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Oral vaccines

Directed safe passage to the front line of defense
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Oral vaccines are safe and easy to
administer and convenient for all
ages. They have been successfully devel-
oped to protect from many infectious
diseases acquired through oral trans-
mission. We recently found in animal
models that formulation of oral vaccines
in a nanoparticle-releasing micropar-
ticle delivery system is a viable approach
for selectively inducing large intestinal
protective immunity against infections
at rectal and genital mucosae. These
large-intestine targeted oral vaccines
are a potential substitute for the intra-
colorectal immunization, which has been
found to be effective against rectogeni-
tal infections but is not feasible for mass
vaccination. Moreover, the newly devel-
oped delivery system can be modified to
selectively target either the small or large
intestine for immunization and accord-
ingly revealed a regionalized immune
system in the gut. Future applications
and research endeavors suggested by the
findings are discussed.

Introduction

Induction of mucosal immunity is essen-
tial to stop person-to-person transmis-
sion of pathogenic microorganisms and
to limit their multiplication within the
mucosal tissue. Vaccination through a
mucosal route is shown to offer advan-
tages for enhanced mucosal immune
responses that result in better local
protection. Oral delivery of vaccines
represents the most attractive mode of
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administration over other routes of deliv-
ery due to the fact that the oral vaccina-
tion is noninvasive, safe and simple to
execute, showing good patient compli-
ance and clinical practicality (Table 1).
The oral polio vaccine, which consists
of live attenuated polioviruses, is a clear
demonstration of the fact that oral vac-
cination against a highly contagious
human enterovirus has succeeded in
eradicating this virus in almost all coun-
tries.! The reason for the few countries
still with endemic polio is only the lack
of access of portions of the population to
the vaccine. The polio vaccine is known
to mimic the humoral immune response
induced by wild strains of poliovirus
orally transmitted. It protects the indi-
vidual against paralytic poliomyelitis by
preventing the virus from disseminating
to the nervous system through the blood
stream. The significant property of the
vaccine is actually the ability to inhibit
invading viruses from propagating in the
mucosal tissue of the small intestine and,
hence, to effectively control the virus
from spreading from mucosal linings to
other tissues or being shed. Another oral
vaccine that is effective primarily against
the small intestine infection is the rota-
virus oral vaccine. Rotarix and RotaTeq
are the two currently used vaccines that
confer protection against rotavirus gas-
troenteritis as effectively as 70%, and the
protection can reach 85% to 100% to
prevent severe rotavirus gastroenteritis.>?

Although oral delivery is potentially
preferred for many reasons for vaccination
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Table 1. Route of immunization against rectogenital infection in animal models

Route Advantages
Oral Easy to administer, convenient mode of
remote immunization
Easy to administer, convenient mode of
Intranasal

remote immunization

Local immunization inducing both
cellular and humoral rectal and vaginal

Intracolorectal
responses

Intravaginal

Local immunization inducing humoral
vaginal responses

Disadvantages

No to low levels of rectogenital responses induced
and risk of inducing oral tolerance

ARTICLE ADDENDUM

Feasibility

Practical for mass
vaccination and preferred

Inducing modest levels of cellular and humoral

responses and weak protection, pre-existing
immunity to some delivery vehicles, may exacerbate

Practical for mass
vaccination

nasal or respiratory inflammation; risk of transport
through olfactory nerve to brain.

Easy to administer, passing through small

intestine and selectively targeting large
intestine to induce immune protective
immunity comparable to intracolorectal

Targeted oral

immunization

against enteroviruses, oral vaccines have
not been developed specifically to target
the large intestine mucosa against virus
infection. Advantages of inducing immu-
nity from the colorectal mucosa lie in the
facts that it is the most effective route to
induce immunity in the colorectal area
against virus transmission and that vagi-
nal immune responses could be induced
at the same time.* However, simple oral
delivery is ineffective at inducing protec-
tive immunity at either rectal or genital
mucosa.’” A three-pronged barrier inter-
feres. First, a vaccine, especially in the
form of protein or peptide, is subject to
many obstacles while traveling through
the GI tract. These include the low gas-
tric pH, digestive enzymes and bile salts,
which can result in deactivation and deg-
radation of the vaccine. Without safe pas-
sage through these harsh environments,
the vaccine cannot be effectively absorbed
by the epithelial layer. Second, the vac-
cine components must be delivered pref-
erentially to the large intestine, to mimic
intrarectal delivery and not be taken up in
the small intestine. Third, the surviving
vaccine needs to cross the epithelial layer
through a number of mechanisms and
enter the gut-associated lymphoid tissue,
where the mucosal immune responses may
be induced. Formulating technology that
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significant

enables oral vaccines to work efficiently in
the distal gut still remains a substantial
challenge.

Various recombinant or attenu-
ated viral or bacterial strains have been
developed for oral delivery of vaccines,
but there is an immunological obstacle
that needs to be overcome, pre-existing
humoral or cellular immunity to the
vector and newly developed anti-vector
immune responses against the next vac-
cination. Peptides, used in epitope vac-
cines, are usually not immunogenic by
themselves and should not be prematurely
eliminated by the immune system, but
would be very sensitive to enzymatic deg-
radation. When combined with immune
adjuvants, such vaccines are proven effec-
tive at inducing cellular immune responses
for infections.®®

Based on the current understanding of
mucosal immunity, particulates contain-
ing vaccines may be formulated to achieve
effective delivery to mucosal surfaces as
well as transport across the epithelium for
local vaccination. To penetrate the epithe-
lium, vaccines need to target the epithelial
cells including M cells and enterocytes.
M cells are specialized epithelial cells pre-
dominantly residing in the follicular-asso-
ciated epithelium of Peyer’s patches, which
are abundant in number in the distal small
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Vaccination requiring facility and a trained profes-
sional, discomfort and accidental trauma may occur

Vaccination efficacy is influenced by the menstrual
cycle and no responses induced in the large intestine

Extra manufacturing procedures required but not

Feasible for special
treatment but impractical
for mass vaccination

Feasible for special
treatment but impractical
for mass vaccination

Practical for mass
vaccination and preferred

intestine. Lumenal antigens or particulates
up to 1 pm in diameter are taken up by M
cells mainly through transcytosis’ or cap-
tured by dendritic cells (DCs) extending
processes into the lumen."” Enterocytes
dramatically outnumber M cells and play
an important role in the uptake and trans-
port of lumenal antigens into the gut-asso-
ciated lymphoid tissues.

In our recent study,' we developed
a nanoparticle-releasing microparticle
vaccine delivery system for site-specific
immunization at the large intestine. We
encapsulated peptide vaccines in biode-
gradable PLGA nanoparticles and then
coated the particle surface with an acid
resistant polymer Eudragit F30D to form
micro-sized particles, which dissolve only
at pH over 7. This device allows mic-
roparticles to release the nanoparticles
containing vaccines selectively after pass-
ing through the small intestine where
the pH is lower. The microparticles were
intentionally designed to be too large to
be taken up by epithelial cells or DCs,
so that uptake could not occur until
the nanoparticles are released from the
Eudragit FS30D microparticles in the
large intestine, allowing selective delivery
to the immune system where desired. We
indeed found that nanoparticle uptake
from the FS30D microparticles occurred
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mainly at the mucosal surface of the large
intestine, instead of in the small intes-
tine. Therefore, this device was success-
fully built to protect the vaccine from
being deactivated or degraded prior to the
large intestine. When we coated the vac-
cine nanoparticles with another Eudragit
formulation, namely 1.100-55, which can
dissolve at pH 5.5 as found in the small
intestine, following oral delivery the
uptake was detected mainly in the small
intestine and barely in the large intestine,
as expected. Therefore, the concept of
this delivery system was actually proven
correct. Thus, by taking advantage of
the differential pH sensitivity of the dif-
ferent Eudragit formulations, the transit
time through the gut relative to the time
required for release of the nanoparticles
and the size of the microparticles that
prevented premature uptake, we for the
first time have been able to deliver the
vaccines selectively to either the small or
large intestine and induce the immune
responses at the corresponding site.

Evading Roadblocks
in the Gut Lumen

Secretory IgA (sIgA) present in the intesti-
nal lumen acts as the first line of defense in
innate immunity against pathogen inva-
sion and enterotoxin insults. SIgA blocks
pathogens or enterotoxins from attack-
ing by binding epitopes on their surfaces
and causing the agglutination of micro-
bial pathogens, thereby interfering with
their adherence to and penetration across
mucosal surfaces.”” This immune exclu-
sion process is enhanced by the secretory
component, which mediates anchoring of
sIgA to the mucus layer, resulting in effi-
cient mucosal protection.” Such natural
or prior humoral mucosal immunity is
a major hurdle for oral vaccination with
microbial vectors or proteins.!* Children
who have maternal sIgA antibodies from
breast milk appear to experience reduced
effectiveness of rotavirus vaccines.”
Immunogenic vaccines encapsulated in
biosynthetic materials could evade anti-
body-mediated recognition and exclusion
and thus gain better access to epithelial
cells for uptake and the following trans-
cytotic transport through the epithelial
barrier.

248

Delivering Vaccines beyond
the Small Intestine: Directed Safe
Passage to the Front Line
of Defense

Most live attenuated or inactivated viral
vaccines are considered safe, but live oral
viral vaccines have often shown greater
efficacy. As they may maintain the ability
to revert toward virulence and there is the
probability of contamination with intact
viruses, live vaccines sometimes can cause
vaccine-induced diseases.'® New cases of
vaccine-associated paralytic poliomyelitis,
although not common, have been repeat-
edly discovered in many countries. There
are also concerns about post-vaccination
complications. For example, one type of
oral rotavirus vaccine has increased the
risk of intussusception in children and
those who previously had intussusception
cannot be vaccinated for this reason. To
achieve high standards of safety and effi-
cacy, researchers have made great efforts
in developing non-infectious agents such
as peptides, proteins and nucleic acids for
oral vaccines. Protection of these agents
against the hostile gut environment is,
however, required for the oral delivery.
Various biocompatible materials have
been utilized to encapsulate vaccines to
form either micro- or nano-sized particles,
including polymers, lipid-based vesicles,
starch, gelatin, viral-like particles and
ISCOMS, which are primarily dissolved
and/or absorbed in the small intesti-
nal mucosa and elicit immune responses
either locally or peripherally. Large intesti-
nal immune responses were virtually never
induced," or at least have not been fully
investigated by most of the studies.

Both the size and controlled release
capability are the key factors that influence
the delivery of vaccine particles.” For vac-
cine delivery beyond the small intestine,
it is essential to use microparticles with
a pH-dependent dissolution profile. The
microparticle size should be considerably
larger than the range for M cell-mediated
uptake or phagocytosis by macrophages or
DCs, such that particles, if they remain
undissolved, are not taken up before arriv-
ing at the destination. Microparticles resis-
tant to a lower pH are not dissolved in the
small intestine and able to deliver vaccines
undamaged through the terminal ileum,
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from which the increased pH facilitates
dissolution, allowing release of enclosed
nanoparticles for subsequent uptake by
the large intestinal mucosa. Uptake of
nanoparticle vaccines subsequently results
in induction of large intestinal immune
responses. Equally importantly, vagi-
nal immune responses are elicited by the
vaccine delivered to the large intestinal
mucosa. This makes large intestine tar-
geted oral vaccines more applicable for
mass vaccination to prevent sexually trans-
mitted infections (STTs).

In contrast to the large intestine-tar-
geted microparticles, microparticles solu-
ble at a lower pH value can break down
in the small intestine. In this case, vac-
cines are taken up primarily in the small
intestine and induce immune responses
therein. Neither uptake nor immune
responses are significant in the large
intestine. Therefore, the newly developed
nanoparticle-releasing microparticle deliv-
ery system should be able to target indi-
vidual segments of the intestine to achieve
site-specific mucosal vaccination.

A Vaccine Strategy to Study
Immune Compartmentalization

The gut is divided into a number of seg-
ments with physiologically different func-
tions. The small intestine and the large
intestine appear to differ from each other
in immune responses to a vaccine. As we
recently discovered, induction of T cell
immune responses in the small intes-
tine does not lead to significant immune
responses in the large intestine and vice
versa, so there is clear compartmentaliza-
tion," and even within the small intestine,
antigen delivery at different levels differen-
tially affects the antibody isotypes induced
in the serum, although local mucosal anti-
body responses in different segments of the
small intestine were not examined.'® Thus,
vaccine responses in each anatomical seg-
ment may vary over the entire length of
the intestine. How these segments respond
differently to a vaccine has been a subject
of great interest for decades and has been
studied from the early days of mucosal
immunology, but the only techniques
available were cumbersome and invasive,
possibly affecting the outcome. Intraloop”

and 120
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experimental animals performed by lapa-
rotomy are the procedures commonly used
to study intestinal immune responses.
Such intestinal models provide an effective
approach to the longitudinal measurement
of segmental immune responses to dissect
the mechanisms involved in uptake and
recognition of lumenal antigens but may
cause significant disturbance of the tis-
sues involved and therefore influence the
results. Site-specific oral vaccine delivery
by the nanoparticle-releasing microparticle
system provides a vaccine safe and physi-
ological access to the mucosal site of inter-
est, representing a novel alternative method
to study vaccine-induced immunity at dif-
ferent segments of the intestine, through
a non-invasive approach that avoids these
drawbacks. Following the same vein, the
new delivery system can also be developed
for segmental challenge of various patho-
genic agents in addition to the ligated
intestinal loop method. A comprehensive
approach is likely to greatly improve our
understanding of the intestinal immunity
against pathogen invasion in natural vs.
experimental settings.

that
immunization locally in the large intes-

We previously demonstrated

tine induced robust immune responses at
the site of immunization and immuniza-
tion via a distant mucosal site proved to
be less effective.*?"?? Antigen challenge
through the nose of animals pre-sensitized
to the same antigen induced eosinophilia
in the lung but not in the intestine.” As
shown in our recent study," oral immu-
nization with nanoparticles that target
the large intestinal mucosa did not induce
immune responses in the small intestine
while immunization targeting the small
intestine failed to elicit the large intestinal
immune responses as well. These discrimi-
nations may result from the differences in
specialized anatomical and immunological
features of the intestinal wall*® or the pres-
ence of and gut interaction with commen-
sal bacteria in the lumen.” It has been well
established that immune cells, including
dendritic cells, T helper cells, T regulatory
cells and intraepithelial CD4* and CD8* T
cells, are compositionally, phenotypically
and functionally different between the
small and large intestines.”**” Regulation
of immune cell recruitment appears also
to be different between the two intestinal
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segments. Integrin  a4P7/MAJdCAM-1
and CCR9/CCL25 are engaged in hom-
ing of T cells to the small intestine but not
so much (especially for CCRY) to the large
intestine, where ligands for CCR9 and
integrin a4fB7 are weakly expressed.’®?!
T cells recruitment does not, however,
follow the same mechanisms every place
even within the small intestine. Expression
of CCL25 is much lower in the terminal
ileum than that in the proximal part and
homing of T cells to the ileum is relatively
independent of the CCR9/CCL25 path-
way.* Instead, activated CD4* T cells have
markedly upregulated expression of CCR2
in Crohn’s disease and CCR2/CCL2
interactions promote T cell migration to
the inflamed ileum.?

Pathogen recognition receptors are
expressed at various levels by intestinal
epithelial cells. TLR2 and TLR4 are sig-
nificantly expressed in the proximal and
distal colon, respectively, while TLR3 is
expressed in both small and large intes-
tines.”» NOD-like receptor (NOD) 1 is
constitutively expressed in colon epithelial
cells, in contrast to NOD2 which is pri-
marily located in epithelial cells of the ter-
minal ileum.** A recent study shows that
NODI1 and NOD?2 are critical for induc-
tion of a Th17-mediated response primar-
ily in the cecum of mice.”> Therefore, due
to the discrepancies in molecular and
cellular characteristics between the small
and large intestines and among segments
of the small intestine, immune responses
to a vaccine would be expected to be dif-
ferent from one segment to another in
terms of magnitude, duration, activation
vs. tolerance, cell-mediated vs. antibody-
mediated immunity, etc. The site-specific
vaccine delivery system will allow more
comprehensive characterization of muco-
sal immunity of each gut segment in a
physiological, non-invasive way and, as a
result, enable us to develop more precisely
targeted and more effective oral vaccines.

Adaptation for Other Oral
Vaccination Strategies

The
nanoparticle vaccine delivery system is
size-dependent particle uptake through
phagocytosis by DCs and macrophages
after nonspecific transcytosis through

working  mechanism for the
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M cells and enterocytes into the muco-
sal tissue or by DCs that directly sample
the gut lumen. However, on the apical
surface of enterocytes and M cells, there
exist various common or special recep-
tors such as adhesion molecules B1 inte-
grins,* carcinoembryonic antigen-related
cell adhesion molecule (CEACAM)-1,%
chemokine receptors CCRI1 through
8 and CXCR4,** neonatal Fc recep-
tor (FcRn),* many of which are utilized
for uptake and transcytosis of lumenal
macromolecules and microorganisms.
Glycoprotein 2 (GP2), expressed on the
M cell apical surface, has recently been
identified as a receptor for FimH from
the outer membrane of type-I-piliated
bacteria.”’ GP2-dependent transcytosis of
S. Typhimurium through M cells results
in antigen-specific immune responses in
Peyer’s patches. Pattern recognition mole-
cules also play a critical role in the recogni-
tion and transcytosis of bacteria across the
epithelium.® M cells have specific markers
that can be targeted by antibodies*® and
nanoparticle delivery of vaccines to the
dome of Peyer’s patches could be achieved
if antibodies are coupled. Antibodies
against the lumenal surface of enterocytes,
if developed, may potentially be used as
well. These receptor-dependent trans-
cytotic pathways are promising targets for
the development of nanoparticle oral vac-
cines. A ligand for its receptor expressed
on the surface of either enterocytes or M
cells can be conjugated on the nanopar-
ticle surface to specifically target to the
receptor for enhanced vaccine uptake and
transport to the mucosal immune sys-
tem.* Integration of site-specific nanopar-
ticle releasing technology and strategies on
optimizing vaccine uptake and transepi-
thelial transport efficacy as well as intes-
tinal DCs (ref. 45) would greatly improve
oral vaccine delivery system in accuracy
and efficacy (Fig. 1).

Due to the immunological and physi-
ological differences between the small and
large intestine as well as interspecies dif-
ferences in intestinal immunity, cautions
need to be taken when extrapolating from
animal models to humans. M cells are
more common in the terminal ileum than
in other segments of small intestine and
colorectum. As human M cells are only
half as numerous as in mice and express
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Figure 1. Selective targeting of epithelial cells and dendritic cells by nanoparticle-releasing microparticle oral vaccines for enhanced biomaterial
uptake and transport. Conventional enterocytes and specialized epithelial cells overlie the intestinal epithelium. Some underlying dendritic cells
extend their dendrites to sample lumen antigen. Cell-specific targeting of these cells may enhance oral vaccine efficacy by improving mucosal uptake,
transepithelial transport and subsequent antigen processing and presentation.

specific thin surface glycocalyx (sialyl
Lewis A antigen)*
cines specifically targeting human M cells
may have to be more potent. The pattern of
FcRn expression differs between humans
and rodents; human adult FcRn capable
of transcytosing IgG from the basolateral
surface to the intestinal lumen for antigen

and B1 integrin,*® vac-

binding can recycle antigen-bound IgG
across the epithelium back to the lamina
propria.®*¥ In addition, FcRn is expressed
by lamina propria antigen presenting cells.
Thus, an IgG-antigen immune complex
may be designed in human vaccines allow-
ing FcRn-mediated reverse transcytosis by
enterocytes as well as direct antigen acqui-
sition by intestinal DCs. It has been found
that activation through TLR2 in mice
upregulates effector T cell responses as a
result of transient loss of regulatory T cells
(Tregs) suppression activity.®® However,
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TLR2 stimulation in humans decreases
adaptive immune responses by enhancing
the Treg suppressive function,” suggest-
ing that TLR2-targeted immune adju-
vants should be reevaluated for efficacy
in humans, although one must use cau-
tion in considering all TLR2 responses as
equivalent. We have previously found that
TLR2/6 ligands were better adjuvants
than TLR2/1 ligands, whereas others
have found more suppressive activity from
TLR2/1, so function of the two heterodi-
mers is not equivalent.® As compared with
mice, the frequency intraepithelial vy
T cells is much lower in the small intestine
(50% vs. 10%) but significantly higher in
the colon of humans (10% vs. 40%), and
the number of CD8aa T cells is variable
(5-37%).° Of note, the mucus thickness
varies along the length of the gut; colon
mucus is a few times thicker than that in
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the small intestine. It would be more chal-
lenging for vaccine design to target human
large intestine as mucus therein is ten
times thicker than that in mice. Therefore,
the differences between species as well as
among different GI segments may imply
an unpredictable impact on vaccine deliv-
ery and anticipated immune responses
that should be investigated in preliminary
studies and taken into account in any
future clinical study.

Conclusion

The nanoparticle-releasing microparticle
system not only makes oral administra-
tion of vaccines capable of selectively
targeting mucosal surfaces of the small
intestine or large intestine, but poten-
tially is a useful means to study basic
immunological mechanisms of the gut
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and its immune compartmentalization.

Many novel applications may be explored

such as combinations with other vaccine

strategies to enhance vaccine’s specific-

ity and efficacy. Optimization of this

technology for human use merits further

investigation.
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