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a b s t r a c t

The mucosal immune system appears to be a major target of the HIV infection. Therefore, a strong pre-
existing anti-HIV immune response in mucosal compartments might be able to prevent HIV infection.
Conflicting views regarding the mechanisms of protection at mucosal sites, inferred by the contradictory
results of mucosal vaccines in human clinical trials, attests to our lack of knowledge in understanding
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the human mucosal immune system. In this article, we briefly review the function of innate and adaptive
immune responses and discuss current strategies and potential adjuvants in designing and delivering
HIV vaccines through mucosal routes.
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. Introduction The high HIV-1 mutation rate and resulting antigenic heterogeneity
Despite the extensive efforts put forward thus far, major chal-
enges still exist concerning HIV vaccine design. Meanwhile, the
elevance between innate and adaptive immune responses and
heir corresponding correlates of protection continue to be debated.
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niversity of Ottawa, 451 Smyth, Ottawa, Ont., K1H 8M5, Canada.
el.: +1 61 3 737 7600; fax: +1 61 3 738 4178.

E-mail address: aazizi@uottawa.ca (A. Azizi).

264-410X/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.vaccine.2010.04.018
among viruses circulating throughout the world poses a significant
challenge to vaccine development. The majority of HIV infections
occur via vaginal or rectal transmission [1,2], and therefore, many
researchers believe that a strong pre-existing anti-HIV immune
response in mucosa-associated lymphoid tissue (MALT) may be
able to prevent HIV infection [3]. Although the architecture of nasal,
bronchial, and gut-associated lymphoid tissues is varied, hom-

ing and chemokine receptors such as �4�7 (LAMP-1), �4�1, and
CCR1-CCR10 make a functional connection between these mucosal
compartments [4,5]. Therefore, it is thought that immunization at
one mucosal site might lead to the induction of immune responses

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:aazizi@uottawa.ca
dx.doi.org/10.1016/j.vaccine.2010.04.018
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n other mucosal sites due to disseminate of precursors of antibody-
roducing cells from the inductive to effector mucosal sites.

Mucosal membranes in the reproductive tract contain anti-
odies, T cells, beta-defensins, lactoferrin, lysozyme, and various
nzymes which play crucial roles as the first line of defense against
IV-1 [6]. The breakdown of this barrier permits HIV virus entry

nto the apical luminal side. Microfold (M) cells (groups of cells
resent at basal membrane sites) play a crucial role in transcytos-

ng antigens, including HIV-1 particles, to the lamina propria [7].
he neonatal Fc receptor, intestinal enterocytes, and the intraep-
thelial dendritic cells (DCs) may also transcytose HIV-1 particles
nto the lamina propria, a major source of lymphocytes and den-
ritic cells, which may thus act as a potential reservoir for HIV-1

nfected cells [8–10]. Over 70% of CD4T cells, predominantly mem-
ry CD4T cells, become depleted in mucosal tissues a few days after
IV infection, causing permanent damage to the immune system

11–15]. These findings suggest that mucosal immunity is criti-
al for protection against HIV infection [16–18]. In this article, we
riefly review mucosal innate and adaptive responses to HIV-1 and
ddress current mucosal vaccine strategies and their challenges.
e also address adjuvants used in mucosal HIV vaccine studies

ver the past few years, and comment on the challenges associated
ith developing effective mucosal adjuvants.

. Innate immunity and control of HIV infection

Upon the initiation of viral infection, including HIV-1, the body
equires a few days to develop and expand effector T and B cells.
uring this critical timeframe, innate immune responses play an

mportant role in controlling the infection [19]. Dendritic cells and
atural killer (NK) cells are the two main elements of the innate

mmune system which act as the first line of defense against HIV
nfection [20].

Gamma delta T cells (�� T cells) are another component of
he innate immune response which play important roles against
iruses and other microorganisms [21,22]. These cells are primar-
ly found in the gastrointestinal mucosa and shown to comprise up
o 50% of intraepithelial lymphocytes and about 10% of the lam-
na propria lymphocytes [23]. However, 1–10% of CD3+ cells in
eripheral blood of healthy individuals are also �� T cells [24]. The
� T cells recognize antigens via their TCR but they are not MHC
estricted, and it appears that they detect whole proteins and not
eptides displayed by MHC molecules. Various �� T cells pheno-
ypes have been described, and several types are found throughout
he human body, although the role of each phenotype has not yet
een completely elucidated [21]. Mucosal �� T cell responses con-
ribute predominantly in the earliest stages of infection, and act as
link between innate and adaptive immune responses. However,

f the infection becomes established, the majority of �� T cells are
eleted in mucosal sites, and the rest of �� T cells do not respond
o infection and stay anergic [21,25,26].

It have been shown that stimulation of �� T cells with phospho-
arbohydrates releases cytokines such as INF-� and TNF-� which
egulates HIV replication [25]. In addition, �� T cells are able to
nduce maturation of dendritic cells and activate specific �� T cell
esponses [25]. In a study by Li et al. [27] the frequency of �� T cells
nd their function (isopentenyl pyrophosphate-responsive) were
ompared in both HIV-infected individuals and healthy individu-
ls. The results showed a positive correlation between the number
f CD4+ T cells with �� T cell frequency and function. Furthermore,

reverse correlation was detected between viral loads and �� T cell
ounts and function, indicative of the anti-HIV efficacy of �� T cells.

Macrophages are also potent cells of the innate immune system
hat initiate and regulate immune responses [28,29]. Macrophages
re not infectable in intestinal tract and play a role as primary
(2010) 4015–4026

effector cells in innate immunity [30]. The large number of DCs in
the vagina, and macrophages in the vaginal subepithelium, secrete
cytokines such as TNF-� and INF-� that may not only block HIV
transmission and replication but may also attract T and B cells
to mucosal sites [31–34]. Macrophages, dendritic cells, natural
killer cells also secrete chemokines such as RANTES, MIP-1�, and
MIP-1� (CCL 5, 3, and 4) which can bind to M-tropic-CCR5 or
T-tropic-HIV-1-CXCR4 co-receptors and accordingly mediate HIV
infection in vitro [35]. Some studies also showed that high amounts
of these chemokines may down-regulate the cell-surface expres-
sion of the CCR5 receptor [36]. Furthermore, NK cells are able to
destroy HIV-infected cells directly or through antibody dependent
cellular toxicity (ADCC) [37]. These findings support the view that
innate immunity may control HIV-1 replication.

The presence of DCs within the mucosa or in draining lymph
nodes is responsible for the initiation and induction of mucosal
immune responses against foreign antigens including pathogens
and vaccines [38]. Immature DCs congregate and migrate into
the epithelial layers and capture antigens by either phagocytosis,
macropinocytosis, or endocytosis. Capture of antigen by DCs upreg-
ulates the expression of maturation markers such as CD80, CD86,
and MHC-II, and consequently activates DCs which interact with
local lymphocytes or travel to secondary lymphoid organs express-
ing CCR7 ligands. Thereafter, activated DCs present antigens to, and
activate T cells [39].

NK cells are found in a variety of mucosal tissues includ-
ing the lungs, the intestinal tract, nasal mucosa, and the uterus
[40,41]. NK cells in the respiratory and lower reproductive tract
express CD56dim, CD16+, while NK cells in the gastrointestinal
tract, lymphoid tissues and upper female reproductive tract express
CD56bright, CD16+/− markers. NK cells expressing CD56dim (clas-
sical NK cells) mediate cellular cytotoxicity, cytokine production,
and ADCC function while NK cells expressing CD56bright (helper
NK cells) generate a variety of cytokines and play an important role
in directing immune responses [42,43]. Although NK cells in periph-
eral blood have been comprehensively studied, the function of NK
cells within mucosal sites is not yet clear. Some studies have shown
a direct correlation between decreases in the numbers of NK cells
and disease progression in HIV patients [44]. Notably, preserved or
even increased numbers of NK cells were detected in HIV-1 resis-
tant individuals and long-term nonprogressor (LTNP) patients [45].
Recent studies have shown that NK cells play important roles in
the differentiation and maturation of various subpopulations of
DCs. The outcome of the cross-talk between NK and DCs results
in the coordination and activation of both innate and adaptive
immune responses, but the mechanisms by which NK–DC inter-
actions may control HIV infection is not yet clear [20,46,47]. A
recent study by Cella et al. [48], demonstrated that some human
NK cells located in MALT are able to proliferate and express a vari-
ety of cytokines (IL-22 and IL-26) and mitogenic and anti-apoptotic
molecules. In addition, the interaction between NK cells and epithe-
lial cells results in the mucosal production of IL-10. Consequently,
this results in constrained inflammation and potential protection of
mucosal sites from infection. Therefore, it appears that an ideal HIV
vaccine should not only induce strong adaptive immune responses,
but also restore and enhance the components of innate immune
system in mucosal sites. Despite extensive studies about innate
immunity in peripheral blood, questions on the mechanisms of
antiviral effects by the innate arm of the immune system, and its
associated cell subsets in mucosal sites, remains unanswered.
3. Mucosal vaccines and tolerance

Administration of large doses of antigens by the oral or
intranasal route induces in experimental animals a state of mucosal
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oral) tolerance, defined as systemic unresponsiveness to antigens
rst encountered by the mucosal route. This phenomenon prompts
frequently asked question: Can mucosally administered vac-

ines induce a state of mucosal tolerance manifested by decreased
ystemic immune responses? Several important facts must be con-
idered in providing an objective response.

First, the induction of mucosal tolerance displays marked and
mportant species-dependent differences. Mice, rats and guinea
igs can be easily tolerized, while chickens, cattle, and rabbits
re refractory to the tolerance induction [49]. For several rea-
ons, only a handful of studies have been performed in humans
50]. Antigens used in animal experiments such as ovalbumin or
ovine gammaglobulin cannot be used in humans due to pre-
xisting immunity. Consequently, as a true neo-antigen, keyhole
impet hemocyanine (KLH) has been used in five published studies
50]. Remarkably concordant results indicated that the ingestion
r intranasal application of large doses of KLH in humans induces
“split” tolerance manifested by a systemic T cell unresponsive-
ess but priming for both mucosal as well as systemic antibody
esponses. Furthermore, mucosal tolerance cannot be induced in
uman or animals previously immunized by the systemic route
50]. This finding is of utmost importance to the mucosal vaccinol-
gy: the temporal sequence of the antigen exposure determines the
uality of the ensuing response. In other words, it is unlikely that
ucosal immunization would suppress antibody-and/or T cell-
ediated responses in individuals with pre-existing immunity. For

xample, this would be the case with an intranasally adminis-
ered influenza vaccine. In addition it appears that most, if not all
urrently available vaccines used in humans exhibit their protec-
ive effect through the production of specific antibodies [51]. On
he other hand, initial mucosal immunization of immunologically
aïve individuals not previously exposed to HIV with a potential
IV vaccine might have an undesirable effect on the induction
f cell-mediated, CTL-dependent immunity which appears to be
f importance in the HIV infection. To prevent such an outcome,
ucosal immunization should be preceded by the initial systemic

riming. Finally, the induction of mucosal tolerance in humans has
een explored with a single neo-antigen, KLH, administered either
rally or intranasally. Rectal, genital or sublingual immunization
outes with vaccine-relevant antigens, and the use of mucosal adju-
ants or immunoregulatory molecules (e.g., cytokines) has not been
ddressed in humans.

. Humoral and cell-mediated immune responses in
ucosal sites

Over the past 25 years, many candidate HIV-1 vaccines have
een evaluated in human clinical trials, but strong correlates of pro-
ection have not yet been demonstrated. These approaches relied

ostly on the parenteral delivery of immunogens, however, thus
ar, only a few vaccine trials have been designed to character-
ze immune responses at mucosal sites. Mucosal vaccine delivery
gainst HIV infection is hampered by the difficulty in analyzing
hese types of immune responses in humans [52,53]. Whereas
ystemic immunization induces mostly immune responses in
eripheral and systemic sites, mucosal delivery of immunogens
riggers primarily mucosal immune responses [54].

It has been shown that IgA is the predominant antibody in the
ajority of mucosal secretions [55,56]. Mucosal IgA antibody is

enerated primarily in the mucosal epithelial compartment and

ransported across the epithelial cell boundary into external secre-
ions by interacting with the polymeric immune globulin receptor
pIgR) [57]. Some studies revealed a correlation between the high
evel of secretory IgA (S-IgA) and protection in high-risk individ-
als who remain seronegative [58–60]. These studies concluded
(2010) 4015–4026 4017

that this S-IgA may interact with and potentially neutralize HIV-1
on mucosal surfaces and within epithelial cells capable of internal-
izing IgA-bound HIV-1. Conversely, other studies dispute the role of
specific IgA antibodies in HIV-1-exposed seronegative individuals,
and suggest there is no evidence for in vivo functionality of IgA-
mediated intraepithelial HIV-1 neutralization [61–64]. Although
the above-mentioned studies add to the uncertainty regarding the
role of mucosal IgA antibodies in HIV infection, it has been shown
that S-IgA antibodies are able to protect animals from intestinal
rotavirus infection by blocking virus replication inside the cell dur-
ing IgA transcytosis, unlike the neutralizing mechanisms associated
with IgG antibody, which block cellular attachment of the virus [65].
It has been hypothesized that besides neutralizing viruses, IgA may
also block infection by conveying viral particles into the lamina
propria and then eliminating them into exocrine secretions, to be
excreted from the body as immune complexes [66,67]. This sug-
gests that the mechanism of IgA-mediated protection may have a
broader scope than that provided by IgG-mediated neutralization.
Therefore, IgG-oriented neutralizing antibody assays might not be
appropriate for evaluating IgA-mediated activity in mucosal sites.

Specific anti-HIV IgG antibodies in mucosal sites may con-
trol HIV-1 infection through neutralization or/and as mediators of
ADCC. Previous studies showed that HIV-1 infected women with
high titers of specific IgG antibodies in both sera and cervical fluids
exhibited lower genital viral loads [68,69]. It is interesting to note
that although IgA is the dominant antibody in external secretions
(3–5 g IgA is secreted per day in humans), the frequency of spe-
cific anti-HIV IgA is significantly lower than specific IgG antibodies,
in not only sera but also most external secretions [70]. This anti-
body pattern is preserved in non-human primates, as some studies
have shown that IgG, and not IgA, is the predominant specific anti-
body in the genital secretions of HIV-infected chimpanzees or in
the intestine of SIV-infected macaques [71,72]. It showed that sys-
temic administration of neutralizing monoclonal antibodies of IgG
is able to protect macaques after systemically or intravaginally SHIV
challenge [73–75]. Whether HIV-specific IgA is able to influence
mucosal protection or not, it would be appropriate to conclude
that HIV-specific IgG isotypes is able to control HIV infection in
the genital but perhaps not intestinal tract.

Cell-mediated immune responses in mucosal sites are also
known to play important roles in the control of viral infection, repli-
cation and persistence. Several studies have shown that mucosal
CD8+ and CD4+ T cells inhibit HIV-1 or SIV entry at mucosal sites,
and prevent infection as a result. A recent study has shown that
induced T cell responses against Gag and Vif proteins are directly
correlated with lower viral loads and higher CD4+ T cell counts [76].
In another study, macaques immunized with a live-attenuated SIV
vaccine expressing nef (SIVmac239�nef) were able to effectively
control viral replication after challenge with a highly pathogenic
heterologous isolate. All immunized animals showed a broad, but
low frequency of CD8+ T cells against viral proteins by using IFN-�
ELISPOT and MHC-I tetramer staining [77]. These results confirm
that a broad T cell epitope repertoire vaccine might be effective in
controlling HIV infection.

Cytotoxic T cells (CTLs) recognize and destroy infected cells by
various mechanisms, including perforin-mediated killing as well as
through the secretion of antiviral cytokines [78,79]. CD4+ T helper
cells (Th) secrete cytokines which provide support for the gener-
ation and preservation of CD8+ T cells and B cells. The antigens
contained in traditional vaccines are frequently processed by endo-
somal proteases and not cytosolic proteosomes. Therefore, such

antigens are presented via MHC class II and not MHC class I, result-
ing in a lack of CTL responses [80]. The expression of MHC class
II molecules is limited to APCs while MHC class I molecules are
present on the surface of all nucleated cells. As a result, CTLs are
able to eradicate a variety of infected cells [81].
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In a recent study by Li et al. [82], female macaques were intrav-
ginally inoculated by SIV. The virus was found to replicate in
ervical tissues and established a persistent infection in the lym-
hatic tissues in the absence or delay of CTLs in the early stages
f infection. This work suggested that a local effector immune
esponse at the site of infection depends on the timing, ratio, and
patial colocalization of specific CTLs.

It appears that the route of vaccination is also important in the
nduction of T cells in systemic or mucosal sites. A number of studies
uggest that mucosal vaccination induces CD8+ T cell migration
nto mucosal sites, while systemic vaccination generates specific T
ells mainly in secondary lymphoid organs and peripheral tissues
83,84].

However, in a study Sun et al. [85], the kinetics of the specific
ucosal T cell immune responses was evaluated after intramuscu-

ar immunization of macaques with a variety of HIV immunogens.
hey showed that systemic immunization of macaques with
ecombinant adenovirus serotype 5 (rAd5) is able to induce a
igh frequency of CD4+ and CD8+ T cell immune responses in the
olonic mucosa. In another study by Kaufman et al. [86], strong
pecific CD8+ T cell responses were detected within mucosal sur-
aces following intramuscular immunization. In this study, mice
nd rhesus macaques were intramuscularly immunized with a
ecombinant adenovirus (rAd) vector expressing SIV Gag. Immu-
ized animals were able to induce strong functional CD8+ T cell
esponses at multiple mucosal effector sites. In addition, mucosal
oming receptors were up-regulated and these cells were shown to
igrate from systemic to mucosal sites. Therefore, systemic immu-

ization strategies may also be able to induce mucosal immunity
ven though it is not clear if the induction of mucosal immunity
y systemic immunization is as protective as mucosal immuniza-
ion.

Memory T lymphocytes migrating into mucosal compartments
howed up-regulated �7 integrin and CD69 activation marker
xpression while memory T lymphocytes migrating to systemic
ompartments displayed a different immunophenotype [87]. The
nteraction of �4�7 homing receptors with mucosal vascular
ddressin cell adhesion molecule 1 (MAdCAM-1) on Peyer’s patches
nd the post-capillary venules of the intestinal tract modulates
ccumulation and migration of CD4+ and CD8+ T cells into mucosal
ompartments [88]. However, the functional consequences of
hese homing receptors are not well understood as memory T
ells expressing these homing receptors are often retained in
eripheral and not in mucosal sites [89].It should be noted that
ucosal immune responses may be induced concomitantly with

iminished systemic T cell immune responses, thereby permitting
gA-mediated containment without stimulation of systemic immu-
ity [50,90,91]. There is substantial immunophenotypic diversity
mong mucosal T cells in Peyer’s patches, lamina propria and
ntraepithelial compartments. It is thought that different subsets
f CD4+ and CD8+ T cells may change their function and reflect
he specialized needs of the adaptive immune responses. How-
ver, the roles of these subsets are relatively unknown [92–94].
lthough the nature of the protection required against HIV-1 is
ot yet concrete, it appears that strong innate as well as cellular
effector and memory) and humoral immune responses in both

ucosal and peripheral compartments are needed to subsequently
own-regulate HIV replication.

. Genital delivery of HIV immunogens
MALT represents a unique compartment of the immune sys-
em, and is composed of anatomically distinct lymphoid organs
hich serve as crucial inductive sites of mucosal immune responses

95,96]. Although the genital and intestinal tracts are of a com-
(2010) 4015–4026

mon embryologic origin, both male and female genital tracts lack
inductive mucosal sites analogous to intestinal Peyer’s patches
[97].

While the majority of HIV infections occur through the genital
and rectal tracts, most exposures to HIV do not result in infec-
tion. This may be due to protection afforded by an intact mucosal
epithelium, or/and innate and adaptive mucosal immune responses
present in these sites [98]. Therefore, it appears that a strong
immune response in mucosal sites may be important for the pro-
tection against the sexual transmission of HIV-1.

As discussed earlier, several discrepancies exist regarding the
presence levels and functional significance of IgA antibodies to HIV-
1 in the genital tract secretions. However, it is believed by many
scientists that both S-IgA and IgG are important components for
protection against invading pathogens [65].

The local administration of vaccine antigens into the vagina of
animals or human volunteers has been shown to predominantly
result in the development of specific antibodies in local secretions,
but in most cases the immune response is not disseminated to
remote mucosal sites or to the systemic compartment. Further-
more, local immunization via the male genital tract is unlikely
to be practical [99–101]. However, there are some reports indi-
cating strong immune responses after vaginal administration of
HIV vaccine candidates in animals. In a study directed by Kato
et al. [102], mice were immunized via the genital mucosa by an
HIV peptide vaccine and cholera toxin (CT) as an adjuvant. HIV-
1-specific IgA antibody was detected in fecal samples and vaginal
washes. In addition, substantial levels of HIV-1-CTL responses were
detected in immunized mice. In a recent study, HIV gp140 protein
was entrapped into a polymeric gel (rheologically structured vehi-
cles) and administered vaginally to rabbits. This vaginal delivery
system was able to induce specific systemic and mucosal IgG as
well as IgA antibody responses in genital secretions [103].

Analysis of the molecular forms of IgA antibodies in murine
mucosal tissues and even sera indicated that unlike in humans,
these were principally polymeric though a minor amount of
monomeric IgA was reported [104]. The existence of polymeric
IgA-secreting plasma cells in the subepithelial tissues of the female
genital tract, chiefly in the endocervix, and to a lesser extent in the
fallopian tubes and uterus, has been well documented, and pIgR,
the membrane precursor form of the secretory component (SC), has
been demonstrated in the overlying epithelium [105]. Thus in these
location, and in the penile urethral glands of the male genital tract,
S-IgA is assembled and secreted into the lumen [106]. Although
S-IgA is the principal class of immunoglobulin in most external
secretions, IgA and IgG levels in the female genital tract vary dur-
ing the estrous cycle in animals and humans [107,108]. As shown
in Table 1, the immunological properties of the human intestinal
tract, and male and female reproductive tract, alter dramatically
in response to hormonal fluctuations during the menstrual cycle,
method of sample collection, and method of sample processing
[107]. As a consequence, the levels of IgG and IgA antibodies in
intestinal or genitourinary secretions vary significantly and there-
fore should be considered in the effective protection of respective
mucosal sites.

Cell-mediated immune responses to HIV in the female gen-
ital tract have been comprehensively examined while the male
reproductive tract, and its purported role in HIV infection and trans-
mission, has been examined in far less detail [109].

The uniqueness of humoral immune responses in male and
female genitourinary tracts may thus affect the potency of vac-

cines if administered by this route. In a phase I randomized trial,
34 females were vaccinated nasally or vaginally by recombinant
protein HIV-1 gp160MN/LAI with or without DC-Chol, a cationic
lipid 3beta-[N-(N′,N′-dimethylaminoethane) carbamoyl] choles-
terol adjuvant. Although the vaccine did not show any adverse
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Table 1
Comparative immunological features of human intestinal vs. human male and female genital tracts.

Intestinal tract Genital tract

Ig isotopes IgA > > > IgG IgG > IgA. In male and female secretions
Amountsa

IgG (�g/ml) 1–4 10–467 (F)b, 16–33 (M)b

IgA (�g/ml) 143–827 21–118 (F), 11–23 (M)
Molecular forms of IgA S-IgA > > > pIgA > mIgA S-IgA = pIgA = mIgA

IgA1 > IgA2 (small intestine) IgA2 > IgA1 (large intestine) IgA1 > IgA2 (IgA2 dominant in the female secretions)

Ig origin
Local > > > systemic Local = systemic (F), systemic = local (M)

Hormonal regulation
− +++ (F), + (M)

Antibody-secreting cells
Main localization
Dominant isotope Lamina propria Endocervix (F), urethral glands of litre (M)

IgA > > > IgG IgG ≥ IgA (F), IgA (M)

Epithelium
Single layers of polarized enterocytes Stratified multilayered cells in vagina and ectocervix

Lymphoepithelial inductive sites +++ −
DC/Langerhans cells

DC-SIGN +++ −
CCR 5 +++ +

Macrophages
CD 14 − +
CD 89 (Fc�R) − +
CD 16 (Fc�R) − +
CD 4 − ++
HIV infectable − +

Plasma cells IgA > > > IgG
IgA1 > IgA2 (small intestine) IgG > IgA endocervix
IgA2 > IgA1 (large intestine) IgA2 > IgA1
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a The amounts of IgA and IgG are highly variable as they depend on the method o
b M: Male, F: Female.

vents, no anti-envelope IgA antibody was detected in sera, saliva,
r cervico-vaginal and nasal secretions [50,110].

. Rectal delivery of HIV immunogens

To date, most rectal HIV vaccine studies have not shown broad
ntibody titers, and only modest levels of local IgG and IgA titers
ave been reported [111,112]. Of note, a study by Hamajima et al.
113] showed a detectable level of both cellular responses and anti-
ody titers in systemic and mucosal sites after rectal vaccination
ith a DNA vaccine encoding HIV antigens. In a study by Wang et

l. [114], a few macaques were rectally vaccinated with either SHIV
NA alone or SHIV-DNA followed by modified vaccinia virus Ankara

MVA) expressing SHIV. However, only one macaque showed mod-
st IgA and IgG antibody titers. In a phase I study, volunteers
ere primed intramuscularly with a VLP (viral-like particle) vac-

ine expressing HIV p17/p24 at months 0, 2, and 6, followed by
wo rectal boosts at months 10 and 11 [115]. None of the indi-
iduals showed broad humoral or cellular immune responses. It
ppears that so far, rectal vaccinations only induce modest immune
esponses in large animals and humans. In addition, there is a
aucity of human mucosal adjuvants and delivery systems. This,
nd the difficulty in quantifying effector cells in rectal tissues, com-
ined with intricacies in the route of inoculation, are some of the
ajor challenges associated with rectal vaccination.
. Nasal delivery of HIV-1 immunogens

Various clinical and preclinical studies have shown that
ntranasal immunization (instilled by drops or sprays) induces
mmunity not only locally in the nasal-associated lymphoid tissue
ple collection, processing, hormonal status, and method of measurement [70].

and in the lung, but also in the female genital tract [116–119]. In
addition, smaller doses of antigen have been shown to elicit anti-
body titers equivalent to those elicited by other mucosal routes of
immunization [120]. Another major advantage of intranasal immu-
nization is that this route of immunization is easier than rectal or
vaginal routes and eliminates the use of needles [121].

Various approaches including peptide antigens, DNA vac-
cines, live bacterial and viral vectors have been evaluated by
intranasal immunization [122–124]. Polymeric nanospheres have
also been applied as a nasal vaccine delivery system. It has been
reported that intranasal immunization with inactivated HIV-1-
capturing nanospheres (concanavalin A-immobilized polystyrene
nanospheres) induced specific IgA antibody in vaginal washes
of immunized mice [125]. A neutralizing antibody response was
also detected in vaginal washes of intranasally immunized mice
against HIV-1 isolate IIIB [125]; however, it is commonly thought
that mouse models are not appropriate systems in which to
evaluate HIV-1 neutralizing antibodies. Similarly, macaques were
intranasally vaccinated with SHIV-capturing nanospheres and then
challenged with a pathogenic virus (SHIV KU-2). Elevated levels
of IgA and IgG antibodies were detected in the sera of immu-
nized macaques. Additionally, these vaccinated macaques showed
a higher frequency of CD4+ T cells and lower viral loads compared
to control macaques [126]. In another intranasal immunization
study, mice vaccinated with gp120 protein carried by nanoparti-
cles (gamma-glutamic acid) showed strong CD8+ T cell immune

responses in systemic sites. This vaccine was able to induce memory
T cells which remained in circulation over 7 months after vaccina-
tion [127].

Recent reports have suggested that combinations of mucosal
and systemic immunizations may enhance both mucosal and sys-
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emic immune responses [128–130]. In a recent study, macaques
ere immunized with the combined intramuscular-nasal DNA-
VA protocol followed by a rectal challenge with SHIV 89.6P.

ll vaccinated animals were able to induce memory CD4+ T cells
nd significantly control the viral load [131]. In another study,
ntranasal/oral administrations of macaques with Ad5 vector-
xpressing SIV genes (env/rev, gag, and nef) elicited higher levels
f cell-mediated immune responses at systemic and mucosal sites
ompared to macaques immunized only orally. In addition, animals
rimed by intranasal/oral administrations exhibited lower viremia
ompared to other groups [132].

The site at which APCs take up antigen likely influences the
uality of immune responses. The appearance of antigen-specific
-IgA at distant mucosal sites following intranasal immunization
s thought to be due to the homing of antigen-specific B cells from
he nasal-associated lymphoid tissue. In a mouse study, intranasal
mmunization with HIV envelope peptide antigens along with IL-
�, IL-12, and IL-18 generated specific IgA antibodies in saliva, fecal
xtract and vaginal lavage samples [133]. A human clinical trial has
lso reported that intranasal vaccination with CTB induced specific
gA antibodies in the female genital tract and rectal mucosa, and
hat intranasal immunization produced higher levels of specific IgG
n serum, compared to other mucosal immunization routes [119].

However, a major obstacle in the development of mucosal
accines is that antigens applied to mucosal membranes gen-
rally induces relatively weak immune responses. To generate
otent immune responses through nasal immunization, improved
ucosal adjuvants and/or delivery systems are required (see the

djuvant section). In addition, intranasal vaccination has the poten-
ial to cause side effects such as Bell’s palsy, and damage to olfactory
erves and the nasal epithelium has been described elsewhere
134,135]. Recently, two human clinical trials based on nasal vacci-
ation of HIV-1 antigens were terminated dues to safety concerns
http://clinicaltrials.gov/ct2/results?term=HIV+vaccine+nasal).
uch side effects should not discourage the development of vac-
ines and adjuvants for nasal administration, since this route of
mmunization has shown promising results in animals.

. Oral delivery of HIV-1 immunogens

Oral vaccination has the ability to induce both mucosal and
ystemic immune responses, in addition to being safer, easy to
dminister and not requiring sterile needles. Furthermore, oral vac-
ines could more easily meet the immunization needs of affected
eople in developing countries, where access to proper medical
are and vaccine storage is frequently limited [136]. Although oral
accines have several attractive features, studies on their use have
een limited due to several challenges such as the induction of tol-
rance, lack of safe and effective mucosal adjuvants, a requirement
or large doses of antigens, and the stability of antigens against
he harsh conditions of the gastrointestinal tract [137,138]. It is
or these reasons that only a limited number of oral vaccines are
urrently licensed, compared to many parenteral vaccines [138].
t is not yet clear why some antigens administered orally induce
mmune responses in the GI tract while others induce tolerance. It
s thought that multiple mechanisms such as presentation of anti-
ens by non-professional APCs, lack of costimulatory activity by
ucosal antigens, or antigen-microbial interactions that are occur-

ing continuously at the large intestinal may induce tolerance. As
ell, alterations in delayed-type hypersensitivity (DTH) and the
nduction of suppressive cytokines such as IL-10 may diminish
he frequency of systemic T cells, which are the dominant target
f mucosal tolerance [139–141]. The type of T-helper (Th) cells
n lymph nodes or Peyer’s patches play an important role in the
xpression of IgA or IgG antibodies [142,143]. Th1 cells secrete IL-
(2010) 4015–4026

2, IL-12 and INF-� which consequently increase the level of IgG and
activate CTLs, while Th2 and T-regulatory (T-reg) cells secrete IL-4,
6, 10, and TGF�, resulting in B cell isotype switching and upregula-
tion of IgA antibody production [144]. Therefore, when designing
a vaccine, it should be decided which arm of the immune response
would be of greatest benefit in controlling the infection.

Over the past few years, a number of vaccine delivery vehi-
cles such as lipid vesicles or polymeric nanoparticles have been
identified as being effective at eliciting mucosal immune responses
following oral administration [138,145,146]. These vehicles act as
immunostimulants while preventing the degradation of immuno-
gens by enzymes in the gastrointestinal tract. They are thought
to interact with M cells in delivering their immunogens to
antigen-presenting cells. With this mucosal delivery approach,
immunogens are released slowly and antigen encapsulation may
promote increased phagocytosis [147]. Recombinant or attenuated
strains of various bacteria such as Salmonella, E.coli, and Lactobacilli
have also been used to deliver HIV-1 antigens into the intestine
over the past decade. While some interesting results have been
reported for these oral delivery systems, immune responses against
the delivery bacteria eventually predominated over time [148].
Oral delivery of recombinant viruses such as adenoviruses (Ad),
poxviruses, and polioviruses encoding specific HIV antigens has
also been tested in several oral vaccine studies [91,149,150]. While
these viral vectors showed promising results, pre-exposure to these
viruses may result in an undesirable outcome marked by a gradu-
ally elevated response against such carrier viruses. Oral delivery of
DNA vaccines encoding HIV antigens has been also evaluated in ani-
mals in various studies [151–153]. Nevertheless, due to relatively
low uptake of DNA from the intestinal tract, limited amounts of B
and T cell immune responses have been detected [154].

So far, only a limited number of orally administered vaccines
against HIV-1 have been tested in human trials. In a phase I study,
33 HIV-seronegative volunteers were primed orally three times
with a polymerized V3 peptide derived from HIV-1 isolate MN
in biodegradable microspheres, followed by a systemic boosting.
However, none of individuals showed broad humoral or cellu-
lar immune responses in mucosal sites [155]. In a phase I study
by Wright et al. [150], 84 individuals were vaccinated with live
canarypox vectors expressing HIV-1 p55, p15, gp41, and gp120, sys-
temically and/or mucosally via the nose, mouth, vagina, or rectum.
No strong mucosal IgG or IgA antibodies were detected, and only
sera IgG was detected against the canarypox vector in some indi-
viduals. In another study, 18 healthy individuals were immunized
orally with a single dose (5 × 106 to 1 × 1010 CFU) of Salmonella
typhimurium vector expressing HIV gag protein. Although a mod-
erate response was seen in a few individuals (2/18 volunteers
responded to Gag peptides by IL-2 ELISPOT), none of the volun-
teers showed strong immune responses as measured by ELISA, or
B and T cell ELISPOT against a pool of Gag peptides [156].

Our group recently reformulated a lipid-bile vesicle system
(bilosomes) to deliver antigens orally. Bilosomes are liposome-like
vesicles but the chemical stability of their structure provides them
with a significant advantage over conventional liposomes [157].
Their structures are similar, with the difference that the presence of
bile salts (sodium deoxycholate) in the structure of bilosomes pro-
tects peptide immunogens from the detrimental effects of stomach
pH and GI digestive enzymes [157,158]. Because of this chemical
difference, bilosomes appear to be resistant to the harsh conditions
of the GI tract and promote antigen uptake by M cells within the
small intestine.
We have previously developed a multivalent HIV vaccine based
on env and gag hypervariable regions [159]. Despite a broad cellular
and humoral immune response in mice and macaques, IgA and IgG
antibody titers were suboptimal in mucosal sites. In an attempt to
increase the antibody titers in mucosal sites, this vaccine candidate

http://clinicaltrials.gov/ct2/results?term=HIV+vaccine+nasal
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as entrapped into an orally delivered lipid-based system. Our pre-
iminary results indicated that the group of mice that were primed
nd boosted orally with liposome-entrapped multivalent HIV-1
eptides and the group that were primed orally with liposome-
ntrapped multivalent HIV-1 peptides and boosted systemically
ith multivalent HIV-1 peptides plus adjuvant R848 displayed

levated levels of IgA titers in lung lavage and fecal samples. Inter-
stingly, the intramuscular boost induced specific anti-viral CD8+
cell responses in systemic sites (manuscript in preparation). The
agnitude of the induced immune response in the intestinal com-

artment is dependent upon the nature of the entrapped antigen,
he bilosome formulation employed, and the presence of adjuvants
n the final formulation. While this approach still requires improve-

ent, it may open the door to a new generation of efficacious orally
dministered vaccines.

. Mucosal adjuvants

Adjuvants are becoming more important in modern vaccine for-
ulations as more subunit and recombinant vaccines are being

eveloped. The weak immunogenicity of some antigens requires
n enhancement of the immune response, making adjuvants an
ntegral part of any newly developed vaccine. Adjuvants modulate
he immune response by promoting the prolonged release of anti-
ens, targeting APCs, and directing the immune response towards a
h1 or Th2 response. Therefore the incorporation of an appropriate
djuvant in an HIV vaccine will allow for the induction of protec-
ive cell-mediated and antibody-mediated responses. The classical
unction of an adjuvant is to slowly release an antigen by either
orming an environment that prevents degradation, or by forming
depot that allows the antigens to be released over time. Aluminum
ased salts (alum) represent this group of adjuvants. The majority of
djuvants licensed by the Food and Drug Administration (FDA) are
lum-based, and they generally have an acceptable safety record
160]. The tendency of alum for depot formation at the injection site
recludes its use as a mucosal adjuvant, making it of limited value
or oral HIV vaccines, where mucosal immunity is of greater impor-
ance. In fact, the addition of alum to a short amino acid sequence
ELDKWA) of HIV gp41 has significantly reduced IgA secretion in the
ntestinal tract following intramuscular administration in BALB/c

ice [161], which indicates that alum may interfere with mucosal
mmune response of some antigens. The failure of the classical adju-
ants in the induction of the desired type of mucosal and systemic
mmune responses against HIV drives the development of new car-
iers that will safely deliver the antigens of choice, and/or induce
specific immune response. In this section, the latest findings on

holera toxin (CT), heat-labile toxin (LT), TLR agonists, cytokines,
nd other promising mucosal adjuvants in the quest to develop a
IV vaccine are discussed.

To date, the most potent mucosal adjuvants are LT and CT. The
ncorporation of Escherichia coli LT into a vaccine targets the M
ells responsible for antigen sampling and uptake in intestinal sites
162]. CT has also been used as an adjuvant and it functions using a
imilar mechanism to E. coli’s LT [111]. One of the few oral vaccines
icensed for human use worldwide is Dukoral®, which contains a

hole-cell killed Vibrio cholerae and cholera toxin B (CTB) subunit.
he wide application of the vaccine proved not only safe but also
fficacious as the rate of protection was 100% for children under
he age of 5, 85% for adults up to 6 months following vaccina-
ion, and 60% for adults up to 2 years following vaccination [163].

he protection is predominantly mediated by IgA antibodies that
eutralize the bacteria and its toxin [164], thereby preventing col-
nization of the intestinal tract and binding of CT to intestinal cells.
nduction of specific neutralizing IgA antibodies has been the aim of

any researchers developing vaccines against pathogens that use
(2010) 4015–4026 4021

mucosal surfaces as a site of entry. The success of this vaccine, par-
ticularly the extended duration of protection at a mucosal surface,
has inspired many researchers to seek an effective mucosal vaccine
for other diseases. Indeed, CT or its derivatives has greatly enhanced
the immunogenicity of mucosal HIV [165], influenza [166], Campy-
lobacter [167], and Proteus [168] vaccine candidates. A synergistic
effect was observed when antigens were either linked to the toxin
[169], or in preparations mixed with the toxin, as long as both
the antigen and the toxin were present at the same time and on
the same mucosal surface [169]. Both CT and LT enhance antigen
transfer by increasing the permeability of the intestinal epithe-
lium [170], which increases the antigen transfer rate across the
epithelium, and by a marked increase in antigen presentation by
professional APCs and non-professional enterocytes [171]. Once
presented, immunomodulation by CT affects both B and T cells.
B cells switch their antibody isotype to IgA and increase its pro-
duction, while T cell effects are more complex and include both
activation and inhibition of various cytokines [172]. The presence of
CT also increases DC antigen presentation and induces the secretion
of IL-1� [173]. The adjuvant and stimulatory properties of IL-1� fur-
ther modulate the immune response induced by CT [173]. Despite
the apparent similar mechanism of the action of CT and LT, it has
been found that CT induces a Th2 and T-reg immune response with
increased IL-4, -5,-6 and -10, while LT induces a mixed Th1 and Th2
response [174].

CT and LT toxicity remains a concern for their use in human
vaccines, although they are well tolerated in animals. As little as
5 �g of CT will cause diarrhea in human subjects, while 1 mg of
CT will cause temporary diarrhea in 4-weeks old piglets [175]. The
development of the less-toxic derivative of CT, non-toxic B sub-
unit of cholera toxin (CTB), has increased its appeal as a mucosal
adjuvant in HIV vaccine candidates. The conjugation of CTB to
gp41 increased the magnitude of the mucosal IgA and systemic
IgG immune responses against HIV gp41 following intra-nasal vac-
cination when compared to gp41 alone or gp41 mixed with CTB
preparations [165]. The superior immune response of conjugated
CTB may be due to the enhanced uptake of the larger antigen [169].
Another approach based on CT is the fusion of the gene of the
active (A1) subunit of the CT to the gene of a synthetic analogue
Staphylococcus aureus A protein [176]. The full enzymatic activity
of the CTA1 component and selective B-cell targeting by DD-dimer
act together to increase the cell-mediated and antibody immune
responses against administered antigens [177]. CTA1-DD, mixed
with HIV-1 envelope glycoproteins (Env), administered nasally in
mice and cynomolgus macaques, exhibits increased production of
IgA in vaginal and bronchial alveolar lavage [178]. In the same
experiment, the parenteral administration of Env protein in RIBI
adjuvant (oil-in-water) increased serum IgG but had no effect on
mucosal IgA [178], demonstrating the importance of choosing a
suitable adjuvant to target the desired immune response.

TLR molecules, with their ability, despite their limited num-
ber, to sense the presence of a pathogen and direct the immune
response have been the target of many newly developed vaccine
candidates’ formulations. Targeting one or more TLR’s would not
only increase the magnitude but also the quality of an immune
response, leading to up-regulation of chemokine and cytokine pro-
duction required for DC maturation. Overall, this process results in
enhanced antigen presentation and an increase in cellular, mucosal,
and humoral immune responses.

CpG is a DNA motif that differentiates bacterial DNA from
eukaryotic DNA. The increased frequency and methylation of this

motif is recognized by TLR9, which in turn activates a variety of cells
including DC, macrophages, monocytes, and spleenocytes [179].
The TLR9 signaling pathway leads to IL-1� and INF-� secretion,
polarizing the immune response to a Th1 type [179]. In vitro, CpG
activates B cells and significantly increases MHC-II expression and
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ntibody production [180]. The use of CpG as a mucosal adju-
ant against HIV infection has shown promising results in mice
16,181–183]. Dumais et al. [16], immunized mice with gp120-
epleted HIV mixed with CpG intranasally. The immunized group
ad a significantly higher IgG in the serum and IgA in both the sera
nd vaginal washes compared to the controls, an increased IFN-�,
IP-1� and � production in lymphocytes isolated from the genital

ract [16], and cleared an intra-vaginal challenge with a surrogate
accinia virus (VV) expressing HIV-1 gag [16]. These promis-
ng results indicate, in principle, that a strong mucosal immune
esponse is important for clearing of HIV infection. Intranasal
mmunization of BALB/c mice by Horner et al. [183] with HIV gp120

ixed with or conjugated to CpG, showed increased secretory IgA
n vaginal washes and fecal samples, and increased IgG titers in
he sera of vaccinated mice. The intranasal vaccination of mice
ith inactivated HIV-1 virus mixed with CpG induced a potent CTL

mmune response in the cervical tissue and iliac lymph nodes [182].
he immune response induced was strong enough to clear homol-
gous and heterologous intra-vaginal recombinant VV challenge
182].

TLRs can be stimulated by a plethora of pathogen-associated
olecular patterns (PAMPs), but the use of synthetic molecules

s highly desirable due to safety, consistency, and the flexibil-
ty in modifying these synthetic molecules. Mycoplasma-derived

acrophage activating lipopeptide of 2 kDa (MALP-2) is a synthetic
LR 2/6 agonist that has potent mucosal adjuvant properties capa-
le of stimulating CTL responses better than CTB after intranasal
dministration, as it stimulates the secretion of pro-inflammatory
ytokines that recruits neutrophils, followed by T and B cells
184]. The use of MALP-2 as an intranasal adjuvant augmented IgG
erum titers and S-IgA titers in vaginal and lung lavages of BALB/c
ice against HIV-1 p17 [185]. The antibodies were able to block

iotinylated-p17 from binding to its receptor, which suggests some
eutralizing activity [185]. These results make MALP-2 attractive as
mucosal adjuvant.

The glycolipid �-galactosylceramide (�-GalCer) is a synthetic
igand that induces NK cells and induces DC maturation in vivo
186]. The success of �-GalCer in potentiating humoral and cell-

ediated immunity against influenza and adenoviruses [187], in
ddition to a complete prevention of EG7 tumor after intra-nasal
dministration [187], has encouraged its use as an adjuvant in HIV
accines [188,189]. Intra-nasal or oral immunization with gp120
eptide mixed with �-GalCer induced a strong systemic antibody
esponse after only one immunization, and improved mucosal
nd systemic antibody levels after three repeated immunizations.
lthough no clinical studies using �-GalCer with HIV vaccine can-
idates have been conducted yet, the �-GalCer adjuvant had no
dverse effects in an anti-cancer Phase I clinical trial when admin-
stered orally [190]. The mechanism of adjuvant activity of �-GalCer
dministered orally is still unknown, but its intramuscular adjuvant
ctivity was abolished in both INF-� receptor knockout and CD1d
nockout mice [189], reflecting the role these two molecules play
n �-GalCer’s adjuvant effects.

Cytokines have been also used mucosally to steer the immune
ystem towards an increase in local CTL activity and/or increased
gG and IgA titers. The cytokines IL-1, IL-2, INF-�, and granulocyte

acrophage-colony stimulating factor (GM-CSF) have been used
s HIV vaccine adjuvants with reported success [133]. BALB/c mice
mmunized intranasally with a synthetic HIV env peptide in a mix-
ure of IL-1�, IL-12, and IL-18 had a significant increase in serum
gG and fecal IgA and IgG1 titers compared to controls [133]. The

ddition of IL-12 to a recombinant vector expressing HIV gp160 has
ncreased the local CTL responses in mice vaccinated intra-rectally
ut not in mice vaccinated intra-muscularly [191]. Despite these
romising results, the main obstacle in delivering cytokines is that
hey are proteins that will be affected by gastrointestinal condi-
(2010) 4015–4026

tions easily, thus requiring a delivery vehicle. Another concern is
the safety of cytokines as they show toxic effects with increased
doses, which resulted in deaths in a clinical trial when injected
into subjects [192]. Combined with the relatively higher cost of
cytokines, the above issues make their use as an adjuvant difficult.

Over the past few years, a number of delivery vehicles such
as lipid vesicles, multiple emulsions, polymeric nanoparticles,
micelles, and dendrimers have been identified as being effec-
tive at eliciting mucosal immunity following oral administration
[138,145,146,157,193]. Some vehicles act as immunostimulants,
while preventing the degradation of immunogens by enzymes in
the GI tract. They are thought to interact with M cells to deliver their
associated immunogens to antigen-presenting cells (APCs). With
this mucosal delivery approach, immunogens are released slowly,
and antigen encapsulation may also promote increased phagocy-
tosis. The slow release of antigen by these vesicles may avert the
need for a vaccination boost [147,194].

For a mucosal vaccine, liposomes represent many of the desir-
able features needed in an adjuvant. Liposomes are spherical
vesicles composed of lipid bilayers enclosing an aqueous compart-
ment. This unique structure allows the incorporation of a wide
variety of antigens and compounds, making them an ideal vehicle
for drug delivery and as an adjuvant. The entrapment of an antigen
within a lipid bilayer protects the antigen, ensuring its safe delivery
and enhanced antigen uptake by the immune system, especially by
DC and macrophages [195]. The use of liposome-encapsulated HIV
components has induced encouraging immunological responses
[196]. The entrapment of Gag p24 in a cationic liposome compound
increased CD4+ T cell populations in spleen, lymph nodes, and
peripheral blood, and increased central memory CD8+ in periph-
eral blood [196]. In another study, HIV gp160 envelope protein
administered with a cationic liposome adjuvant intranasally or
intra-vaginally induced a significant increase in IgA levels, in addi-
tion to neutralizing antibodies and CTL responses [50,110]. The
liposome encapsulating HIV gp160 prepared by Sakaue et al. [197]
also induced an increase in S-IgA and systemic IgG accompanied by
an increase in CTL response. Overall, the use of liposomes offers a
versatile and controllable mucosal adjuvant.

A successful HIV vaccine will likely require the activation of
multiple arms of the immune system. This ideal vaccine will
require an adjuvant that has the potency to generate the required
immune responses and maintain the required safety profile. Thus
far, systemic immunization, regardless of the adjuvant used, has
not produced sufficient immune responses to protect against HIV
infection, making a mucosal adjuvant a necessary component of a
successful vaccine.

10. Concluding remarks

Three decades after the discovery of HIV-1 neither the effective
HIV vaccine nor the correlates of protection against the infection
have been conclusively established. Acceptance of the fact that HIV-
1-infection is acquired dominantly through the mucosal sites of
the genital and intestinal tracts should focus future studies to the
induction of protective humoral and cellular immune responses at
the sites of viral entry. In general, systemic immunization gener-
ates low humoral responses at mucosal sites with the exception of
secretions of the genitourinary tract: IgG antibodies from the circu-
lation represent the dominant isotype in genital secretions and may
exhibit their protective function as evidenced in animal models.

Conversely, it has been demonstrated that the mucosal adminis-
tration of antigens induces preferentially IgA responses at the site
of antigen encounter as well as in secretions of anatomically remote
mucosal sites. Although the protective effect of IgA antibodies spe-
cific for HIV-1-dervied antigens has been demonstrated in vitro,
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he presence and protective role of IgA antibodies in the genital
ract secretions of highly exposed but persistently seronegative
ndividuals remains controversial.

The marked depletion of CD4+ regulatory T cells may further
ccentuate compromised humoral as well as cell-mediated pro-
ective responses by suppressing CTL activities in mucosal tissues.
urthermore, initial mucosal HIV-1 immunization of immunolog-
cally naïve individuals may induce a state of mucosal tolerance
ominated by T cell hyporesponsiveness. However, systemic

mmunization preceding mucosal antigen encounter is likely to
revent this undesirable outcome. Furthermore, this sequence of

mmunization – systemic priming followed by mucosal boosting,
s likely to stimulate protective humoral responses in both sys-
emic and mucosal compartments. Regrettably, mucosal delivery
f HIV vaccines has not been greatly explored in comparison to
he systemic route. Such mucosal delivery has been attempted
n only a limited number of studies mainly due to the relatively
ow uptake of antigens from mucosal surfaces and the unavail-
bility of effective mucosal adjuvants approved for use in humans.
otwithstanding the difficulties associated with the collection, pro-
essing and precise quantitative measurement of humoral immune
esponses (especially of virus-neutralizing antibodies), the eval-
ation of immune responses in external secretions and mucosal
issues should be a compulsory component of immunization pro-
ocols, irrespective of the route of HIV-1-vaccine administration.
ddressing these critical outstanding issues will require additional
ell-designed studies on mucosal vaccines.

cknowledgment

AA thanks the Ontario HIV Treatment Network (grant no. ROGB
116) for support.

eferences

[1] Mohan M, Aye PP, Borda JT, Alvarez X, Lackner AA. Gastrointestinal
disease in simian immunodeficiency virus-infected rhesus macaques is
characterized by proinflammatory dysregulation of the interleukin-6-Janus
kinase/signal transducer and activator of transcription3 pathway. Am J Pathol
2007;171(Dec (6)):1952–65.

[2] Markel H. The search for effective HIV vaccines. N Engl J Med 2005;353(Aug
(8)):753–7.

[3] Stevceva L, Strober W. Mucosal HIV vaccines: where are we now? Curr HIV
Res 2004;2(Jan (1)):1–10.

[4] Iijima N, Iwasaki A. Mucosal immune defense against sexually transmitted
diseases. Nippon Rinsho 2009;67(Jan (1)):2–4.

[5] Iwasaki A. Mucosal dendritic cells. Annu Rev Immunol 2007;25:381–418.
[6] Demberg T, Robert-Guroff M. Mucosal immunity and protection against

HIV/SIV infection: strategies and challenges for vaccine design. Int Rev
Immunol 2009;28(1):20–48.

[7] Jepson MA, Clark MA, Studying. M cells and their role in infection. Trends
Microbiol 1998;6(Sep (9)):359–65.

[8] Lee SH, Starkey PM, Gordon S. Quantitative analysis of total macrophage
content in adult mouse tissues. Immunochemical studies with monoclonal
antibody F4/80. J Exp Med 1985;161(Mar (3)):475–89.

[9] Smith PD, Meng G, Salazar-Gonzalez JF, Shaw GM. Macrophage HIV-1 infec-
tion and the gastrointestinal tract reservoir. J Leukoc Biol 2003;74(Nov
(5)):642–9.

[10] Smith PD, Meng G, Shaw GM, Li L. Infection of gastrointestinal tract
macrophages by HIV-1. J Leukoc Biol 1997;62(Jul (1)):72–7.

[11] Brenchley JM, Schacker TW, Ruff LE, Price DA, Taylor JH, Beilman GJ, et al.
CD4+ T cell depletion during all stages of HIV disease occurs predominantly
in the gastrointestinal tract. J Exp Med 2004;200(Sep (6)):749–59.

[12] Guadalupe M, Reay E, Sankaran S, Prindiville T, Flamm J, McNeil A, et
al. Severe CD4+ T-cell depletion in gut lymphoid tissue during primary
human immunodeficiency virus type 1 infection and substantial delay in
restoration following highly active antiretroviral therapy. J Virol 2003;77(Nov
(21)):11708–17.
[13] Li Q, Duan L, Estes JD, Ma ZM, Rourke T, Wang Y, et al. Peak SIV replication in
resting memory CD4+ T cells depletes gut lamina propria CD4+ T cells. Nature
2005;434(Apr (7037)):1148–52.

[14] Mattapallil JJ, Douek DC, Hill B, Nishimura Y, Martin M, Roederer M. Massive
infection and loss of memory CD4+ T cells in multiple tissues during acute
SIV infection. Nature 2005;434(Apr (7037)):1093–7.
(2010) 4015–4026 4023

[15] Mehandru S, Poles MA, Tenner-Racz K, Horowitz A, Hurley A, Hogan C, et
al. Primary HIV-1 infection is associated with preferential depletion of CD4+
T lymphocytes from effector sites in the gastrointestinal tract. J Exp Med
2004;200(Sep (6)):761–70.

[16] Dumais N, Patrick A, Moss RB, Davis HL, Rosenthal KL. Mucosal immunization
with inactivated human immunodeficiency virus plus CpG oligodeoxynu-
cleotides induces genital immune responses and protection against
intravaginal challenge. J Infect Dis 2002;186(Oct (8)):1098–105.

[17] Kaul R, Trabattoni D, Bwayo JJ, Arienti D, Zagliani A, Mwangi FM, et al. HIV-1-
specific mucosal IgA in a cohort of HIV-1-resistant Kenyan sex workers. AIDS
1999;13(Jan (1)):23–9.

[18] Matoba N, Magerus A, Geyer BC, Zhang Y, Muralidharan M, Alfsen A, et al.
A mucosally targeted subunit vaccine candidate eliciting HIV-1 transcytosis-
blocking Abs. Proc Natl Acad Sci USA 2004;101(Sep (37)):13584–9.

[19] Hoffmann JA, Kafatos FC, Janeway CA, Ezekowitz RA. Phylogenetic perspec-
tives in innate immunity. Science 1999;284(May (5418)):1313–8.

[20] Fortis C, Poli G. Dendritic cells and natural killer cells in the pathogenesis of
HIV infection. Immunol Res 2005;33(1):1–21.

[21] Poles MA, Barsoum S, Yu W, Yu J, Sun P, Daly J, et al. Human immunodeficiency
virus type 1 induces persistent changes in mucosal and blood gammadelta T
cells despite suppressive therapy. J Virol 2003;77(Oct (19)):10456–67.

[22] Chen ZW, Letvin NL. Adaptive immune response of Vgamma2Vdelta2 T cells:
a new paradigm. Trends Immunol 2003;24(Apr (4)):213–9.

[23] Targan SR, Deem RL, Liu M, Wang S, Nel A. Definition of a lamina propria T
cell responsive state enhanced cytokine responsiveness of T cells stimulated
through the CD2 pathway. J Immunol 1995;154(Jan (2)):664–75.

[24] Parker CM, Groh V, Band H, Porcelli SA, Morita C, Fabbi M, et al. Evidence for
extrathymic changes in the T cell receptor gamma/delta repertoire. J Exp Med
1990;171(May (5)):1597–612.

[25] Poccia F, Gougeon ML, Agrati C, Montesano C, Martini F, Pauza CD, et al. Innate
T-cell immunity in HIV infection: the role of Vgamma9Vdelta2 T lymphocytes.
Curr Mol Med 2002;2(Dec (8)):769–81.

[26] Gougeon ML, Malkovsky M, Casetti R, Agrati C, Poccia F. Innate T cell immu-
nity to HIV-infection. Immunotherapy with phosphocarbohydrates, a novel
strategy of immune intervention? Vaccine 2002;20(May (15)):1938–41.

[27] Li H, Peng H, Ma P, Ruan Y, Su B, Ding X, et al. Association between
Vgamma2Vdelta2 T cells and disease progression after infection with closely
related strains of HIV in China. Clin Infect Dis 2008;46(May (9)):1466–72.

[28] Tsang J, Chain BM, Miller RF, Webb BL, Barclay W, Towers GJ, et al. HIV-1
infection of macrophages is dependent on evasion of innate immune cellular
activation. AIDS 2009;23(Nov (17)):2255–63.

[29] Noursadeghi M, Tsang J, Miller RF, Straschewski S, Kellam P, Chain BM, et
al. Genome-wide innate immune responses in HIV-1-infected macrophages
are preserved despite attenuation of the NF-kappa B activation pathway. J
Immunol 2009;182(Jan (1)):319–28.

[30] Smith PD, Meng G, Sellers MT, Rogers TS, Shaw GM. Biological parameters of
HIV-1 infection in primary intestinal lymphocytes and macrophages. J Leukoc
Biol 2000;68(Sep (3)):360–5.

[31] Lehner T, Panagiotidi C, Bergmeier LA, Tao L, Brookes R, Gearing A, et al.
Genital-associated lymphoid tissue in female non-human primates. Adv Exp
Med Biol 1995;371A:357–65.

[32] Lehner T. Innate and adaptive mucosal immunity in protection against HIV
infection. Vaccine 2003;21(Jun (Suppl 2)):S68–76.

[33] Lehner T, Tao L, Panagiotidi C, Klavinskis LS, Brookes R, Hussain L, et
al. Mucosal model of genital immunization in male rhesus macaques
with a recombinant simian immunodeficiency virus p27 antigen. J Virol
1994;68(Mar (3)):1624–32.

[34] Lehner T, Hussain L, Wilson J, Chapman M. Mucosal transmission of HIV.
Nature 1991;353(Oct (6346)):709.

[35] Cocchi F, DeVico AL, Garzino-Demo A, Arya SK, Gallo RC, Lusso P. Identification
of RANTES MIP-1 alpha, and MIP-1 beta as the major HIV-suppressive factors
produced by CD8+ T cells. Science 1995;270(Dec (5243)):1811–5.

[36] Ross TM, Bieniasz PD, Cullen BR. Role of chemokine receptors in HIV-1 infec-
tion and pathogenesis. Adv Virus Res 1999;52:233–67.

[37] Chung AW, Rollman E, Center RJ, Kent SJ, Stratov I. Rapid degranulation of NK
cells following activation by HIV-specific antibodies. J Immunol 2009;182(Jan
(2)):1202–10.

[38] Banchereau J, Steinman RM. Dendritic cells and the control of immunity.
Nature 1998;392(Mar (6673)):245–52.

[39] Neutra MR, Kozlowski PA. Mucosal vaccines: the promise and the challenge.
Nat Rev Immunol 2006;6(Feb (2)):148–58.

[40] Lodoen MB, Lanier LL. Natural killer cells as an initial defense against
pathogens. Curr Opin Immunol 2006;18(Aug (4)):391–8.

[41] Kaser A, Nieuwenhuis EE, Strober W, Mayer L, Fuss I, Colgan S, et al. Natu-
ral killer T cells in mucosal homeostasis. Ann N Y Acad Sci 2004;1029(Dec):
154–68.

[42] Mselle TF, Meadows SK, Eriksson M, Smith JM, Shen L, Wira CR, et al. Unique
characteristics of NK cells throughout the human female reproductive tract.
Clin Immunol 2007;124(Jul (1)):69–76.

[43] Yu J, Mao HC, Wei M, Hughes T, Zhang J, Park IK, et al. CD94 surface density

identifies a functional intermediary between the CD56bright and CD56dim
human NK cell subsets. Blood 2010;115(Jan (2)):274–81.

[44] Jacobs R, Heiken H, Schmidt RE. Mutual interference of HIV and natural killer
cell-mediated immune response. Mol Immunol 2005;42(Feb (2)):239–49.

[45] Jennes W, Verheyden S, Demanet C, dje-Toure CA, Vuylsteke B, Nkengasong
JN, et al. Cutting edge: resistance to HIV-1 infection among African female sex



4 ine 28
024 A. Azizi et al. / Vacc

workers is associated with inhibitory KIR in the absence of their HLA ligands.
J Immunol 2006;177(Nov (10)):6588–92.

[46] Borg C, Jalil A, Laderach D, Maruyama K, Wakasugi H, Charrier S, et al. NK cell
activation by dendritic cells (DCs) requires the formation of a synapse leading
to IL-12 polarization in DCs. Blood 2004;104(Nov (10)):3267–75.

[47] Guan H, Moretto M, Bzik DJ, Gigley J, Khan IA. NK cells enhance dendritic
cell response against parasite antigens via NKG2D pathway. J Immunol
2007;179(Jul (1)):590–6.

[48] Cella M, Fuchs A, Vermi W, Facchetti F, Otero K, Lennerz JK, et al. A human nat-
ural killer cell subset provides an innate source of IL-22 for mucosal immunity.
Nature 2009;457(Feb (7230)):722–5.

[49] Mowat AM, Faria AMC, Weiner HL. Oral tolerance physiologic basis and clin-
ical applications. In: Mestecky J, Bienenstock J, Lamm ME, Mayer L, McGhee
JR, Strober W, editors. Mucosal immunology. 3rd ed. Amesterdam: Else-
vier/Academic Press; 2005. p. 487–537.

[50] Mestecky J, Russell MW, Elson CO. Perspectives on mucosal vaccines: is
mucosal tolerance a barrier? J Immunol 2007;179(Nov (9)):5633–8.

[51] Zinkernagel RM, Hengartner H. Antiviral immunity. Immunol Today
1997;18(Jun (6)):258–60.

[52] Jackson S, Prince S, Kulhavy R, Mestecky J. False positivity of enzyme-linked
immunosorbent assay for measurement of secretory IgA antibodies directed
at HIV type 1 antigens. AIDS Res Hum Retroviruses 2000;16(Apr (6)):595–602.

[53] Kozlowski PA, Cu-Uvin S, Neutra MR, Flanigan TP. Mucosal vaccination strate-
gies for women. J Infect Dis 1999;179(May (Suppl 3)):S493–8.

[54] Holmgren J, Czerkinsky C, Eriksson K, Mharandi A. Mucosal immunisation
and adjuvants: a brief overview of recent advances and challenges. Vaccine
2003;21(Jun (Suppl 2)):S89–95.

[55] Sheldrake RF, Husband AJ, Watson DL, Cripps AW. Selective transport
of serum-derived IgA into mucosal secretions. J Immunol 1984;132(Jan
(1)):363–8.

[56] Rodriguez A, Tjarnlund A, Ivanji J, Singh M, Garcia I, Williams A, et al. Role of
IgA in the defense against respiratory infections IgA deficient mice exhibited
increased susceptibility to intranasal infection with Mycobacterium bovis
BCG. Vaccine 2005;23(Apr (20)):2565–72.

[57] Davids BJ, Palm JE, Housley MP, Smith JR, Andersen YS, Martin MG, et al.
Polymeric immunoglobulin receptor in intestinal immune defense against
the lumen-dwelling protozoan parasite Giardia. J Immunol 2006;177(Nov
(9)):6281–90.

[58] Hirbod T, Kaul R, Reichard C, Kimani J, Ngugi E, Bwayo JJ, et al. HIV-neutralizing
immunoglobulin A and HIV-specific proliferation are independently associ-
ated with reduced HIV acquisition in Kenyan sex workers. AIDS 2008;22(Mar
(6)):727–35.

[59] Iqbal SM, Kaul R. Mucosal innate immunity as a determinant of HIV suscep-
tibility. Am J Reprod Immunol 2008;59(Jan (1)):44–54.

[60] Kaul R, Plummer F, Clerici M, Bomsel M, Lopalco L, Broliden K. Mucosal IgA
in exposed, uninfected subjects: evidence for a role in protection against HIV
infection. AIDS 2001;15(Feb (3)):431–2.

[61] Dorrell L, Hessell AJ, Wang M, Whittle H, Sabally S, Rowland-Jones S, et al.
Absence of specific mucosal antibody responses in HIV-exposed uninfected
sex workers from the Gambia. AIDS 2000;14(Jun (9)):1117–22.

[62] Fiore JR, Laddago V, Lepera A, La GL, Di SM, Saracino A, et al. Limited secretory-
IgA response in cervicovaginal secretions from HIV-1 infected, but not high
risk seronegative women: lack of correlation to genital viral shedding. New
Microbiol 2000;23(Jan (1)):85–92.

[63] Belec L, Georges AJ, Steenman G, Martin PM. Antibodies to human immun-
odeficiency virus in vaginal secretions of heterosexual women. J Infect Dis
1989;160(Sep (3)):385–91.

[64] Buchacz K, Parekh BS, Padian NS, van der SA, Phillips S, Jonte J, et al.
HIV-specific IgG in cervicovaginal secretions of exposed HIV-uninfected
female sexual partners of HIV-infected men. AIDS Res Hum Retroviruses
2001;17(Dec (18)):1689–93.

[65] Burns JW, Siadat-Pajouh M, Krishnaney AA, Greenberg HB. Protective effect
of rotavirus VP6-specific IgA monoclonal antibodies that lack neutralizing
activity. Science 1996;272(Apr (5258)):104–7.

[66] Lamm ME, Nedrud JG, Kaetzel CS, Mazanec MB. IgA and mucosal defense.
APMIS 1995;103(Apr (4)):241–6.

[67] Mazanec MB, Nedrud JG, Kaetzel CS, Lamm ME. A three-tiered view of the
role of IgA in mucosal defense. Immunol Today 1993;14(Sep (9)):430–5.

[68] Scamurra RW, Nelson DB, Lin XM, Miller DJ, Silverman GJ, Kappel T,
et al. Mucosal plasma cell repertoire during HIV-1 infection. J Immunol
2002;169(Oct (7)):4008–16.

[69] Miller CJ, Lu FX. Anti-HIV and -SIV immunity in the vagina. Int Rev Immunol
2003;22(Jan (1)):65–76.

[70] Mestecky J. Humoral immune responses to the human immunodeficiency
virus type-1 (HIV-1) in the genital tract compared to other mucosal sites. J
Reprod Immunol 2007;73(Feb (1)):86–97.

[71] Israel ZR, Marx PA. Nonclassical mucosal antibodies predominate in geni-
tal secretions of HIV-1 infected chimpanzees. J Med Primatol 1995;24(Feb
(2)):53–60.

[72] Schafer F, Kewenig S, Stolte N, Stahl-Hennig C, Stallmach A, Kaup FJ, et al. Lack

of simian immunodeficiency virus (SIV) specific IgA response in the intestine
of SIV infected rhesus macaques. Gut 2002;50(May (5)):608–14.

[73] Baba TW, Liska V, Hofmann-Lehmann R, Vlasak J, Xu W, Ayehunie S, et
al. Human neutralizing monoclonal antibodies of the IgG1 subtype protect
against mucosal simian-human immunodeficiency virus infection. Nat Med
2000;6(Feb (2)):200–6.
(2010) 4015–4026

[74] Mascola JR, Stiegler G, VanCott TC, Katinger H, Carpenter CB, Hanson CE, et
al. Protection of macaques against vaginal transmission of a pathogenic HIV-
1/SIV chimeric virus by passive infusion of neutralizing antibodies. Nat Med
2000;6(Feb (2)):207–10.

[75] Veazey RS, Shattock RJ, Pope M, Kirijan JC, Jones J, Hu Q, et al. Prevention of
virus transmission to macaque monkeys by a vaginally applied monoclonal
antibody to HIV-1 gp120. Nat Med 2003;9(Mar (3)):343–6.

[76] Martins MA, Wilson NA, Reed JS, Ahn CD, Klimentidis YC, Allison DB, et al.
T-cell correlates of vaccine efficacy after a heterologous SIV challenge. J Virol
2010;84(May (9)):4352–65.

[77] Reynolds MR, Weiler AM, Weisgrau KL, Piaskowski SM, Furlott JR, Weinfurter
JT, et al. Macaques vaccinated with live-attenuated SIV control replication of
heterologous virus. J Exp Med 2008;205(Oct (11)):2537–50.

[78] White L, Krishnan S, Strbo N, Liu H, Kolber MA, Lichtenheld MG, et al. Differen-
tial effects of IL-21 and IL-15 on perforin expression, lysosomal degranulation,
and proliferation in CD8 T cells of patients with human immunodeficiency
virus-1 (HIV). Blood 2007;109(May (9)):3873–80.

[79] Gulzar N, Copeland KF. CD8+ T-cells: function and response to HIV infection.
Curr HIV Res 2004;2(Jan (1)):23–37.

[80] Maecker HT, Maino VC. T cell immunity to HIV: defining parameters of pro-
tection. Curr HIV Res 2003;1(Apr (2)):249–59.

[81] Daar AS, Fuggle SV, Fabre JW, Ting A, Morris PJ. The detailed distribution of
HLA-A, B, C antigens in normal human organs. Transplantation 1984;38(Sep
(3)):287–92.

[82] Li Q, Skinner PJ, Ha SJ, Duan L, Mattila TL, Hage A, et al. Visualizing antigen-
specific and infected cells in situ predicts outcomes in early viral infection.
Science 2009;323(Mar (5922)):1726–9.

[83] Kivisakk P, Tucky B, Wei T, Campbell JJ, Ransohoff RM. Human cerebrospinal
fluid contains CD4+ memory T cells expressing gut- or skin-specific trafficking
determinants: relevance for immunotherapy. BMC Immunol 2006;7:14.

[84] Cromwell MA, Veazey RS, Altman JD, Mansfield KG, Glickman R, Allen TM, et al.
Induction of mucosal homing virus-specific CD8(+) T lymphocytes by atten-
uated simian immunodeficiency virus. J Virol 2000;74(Sep (18)):8762–6.

[85] Sun Y, Bailer RT, Rao SS, Mascola JR, Nabel GJ, Koup RA, et al. Systemic and
mucosal T-lymphocyte activation induced by recombinant adenovirus vac-
cines in rhesus monkeys. J Virol 2009;83(Oct (20)):10596–604.

[86] Kaufman DR, Liu J, Carville A, Mansfield KG, Havenga MJ, Goudsmit J, et al. Traf-
ficking of antigen-specific CD8+ T lymphocytes to mucosal surfaces following
intramuscular vaccination. J Immunol 2008;181(Sep (6)):4188–98.

[87] Campbell DJ, Butcher EC. Rapid acquisition of tissue-specific homing pheno-
types by CD4(+) T cells activated in cutaneous or mucosal lymphoid tissues. J
Exp Med 2002;195(Jan (1)):135–41.

[88] Kaufman DR, Barouch DH. Translational Mini-Review Series on Vaccines for
HIV: T lymphocyte trafficking and vaccine-elicited mucosal immunity. Clin
Exp Immunol 2009;157(Aug (2)):165–73.

[89] Kantele A, Zivny J, Hakkinen M, Elson CO, Mestecky J. Differential homing
commitments of antigen-specific T cells after oral or parenteral immunization
in humans. J Immunol 1999;162(May (9)):5173–7.

[90] Barnett SW, Srivastava IK, Kan E, Zhou F, Goodsell A, Cristillo AD, et al. Protec-
tion of macaques against vaginal SHIV challenge by systemic or mucosal and
systemic vaccinations with HIV-envelope. AIDS 2008;22(Jan (3)):339–48.

[91] Mercier GT, Nehete PN, Passeri MF, Nehete BN, Weaver EA, Templeton NS,
et al. Oral immunization of rhesus macaques with adenoviral HIV vaccines
using enteric-coated capsules. Vaccine 2007;25(Dec (52)):8687–701.

[92] Ishikawa H, Naito T, Iwanaga T, Takahashi-Iwanaga H, Suematsu M, Hibi T, et
al. Curriculum vitae of intestinal intraepithelial T cells: their developmental
and behavioral characteristics. Immunol Rev 2007;215(Feb):154–65.

[93] Kanamori Y, Ishimaru K, Nanno M, Maki K, Ikuta K, Nariuchi H, et al. Identifi-
cation of novel lymphoid tissues in murine intestinal mucosa where clusters
of c-kit+ IL-7R+ Thy1+ lympho-hemopoietic progenitors develop. J Exp Med
1996;184(Oct (4)):1449–59.

[94] Johansson-Lindbom B, Agace WW. Generation of gut-homing T cells and their
localization to the small intestinal mucosa. Immunol Rev 2007;215(Feb):
226–42.

[95] Mowat AM. Anatomical basis of tolerance and immunity to intestinal anti-
gens. Nat Rev Immunol 2003;3(Apr (4)):331–41.

[96] Kiyono H, Fukuyama S. Nat Rev Immunol 2004;4(Sep (9)):699–710.
[97] Mestecky J, Moldoveanu Z, Russell MW. Immunologic uniqueness of the

genital tract: challenge for vaccine development. Am J Reprod Immunol
2005;53(May (5)):208–14.

[98] Cole AM. Innate host defense of human vaginal and cervical mucosae. Curr
Top Microbiol Immunol 2006;306:199–230.

[99] Parr EL, Parr MB. A comparison of antibody titres in mouse uterine fluid after
immunization by several routes, and the effect of the uterus on antibody titres
in vaginal fluid. J Reprod Fertil 1990;89(Jul (2)):619–25.

[100] Haneberg B, Kendall D, Amerongen HM, Apter FM, Kraehenbuhl JP, Neutra MR.
Induction of specific immunoglobulin A in the small intestine, colon-rectum,
and vagina measured by a new method for collection of secretions from local
mucosal surfaces. Infect Immun 1994;62(Jan (1)):15–23.

[101] Kozlowski PA, Cu-Uvin S, Neutra MR, Flanigan TP. Comparison of the oral, rec-

tal, and vaginal immunization routes for induction of antibodies in rectal and
genital tract secretions of women. Infect Immun 1997;65(Apr (4)):1387–94.

[102] Kato H, Bukawa H, Hagiwara E, Xin KQ, Hamajima K, Kawamoto S, et al.
Rectal and vaginal immunization with a macromolecular multicomponent
peptide vaccine candidate for HIV-1 infection induces HIV-specific protective
immune responses. Vaccine 2000;18(Jan (13)):1151–60.



ne 28

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

A. Azizi et al. / Vacci

103] Curran RM, Donnelly L, Morrow RJ, Fraser C, Andrews G, Cranage M, et al.
Vaginal delivery of the recombinant HIV-1 clade-C trimeric gp140 envelope
protein CN54gp140 within novel rheologically structured vehicles elicits spe-
cific immune responses. Vaccine 2009;27(Nov (48)):6791–8.

104] Wu HY, Abdu S, Stinson D, Russell MW. Generation of female genital tract anti-
body responses by local or central (common) mucosal immunization. Infect
Immun 2000;68(Oct (10)):5539–45.

105] Crowley-Nowick PA, Bell M, Edwards RP, McCallister D, Gore H, Kanbour-
Shakir A, et al. Normal uterine cervix: characterization of isolated
lymphocyte phenotypes and immunoglobulin secretion. Am J Reprod
Immunol 1995;34(Oct (4)):241–7.

106] Pudney J, Anderson DJ. Immunobiology of the human penile urethra. Am J
Pathol 1995;147(Jul (1)):155–65.

107] Lu FX, Ma Z, Rourke T, Srinivasan S, McChesney M, Miller CJ. Immunoglobulin
concentrations and antigen-specific antibody levels in cervicovaginal lavages
of rhesus macaques are influenced by the stage of the menstrual cycle. Infect
Immun 1999;67(Dec (12)):6321–8.

108] Gallichan WS, Woolstencroft RN, Guarasci T, McCluskie MJ, Davis HL, Rosen-
thal KL. Intranasal immunization with CpG oligodeoxynucleotides as an
adjuvant dramatically increases IgA and protection against herpes simplex
virus-2 in the genital tract. J Immunol 2001;166(Mar (5)):3451–7.

109] Shacklett BL. Cell-mediated immunity to HIV in the female reproductive tract.
J Reprod Immunol 2009;83(Dec (1–2)):190–5.

110] Pialoux G, Hocini H, Perusat S, Silberman B, Salmon-Ceron D, Slama L, et
al. Phase I study of a candidate vaccine based on recombinant HIV-1 gp160
(MN/LAI) administered by the mucosal route to HIV-seronegative volunteers:
the ANRS VAC14 study. Vaccine 2008;26(May (21)):2657–66.

111] Holmgren J, Czerkinsky C. Mucosal immunity and vaccines. Nat Med
2005;11(Apr (Suppl 4)):S45–53.

112] Lagranderie M, Winter N, Balazuc AM, Gicquel B, Gheorghiu M. A cock-
tail of Mycobacterium bovis BCG recombinants expressing the SIV Nef, Env,
and Gag antigens induces antibody and cytotoxic responses in mice vacci-
nated by different mucosal routes. AIDS Res Hum Retroviruses 1998;14(Dec
(18)):1625–33.

113] Hamajima K, Hoshino Y, Xin KQ, Hayashi F, Tadokoro K, Okuda K. Systemic
and mucosal immune responses in mice after rectal and vaginal immunization
with HIV-DNA vaccine. Clin Immunol 2002;102(Jan (1)):12–8.

114] Wang SW, Bertley FM, Kozlowski PA, Herrmann L, Manson K, Mazzara G, et
al. An SHIV DNA/MVA rectal vaccination in macaques provides systemic and
mucosal virus-specific responses and protection against AIDS. AIDS Res Hum
Retroviruses 2004;20(Aug (8)):846–59.

115] Lindenburg CE, Stolte I, Langendam MW, Miedema F, Williams IG, Colebun-
ders R, et al. Long-term follow-up: no effect of therapeutic vaccination with
HIV-1 p17/p24:Ty virus-like particles on HIV-1 disease progression. Vaccine
2002;20(May (17–18)):2343–7.

116] Russell MW, Moldoveanu Z, White PL, Sibert GJ, Mestecky J, Michalek SM.
Salivary, nasal, genital, and systemic antibody responses in monkeys immu-
nized intranasally with a bacterial protein antigen and the Cholera toxin B
subunit. Infect Immun 1996;64(Apr (4)):1272–83.

117] Imaoka K, Miller CJ, Kubota M, McChesney MB, Lohman B, Yamamoto M, et al.
Nasal immunization of nonhuman primates with simian immunodeficiency
virus p55gag and cholera toxin adjuvant induces Th1/Th2 help for virus-
specific immune responses in reproductive tissues. J Immunol 1998;161(Dec
(11)):5952–8.

118] Moldoveanu Z, Clements ML, Prince SJ, Murphy BR, Mestecky J. Human
immune responses to influenza virus vaccines administered by systemic or
mucosal routes. Vaccine 1995;13(Aug (11)):1006–12.

119] Bergquist C, Johansson EL, Lagergard T, Holmgren J, Rudin A. Intranasal vacci-
nation of humans with recombinant cholera toxin B subunit induces systemic
and local antibody responses in the upper respiratory tract and the vagina.
Infect Immun 1997;65(Jul (7)):2676–84.

120] Durrani Z, McInerney TL, McLain L, Jones T, Bellaby T, Brennan FR, et al.
Intranasal immunization with a plant virus expressing a peptide from HIV-1
gp41 stimulates better mucosal and systemic HIV-1-specific IgA and IgG than
oral immunization. J Immunol Methods 1998;220(Nov (1–2)):93–103.

121] Partidos CD, Delmas A, Steward MW. Structural requirements for synthetic
immunogens to induce measles virus specific CTL responses. Mol Immunol
1996;33(Nov (16)):1223–9.

122] Vajdy M, Singh M. Intranasal delivery of vaccines against HIV. Expert Opin
Drug Deliv 2006;3(Mar (2)):247–59.

123] Pun PB, Bhat AA, Mohan T, Kulkarni S, Paranjape R, Rao DN. Intranasal
administration of peptide antigens of HIV with mucosal adjuvant CpG ODN
coentrapped in microparticles enhances the mucosal and systemic immune
responses. Int Immunopharmacol 2009;9(Apr (4)):468–77.

124] Brave A, Hallengard D, Schroder U, Blomberg P, Wahren B, Hinkula J. Intranasal
immunization of young mice with a multigene HIV-1 vaccine in combina-
tion with the N3 adjuvant induces mucosal and systemic immune responses.
Vaccine 2008;26(Sep (40)):5075–8.

125] Akagi T, Kawamura M, Ueno M, Hiraishi K, Adachi M, Serizawa T, et al. Mucosal
immunization with inactivated HIV-1-capturing nanospheres induces a sig-

nificant HIV-1-specific vaginal antibody response in mice. J Med Virol
2003;69(Feb (2)):163–72.

126] Miyake A, Akagi T, Enose Y, Ueno M, Kawamura M, Horiuchi R, et al. Induc-
tion of HIV-specific antibody response and protection against vaginal SHIV
transmission by intranasal immunization with inactivated SHIV-capturing
nanospheres in macaques. J Med Virol 2004;73(Jul (3)):368–77.
(2010) 4015–4026 4025

[127] Wang X, Uto T, Akagi T, Akashi M, Baba M. Induction of potent CD8+ T-cell
responses by novel biodegradable nanoparticles carrying human immunod-
eficiency virus type 1 gp120. J Virol 2007;81(Sep (18)):10009–16.

[128] Mantis NJ, Kozlowski PA, Mielcarz DW, Weissenhorn W, Neutra MR. Immu-
nization of mice with recombinant gp41 in a systemic prime/mucosal boost
protocol induces HIV-1-specific serum IgG and secretory IgA antibodies. Vac-
cine 2001;19(Jul (28–29)):3990–4001.

[129] Eo SK, Gierynska M, Kamar AA, Rouse BT. Prime-boost immunization with
DNA vaccine: mucosal route of administration changes the rules. J Immunol
2001;166(May (9)):5473–9.

[130] Bruhl P, Kerschbaum A, Eibl MM, Mannhalter JW. An experimental prime-
boost regimen leading to HIV type 1-specific mucosal and systemic immunity
in BALB/c mice. AIDS Res Hum Retroviruses 1998;14(Mar (5)):401–7.

[131] Manrique M, Micewicz E, Kozlowski PA, Wang SW, Aurora D, Wilson RL, et
al. DNA-MVA vaccine protection after X4 SHIV challenge in macaques cor-
relates with day-of-challenge antiviral CD4+ cell-mediated immunity levels
and postchallenge preservation of CD4+ T cell memory. AIDS Res Hum Retro-
viruses 2008;24(Mar (3)):505–19.

[132] Zhou Q, Hidajat R, Peng B, Venzon D, Aldrich MK, Richardson E, et al. Compar-
ative evaluation of oral and intranasal priming with replication-competent
adenovirus five host range mutant (Ad5hr)-simian immunodeficiency virus
(SIV) recombinant vaccines on immunogenicity and protective efficacy
against SIV(mac251). Vaccine 2007;25(Nov (47)):8021–35.

[133] Bradney CP, Sempowski GD, Liao HX, Haynes BF, Staats HF. Cytokines as
adjuvants for the induction of anti-human immunodeficiency virus peptide
immunoglobulin G (IgG) and IgA antibodies in serum and mucosal secretions
after nasal immunization. J Virol 2002;76(Jan (2)):517–24.

[134] Lewis DJ, Huo Z, Barnett S, Kromann I, Giemza R, Galiza E, et al. Tran-
sient facial nerve paralysis (Bell’s palsy) following intranasal delivery of a
genetically detoxified mutant of Escherichia coli heat labile toxin. PLoS One
2009;4(9):e6999.

[135] Mutsch M, Zhou W, Rhodes P, Bopp M, Chen RT, Linder T, et al. Use of the inac-
tivated intranasal influenza vaccine and the risk of Bell’s palsy in Switzerland.
N Engl J Med 2004;350(Feb (9)):896–903.

[136] Fooks AR. Development of oral vaccines for human use. Curr Opin Mol Ther
2000;2(Feb (1)):80–6.

[137] Grdic D, Smith R, Donachie A, Kjerrulf M, Hornquist E, Mowat A, et al. The
mucosal adjuvant effects of cholera toxin and immune-stimulating com-
plexes differ in their requirement for IL-12, indicating different pathways
of action. Eur J Immunol 1999;29(Jun (6)):1774–84.

[138] Czerkinsky C, Holmgren J. Enteric vaccines for the developing world: a chal-
lenge for mucosal immunology. Mucosal Immunol 2009;2(Jul (4)):284–7.

[139] Goubier A, Dubois B, Gheit H, Joubert G, Villard-Truc F, Sselin-Paturel C, et al.
Plasmacytoid dendritic cells mediate oral tolerance. Immunity 2008;29(Sep
(3)):464–75.

[140] Fujihashi K, McGhee JR. Mucosal immunity and tolerance in the elderly. Mech
Ageing Dev 2004;125(Dec (12)):889–98.

[141] Shiokawa A, Tanabe K, Tsuji NM, Sato R, Hachimura S. IL-10 and IL-27 pro-
ducing dendritic cells capable of enhancing IL-10 production of T cells are
induced in oral tolerance. Immunol Lett 2009;125(Jun (1)):7–14.

[142] Fujihashi K, Dohi T, Rennert PD, Yamamoto M, Koga T, Kiyono H, et al. Peyer’s
patches are required for oral tolerance to proteins. Proc Natl Acad Sci USA
2001;98(Mar (6)):3310–5.

[143] Kihira T, Kawanishi H. Induction of IgA B cell differentiation of bone marrow-
derived B cells by Peyer’s patch autoreactive helper T cells. Immunol Invest
1995;24(Aug (5)):701–11.

[144] Goodrich ME, McGee DW. Effect of intestinal epithelial cell cytokines on
mucosal B-cell IgA secretion: enhancing effect of epithelial-derived IL-6 but
not TGF-beta on IgA+ B cells. Immunol Lett 1999;67(Mar (1)):11–4.

[145] Misumi S, Masuyama M, Takamune N, Nakayama D, Mitsumata R, Matsumoto
H, et al. Targeted delivery of immunogen to primate m cells with tetragalloyl
lysine dendrimer. J Immunol 2009;182(May (10)):6061–70.

[146] Cubillos C, de la Torre BG, Jakab A, Clementi G, Borras E, Barcena J, et al.
Enhanced mucosal immunoglobulin A response and solid protection against
foot-and-mouth disease virus challenge induced by a novel dendrimeric pep-
tide. J Virol 2008;82(Jul (14)):7223–30.

[147] Rajkannan R, Dhanaraju MD, Gopinath D, Selvaraj D, Jayakumar R. Devel-
opment of hepatitis B oral vaccine using B-cell epitope loaded PLG
microparticles. Vaccine 2006;24(Jun (24)):5149–57.

[148] Wells JM, Mercenier A. Mucosal delivery of therapeutic and prophylac-
tic molecules using lactic acid bacteria. Nat Rev Microbiol 2008;6(May
(5)):349–62.

[149] Wang L, Cheng C, Ko SY, Kong WP, Kanekiyo M, Einfeld D, et al. Delivery
of human immunodeficiency virus vaccine vectors to the intestine induces
enhanced mucosal cellular immunity. J Virol 2009;83(Jul (14)):7166–75.

[150] Wright PF, Mestecky J, McElrath MJ, Keefer MC, Gorse GJ, Goepfert PA, et al.
Comparison of systemic and mucosal delivery of 2 canarypox virus vaccines
expressing either HIV-1 genes or the gene for rabies virus G protein. J Infect
Dis 2004;189(Apr (7)):1221–31.

[151] Takamura S, Niikura M, Li TC, Takeda N, Kusagawa S, Takebe Y, et al.

DNA vaccine-encapsulated virus-like particles derived from an orally trans-
missible virus stimulate mucosal and systemic immune responses by oral
administration. Gene Ther 2004;11(Apr (7)):628–35.

[152] DeVico AL, Fouts TR, Shata MT, Kamin-Lewis R, Lewis GK, Hone DM. Develop-
ment of an oral prime-boost strategy to elicit broadly neutralizing antibodies
against HIV-1. Vaccine 2002;20(May (15)):1968–74.



4 ine 28
026 A. Azizi et al. / Vacc

[153] Kaneko H, Bednarek I, Wierzbicki A, Kiszka I, Dmochowski M, Wasik TJ, et al.
Oral DNA vaccination promotes mucosal and systemic immune responses to
HIV envelope glycoprotein. Virology 2000;267(Feb (1)):8–16.

[154] Forsman A, Ushameckis D, Bindra A, Yun Z, Blomberg J. Uptake of amplifiable
fragments of retrotransposon DNA from the human alimentary tract. Mol
Genet Genomics 2003;270(Dec (4)):362–8.

[155] Lambert JS, Keefer M, Mulligan MJ, Schwartz D, Mestecky J, Weinhold
K, et al. A Phase I safety and immunogenicity trial of UBI micropar-
ticulate monovalent HIV-1 MN oral peptide immunogen with parenteral
boost in HIV-1 seronegative human subjects. Vaccine 2001;19(Apr (23–24)):
3033–42.

[156] Kotton CN, Lankowski AJ, Scott N, Sisul D, Chen LM, Raschke K, et al. Safety
and immunogenicity of attenuated Salmonella enterica serovar Typhimurium
delivering an HIV-1 Gag antigen via the Salmonella Type III secretion system.
Vaccine 2006;24(Sep (37–39)):6216–24.

[157] Mann JF, Scales HE, Shakir E, Alexander J, Carter KC, Mullen AB, et al. Oral deliv-
ery of tetanus toxoid using vesicles containing bile salts (bilosomes) induces
significant systemic and mucosal immunity. Methods 2006;38(Feb (2)):90–5.

[158] Mann JF, Shakir E, Carter KC, Mullen AB, Alexander J, Ferro VA. Lipid vesicle
size of an oral influenza vaccine delivery vehicle influences the Th1/Th2 bias in
the immune response and protection against infection. Vaccine 2009;27(Jun
(27)):3643–9.

[159] Azizi A, Anderson DE, Torres JV, Ogrel A, Ghorbani M, Soare C, et al. Induction of
broad cross-subtype-specific HIV-1 immune responses by a novel multivalent
HIV-1 peptide vaccine in cynomolgus macaques. J Immunol 2008;180(Feb
(4)):2174–86.

[160] Wilson-Welder JH, Torres MP, Kipper MJ, Mallapragada SK, Wannemuehler
MJ, Narasimhan B. Vaccine adjuvants: current challenges and future
approaches. J Pharm Sci 2008;98(Aug):1278–316.

[161] Decroix N, Quan CP, Pamonsinlapatham P, Bouvet JP. Mucosal immunity
induced by intramuscular administration of free peptides in-line with PADRE:
IgA antibodies to the ELDKWA epitope of HIV gp41. Scand J Immunol
2002;56(Jul (1)):59–65.

[162] Singh M, O’Hagan DT. Recent advances in veterinary vaccine adjuvants. Int J
Parasitol 2003;33(Jun):469–78.

[163] Cholera vaccines, WHO position paper. Wkly Epidemiol Rec 2001;76(Apr):
117–24.

[164] Holmgren J, Lycke N, Czerkinsky C. Cholera toxin and cholera B subunit
as oral-mucosal adjuvant and antigen vector systems. Vaccine 1993;11(Sep
(12)):1179–84.

[165] Boberg A, Gaunitz S, Brave A, Wahren B, Carlin N. Enhancement of epitope-
specific cellular immune responses by immunization with HIV-1 peptides
genetically conjugated to the B-subunit of recombinant cholera toxin. Vaccine
2008;26(Sep (40)):5079–82.

[166] Couch RB, Atmar RL, Cate TR, Quarles JM, Keitel WA, Arden NH, et al. Contrast-
ing effects of type I interferon as a mucosal adjuvant for influenza vaccine in
mice and humans. Vaccine 2009;27(Aug (39)):5344–8.

[167] Chionh YT, Wee JL, Every AL, Ng GZ, Sutton P. M-cell targeting of whole killed
bacteria induces protective immunity against gastrointestinal pathogens.
Infect Immun 2009;77(Jul (7)):2962–70.

[168] Scavone P, Rial A, Umpierrez A, Chabalgoity A, Zunino P. Effects of the admin-
istration of cholera toxin as a mucosal adjuvant on the immune and protective
response induced by Proteus mirabilis MrpA fimbrial protein in the urinary
tract. Microbiol Immunol 2009;53(Apr (4)):233–40.

[169] Holmgren J, Adamsson J, Anjuere F, Clemens J, Czerkinsky C, Eriksson K, et al.
Mucosal adjuvants and anti-infection and anti-immunopathology vaccines
based on cholera toxin, cholera toxin B subunit and CpG DNA. Immunol Lett
2005;97(Mar (2)):181–8.

[170] Sanchez J, Holmgren J. Virulence factors, pathogenesis and vaccine protec-
tion in cholera and ETEC diarrhea. Curr Opin Immunol 2005;17(Aug (4)):
388–98.

[171] George-Chandy A, Eriksson K, Lebens M, Nordstrom I, Schon E, Holmgren J.
Cholera toxin B subunit as a carrier molecule promotes antigen presentation
and increases CD40 and CD86 expression on antigen-presenting cells. Infect
Immun 2001;69(Sep (9)):5716–25.

[172] Lavelle EC, McNeela E, Armstrong ME, Leavy O, Higgins SC, Mills KH. Cholera
toxin promotes the induction of regulatory T cells specific for bystander
antigens by modulating dendritic cell activation. J Immunol 2003;171(Sep
(5)):2384–92.

[173] Porzio S, Bossu P, Ruggiero P, Boraschi D, Tagliabue A. Mucosal delivery of anti-
inflammatory IL-1Ra by sporulating recombinant bacteria. BMC Biotechnol
2004;4(Oct):27.
[174] Eriksson K, Fredriksson M, Nordstrom I, Holmgren J. Cholera toxin and its B
subunit promote dendritic cell vaccination with different influences on Th1
and Th2 development. Infect Immun 2003;71(Apr (4)):1740–7.

[175] Cox E, Schrauwen E, Cools V, Houvenaghel A. Experimental induction of
diarrhoea in newly-weaned piglets. Zentralbl Veterinarmed A 1991;38(Jul
(6)):418–26.
(2010) 4015–4026

[176] Lycke N. The B-cell targeted CTA1-DD vaccine adjuvant is highly effective at
enhancing antibody as well as CTL responses. Curr Opin Mol Ther 2001;3(Feb
(1)):37–44.

[177] Eriksson A, Lycke N. The CTA1-DD vaccine adjuvant binds to human B cells and
potentiates their T cell stimulating ability. Vaccine 2003;22(Mar (2)):185–93.

[178] Sundling C, Schon K, Morner A, Forsell MN, Wyatt RT, Thorstensson R, et al.
CTA1-DD adjuvant promotes strong immunity against human immunodefi-
ciency virus type 1 envelope glycoproteins following mucosal immunization.
J Gen Virol 2008;89(Dec):2954–64.

[179] Kindrachuk J, Potter J, Wilson HL, Griebel P, Babiuk LA, Napper S. Activation
and regulation of toll-like receptor 9: CpGs and beyond. Mini Rev Med Chem
2008;8(Jun (6)):590–600.

[180] Bird AP. CpG-rich islands and the function of DNA methylation. Nature
1986;321(May (6067)):209–13.

[181] Daftarian P, Ali S, Sharan R, Lacey SF, La RC, Longmate J, et al. Immunization
with Th-CTL fusion peptide and cytosine-phosphate-guanine DNA in trans-
genic HLA-A2 mice induces recognition of HIV-infected T cells and clears
vaccinia virus challenge. J Immunol 2003;171(Oct (8)):4028–39.

[182] Jiang JQ, Patrick A, Moss RB, Rosenthal KL. CD8+ T-cell-mediated cross-
clade protection in the genital tract following intranasal immunization with
inactivated human immunodeficiency virus antigen plus CpG oligodeoxynu-
cleotides. J Virol 2005;97(Jan (1)):393–400.

[183] Horner AA, Datta SK, Takabayashi K, Belyakov IM, Hayashi T, Cin-
man N, et al. Immunostimulatory DNA-based vaccines elicit multifaceted
immune responses against HIV at systemic and mucosal sites. J Immunol
2001;167(Aug (3)):1584–91.

[184] Rharbaoui F, Westendorf A, Link C, Felk S, Buer J, Gunzer M, et al. The
Mycoplasma-derived macrophage-activating 2-kilodalton lipopeptide trig-
gers global immune activation on nasal mucosa-associated lymphoid tissues.
Infect Immun 2004;72(Dec (12)):6978–86.

[185] Becker PD, Fiorentini S, Link C, Tosti G, Ebensen T, Caruso A, et al. The HIV-1
matrix protein p17 can be efficiently delivered by intranasal route in mice
using the TLR 2/6 agonist MALP-2 as mucosal adjuvant. Vaccine 2006;24(Jun
(25)):5269–76.

[186] Kamijuku H, Nagata Y, Jiang X, Ichinohe T, Tashiro T, Mori K, et al.
Mechanism of NKT cell activation by intranasal coadministration of alpha-
galactosylceramide, which can induce cross-protection against influenza
viruses. Mucosal Immunol 2008;1(May (3)):208–18.

[187] Ko SY, Ko HJ, Chang WS, Park SH, Kweon MN, Kang CY. alpha-
Galactosylceramide can act as a nasal vaccine adjuvant inducing pro-
tective immune responses against viral infection and tumor. J Immunol
2005;175(Sep (5)):3309–17.

[188] Courtney AN, Nehete PN, Nehete BP, Thapa P, Zhou D, Sastry KJ. Alpha-
galactosylceramide is an effective mucosal adjuvant for repeated intranasal
or oral delivery of HIV peptide antigens. Vaccine 2009;27(May (25–26)):
3335–41.

[189] Huang Y, Chen A, Li X, Chen Z, Zhang W, Song Y, et al. Enhancement of HIV DNA
vaccine immunogenicity by the NKT cell ligand, alpha-galactosylceramide.
Vaccine 2008;26(Mar (15)):1807–16.

[190] Uchida T, Horiguchi S, Tanaka Y, Yamamoto H, Kunii N, Motohashi S, et al.
Phase I study of alpha-galactosylceramide-pulsed antigen presenting cells
administration to the nasal submucosa in unresectable or recurrent head and
neck cancer. Cancer Immunol Immunother 2008;57(Mar (3)):337–45.

[191] Belyakov IM, Derby MA, Ahlers JD, Kelsall BL, Earl P, Moss B, et al. Mucosal
immunization with HIV-1 peptide vaccine induces mucosal and systemic
cytotoxic T lymphocytes and protective immunity in mice against intrarec-
tal recombinant HIV-vaccinia challenge. Proc Natl Acad Sci USA 1998;95(Feb
(4)):1709–14.

[192] Leonard JP, Sherman ML, Fisher GL, Buchanan LJ, Larsen G, Atkins MB, et al.
Effects of single-dose interleukin-12 exposure on interleukin-12-associated
toxicity and interferon-gamma production. Blood 1997;90(Oct (7)):2541–8.

[193] Gupta PN, Khatri K, Goyal AK, Mishra N, Vyas SP. M-cell targeted biodegrad-
able PLGA nanoparticles for oral immunization against hepatitis B. J Drug
Target 2007;15(Dec (10)):701–13.

[194] Jaganathan KS, Vyas SP. Strong systemic and mucosal immune responses
to surface-modified PLGA microspheres containing recombinant hepatitis B
antigen administered intranasally. Vaccine 2006;24(May (19)):4201–11.

[195] Foged C, Arigita C, Sundblad A, Jiskoot W, Storm G, Frokjaer S. Interaction of
dendritic cells with antigen-containing liposomes: effect of bilayer composi-
tion. Vaccine 2005;22(May (15–16)):1903–13.

[196] Steers NJ, Peachman KK, McClain S, Alving CR, Rao M. Liposome-encapsulated
HIV-1 Gag p24 containing lipid A induces effector CD4+ T-cells, mem-

ory CD8+ T-cells, and pro-inflammatory cytokines. Vaccine 2009;27(Nov
(49)):6939–49.

[197] Sakaue G, Hiroi T, Nakagawa Y, Someya K, Iwatani K, Sawa Y, et al. HIV
mucosal vaccine: nasal immunization with gp160-encapsulated hemaggluti-
nating virus of Japan-liposome induces antigen-specific CTLs and neutralizing
antibody responses. J Immunol 2003;170(Jan (1)):495–502.


	Mucosal HIV vaccines: A holy grail or a dud?
	Introduction
	Innate immunity and control of HIV infection
	Mucosal vaccines and tolerance
	Humoral and cell-mediated immune responses in mucosal sites
	Genital delivery of HIV immunogens
	Rectal delivery of HIV immunogens
	Nasal delivery of HIV-1 immunogens
	Oral delivery of HIV-1 immunogens
	Mucosal adjuvants
	Concluding remarks
	Acknowledgment
	References


