric
coatings allows for the controlled release of the micro-droplets containing the antigen/adjuvant combination. Here EUDRAGIT® L 30 D-55 was
selected as an enteric polymer as it was shown to protect a prototype
oral cholera vaccine from low pH while facilitating controlled antigen
release [35]. The ﬁnal product of the manufacturing process yields
the coated mini-spheres, approximately 1 mm in diameter (Fig. 1f).
Dot blot analysis of 3 individual batches of dissolved SmPill® vaccine
mini-spheres using an anti-CFA/I monoclonal antibody (mAb) revealed
that it is possible to reproducibly incorporate JT-49 into SmPill® minisphere across multiple independent production runs (Fig. 1g).
3.2. SmPill® vaccine structural characterization
We have demonstrated the ability of SmPill® to enhance oral
delivery of small molecule drugs [30,31] but given the complexity
of our vaccine formulation containing a killed bacterial antigen and αGalcer adjuvant it was essential to perform advanced characterisation
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of the SmPill® vaccine formulation to identify and localise the components. The SmPill® comprises a porous sphere, containing cavities
thought to contain the payload and surrounded by an exterior enteric
coating (Fig. 2a).
Microscopic analysis of SmPill® sections revealed a core structure
comprising a matrix of cavities that are heterogeneous in size
(Fig. 2b). Scanning electron microscope images of bead sections revealed that these cavities contain micro-droplets of the dispersed
phase with aggregates of rod-shaped bacteria within them (Fig. 2c).
To conﬁrm the presence of JT-49 in the droplets, SmPill® sections
were stained with a ﬂuorescein isothiocyanate (FITC) labelled antiCFA/I mAb and visualized by confocal microscopy (Fig. 2d). Rod shaped
aggregates correlated to green ﬂuorescence when phase contrast and
FITC images were overlaid conﬁrming the presence of JT-49 in the
micro-droplets (Fig. 2d). Together this demonstrates the loading of antigen into the micro-droplets within the matrix but most importantly
that the manufacturing process facilitated the loading of JT-49 into the
mini-spheres intact and without compromising the antigenicity of the
CFA/I epitope.

3.3. The SmPill® vaccine facilitates controlled antigen release at intestinal
pH
Systems facilitating a controlled and sustained release of antigen
may better mimic the natural course of infection and could enhance
immunogenicity through the generation of a vaccine reservoir allowing
for longer antigen exposure to the immune system [36]. SmPill® minispheres retain their structural integrity when dry (Supplementary
Fig. 2) but once rehydrated, the structure of the gelatine matrix swells
and disintegrates, releasing the dispersed phase into the surrounding
medium as micro-droplets (Supplementary Fig. 2). Bacterial release
from SmPill® was assessed in simulated intestinal ﬂuid (SIF) over a
time course of one hour. Initial bacterial release into SIF occurred after
10 min when analysed by CFA/I-speciﬁc dot blot (Fig. 3a). Densitometry
analysis revealed that following progressive release of JT-49 over a 1 h
time course, a peak release of JT-49 occurred after 50 min in SIF from
SmPill® (Fig. 3a). In order to better quantify and investigate the release
of bacteria in both SIF and simulated gastric ﬂuid (SGF), we utilized a
CFA/I-positive ETEC strain expressing green ﬂuorescent protein (GFP)

Fig. 2. SmPill® structure and antigen localization. SmPill® is a unique oral delivery system (a) composed of an exterior enteric coating (red) which resists degradation at low pH. The
gelatine core (yellow) is composed of a matrix of micro-droplets of a dispersed phase (white), which contains the payload. (b) The internal structure of SmPill® mini-spheres contain
a non-uniform dispersal of micro-droplets varying from 50 μm to 1 μm in size. (c) Scanning electron microscopy reveals aggregates of rod-shaped structures contained within the
larger micro-droplets. (d) Staining of SmPill® sections containing 3 × 108 JT-49 with an anti-CFA/I-FITC mAb and visualization by confocal microscopy conﬁrms the rod-shaped
aggregates contained within micro-droplets to be CFA/I-positive JT-49.

C.J.H. Davitt et al. / Journal of Controlled Release 233 (2016) 162–173

167

Fig. 3. SmPill®acts as a pH sensitive controlled release system for vaccine formulations in the GIT. JT-49 release (a) from SmPill® mini-spheres occurs in a time dependent manner at
simulated intestinal pH as evaluated by CFA/I-speciﬁc dot blots and quantiﬁed by densitometry. (b) JT-49 (gray) can be differentiated from the CFA/I-positive GFP-expressing ETEC strain
JT-227 (green) by ﬂow cytometry. (c) No GFP+ positive JT-227 release is detected under simulated gastric conditions however controlled release of GFP+ bacteria is detected in simulated
intestinal ﬂuid (SIF) peaking at 50 min. (d) After 5 min in an intestinal explant model, the SmPill® structure remains largely intact with dispersed phase pockets at the intestinal interface
appearing to have released their contents. Following a 30 min incubation in the explant, the size of SmPill® mini-sphere has reduced 1.4 fold while the matrix structure of the mini-sphere
is retained.

(JT-227). Flow cytometric analysis of inactivated JT-49 and JT-227
revealed that after formalin treatment, GFP ﬂuorescence can be detected in JT-227 but not JT-49 (Fig. 3b). Moreover, when quantiﬁed by ﬂow
cytometry, JT-227 followed a similar release proﬁle from SmPill® in SIF
as JT-49, peaking at 50 min (Fig. 3c). In contrast, no bacterial release was
observed in SGF over the course of 1 h, indicating that SmPill® minispheres retain their structural integrity in an acidic pH for an extended
period of time (Fig. 3c). In the presence of mechanical agitation to
simulate the gastric contractions in the stomach and peristalsis in the
duodenum, SmPill® retained its structural integrity, thus protecting its
contents from early release due to physical degradation of the delivery
system (Fig. 3c).
In order to better understand the release mechanism of SmPill® and
its interaction with the intestinal environment, we developed an ex vivo
intestinal explant model. 2 cm sections of freshly isolated small intestine were tied off at one end and one SmPill® inserted into the lumen.
To retain the SmPill® in the lumen the other end was also tied off.
Explants were placed into RPMI medium and incubated at 37 °C with
shaking to simulate peristalsis. After incubation, explants were embedded and sectioned to visualize the SmPill® structure after interaction
with the intestinal environment. After 30 min in this intestinal explant
model (Fig. 3d), the physical size of SmPill® was reduced compared to
that seen after 5 min (Fig. 3d). Interestingly, close contact of SmPill®
mini-spheres with villi was observed after 30 min (Figs. 3d; 4a), likely
caused by the swelling and dissolution of the gelatine core in the
hydrated and warm environment of the intestine. Whether this
mechanism contributes directly to antigen uptake however remains to

be elucidated. These results, taken together with the gradual release
kinetics (Fig. 3) demonstrate that the SmPill® platform possesses an
intrinsic delayed release mechanism that is selective for the higher pH
of the distal small intestine. In addition to providing safe passage
through the harsh gastric environment and controlled release in the
small intestine, SmPill® micro-spheres may act as a luminal reservoir
allowing for persistent vaccine release over an extended period of
time. The formation of a vaccine reservoir has been suggested to
enhance efﬁcacy via the persistence of vaccine material at the site of
antigen uptake [36]. This depot-like effect leads to longer combined
antigen/adjuvant exposure over time and a greater chance that both
components will encounter cells of the innate immune system in a synchronized manner. Considering that the structure of the beads remains
intact even after 30 min (Fig. 3d), it is plausible that the SmPill® may
impart such a reservoir function on its contents.
3.4. Ex vivo release studies
Antigen release from the SmPill® occurs via the dissolution of the
gelatine matrix and the release of micro-droplets of the dispersed
phase containing the antigen and adjuvant mixture into the surrounding environment (Supplementary Fig. 2). Intimate contact between
the gelatine phase and the intestinal epithelial surface is observed at
the villous-SmPill® interface (Fig. 4a). Interestingly, this intimate
contact also correlates with the presence of GFP-ﬂuorescence at the
tips of the villi that are in contact with SmPill® micro-spheres containing
JT-227 (Fig. 4a). While penetration through the mucus layers of the GIT
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Fig. 4. Interaction of SmPill® derived oil droplets with the villous surface. (a) GFP+ JT-227 released from SmPill® in intestinal explants can be observed at the tips of the villi at
intestinal-SmPill® interface. Translocation (b) of JT-227 can be observed from micro-droplets in the SmPill®, across the intestinal lumen into the villi of the epithelium as visualized by
confocal microscopy.

has been shown to be a considerable challenge when delivering oral
vaccines [26], the potential of SmPill® to permit close contact with the
intestinal epithelium may enhance the uptake of the antigens and adjuvant. We imaged this interface and found that the distance between the
SmPill® micro-spheres and intestinal epithelium is at some points less
than 100 μm (Fig. 4b). Considering that the relative thickness of the
mucus layer varies from 10 μm in the ileum to 100 μm in the colon,
the SmPill® platform could help to overcome this barrier. Moreover,
JT-227 bacteria were found inside the villi, suggesting enhanced antigen
uptake following release from SmPill® (Fig. 4b). The potential to enhance antigen/adjuvant delivery directly at the mucosal epithelium
may limit dilution of vaccine components by gastrointestinal secretions
and mucus, which may render the dose of vaccine arriving intact at sites
of immune surveillance suboptimal for stimulating immune responses
[26]. Formulation of the antigen and adjuvant in SmPill® resulted in
the concentrated delivery of JT-227 to the intestinal epithelium, indicating that the delivery system may provide additional protection of
contents from dilution.
3.5. Identiﬁcation of α-Galcer as a potent oral adjuvant
Adjuvants are utilized in vaccine formulations in order to enhance
the immunogenicity of non-living antigens [16,37]. However, while a
number of adjuvants are licensed for use in injectable vaccines, there
are currently no adjuvants included in clinically applied oral vaccines
[37]. Due to their remarkably potent ability to drive immune responses
to orally administered antigens, cholera toxin (CT) (and LT) are
regarded as the “gold standard” experimental mucosal adjuvants [38].
However, in their unmodiﬁed native forms their inherent toxicity precludes the clinical use of CT and LT [16]. As a result, there is an urgent

need to identify safe and potent adjuvants, particularly for delivery to
the gastrointestinal tract. While a detoxiﬁed double mutant variant of
LT has shown promise in early clinical trials following oral administration [39], there are additional challenges associated with both the
delivery of labile components and their inclusion into delivery systems
[26]. These challenges demand novel delivery approaches.
Recently populations of unconventional T cells have received much
interest as possible adjuvant targets for mucosal vaccination due to
the availability of well characterized activating ligands, their ability to
drive potent immune responses following activation and their anatomical positioning at the mucosal interface of the gastrointestinal tract
(GIT) [40]. Both iNKT cells and mucosal associated invariant T cells
have potential as target cells to enhance immune responses to orally
delivered antigens [40,41]. To this end, we investigated the oral
adjuvanticity of the well characterized iNKT cell activating glycolipid
[41,42], α-Galcer and compared this to CT following three rounds of
oral vaccination together with JT-49 as outlined in Supplementary
Fig. 1. Thirty four days after initial vaccination, enhanced faecal antiCFA/I IgA titres (a direct measure of intestinal antibody responses
[43]) were induced by JT-49 admixed with either α-Galcer or CT compared to administration of the bacteria alone (Supplementary Fig. 3).
In these studies α-Galcer was as effective an adjuvant as CT in promoting intestinal IgA responses (Supplementary Fig. 3).
3.6. Enhancement of intestinal responses following oral vaccination
Having extensively characterized SmPill® mini-spheres and
established their capacity to protect antigens from low pH and facilitate
controlled release, we sought to determine if encapsulation of JT-49 and
α-Galcer could enhance immunogenicity following oral vaccination.
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CFA/I-speciﬁc IgA titres were not only signiﬁcantly enhanced following
encapsulation in SmPill® micro-spheres versus delivery in solution
(Fig. 5a), but the rate at which these titres were established over time,
as determined by measuring the area under the curve (AUC), was significantly more rapid following vaccination with JT-49 and α-Galcer in
SmPill® (Fig. 5b). Considering that ETEC outbreaks can occur in the
aftermath of natural disasters or conﬂict, developing a vaccine capable
of delivering a rapidly induced and potent immune response is highly
desirable. Delivery of an OEV formulation by SmPill® not only enhances
the immunogenicity but also enhances the speed at which an immune
response is elicited. Rapid establishment of herd immunity during a natural disaster or emergency can prevent outbreaks of enteric disease
which can add additional hardship to a population already suffering in
the aftermath of such events. The ability to accurately dose and easily
administer SmPill® combined with the rapid establishment of immunity
make it an attractive OEV delivery system for use in resource poor
settings.
It has been claimed that some oral delivery systems have an intrinsic
adjuvant capacity in the absence of an exogenous immuno-potentiator
[28,44]. While shielding a formulation from degradation is a key objective when developing efﬁcacious oral vaccines, it is unclear whether this
alone is sufﬁcient to generate effective oral vaccine systems. When αGalcer was removed from the SmPill® formulation, a signiﬁcant reduction in antigen-speciﬁc faecal IgA was observed (Fig. 5c; d). This
suggests that delivery of an antigen by SmPill® in isolation is not
sufﬁcient to elicit strong intestinal immune responses. However, with
the addition of solubilized α-Galcer, a potent enhancement of the
formulations ability to drive gut responses is observed (Fig. 5c; d).
Although a SmPill® formulated drug showed enhanced efﬁcacy against
colitis in a mouse model [30,31], these results clearly demonstrate
that in the context of oral vaccination, targeted delivery alone is not
sufﬁcient to elicit a potent immune response.
We next sought to measure the induction of antibody responses
against CFA/I in the jejunum in order to ascertain if immune
responses were induced at the site of ETEC colonization. The
Perfusion-Extraction (PERFEXT) technique allows for the quantiﬁcation of a local antibody and cytokine response in a tissue of interest in
vivo [33]. This technique is also amenable to quantifying antigenspeciﬁc IgA in intestinal tissue following oral vaccination [24].
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Following perfusion with heparin-phosphate buffered saline (PBS)
(to exclude serum IgA contamination), jejunal tissue sections were
treated with saponin to permeablize the tissue and release IgA into
the supernatant. A strong induction of anti-CFA/I IgA was detected
in jejunal tissue supernatants following oral vaccination with JT-49
and α-Galcer in SmPill ® (Fig. 5e). Furthermore, we also detected
high CFA/I-speciﬁc IgA titres in small intestinal washes (Fig. 5f).
These results indicated that JT-49 and α-Galcer in SmPill® induced
a strong IgA response in the intestinal tissue (Fig. 5e), and effective
IgA secretion into the jejunal lumen (Fig. 5f), where it would
encounter ETEC in the context of a bacterial infection.

3.7. Induction of mucosal immune responses at distant effector sites
While ETEC establishes infection in the jejunum, other pathogenic
strains of E. coli (such as enterohaemorrhagic and enteropathogenic
E. coli) colonize more distal sites such as the ileum and the colon respectively [12]. Furthermore, a powerful immune response triggered at an
inductive site can potentially elicit strong immune responses at a distant
effector site in the GIT. We sought to determine the extent of dissemination of the mucosal immune response elicited following oral immunization with the SmPill® vaccine formulation as a proof of concept that this
system may be amenable to vaccination against other enteric infections
in the GIT. Following vaccination we detected strong CFA/I-speciﬁc
antibody responses in both colonic tissue after perfusion (Fig. 6a) and
in colonic washes (Fig. 6b). CT, LT and their derivatives can induce
immune responses not only along the length of the GIT, but also at
distant mucosal sites such as in vaginal secretions [45] supporting the
concept of a “common mucosal immune system” [46]. To this end we
investigated the ability of SmPill®-based OEV to drive enhanced salivary
IgA responses. The vaccine elicited an antigen-speciﬁc IgA response in
the saliva of mice following oral vaccination (Fig. 6c). Importantly,
salivary IgA has been demonstrated to be a non-invasive correlate for
the successful induction of intestinal immune responses following
infection with wild type ETEC in human volunteers [47]. Additionally,
salivary IgA responses have been used as a correlate of intestinal
immunity following oral vaccination against enteric pathogens in
human trials [48].

Fig. 5. Enhancement of oral vaccine-mediated mucosal antibody responses following encapsulation of formulations in SmPill®. Mice (n = 5) were vaccinated orally with SmPill®
mini-spheres or bicarbonate solution containing 3 × 108 whole cell killed JT-49 and 10 μg α-Galcer. (a) Faecal pellet supernatants were analysed for CFA/I-speciﬁc IgA antibody titres by
ELISA. Mice receiving the vaccine by SmPill® had signiﬁcantly higher CFA/I-speciﬁc titres than mice vaccinated with solution. (b) Furthermore more rapid induction of this IgA response,
determined by area under the curve (AUC) analysis, was detected in SmPill® vaccinated mice compared to mice receiving the formulation in solution. (c) Higher CFA/I-speciﬁc IgA titres
and (d) a more rapid induction of faecal IgA responses were dependent on the inclusion of solubilized α-Galcer in SmPill®. Strong local intestinal anti-CFA/I titres were also detected in
(e) jejunal extracts of mice vaccinated with JT-49 and solubilized α-Galcer in SmPill® following perfusion to exclude serum IgA contamination and in (f) intestinal washes from the
same mice. Figures are representative of three independent in vivo studies.
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Fig. 6. Large intestinal antibody responses are enhanced by delivery of antigen in α-Galcer adjuvanted SmPill®. Following three rounds of oral vaccination (n = 5), SmPill® containing
3 × 108 JT-49 and solubilized α-Galcer (10 μg), mice (n = 5) elicited stronger anti-CFA/I titres in (a) colonic extracts following perfusion to exclude serum IgA contamination and in colonic
washes (b) than the formulation without α-Galcer. (c) Enhanced salivary CFA/I-speciﬁc IgA responses were also detected in mice immunized with antigen in α-Galcer-adjuvanted SmPill®
but not when antigen was administered in capsules without adjuvant. Figures are representative of three independent in vivo studies.

3.8. Evaluation of serum antibody responses
Following oral vaccination with a candidate ETEC vaccine, studies
have found that antigen-speciﬁc IgA-producing plasma cells can be
detected in the blood and suggested that these cells are most likely of
mucosal origin [49–51]. We observed a rapid induction of CFA/Ispeciﬁc serum IgA following oral vaccination with JT-49 and α-Galcer
in SmPill®, which was dependent on the presence of α-Galcer in the
formulation (Fig. 7a; b). While ETEC is non-invasive, other enteric pathogens invade through the intestinal mucosa and manifest themselves as
a systemic infection. Mucosal vaccination has the potential to elicit
immune responses in both the mucosal and systemic immune compartments [16,37]. Here, high titres of antigen-speciﬁc IgG were detected
following oral vaccination with JT-49 and α-Galcer in SmPill®
(Fig. 7c), a proﬁle dominated by IgG1 (Fig. 7d–f).

3.9. A proposed mechanism for the efﬁcacy of an integrated approach to
oral vaccination
While the challenges associated with vaccine delivery by the oral
route have to date been largely addressed in isolation, the current approach focussed on overcoming these in an integrated manner whereby
a SmPill® based vaccine protects the antigen through the low pH of the
stomach (Fig. 8a). Following passage of the mini-spheres through the

stomach and arrival in the more neutral pH environment of distal
parts of the small intestine, the enteric coating begins to degrade
(Fig. 8b), exposing the gelatine core of the SmPill® and leading to droplet release (Fig. 8c). Uniquely combined within these droplets are the
CFA/I-overexpressing formalin killed JT-49 and the solubilized adjuvant,
α-Galcer. Co-delivery of these components across the IEC barrier leads
to the generation of potent adaptive immune responses characterized
by strong IgA induction in the intestinal tissue (Fig. 8d–g). Intestinal
ETEC infection (Fig. 8h–i) would then trigger the delivery of CFA/Ispeciﬁc SIgA into the intestinal lumen (Fig. 8j). Here in the context of
natural infection, CFA1-speciﬁc SIgA can bind to and neutralize the
invading ETEC bacteria (Fig. 8k).
4. Conclusions
Incidences of enteric diarrhoea are predicted to rise globally. This has
been attributed in part to global warming, which is creating new
environmental niches for bacteria such as V. cholerae and ETEC allowing
them to thrive in regions where these infections are usually not encountered [52]. Additionally, large scale human migration and displacement
due to famine and conﬂict is leading to lapses in vaccination schedules
and the spreading of infectious diseases. More worrying is that this
migration could lead to the introduction of new pathogens into territories not equipped to intervene with such infections. These challenges
demand innovative public health measures to control, contain and

Fig. 7. Enhanced serum IgA responses following oral vaccination with SmPill®requires the inclusion of solubilized α-Galcer as an adjuvant. When mice (n = 5) were vaccinated
with SmPill® containing 3 × 108 JT-49 and solubilized α-Galcer (10 μg), anti-CFA/I IgA was detected in the (a) serum. Additionally this response (b) was elicited rapidly as determined
by area und the curve analysis. However, this enhanced response was also dependent on the inclusion of α-Galcer in the formulation. Potent serum (c) IgG responses were also
detected in mice receiving SmPill® containing JT-49 and α-Galcer. When the subtype was characterized (d–f) it was determined to be biased towards IgG1, which was dependent on
the inclusion of α-Galcer in SmPill®. Figures are representative of three independent in vivo studies.
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Fig. 8. Proposed mechanism of SmPill® activity and induction of intestinal immune responses. (a) The enteric coating on SmPill® mini-spheres allows them to remain stable and intact
in the acidic pH of the stomach. (b) On exiting the stomach and passage into the increasing pH of the upper portions of the small intestine, the enteric coating begins to degrade exposing
the gelatine core. (c) The gelatine core begins to be degraded in the small intestine environment releasing the micro-droplets containing the vaccine antigen/solubilized adjuvant in the
dispersed phase. (d) The micro-droplets are taken up allowing for the passage for antigens and adjuvants across intestinal epithelial cells (IECs) where presentation of the former to
antigen-presenting cells (APCs) and the latter to invariant natural killer cells (iNTKs) occurs. (e) Together the antigen-loaded APCs and activated iNTKs induce antigen-speciﬁc T and B
cell responses. (f) B cells undergo afﬁnity maturation, class switch recombination and differentiation into plasma cells, which enter into the circulation and eventually home back to
and seed in the lamina propria where (g) IgA secretion occurs. (h; i) Upon infection with viable enterotoxogenic E. coli (ETEC) (j) antigen-speciﬁc secretory IgA (SIgA) is transported
into the intestinal lumen where it can (k) bind to and neutralize colonization factor antigens (CFAs) expressed by ETEC.

eliminate these pathogens before they can pose a severe health risk.
Next generation vaccines, amenable to large scale public administration
would be an invaluable tool in the ﬁght against such threats. Despite improvements in water and sanitation facilities and other interventions
against enteric disease in endemic regions, global diarrhoea mortality
rates have changed little in two decades [53]. Importantly there is a
push by the WHO to reduce the use of antibiotics in the treatment of
ETEC due to the appearance of antibiotic resistance. The detection of antibiotic resistant ETEC strains at waste water treatment plant efﬂuents
suggests that these could become a reservoir of resistant ETEC strains,
driving a need for new treatments and prophylactics [54].
While an integral part of experimental vaccine evaluation is proving
their protective efﬁcacy in infection models, a reliable mouse protocol
for experimental ETEC infection is lacking or less than ideal [55]. Despite
this, promising OEV candidates, which display a potent induction of
mucosal immune responses in mice have progressed to clinical trials
without the need for animal challenge studies. This was further reiterated by a recent conference report recommending a rapid move to human
testing of effective ETEC vaccine candidates [2]. The WCK bacterial
strains under evaluation in clinical trials overexpress key ETEC CFAs
[56] and have been shown to successfully enhance mucosal immune
responses when adjuvanted with a double mutant of LT [39]. Although
in this study we only evaluate our delivery system with the CFA/I
expressing JT-49 strain, we believe a viable candidate vaccine will
include other CFs in addition to CFA/I such as CS3, CS5 and CS6, which
would cover 90% of all ETEC strains together with an LTB toxoid for
anti-toxic immunity. The current study demonstrates the potential of
an integrated approach to oral vaccination using the SmPill® to enhance
the effectiveness of such a vaccine in a format amenable to convenient
and large scale administration to humans. The oral delivery system
protects the vaccine antigen and adjuvant components as they pass
through the harsh environment of the upper regions of the GIT and

controls the release of antigen and solubilized adjuvant together in the
small intestine. α-Galcer was comparable to the “gold standard” mucosal
adjuvant CT at enhancing CFA/I-speciﬁc intestinal immune responses
against a novel ETEC antigen, without the toxicity associated with CT.
Our approach has demonstrated the need to view the challenges associated with vaccine delivery via the oral route in an integrated manner. A
greater understanding of the immune mechanisms directing protective
mucosal immunity in the GIT in addition to the application of the
advanced SmPill® vaccine approach offers hope that the development of
improved non-living vaccines against enteric infections is an attainable
goal.
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