ABSTRACT
KAKARLA, SUDHA. Recombinant Lactobacillus as a Vaccine Vector for
HIV. (Under the direction of Gregg A Dean.)
The objective of the research was to evaluate the efficacy of Lactobacillus as a
vaccine vector against human immunodeficiency virus (HIV) infection.
Lactobacillus gasseri, a well characterized commensal of the human intestinal
tract, was engineered to express HIV antigens. In this study we have genetically
cloned the HIV gag gene into Lactobacillus gasseri, confirmed the expression
of Gag protein and evaluated the immunogenicity of the recombinant bacteria in
a murine model. To evaluate the immunogenic efficacy of the novel vaccine we
have assayed the serum levels of IgG and also mucosal IgA levels (fecal and
vaginal washes). Antigen-specific cell mediated immune responses were
assessed using IFN-γ ELISPOT, IL-2 ELISPOT and flow cytometric
quantification of p24 Gag peptide AMQMLKETI specific CD8+ CD3+ T cells.
We also evaluated a prime-boost vaccination strategy where mice were primed
with

a

recombinant

p24

Gag

intradermally

with

adjuvant

(CpG

oligonucleotides) and then boosted orally with recombinant Lactobacillus
expressing Gag. The results indicate that prime-boost strategy efficiently
elicited anti p24Gag serum IgG levels and mucosal cell mediated immune
responses whereas Lactobacillus expressing Gag administered alone was
efficient in generating cell mediated immune responses in the intestinal mucosa.
Hence lactobacilli have the potential to be a mucosal vaccine delivery vehicle
for HIV antigens.
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[1] INTRODUCTION
Human immunodeficiency virus (commonly known as HIV), a
member of the lentivirus subfamily under retroviridae, primarily
infects the vital components of the human immune system such as
CD4+ T cells ,macrophages and dendritic cells leading to immune
dysfunction and deterioration which is manifested by opportunistic
infections and cancer (Curtis T, 1992). This immune dysfunction is
denoted as the acquired immune deficiency syndrome (AIDS).
According to UNAIDS and WHO, the estimated population living
with AIDS in December 2005 is 37-45 millions.

Sub Saharan

Africa remains by far the worst affected region, with 23.8–28.9
million (64%) people living with HIV at the end of 2005.

South

and South East Asia are second most affected with 18 %. Also 2.8
and 3.6 millions died of HIV so far. In the present dire situation
there is a pressing need for a safe and efficient vaccine.
An efficient HIV vaccine must stimulate humoral and cell
mediated mucosal and systemic immune responses to limit the viral
replication and optimally clear the virus i.e., sterilizing immunity
(Gallo RC, 2005).

The cell mediated response is mediated by

cytotoxic T Lymphocytes whereas neutralizing antibodies constitute

the humoral component for sterilizing immunity. In the past decade
numerous strategies were designed to produce an immunogenic HIV
vaccine. This includes production of HIV subunit peptide vaccines
(Baier G et al, 1995), DNA vaccines (Barouch DH, 2000),
recombinant viral vaccine vectors including modified vaccinia virus
(Robinson H et al, 1999), adenovirus ( Shiver JW et al, 2002),
rabies virus (Schnell MJ et al, 2000), flavivirus (Mandl et al,
1998), murine leukemia virus ( Matano et al, 2000), venezuelan
equine encephalitis virus (Caley IJ, 1999), adeno associated virus
(Xin K-Q et al,2001, 2002) Bacterial vaccine vectors have also
been investigated including, Bacille Calmette-Guerin (Aldovini A
et al, 1991), Salmonella ( Shata MT, 2001), Listeria monocytogenes
(Friedman RS et al., 2000) and Shigella (Shata MT, 2001). Each
of these strategies showed some promise in animal models, either
alone or in combination but the biggest drawbacks were lack of
protective and long lasting mucosal immune response and safety.
Hence there is still a great need for a safe and effective mucosal
HIV vaccine.
In this context we explored recombinant Lactobacillus as a
live oral vaccine vector for HIV because it is a safe commensal of
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the gut mucosa has probiotic activity

and can be genetically

manipulated. Previously Lactobacillus has been experimented as a
vaccine vector for tetanus toxin (Scheppler et al, 2002), protective
antigen of Bacillus anthracis (Zegers et al, 1999), glycoproteins of
transmissible gastro enteritis virus (Ho PS et al, 2005), antigenic
determinant of influenza virus (Pouwels PH, 1996) and also urease
B subunit of Helicobacter pylori (Corthesy B et al, 2005). In all
the above experiments Lactobacillus was proved to be an efficient
vaccine delivery vehicle generating mucosal and systemic immune
responses against the antigen been delivered.
Hence our goal for the present study is to construct a
recombinant Lactobacillus gasseri expressing HIV-1 gag and env
and prove its immunogenicity in a murine model.

[2] BACKGROUND AND SIGNIFICANCE
[A] HIVPATHOGENESIS AND PREVALANCE.
The AIDS causing, human immunodeficiency virus is classified as
lentivirus or ‘slow’ virus family because of the prolonged time
period (~ 10 years) between initial infection and exhibition of overt
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disease symptoms (Haase AT, 1986).

The pathogenesis of HIV

infection is a function of the virus life cycle, the host cellular
environment, and quantity of viruses in the infected individual. The
probability of infection is a function of both the number of
infective HIV virions in the body fluid which contacts the host as
well as the number of cells available at the site of contact that have
appropriate CD4 receptor, which was previously characterized to be
the primary and necessary receptor for HIV-1, HIV-2 and SIV.
(Dalgleish et al, Klatzmann D et al, 1984). Apart from CD4, HIV
specifically uses CCR5 as the primary coreceptor (Doms RW,
2001). Hence CCR5 expression delineates a whole array of resident
CD4+ T E M (CD4+ effector memory T cells) in virtually every extra
lymphoid effector site including the intestinal and genital mucosa,
lung, liver and skin (Douek DC et al, 2003, Veazey R et al, 2003).
The tissue dwelling differentiated CD4+, CCR5+ T E M have limited
regenerative

capacity

but

are

continually

produced

via

the

proliferation, differentiation and emigration of CCR5- central
memory T cells (TCM) and /or CCR5- naïve cell (TN) precursors in
secondary lymphoid tissues. Primary infection of CCR5+, CD4+ T
cells with HIV results in two pathologic consequences 1) depletion
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of CD4+ effector memory T cells (T E M ) in extra lymphoid interface
tissues which cripples the immune system and also necessitating
rapid regeneration of this crucial population to avoid immunologic
collapse and 2) establishment of a persistent hyperactivation state
in which memory T cell proliferation is markedly increased but the
average lifespan is dramatically shortened.
respite,

regenerating

sufficient

CD4+

This provides a brief

TEM

cells

to

prevent

immediate immune failure, but at the same time supplying the virus
with continuous source of new targets (Brenchly JM et al 2006,
Grossman Z et al, 2006). Hence the CD4+ CCR5+ T E M

cells are

the highly available, abundant and renewable target cell population
for HIV.

Also dendritic cells (Langerhans cells and follicular

dendritic cells) are categorized under the susceptible population,
probably facilitating initial establishment and spread (Hu J et al,
2000).

The other CD4 receptor bearing, HIV susceptible cells

include cells of the monocyte phagocyte lineage (predominantly
blood monocytes and tissue macrophages), T and B lymphocytes,
natural killer (NK) cells, hematopoetic stem cells, endothelial cells,
microglial cells in the brain and gastrointestinal epithelial cells
(Rowland Jones SL, 1999).

Post entry of HIV-1 into the
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susceptible cells, the viral RNA is converted into proviral DNA,
mediated by the viral enzyme reverse trancriptase (RT).

This

process usually occurs in the cytoplasm of the target cell and is a
crucial step within the viral replication cycle (Zack JA et al, 1990).
HIV-1 enters into quiescent T cells and reverse transcription may
result in the accumulation of proviral, non-integrating HIV-DNA
which is termed as viral latency. Integration of the proviral HIV
DNA into the host cell genome does not occur until cellular
activation occurs, which usually happens after antigen contact or
vaccination or during an opportunistic infection. In addition, there
is emerging evidence that HIV-1 gp120 itself may activate the
infecting cell to enhance integration (Kinter et al, 2003). Besides
monocytes, macrophages and microglial cells, latently infected
quiescent CD4+ T cells that contain non-integrated proviral HIV
DNA represent important long-living cellular reservoirs of HIV
(Chun TW et al, 1997).

Hence immunosuppression is due to

quantitative as well as functional defects in CD4 T cells which can
be summarized as follows:
a) Single

Cell

Death

and

Syncytia

formation:

-

These

pathological effects were observed invitro through direct
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HIV-mediated cytopathic effects (Sodroski J et al, 1986).
Single cell death of CD4+ T cells occur due to accumulation
of integrated viral DNA or from inhibition of cellular protein
machinery post HIV infection (Garry RF, 1989). Formation
of syncytia involves fusion of the cell membrane of an
infected cell with the cell membranes of uninfected CD4
cells, which results in giant multinucleated cells.

Invivo

demonstration of syncytia was rare except for HIV isolated
during the accelerated phase of infection in vivo has a greater
capacity to induce syncytia in vitro (Tersmette M et al,
1989).
b) Apoptosis: - Programmed cell death or apoptosis of the
infected CD4+ cells is one of the major mechanisms that
contribute to T cell destruction and immunosuppression. HIV
proteins nef, env and tat may upregulate CD95 and FasL
levels, thus enhancing the possibility of Fas mediated killing
(Gougeon Ml, 1996).
probable

mechanism

Cross linking of CD4 molecules is a
of

gp120

induced

apoptosis

in

uninfected T cells (Banda NK et al, 1992). Hence apoptosis a
normal mechanism used by the body to eliminate redundant
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cell populations and defective cells is exploited by HIV to
destroy both infected and uninfected cells.
c) Other mechanisms of CD4 cell destruction: - Continous
budding of the viruses from the infected cells may cause
membrane disruption and increased permeability resulting in
ultimate death of the cell. Specific HIV proteins such as vpu
can induce membrane permeability leading to cell death
(Alimonti JB, 2003).

The build up of unintegrated linear

viral DNA in the cell also increases cellular cytotoxicity.
HIV specific cytotoxic T lymphocytes (CTL) recognize HIV
infected cells through T cell receptor in MHC restricted
manner which subsequently results in target cell lysis.
In these dire consequences adaptive immune system
of the host does play a major role in containment of HIV
infection to some extent.

Both humoral and cellular immune

responses contribute to antiviral immunity. The major antiviral
effects of the antibodies are attributed to their neutralizing
properties (Bolognesi DP, 1989) however few of them directed
against some regions of the envelope of HIV, also mediate
antibody dependent cellular cytotoxicity after binding to natural
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killer

cells

(Fauci

AS,

1991).

HIV

specific

cytotoxic

lymphocytes also play important role in immune responses
against HIV (Walker BD et al, 1987, Plata F et al, 1987, Nixon
DF et al, 1988).

These mechanisms of immunity and effector

cells involved may have a dual role, the first protective role in
initial immune response to HIV infection where it helps to
control or even clear the infection. Second is the pathogenic role
during

the

chronic

phase

of

infection,

where

the

same

mechanisms may be involved in the elimination of HIV infected
cells (CD4 T cells, follicular dendritic cells and macrophages)
which subsequently results in progressive deterioration of the
immune system.
Improved knowledge and understanding of the pathophysiological mechanisms during the course of HIV-1 infection
have not only contributed to development of antiretroviral
treatment strategies but also have given rise to new therapeutic
approaches such as cytokine therapies e.g., IL-2 (Kovacs JA et
al, 2005) and therapeutic vaccination (Bourinbaiar AS et al,
2006).

However, the most important challenge is to develop a

safe, stable and an effective prophylactic vaccine.
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[B] 1) VACCINE STRATEGIES FOR HIV.
The most effective way to control the spread of the HIV
epidemic will be the development of a prophylactic vaccine. It is
widely accepted that an effective vaccine will likely need to elicit
both humoral and cellular immune responses, where neutralizing
antibodies would bind to the free virus particles to eliminate them
(Parren PW et al, 1999) and the CD8+ cytotoxic T lymphocytes kill
HIV infected cells, and CD4+ helper T lymphocytes serve a critical
role in orchestrating the immune responses (Borrow P et al, 1994).
Hence the objective for an efficient HIV vaccine is to induce a
protective memory type immune response, which allows the immune
system to react against the infectious agent by preventing its
spread.
To achieve this objective it is essential to know which
immunological effectors play a role in the control of the infection
in order to define a series of surrogate immunological parameters
which enable us to evaluate whether a vaccine preparation is
effective or not.

The intense immune response of HIV-infected

patients is reported to encompass practically all the effector
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mechanisms of the immune system and against numerous epitopes
of virtually all the viral proteins, both structural and regulatory.
Below is a brief summary of the immune responses generated
against HIV
a) Humoral Responses: - HIV infection does induce intense
antibody response against practically all the structural and
regulatory proteins of HIV (Bandres JA et al, 1999). Some of
these antibodies have neutralizing capacity invitro (Nabel GJ
et

al,

2000)

and

in

invivo

adoptive

immunotherapy

experiments (Bandres JA et al, 1999; Mascola JR et al, 2000).
Therefore a preventive HIV vaccine should induce broad
spectrum neutralizing antibodies (Burton DR, 2002). Recent
studies have defined the location of neutralizing epitopes,
antibody structure and the mechanism of action (Burton DL et
al, 2004) that a given vaccine would elicit.
b) Cellular Responses: - Studies so far have affirmed the fact
that the combined response of CD4+ and CD8+ is the most
important protective mechanism against HIV (McMichael AJ
et al, 2001). Studies on seropositive patients have shown that
there is clonal expansion of CD4+ and CD8+ lymphocytes
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which is more prominent in patients with primary infection
and correlates with the control of viral replication (Rosenberg
ES et al, 1997; Ogg GS et al, 1998).

The most conclusive

experimental data on the role of cellular immune responses in
the control of HIV viral replication comes from the studies on
macaques infected with SIV, where selective depletion of
CD8+ lymphocytes leads to increased viremia and accelerated
progression of disease. (Metzner KJ et al, 2000).
c) Mucosal Immune Response: - Since HIV transmission mainly
occurs via the mucosa, large numbers of CD4+ lymphocytes in
genito-rectal lymphoid tissue represent the major reservoir for
the replication of SIV or HIV, even when the infection is
contracted intravenously.

Hence the induction of a strong

immune response in mucosa is a necessary prerequisite for an
efficient HIV vaccine.

The hallmark of the mucosal immune

system is the production of secretory immunoglobulin A (S-IgA)
resulting from the transcytosis of polymeric immunoglobulin A
(pIgA) across the epithelium through binding to the polymeric
immunoglobulin IgA receptor (Mostov KE, 1994). Later the SIgA is released from the pIgR by cleavage of the receptor. pIgA
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as

opposed

to

IgG

or

monomeric

IgA

neutralizes

virus

intracellularly (Mazanec MB et al, 1992). Furthermore transport
of pIgA containing immune complexes across epithelial cells
expressing the pIgR is another defense mechanism of the
mucosal immune system against pathogen entry (Kaetzel CS et
al, 1994).
Although S-IgA has been shown to be an important effector
molecule to protect mucosal surfaces, the contribution to
mucosal protection by the cellular immune system should not be
underestimated.

The major histocompatibility complex (MHC)

restricted cytotoxic T cells contribute to the cell mediated
protective component in HIV infection.

Both antigen specific

and nonspecific cytotoxic cell types can control growth of
intracellular pathogens by two mechanisms. First by secretion
of number of cytokines [like interferon-γ (IFN- γ) and tumor
necrosis factor-α (TNF- α)] and chemokines [Rantes, macrophage
inflammatory protein-1 α & β ( MIP1- α & β)] ( Fehniger TA et
al, 1998).

These soluble factors inhibit growth of intracellular

pathogens such as HIV without destroying the host cell. Second,
cytotoxic cells can effectively and efficiently recognize and lyse

13

infected cells and prevent multiplication of HIV (Yang OO et al,
1997). Hence induction of protective antiviral memory CTL in
mucosal tissues is essential and depends on region-specific
mucosal immunization (Gallichan WS et al, 1996).

2) HIV VACCINE MODALITIES
A large number of vaccine modalities are currently being
explored both in pre-clinical and clinical trials. Given below is a
brief summary on the various strategies being employed so far and
their role in combating the infection and conferring protection.
a) Attenuated Viruses: – Ideally attenuated viral vaccines are
efficacious since they simulates a low level natural infection but
with lentiviruses which have prolonged persistence in the body,
attenuated virus as vaccine is not a recommended strategy.

This

was

SIV,

clearly

eventhough

established
generated

in

studies

sufficient

where

protective

nef-deleted
immune

response

against highly pathogenic viable viruses (Daniel MD et al, 1992)
but some macaques when vaccinated with the defective SIV virus
developed AIDS due to reversions of the mutant
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viral phenotype

(Sawai ET et al, 2000). Hence these vaccines have been completely
ruled out due to regulatory compliance.
b) Inactivated Viruses: – Even though inactivated viruses have
been scarcely used as preventive vaccines, this is the model widely
used in therapeutic vaccines and Remune is the prototype. These
viral preparations are composed of virions or particles whose
envelope has been eliminated and

are inactivated using different

chemical methods and administered in conjunction with Freund’s
incomplete adjuvant (Kahn JO et al, 2000).
c) Viral Proteins as Vaccine: – These vaccines are composed of
gp120 and gp160 produced by genetic engineering or using vaccinia
virus as expression vectors.

In preclinical studies and in phase I

and phase II clinical trials, the preparation was safe and induced
antibody synthesis against the viral envelope (Francis DP et al,
1998), but these antibodies lack neutralizing property with wild
type variants “in vitro” (Mascola JR et al, 1996).

On the same

lines, the regulatory protein of HIV, tat was used in a toxoid form
in macaques, which did give good protection (Gallo RC et al, 1999)
and yet its role remains controversial since high levels of tat are
immuno suppressive and indirectly lead to greater HIV replication
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due to selective CXCR4 antagonism and tropism for CCR5 (Hua
Xiao et al, 2000).
d) Viral peptides: – Peptide vaccines have little immunogenic
capacity alone since neutralizing antibodies do not recognize the
primary structure of the amino acid sequence, but rather secondary
and tertiary structures in the target proteins which are not simulated
by the peptides. Hence peptide preparations are generally used in
combination with other vaccine preparations such as viral vectors
or DNA in order to complement the immune responses (Bukawa H,
1995).
e) Bacterial and Viral Vectors: – In this strategy, viruses or
bacteria have the HIV genes incorporated into the genome in such a
way that they express the respective HIV protein during the course
of replication of the vectors in the host cell. A number of different
viral vectors are currently being studied and developed for use as
HIV vaccines.

These include poxvirus vectors like canarypox

(Tartaglia J et al, 1998), vaccinia (Moss B et al, 1997) and
modified vaccinia Ankara (Seth A et al, 2000), lentivirus (R
Zufferey et al, 1998, Trono D, 2000) adeno-associated virus
(Monahan PE et al, 2000, Liu XL, 1999) as well as alphaviruses
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(Davis NL et al, 2000). These viral vectors have the ability to
synthesize high levels of recombinant gene products and, in some
cases, target delivery to dendritic cells.

Even though these viral

vectors were effective in generating potent cellular response which
can stabilize the viral load at lower levels (Seth A et al, 2000),
there is always a risk of anti-vector immunity which may reduce
vaccine efficacy.
The alternative vector based strategy is using bacteria such
as Bacillus Calmette-Geurin (Honda et al, 1995), Salmonella (Fouts
TR et al, 1995), Mycobacterium sps (Cayabyab MJ et al, 2006),
Listeria monocytogenes (Lieberman J et al, 2004), Shigella (Xu F,
2003). Salmonella DNA vaccine vector system is capable of
inducing CD8+ T cell responses in both mucosal and systemic
lymphocyte populations (Shata MT et al, 2001) whereas the same
naked DNA formulation could not induce sufficient mucosal
immune response (Shata MT et al, 2001).

These findings are

consistent with the idea that mucosally delivered immunogens are
capable of priming both mucosal and systemic immune responses,
whereas parenterally administered immunogens only induce poor
mucosal immune responses (Herremans TM et al, 1999). On similar
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lines Shigella vectors are capable of delivering a passenger HIV-1
gp120 DNA vaccine to host cells and inducing CD8+ T cell
responses to gp120 and also a high-level antiviral protective
immunity

against

a

challenge

vaccinia

virus

homologous gp120 (Sizemore DR et al, 1995).

that

expressed

Based on these

encouraging findings, it would be possible to develop bacterial
HIV-1 DNA vaccine vectors that induce humoral and cell-mediated
immune responses to HIV-1 antigens in both the mucosal and
systemic compartments.
Bacterial

vaccine

vectors

are

relatively

inexpensive

to

manufacture and possess attributes that make them well suited for
large-scale use in developed and developing countries. Furthermore,
in contrast to viral vectors, which have similar manufacturing
properties and applicability, bacterial vectors have the added safety
feature of being susceptible to antibiotic therapy, which adds an
additional guard against untoward clinical events.
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[C] LACTOBACILLUS – Safety and Immunostimulatory
Effects.
Lactobacilli are an important group of lactic acid bacteria
used in food fermentation and food preservation (Klaenhammer
1998). These are gram +, acid and bile resistant organisms which
naturally colonize the human intestinal tract and exert probiotic
effects (Guarner and Schaafsma, 1998). Due to their wide usage in
the dairy industry, much is known about the species variation and
their respective genomic structures, probiotic effects and invivo
colonization (Klaenhammer et al, 2002). Effective colonization and
enhanced probiotic activity is attributed to the presence of
Lactobacillus and their modulation of the immune system.
(Macpherson AJ et al, 2004) and also upon expression of enterocyte
binding protein which varies widely between different species of
Lactobacillus. Modern molecular biology techniques have been
utilized for genetic manipulation of the lactobacilli species. These
recombinants are currently under investigation in gastrointestinal
therapeutics and as vaccine vectors (Seegers FMJ, 2002). Even
though Lactobacillus is a commensal of the gut and viewed as being
“immunotolerant” or “neglected by the immune system”, different
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strains of Lactobacillus have varied effects on the immune system.
Indeed lactobacilli have been detected up to 30 days in the Peyer’s
patches and mesenteric lymph nodes of germ free mice, post oral
inoculation (Ibnou-Zekri et al, 2003) and cell surface components,
especially the peptidoglycan may play an important role in
activating immune competent cells in the intestine (Erickson KL et
al, 2000). Macpherson AJ and Uhr T (2004) have clearly
demonstrated that commensal organisms are taken up by the
dendritic cells in the intestinal mucosa and transported to the
mesenteric lymphnodes. Furthermore, lactobacilli have been shown
to interact regularly with the cells of the colon including the
professional antigen presenting cells and intestinal epithelial cells
(Sansonetti PJ et al, 2004). Dendritic cells do upregulate
costimulaory molecules (CD80 and CD86) as well as cytokines
upon exposure to the lactobacilli (Mohamadzadeh M et al, 2005).
The cytokine expression profile of the DCs exposed to lactobacilli
depends on the species and strain of lactobacillus (Christensen HR
et al, 2002) with some species inducing a type 1 cytokine response
and others either a mixed or type 2 cytokine response. Among the
lactobacilli, Lactobacillus gasseri has been shown to upregulate
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HLA-DR, CD40, CD80, CD83 and CD86 on human myeloid
dendritic cells and induce production of IL12 but not IL10.
L. gasseri has enhanced expression of enterocyte binding protein
that helps in efficient gut colonization (Mohamadzadeh M et al,
2005) which makes it an ideal organism to be used as a vaccine
vector for the present studies. Microarray analysis and comparative
functional genomic analysis on three species of lactobacilli, L.
gasseri, L. acidophilus, L. johnsoni and Streptococcus thermophilus
revealed that genes coding for carbohydrate metabolic enzymes are
highly expressed and further experiments revealed that P6 is a
promoter of great strength (Kleanhammer et al, 2005). Hence based
on the immunostimulatory properties and gene expression pattern
and promoter strength L. gasseri has been chosen to be an ideal
vaccine vector for the present studies.
integration

of

foreign

gene

Methodologies for direct

sequences

into

L.

gasseri

by

homologous recombination have been clearly elucidated elsewhere
(Klaenhammer TR and Russell WM, 2001).
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[D] LACTOBACILLUS AS A VACCINE VECTOR.
Nasal and oral administration of antigens might simulate
the natural route of infection and be a more effective method of
immunization (Staats HF et al, 1994). In addition, oral vaccination
applied on a large scale, is relatively inexpensive and frequently
induces both local and systemic immune responses, resulting in an
effective elimination of pathogens (Pouwels PH et al, 1998).
Another consideration for an oral vaccine would be the dosage,
which would be normally higher than the parenteral route. Hence
the choice would be a replicating vector which can colonize the
intestinal mucosa and stimulate mucosal immune response (Ryan
EJ, 2001). Live bacterial vectors such as Salmonella sps, Shigella
sps, Listeria sps and E.coli have been used before but concerns
regarding

the

safety

of

the

vector

in

immunocompromised

individuals and antivector immunity may reduce the vaccine
efficacy. Lactobacillus strains have a number of properties making
them attractive candidates as oral vaccination vectors. For centuries
they have been used in the dairy and

food industries for

preservation and processing and, importantly, are considered to be a
GRAS organism (generally regarded as safe organism).
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Certain

Lactobacillus species have a non-specific immunoadjuvant effect
which is an added advantage for a vaccine vector (Link-Amster H et
al, 1994).

Recently several vaccination strategies have been

described using Lactobacillus as a carrier for expressing foreign
antigens in a form that can be presented to and processed by the
immune system of the mammalian host. In a murine model, it has
been shown that after oral administration a mucosal as well as a
systemic immune response can be achieved against tetanus toxin
fragment C produced intracellularly in lactobacilli (Shaw DM et al,
2000). Also Lactobacillus casei Shirota (LcS) was utilized as a
vaccine delivery vehicle for glycoprotein S of transmissible
gastroenteritis virus (Ho PS et al, 2005). The recombinant LcS was
shown to elicit both systemic and mucosal viral neutralizing
antibody responses.

Yet another success with Lactobacillus was

recombinant L. casei expressing the pag gene of Bacillus anthracis
where Lactobacillus-specific antibody responses were generated
after oral, nasal and i.p immunizations (Zegers ND et al, 1999).
Further studies by Reveneau N et al (2002) have evaluated immune
responses in mice, induced by local immunization with recombinant
Lactobacillus

plantarum

producing

23

tetanus

toxin

fragment

C

(TTFC) in three different cellular locations, intracellular, secreted
or cell-surface expressed. The three types of constructs were able
to induce strong specific immune responses against TTFC by all the
routes tested (subcutaneous, intragastric and intranasal).

While

cell-surface presentation required lower antigen doses to be
immunogenic, the highest IgG serum antibody titers were obtained
with the strain producing large amounts of TTFC in the cytoplasm.
Hence considering all the findings mentioned above it
would be appropriate to conclude that Lactobacillus can be used as
an effective, stable, safe, inexpensive mucosal vaccine vector.
Since transmission of HIV typically occurs through the mucosal
route, it would be appropriate to investigate intestinal Lactobacillus
species as a vaccine vector for HIV.
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CHAPTER 1

CLONING AND EXPRESSION OF HIV-HXB2 gag GENE IN
LACTOBACILLUS
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INTRODUCTION
Lactic acid bacteria (LAB) constitute a commercially important group of
microorganisms extensively utilized in the production of fermented foods. As
normal inhabitants of the mammalian gastrointestinal tract, Lactobacillus
species

have

been

implicated

in

health-related

effects

including

immunostimulation, improved lactose digestion, cholesterol reduction and a
reduction in fecal tumorigenic metabolic activity (1). Furthermore, LAB may
be used as a vehicle for the delivery of therapeutic agents (pharmaceuticals or
nutraceuticals) into the intestinal tract of humans and animals (2). Genetic
manipulation of lactobacilli organisms by integration of foreign genes
potentially increases the applicability of these bacteria in gastrointestinal
therapeutics and makes them more attractive as biological vaccine vectors (3).
Previous studies (4) have demonstrated that lactobacilli are taken up by
dendritic cells in the intestinal mucosa and transported to the mesenteric
lymph nodes. Human myeloid dendritic cells exposed to the lactobacilli can
upregulate their expression of costimulatory molecules such as HLA-DR,
CD80, CD86 and CD83 and induce production of IL-12 (5). The cytokine
expression profile of the dendritic cells depends on the species of
Lactobacillus (6). Furthermore L. gasseri ADH, a human intestinal isolate,
has enhanced gut colonization due to expression of enterocyte binding protein
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(7). With all the above mentioned advantages of lactobacilli, they have been
investigated as vaccine vectors for tetanus toxin (8), anthrax (9), Helicobacter
pylori (10) and transmissible gastroenteritis virus (11).
Since natural transmission of HIV occurs at the mucosa and
mucosal-associated lymphoid tissue, an ideal HIV vaccine should induce
sufficient mucosal immune responses (12). A vaccine vector that colonizes
and replicates in the mucosa would be ideal (13). Hence, we have cloned the
HIV general antigen (gag) gene into Lactobacillis gasseri NCK 334 strain and
validated it for p55 Gag protein expression. P6 and PGAM are two of several
strong promoters driving expression of carbohydrate metabolic enzyme genes
in Lactobacillus strains (14). Previous studies (data not shown) have shown
that PGAM promoter was of greater strength compared to the P6 due to its
enhanced expression of the FIV Gag protein. Hence for the present study
PGAM was used to design the expression cassette pPGAM-GAG.
Recombinant L. gasseri harboring the DNA vaccine plasmid pPGAMHIVHXB2 HIV gag would be utilized further for preliminary immunogenicity
studies in a murine model.
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MATERIALS AND METHODS
TABLE-1.1. Bacterial Strains and Plasmids used in the study
Strain or plasmid

Origin and
relevant characteristics

Source and/or
reference.

1) Lactobacillus gasseri
NCK 334

Type strain human
isolate ATCC 333323

T.Klaenhammer
(collection stock of NC)

2) Escherichia coli
Top 10 F`

F'[lacIq Tn10(tetR)] mcrA
Δ(mrr-hsdRMSmcrBC)φ8
0lacZΔM15 ΔlacX74 deoR
nupG recA1 araD139 Δ(ara
-leu)7697galU galK rpsL(Str
R) endA1 λ-

MC1061

F– (araA-leu)7697 araD139
(codB-lac)3=lac74 galK16
galE15 mcrA0 relA1 rpsL
150 spoT1 mcrB9999 hsdR2
(Strr)

Invitrogen

Stratagene (10)

3) Plasmids
pCR3.1
pTRK563

pPGAM-FIVgag

Invitrogen
Emr; cat derivative of
pGK12 with lacZ from
pBluescript II KS(+)
1.35 kb FIV gag fragment
(Nco I and Sal I)and
PGAM promoter
ligated into pTRK563.
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Table 1.1 contd……

pTM1

AIDS Research and Reference
Reagent Program, Division
of AIDS, NIAID, NIH

Bacterial strains, plasmids and growth conditions.
The bacterial strains and plasmids used in this study are listed in Table-1.1.
Lactobacilli were propagated statically at 37ºC under anaerobic conditions in
DeMan Rogosa Sharpe (Difco, Detroit, MI) broth or on MRS with 1.5 % agar.
For the appropriate strains erythromycin (Fisher Scientific, Maryland) was
added at a concentration of 5 µg/ml. Escherichia coli cells were propagated at
37°C in Luria-Bertani, LB (EMD BioSciences, San Diego, CA) broth with
shaking or on LB media supplemented with 1.5 % agar. When appropriate
either kanamycin (25 µg/ml) or erythromycin (150 µg/ml) was added.

Cloning of HXB2-HIV gag
HIV gag gene derived from HIV strain HXB2 was amplified by PCR
from pTM1 (AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID, NIH: p55 GAG/GFP from Dr Paul Spearman). The forward
PCR primer
(5’–GCGCCATGGATG TATAAATTAAAACATATAGTATGGGC- 3’) was
designed with a Nco I (underlined) restriction site and the reverse PCR primer
(5’- GCGGTCGACTTATTGTTGTGACGAGGGGTC-3’ ) was designed with
a Sal I restriction site (underlined). Polymerase chain reaction amplification
(35 cycles of 95 o C for 2 min, 95 o C for 30 sec , 60 o C for 30 sec at 72ºC for
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1.5 min ) using the Fast Start High Fidelity PCR system (Roche Indianapolis,
IN) resulted in a 1428 bp HIV gag product which was then cloned into pCR3.1
vector using the Eukaryotic TA expression Kit (Invitrogen, San Diego , CA)
and transformed into TOP 10 F’ competent cells (provided in the kit).
Transformants were screened by PCR using the above primers and positive
colonies were cultured overnight for small scale plasmid preparation (QIAGEN
Plasmid Mini Kit, QIAGEN, Valencia, CA). The pCR3.1- HIVHXB2 gag
sequence was

confirmed by

sequencing (Mc Lab Sequencing Facility, San

Francisco, CA).

Cloning and Sequencing of HIV gag into pPGAM-Gag
The pCR3.1- HIVHXB2 gag plasmid was digested with Nco I and Sal I
restriction enzymes, gel purified and ligated into similarly digested and gel
purified pPGAM-FIVgag. These ligation mixtures were electroporated into
MC1061 E.coli cells and transformants were plated on LB-erythromycin
selection medium. The positive clones, screened by PCR were grown overnight
at 37ºC for small scale plasmid preparation.

The integrity and correct

transcriptional frame of the HIV-HXB2 delta gag insert was verified by
sequencing.

Electroporation of pPGAM-HIV gag into Lactobacillus gasseri
NCK 334
The pPGAM-HIVHXB2 gag was electroporated into L.gasseri as
described elsewhere (16).

Briefly, 100 ml of L. gasseri ATC 33323 was

propogated at 37o C in MRS broth to an OD600 of 0.6-0.8. The cultures were
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placed on ice (5 min) and centrifuged. The pellet was held on ice and rinsed
four times with 10 ml of ice-cold electroporation buffer (3.5 X SMEB) (16) for
each wash.

The cell pellet was then resuspended in 1 ml ice cold

electroporation buffer, divided into 200 µl aliquots and kept on ice. One aliquot
was mixed with 5μg of plasmid DNA and transferred to a chilled cuvette (0.4
cm electrode gap). After 5 min on ice, the suspension was electroporated at 2.45
kV, 200Ω and 2.5 μƒ (GenePulsarTM , Biorad Laboratories, Richmond, CA).
MRS broth (800 μl) was immediately added to recover the cells and the cell
suspension was transferred to 2 ml MRS broth. Transformed L. gasseri cells
were recovered after growth at 37 ° C over night and then plated on selective
medium (MRS-Em (5 μg/ml). Positive clones were screened by PCR using
primers specific for the HIV HXB2 gag gene.

Western blotting for in vitro validation of antigen expression.
To confirm p55 Gag protein expression by the L. gasseri transformants
cultures were grown to mid log phase (OD600 0.6-0.8) in MRS-Em broth. The
bacteria were centrifuged so that the resultant pellet is equivalent to OD600 of 8.
The pellets were then washed three times in ice cold PBS.

Each pellet was

suspended in 160 μl of Tris/EDTA with 1.6 % lysozyme, 4 units of RNAase free
DNAase (Promega, Madison, WI) and 3.2 μl of 50X Protease Inhibitor cocktail
(consisting of Antipain [0.25 mg/ml], Aprotinin [0.25 mg/ml], Leupeptin [0.25
mg/ml],

Pepstatin

[0.025

mg/ml],

4-(2-Aminoethyl)-

bezenesulfonylfluoride.HCl or AEBSF-Hcl [0.05mM], Benzamidine [1mM])
and incubated at 37

o

C for 1 hr to lyse the bacterial pellet. The lysate was

centrifuged at high speed and the supernatant was collected. A 0.4 volume of
5X reducing sample buffer (Pierce, Rockford, IL) was added to the supernatant
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and the total protein content was quantitated using the BCATM Protein Assay
Kit (Pierce, Rockford, IL). Later the bacterial lysate was heated at 95ºC for 15
min, electrophoresed on 4-12% SDS-PAGE and transferred onto Immobilon-P
PVDF membrane (Millipore, Bedford, MA).

The membrane was blocked

overnight in PBS with 0.35M NaCl and 0.05% Tween 20 supplemented with
5% non fat dry milk. The membrane was later washed and probed with HIV
polyclonal serum (Cat No: 3957, AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH: HIV-Ig from NABI and NHLBI) at
1: 20,000 dilution and for 3 hrs at room temperature. Blots were washed and
probed with Antihuman IgG-HRP (Pierce, Rockford , IL) at 1:50,000 dilution
and visualized with SuperSignal West Pico Chemiluminescent Substrate (Pierce
Biotechnology) according to manufacturer’s instructions.

RESULTS
Cloning and Sequencing of HIVHXB2 Gag
The gag gene from the lab adapted clade B HIV strain HXB2 was
amplified by PCR from pTM1 using primers that added 5’-Nco I and 3’-Sal 1
restriction sites. The resultant 1428 bp gag gene product was TA cloned into
pCR3.1. The 6.5 kb pCR3.1 plasmid was sequenced to confirm the integrity of
HIV gag sequence and restriction sites. The cloning procedure and the plasmid
map of pCR3.1- HIV gag is given in Figure 1.1. The pCR3.1-HIVHXB2 gag
was digested with Nco 1 and Sal 1 restriction enzymes and then the HIVHXB2
gag was gel purified in preparation for the next cloning step.
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Cloning of HIVHXB2 gag into Expression vector pPGAMFIVgag
pPGAM-FIVgag was digested with Nco 1 and Sal 1 restriction enzymes
to cleave the 1355 bp FIV gag sequence from the expression cassette. The
linearized plasmid backbone was gel purified and ligated to the HIV HXB2gag
prepared as described above. The resultant plasmid was named as pPGAMHIVHXB2 gag (5147 bp). The entire cloning process is depicted in Figure 1.1

Electrotransformation of L.gasseri with pPGAM - HIVHXB2 gag.
Lactobacillus gasseri organisms were electrotransformed with
pPGAM-HIVHXB2 gag. The erythromycin resistant clones on MRS were
selected and screened by PCR using the primers mentioned above. The PCR
products were run on 1% agarose gel to confirm the presence of pPGAM-HIV
HXB2 gag (Figure 1.2).

Invitro validation of p55Gag expression from recombinant
L.gasseri.
Total protein extracted from the recombinant L.gasseri bacterial lysate and
from the empty L. gasseri lysates were analysed by western blot. Polyclonal
HIV serum was shown to bind specifically (Figure 1.3) to recombinant L.
gasseri lysates expressing the p55 Gag.
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Figure 1.1: Cloning strategy to create pPGAM-HIV HXB2gag. The HIVHXB2 gag derived from pTM1 plasmid was PCR amplified to include the Nco
1 and Sal 1 restriction sites at 5’ and 3’ ends respectively. This 1428bp gene
product was TA cloned into pCR3.1 cloning vector. Later the HIV-HXB2 gag
was cleaved out with Nco1 and Sal 1 to create the sticky ends and ligated into
the similarly digested pPGAM-FIVgag plasmid to achieve the expression
cassette pPGAM-HIV HXB2gag
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PCR screening of the recombinant L.gasseri-pPGAMHIV-

HXB2gag. The erythromycin-resistant L.gasseri colonies were screened using
primers that amplified the full length HIV gag (1428 bp). Lane 1-1kb ladder,
Lanes 2-4 & 7, 8 - PCR product from 1μl of culture of L. gasseri with
pPGAMHIV-HXB2gag as template. Lane 5 – PCR product from pPGAM
HIV-HXB2gag (positive control).

Lane 6 –PCR product from L. gasseri

culture. The arrow indicates the 1.5 kb band on the kb ladder.

Western

Blot

Lactobacillus

comparision
harboring

the

of

p55

Gag

Expression

pPGAMHIVGag

v’s

from

Genome

Integrated HIV Gag.
The HIV gag gene was integrated into the L. gasseri NCK 102
genome by phage mediated site specific integration (17) and

was kindly

provided by Dr. Todd Klaenhammer Laboratory. The bacterial lysates from
genome integrated gag- Lactobacillus culture and recombinant Lactobacillus
harboring the pPGAMHIVgag were analyzed by western blot (Figure 1.4) as
described before and the p55 Gag expression levels were compared
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Figure 1.3: Western blot probed for HIV-1 Gag. A 80 µg sample of soluble
bacterial lysate from recombinant L. gasseri with empty PGAM cassette (lane
3) or containing HIV gag (lane 4). Lanes 1 and 2, molecular weight markers.
Lane 5 shows a positive control (recombinant HIVp55).

DISCUSSION
These experiments show that L. gasseri can be modulated by gene cloning
and electrotransformation to express HIV proteins. The recombinant L. gasseri
harboring the DNA vaccine plasmid pPGAM-HIVgag has got the gene in the
correct transcriptional frame as determined from the sequencing results. The
recombinants were expressing the HIV Gag protein binding to the polyclonal
HIV serum as depicted in the western blot. Previous studies by Tri Duong
Mike Miller and Todd Klaenhammer have compared the gene expression levels
with P6 and PGAM promoters and reaffirmed that PGAM was the promoter of
greater strength. Comparison between the gag integrated and plasmid gag
cassettes showed that the plasmid gag had a significantly increased expression
comparatively in equal quantities of cell lysates (Figure 1.4).
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Figure 1.4: Western blot comparison of relative p55 Gag Expression between
100 µg of total protein from the soluble lysates derived from Lactobacillus
genome integrated HIV Gag ( Lane 2) and recombinant Lactobacillus harboring
the pPGAM-HIV gag (Lane 3). Lane 4 has lysate from wild type L. gasseri
culture. Lane 1 has 4 µg of recombinant p55 Gag and Lane 5 has the molecular
weight marker.
The specific level of protein expression (p55) needs to be quantitated so that we
can optimize the dose of the recombinant culture to be administered in vaccine
studies. Since our vaccine is a bacterial vector carrying the antigen in a plasmid
construct and due to the possible instability of plasmid DNA, a good approach
would be to integrate the HIVgag sequence into the L. gasseri genome for
stability and then modulate the copy number of the integrated gene. The latter
is possible if we can achieve the integration of the gene by homologous
recombination.

The expression cassette was designed so that the flanking

sequences of the cassette are homologous to a region in the lacLd (β
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galactosidase) gene in Lactobacillus. Selective culture conditions will result in
stable insertion of the expression cassette. Methodologies for this homologous
recombination are explained elsewhere (18).
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CHAPTER- 2
IN VIVO IMMUNOGENICITY OF RECOMBINANT
LACTOBACILLUS EXPRESSING HIV GAG.

43

INTRODUCTION
Thirty years after the identification of the human immunodeficiency virus
(HIV) as the causative agent of AIDS pandemic, ~ 20 million people have died
of AIDS and ~1400 new infections are diagnosed every day (1). Preventive
strategies including behavioral interventions and antiretroviral therapy remain
inadequate in containment of the infections and the only promising and feasible
strategy is a vaccine for HIV which can influence both the disease course and
transmission (2). The predominant mode of transmission of the virus is sexual
contact with transfer of the virus across a mucosal surface (3).

Hence

immunization strategies designed to induce anti-HIV immunity systemically
and at mucosal surfaces would be more effective in disease prevention. Oral
delivery of antigens has been shown to induce mucosal immune responses in
the gastrointestinal tract (4) and immune responses are commonly observed in
serum and at secondary mucosal surfaces (4, 5). Furthermore, oral delivery has
been shown to induce cell-mediated responses (6,7).

Besides these oral

vaccination strategies are appealing on the grounds of simplicity (needle less
delivery) and low expense of administration (8).
Lactobacillus strains have a number of properties making them
attractive candidates for oral vaccination. Besides their well known nutritional
benefits and almost null pathogenicity, the use of Lactobacillus as bacterial
systems to express heterologous proteins or as vehicles to carry immunizing
antigens after genetic modification is becoming a promising issue (9-13). In
this context Lactobacillus has been employed as a vaccine vector for tetanus
toxin (14), protective antigen of Bacillus anthracis (15), glycoproteins of
transmissible gastro enteritis virus (16), antigenic determinant of influenza virus
(17) and also urease B subunit of Helicobacter pylori (18). In all the above
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reports, Lactobacillus was shown to be an efficient vaccine delivery vehicle to
generate mucosal and systemic immune responses.
In the present study we sought to prove the potential of using
Lactobacillus gasseri expressing the 55kDa Gag (general antigen) protein of
HIV as an oral vaccine in a murine model.

A constitutive Lactobacillus

expression system that has been assembled into a plasmid vector designated
pPGAM-HXB2HIVgag was used in this study. Mice were immunized with
recombinant L. gasseri expressing the Gag antigen by oral gavage with live
bacteria. Humoral and cellular mucosal and systemic immune responses were
assessed. We also evaluated a prime-boost strategy using oligonucleotide CpG
mixed with recombinant HIV Gag given intradermally as the prime and the
recombinant L. gasseri as the boost.

MATERIALS AND METHODS
Mice
108 Female BALB/c (18-20 g, 6-8 weeks of age) were purchased from the
Frederick Cancer Research and Development Center, National Cancer Institute,
Frederick, MD. Mice were housed in filter top cages and provided water and
food ad libitum. All procedures were approved by the North Carolina State
University Institutional Animal Care and Use Committee.

Immunogens
As a positive control and as part of a prime-boost strategy, mice were
immunized with recombinant HIV-1 Gag p24 antigen (10 μg/mouse) (BioClone
Inc, SanDiego, CA) and CpG ODN-1826 (25 μg/mouse) as an adjuvant (Coley
Pharmaceuticals, Ontario, Canada).
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Bacterial strain and growth conditions
Lactobacillus gasseri (NCK 334) harboring the DNA vaccine plasmid pPGAMHIV-HXB2gag was used for immunization and Lactobacillus gasseri carrying
the empty backbone vector pTRK-563 was used as a control. The bacteria were
propagated statically at 370C on DeMann, Rogosa, Sharpe (MRS) (Difco, MI)
supplemented with erythromycin (5 μg/ml).

Immunization strategy
Eighteen mice per group were used in this study. Mice immunized with p24
Gag antigen and CpG ODN or CpG ODN in PBS as a control were injected
intradermally (ID) in the footpad in 20 μl total volume three times at 3 week
intervals (Table 2.1).

Mice receiving bacterial preparations were orally

gavaged with the recombinant L. gasseri expressing Gag (LB-Gag) or control L.
gasseri (LB-pTRK), on 3 consecutive days at 2 week intervals for total of nine
inoculations. One group of mice also received a combination of ID p24 Gag
with CpG ODN and oral recombinant L.gasseri as a prime-boost regimen. The
last group of mice received PBS by both footpad injection and oral gavage
according to the schedule for prime-boost group. All the mice were euthanized
one week after the last immunization.

Sample collection
Vaginal lavage samples and fresh fecal samples were collected and processed
as described previously (19-21) except for 0.1% sodium azide was replaced
with 0.1% Kathon (Supelco, Bellafonte, PA) for the fecal extraction buffer.
Blood for serum was collected from the submandibular vein using lithium
heparinized microtainer tubes (BD Vacutainer Systems, Franklin, NJ). Blood
and vaginal wash sample collections were performed under ketamine/xylazine
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anesthesia. Sample collections were performed a week after the second
immunization and at the time of euthanasia.

ELISA
Antigen specific end-point antibody titers in the serum, vaginal and fecal
samples were determined by ELISA as previously described (19-21) with
modifications.

A chemi-luminescent detection system using 96 well white

ChromaluxTM HB plates (Dynex Technologies, Chantilly, VA) and Supersignal
® ELISA Femto Maximum Sensitivity Substrate (PIERCE Biochemical,
Rockford, IL) were used according to the manufacturer’s instructions. ELISA
plates were read on a Perkin Elmer Victor3 ™1420 multilabel counter. Samples
were considered positive for antigen specific antibody when the relative light
unit (RLU) value for the sample dilution was three-fold higher than the RLU for
a naïve sample at the same dilution.

Total IgA in mucosal samples was

quantitated as described (20) using goat-anti mouse IgA with and without HRP
conjugate (Southern Biotech, Birmingham, AL).

For the mucosal samples

(vaginal and fecal samples) Gag specific log2 mean endpoint titers were
normalized to total IgA to overcome the potential for enhanced total IgA by the
various immunization strategies. Therefore, all mucosal IgA data are expressed
as antigen-specific endpoint titer/μg total IgA.
The total protein extracted from the Lactobacillus inocula lysates was
quantitated (BCA Assay, PIERCE Biotechnology) and analyzed by p24 ELISA
as described (19-21) except for HIV-1 p24 monoclonal antibody (Catalog #
3537, NIH AIDS reagent program) was used as coating antibody and polyclonal
HIV serum as the secondary antibody. HRP conjugated goat anti-human IgG
H+L (Jackson Immunoresearch, West Grove, PA) was used as a detection
antibody and visualized with a TMB-2 component microwell peroxidase
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susbstrate system (Gaithersburg, MD) according to the manufacturer’s
instructions.

Isolation of mucosal lymphocytes
Lymphocytes were isolated from mucosal tissues (female reproductive
tract and colon) as previously described (21, 22) with modifications. Briefly
the mucosal tissues from 3 mice (n=6/group) were pooled to provide sufficient
cell numbers to perform replicates within assays. The large intestines from the
ceacum to the rectal tonsils were separated from mesentary, cut into 0.5 cm
pieces and digested at 37º C for 30 min with digestion medium containing
RPMI 1640 containing 100 U/ml penicillin, 100 µg/ml streptomycin, and
liberase Cl enzyme blend (0.5 mg/ml; Roche Applied Science). The mucosal
tissue homogenates were ground on #40 mesh screens and cells suspensions
were collected in the CTL medium. Isolated lymphocytes from the mucosal
tissues were pelleted and resuspended in 7 ml of 40% percoll (Sigma Aldrich,
St Louis, MO) and overlaid on 4ml of 70% percoll. Cells separated out at the
40/70 percoll interface following centrifugation at 1200 rpm were carefully
collected and resuspended in CTL medium for downstream assays. Splenocytes
and mesenteric node lymphocytes were isolated as described (21) and were
assayed from individual mouse.

Interferon (IFN)-γ and Interleukin (IL)-2 ELISPOT
ELISPOT was performed as previously described (22) with the
following exceptions. Millipore (#MSIPS4W10) 96 well plates were used and
the anti-mouse IFNγ and IL-2 antibodies were purchased from Mabtech Inc,,
Marlemont, OH. Antibodies were used at a dilution of 10 μg/ml of each for
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coating the plates. Cells were filtered with a 40 μm filter (Costar, Corning Inc,
Corning, NY) before adding to the plate at a concentration of 5 x 106 cells/well.
The CTL HIV p24 Gag epitope peptide AMQMLKETI was obtained from
Synpep, Dublin, CA and was used at final concentration of 2 μg/ml. Anti IFNγ and IL-2 detection antibodies (Mabtech Inc, Marlemont, OH) were used at a
dilution of 1:1000 in PBS-5% FBS and incubated for 3hrs at room temperature.
Plates were subsequently washed 6 times with PBS containing 0.05% Tween
and Steptavidin-HRP (PIERCE Rockford, IL) diluted to 1:1000 in PBS-5%
FBS was added at 100 μl/well. After incubation for 1 hr, the plates were
washed 3 times with PBST and 3 times with PBS, then developed with 3amino-9-ethyl carbazole substrate (Sigma, St. Louis, MO). The reaction was
stopped after 10 min by adding deionized water. Spot forming cells (SFC) were
counted and analyzed on an Immunospot Series 1 Analyzer (Cellular
Technologies Ltd., Cleveland, OH).

To determine the number of SFC,

triplicate wells were averaged, background counts from unstimulated wells
were subtracted and the total was normalized to 1x106 cells.

Tetramer Analysis of antigen-specific CD8+ T cells.
Single cells suspensions of spleen, mesenteric lymph node, female reproductive
tract and large intestine derived lymphocytes (3 x 106 cells/ tissue) were
incubated in 50 ul of 1:100 dilution of wash buffer (PBS with 10% FBS) and
BD Fc Block ™ Buffer ( BD Biosciences, San Jose, CA)

for 10 min.

Subsequently the cells were stained for one hour with allophycocyaninconjugated H-2Kd tetramer loaded with the Gag peptide AMQMLKETI
(obtained from NIH core Tetramer Facility at Emory University Vaccine
Center, Atlanta, GA), PE-conjugated CD8 (BD Biosciences, San Jose, CA) and
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FITC-conjugated CD3 (BD Biosciences, San Jose, CA). The cells were then
washed three times with wash buffer, fixed in 4% paraformaldehyde for 5 min
and incubated overnight at 4ºC. Cells were analyzed on a BD LSR II flow
cytometer (BD Biosciences, San Jose, CA).

Statistical Analysis
Data for each assay were compared by analysis of variance ANOVA and
group differences were determined by Duncan’s Multiple Range post t test.

Table-2.1. Immunization and Sample Collection Schedule.
GROUP

n

Antigen

Route

PBS

18

PBS

ID and
ORAL

Dosing
schedule
d1 (ID)- d21d42- d56

CpG

18

CpG ODN

ID

1..21..42

CpG - Gag

18

CpG ODN +
rHIVp24 gag

ID

1..21..42

CpG-LB
Gag

18

ID &
ORAL

1(ID)...21..
42…56.

LB-Gag

18

ORAL

1…14---28

LB-pTRK

18

CpG ODN +
rHIVgag(prime
) rLB-Gag
(Boost)
rLactobacillus
expressing HIV
Gag.
rL.gasseri with
pTRK563(back
bone plasmid)

ORAL

1…14---28

Samples
collected
1)Serum
2)Vaginal wash
3) Feces
1)Serum
2)Vaginal wash
3) Feces
1)Serum
2)Vaginal wash
3) Feces
1)Serum
2)Vaginal wash
3) Feces
1)Serum
2)Vaginal wash
3) Feces
1)Serum
2)Vaginal wash
3) Feces

Sample collection
schedule*
*D28-------D55 (sac day
*D28…….d49(sac day)
*D28…….d49(sac day)
*D28---d42….d55(sac
day)**
*D28………d42 (sac day)
*D28--------d42 (sac day)

* All samples collected 1 week after the second immunization and at time of
necropsy.
** Prime-boost group was sampled after the first and second LB gag
immunization to determine if the prime affected kinetics of the Ab response.
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RESULTS
Serum p24 Gag specific antibody responses.
Balb/c female mice were immunized as shown in Table 2.1. A week after
the second and last immunization, serum samples were collected and analyzed
for p24 Gag specific IgG responses and the kinetics of the systemic IgG
responses were monitored over time. Mice immunized ID with recombinant p24
Gag and CpG ODN had the greatest serum HIV Gag specific IgG mean end
point titers (20.72 + 2.47) after two immunizations when compared to all other
groups (Fig 2.1). Priming with CpG ODN and p24 Gag significantly enhanced
the serum IgG response (13.61 + 1.88) when compared with the LB-Gag
immunization alone (3.39 + 6.02) (p<0.0001). After two immunizations LBGag administered without a prime induced significantly greater (p<0.001) HIV
Gag specific IgG when compared to the control groups (Figure 2.1). Similar
results were obtained for day 42 samples (post three immunizations) except for
the LB-Gag immunized group where there was no maintenance of the IgG titer
(1.11 + 3.31). The IgG end point titer in the control groups (PBS, CpG and LBpTRK) was below the level of detection.
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Anti p24 log 2 mean end point titers

Anti p24 gag serum IgG levels
30

**

25
20

*

15
10
5
0
Post 2
imm

Post 3
imm
CpG + Gag

Post 2
imm

Post 3
imm
CpGprime-LB-Gag boost

Post 2
imm

Post 3
imm

LB-Gag

Groups
Figure 2.1. Anti HIVp24Gag specific serum IgG responses. Mice (n=18/group)

were immunized three times with HIV p24 and CpG or CpG alone at 3 week
intervals. Another two groups of mice were orally gavaged with 2x109 CFU of
recombinant Lactobacillus expressing HIV Gag or empty vector for 3
consecutive days at 2 week intervals. One group of mice was primed with CpGGag and boosted with Lactobacillus expressing Gag. A week after the second
immunization, sera samples were collected from all groups and analyzed by
ELISA for HIVp24Gag specific IgG mean end point titers. The CpG-Gag
group mice had significantly higher Gag specific IgG end point titers
(p>0.0001). The CpG-Gag prime significantly (p<0.0001) enhanced the serum
Gag specific titers when compared to the LB-Gag group mice. There was no
detectable antigen-specific serum IgG in the control groups. Serum IgG levels
are represented as log 2 mean end point titers ± SD.

Vaginal anti-HIV p24 IgA responses.
Vaginal secretions were assayed for the presence of Gag specific IgA
and total IgA to determine if oral administration of recombinant Lactobacillus
expressing Gag would augment the induction of Gag specific IgA at the level of
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the vaginal mucosa. Gag-specific vaginal IgA end point titer / ug total IgA was
higher in the CpG-Gag group when compared to the other groups (Table-2.2)
after the second and third immunization. Despite the trend towards elevated
antigen-specific IgA in vaginal secretions from CpG-Gag primed/LB-Gag boost
immunized mice, there was no statistical difference in the vaginal IgA titers
when compared with mice receiving LB-Gag alone (Table-2.2).

Table-2.2. Vaginal p24Gag specific IgA responses post second and third
a
immunizations.
Group

Immunogen
(Dose/ Mouse)

Ratio log 2 anti p24 Ig A
end point titer/ Total Ig A + SD postb
Second
Immunization

PBS

PBS (100μl)

CpG

CpG –ODN
(25μg)

0.48 + 2.04

LB-pTRK

L.gasseri -pTRK563
( 2x109CFU)

ND

LB-Gag

CpG + Gag

ND

L.gasseri -pPGAMHIV gag
9
(2x10 CFU)

CpG ODN+ p24 HIV GAG
(25μg)
(10μg)
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Third
Immunization

ND*

0.05 + 0.24

ND

0.95 + 3.46

0.09 + 0.39

3.06 + 3.29**

7.55 + 8.21**

Table 2.2 contd……

Prime boost

CpG Gag prime
( 25μg, 10μg)
L.gasseri-pPGAMHIV
Gag boost (2x109CFU)

0.7 +1.37

2.43 + 3.84

a

Balb/c Mice (n=18/group) were immunized with the immunogens listed. CpGGag was administered ID and Lactobacillus cultures by oral gavage. Vaginal
anti-HIV p24 gag IgA and total IgA were determined a week after the second
and final immunization.
b
The vaginal IgA end point titer was normalized to the Total IgA and is
represented as corrected Anti-HIV p24 Gag IgA.
ND*-peptide specific Vaginal IgA were below level of detection.

Anti p24 log 2 mean corrected IgA end
point titers

Anti p24 Vaginal IgA levels
18
16
14
12
10

*

8
6
4
2
0
Post 2
imm

post 3
imm
CpG + Gag

post
2imm

post 3
imm

CpG prime-LB boost

post 2
imm

post 3
imm
LB-gag

Groups

Figure 2.2. Anti HIVp24Gag specific corrected vaginal IgA responses. Vaginal

samples were collected from all the groups post second and third immunizations
and were analyzed by ELISA for HIVp24 Gag specific IgA and total IgA. The
antigen-specific IgA end point titer was normalized to the total IgA and
expressed as anti-p24 log 2 mean IgA end point titer/ µg of total IgA designated
as corrected vaginal IgA. Even though there was no significant difference in the
vaginal total IgA from all the above groups, the CpG-Gag group mice had
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significantly higher Gag specific IgA end point titers (p>0.0001). There was no
detectable antigen specific IgA end point titers in the control groups (PBS, CpG
and LB-pTRK).

Priming with CpG-Gag does enhance Lactobacillus induced p24
specific fecal IgA responses post two immunizations.
Similar to the vaginal samples, fecal samples were analyzed for total and
p24Gag specific IgA. Following the second immunization, the total fecal IgA
was significantly higher (p<0.001) in LB-Gag mice in comparison to all other
groups of mice (Table-2.3). Antigen-specific fecal endpoint titers / µg of total
IgA were comparable in mice receiving the CpG Gag prime-Lb-Gag boost
vaccine preparation (Table-2.3), and both immunization strategies resulted in
significantly greater antigen-specific titers in fecal samples when compared to
all other groups. After the third immunization there was no significant
difference in the corrected antigen-specific IgA titers between groups.

Table 2.3- Fecal Anti p24 Gag IgA responses normalized to the total Ig A
following two and three immunizations.
Group

Total Fecal Ig A (µg/ml)

Second
Immunization

PBS

4.77+1.35

Third
Immunization

5.76+1.88

55

Corrected log 2
mean end point
a
titers + SD a week after
Second
Immunization

Third
Immunization

ND

ND

Table 2.3 contd……..
CpG

LB-pTRK

LB-Gag

CpG + Gag

Prime boost

5.61+0.66

8.21+3.66

20.13+12.48**

5.99+1.28

6.05+2.49

5.13+ 0.41

5.90+0.77

7.16+1.37

0.04+0.15

ND

ND

ND

0.12+0.25

0.06+0.17

5.42+0.76

0.74+ 0.59**

1.07+ 0.74**

6.67+ 0.86

0.73+ 0.46

0.27+ 0.35

a

HIV p24 Gag specific IgA titer was normalized to total IgA and expressed as
corrected Fecal IgA log 2 end point titer.
**Total Fecal IgA and Antigen specific IgA end point titers were significantly
greater than that observed in all other groups at that time point(p<0.001).

Mucosal and systemic IFN-γ ELISPOT
To determine if the Lactobacillus vector strategy would induce HIV p24 Gag
peptide specific cell-mediated immune responses, we evaluated the peptide
specific IFN-γ and IL-2 responses using the ELISPOT assay. Cells were
harvested from spleen, mesenteric lymph nodes, female reproductive tract and
colon a week after the final immunization and were evaluated for their ability to
produce IL-2 and IFN-γ upon restimulation with the CD8 T cell epitope
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(AMQMLKETI) of the HIV p24 Gag antigen. There was no significant
variation in the peptide specific IL-2 spot forming cells (SFC) between the
different immunization groups and various tissues (data not shown).
Spleen derived IFN-γ spot forming cells vary significantly among
vaccination strategies (Figure 2.3) and CpG-Gag immunized group had a higher
frequency (p<0.001) of IFN-γ+ SFC/million splenocytes (14.07 + 18.38) when
compared to all other groups.
Spleen

*

30

splenocytes

IFNγ+ SFC/million

35

25
20
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5
LB
ga
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Figure 2.3. Induction of peptide specific IFN-γ SFC in the spleen. Balb/c mice
were immunized with various immunogens at different time points and by
different routes as described in table 2.1. A week after the final immunization,
splenocytes from individual mice were isolated and assayed for the frequency
of the AMQMLKETI peptide specific, IFN γ producing cells by ELISPOT.
Each bar represents the mean percentage of IFN γ spot forming cells/million
splenocytes in the specific group. CpG-Gag group had a significant percentage
of IFN γ SFC/million splenocytes compared to all other groups. No significant
enhancement in the percentage of SFC between prime boost group and the LBGag group.
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Induction of MHC class-I peptide tetramer binding CD3+CD8+
Cells I the Mucosal compartments with Lactobacillus Vaccine
Vector system
H-2Kd

tetramers

loaded

with

the

immunodominant

Gag

peptide

(AMQMLKETI) were used in the flow cytometric assays to identify the
percentages of tetramer positive cells in the CD3+CD8+ population from
mucosal (FRT and large intestine) and systemic compartments (MLN and
spleen).

The percentages of tetramer positive CD3+CD8+ T cells was

significantly greater in the spleen following immunization with p24 HIV Gag
and CpG ODN (0.61 + 0.11) when compared to all other groups (Fig 2.4). The
CpG Gag prime group had 0.4 + 0.06 percentage of tetramer positive cells in
the spleen when compared with the LB-Gag group (0.43 + 0.08).
Mice receiving LB-Gag after priming with CpG-Gag had a significantly
greater frequency of peptide-specific CD8+ T cells in the female reproductive
tract (2.82 + 0.84) when compared with mice receiving CpG-Gag (0.33 + 0.31).
Also the CpG-Gag prime significantly enhanced the percentage of peptidespecific cells induced by the LB-Gag alone (1.63 + 0.53).

In the colon,

immunization with LB-Gag induced a higher, albeit not significantly different,
frequency of peptide-specific CD8 T cells (2.78 + 2.45) when compared with
other groups. The use of a CpG Gag prime did not enhance the induction of
peptide-specific response in the intestinal mucosa.
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Unlike the percentages of tetramer positive cells in the spleen, CpGGag group of mice did not significantly enhance the same populations in the
mucosal compartments of vaginal (0.33 + 0.30) and intestinal mucosa (0.03 +
0.08).

Total protein and p24 Gag in the recombinant Lactobacillus
inoculum
The oral inoculum administered each day was assayed for the quantity of
p24 Gag by p24 ELISA. The average total protein extracted from a single dose
of inoculum (2 x 109 CFU) was ~5.5 mg/ml. (Figure 2.5). The total amount of
p24 Gag in the inoculum administered was highly variable on each day of oral
immunization (Figure 2.5). On an average the quantity of p24 Gag administered
to each mouse on each day of oral immunization with recombinant
Lactobacillus Gag was ~30 ng.
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Figure 2.4. HIV-p24 Gag peptide AMQMLKETI specific CD8+,CD3+ cells
from spleen (top), female reproductive tract (middle) and colon (bottom)
derived lymphocytes. Female Balb/c mice were immunized as described in
Table 2.1 and a week after the last immunization the mice were euthanized and
mucosal tissues (FRT and colon) and spleens were processed for isolation of the
lymphocyte populations. Mucosal lymphocytes were further assayed for
AMQMLKETI peptide specific tetramer specific populations by flow
cytometry by gating on the CD8+CD3+ population. The CpG-Gag immunized
group had significant numbers of tetramer positive cells among the splenocytes
compared to all other groups in the vaginal mucosa the priming with CpG-Gag
had significantly enhanced the tetramer positive cells (p<0.001) where as in the
colon the recombinant LB-Gag by itself was efficient enough to induce greater
number of peptide positive CD8+ population (p<0.001) compared to all other
groups.
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Figure 2.5. Quantitation of p24Gag in single oral dose of recombinant
Lactobacillus expressing Gag. Mice were immunized with 2x109 CFU of
recombinant Lactobacillus expressing Gag at each time point for a total of nine
immunizations. Total protein was extracted from each single dose of the
inoculum and p24Gag was quantitated by p24 ELISA. The quantity of total
protein extracted from each day of immunization is depicted in the upper panel
and the p24 from each day inoculum is plotted in the lower panel.
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DISCUSSION
In this study we determined that recombinant Lactobacillus expressing HIV
Gag antigen was able to induce anti p24 Gag specific immune responses, more
prominently in the mucosal compartments compared to the systemic
compartments. In this report, we also demonstrate that priming with CpG ODN
combined with HIVp24Gag followed by recombinant Lactobacillus expressing
Gag elicits significantly higher antigen specific serum IgG (Figure 2.1) and p24
peptide specific vaginal mucosa derived CD8+ T cells (Figure 2.5) when
compared with recombinant LB-Gag alone immune responses. While previous
work has shown that CpG ODN can enhance the CTL, Th1, and antibody
responses to protein Ag (24-30), this is the first report in which protein antigen
with CpG ODN is combined with a recombinant bacterial boost. The priming
injections accomplish this by influencing the immunodominance hierarchy of
the subsequent response to the boost to favor the recombinant antigen (30).
Interestingly the p24 derived AMQMLKETI peptide specific CD8+ T cell
responses in the vaginal mucosa from the prime boost group were significantly
higher when compared to all other groups including the CpG-Gag immunized
group (Figure 2.5) where as the antibody responses were unaffected by priming
(Table-2.2).

Presence of adequate populations of CD8+, peptide specific
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lymphocyte populations in the vaginal mucosa is indeed a correlate of
protection against heterosexual transmission of disease (31-35).
Recombinant Lactobacillus expressing the Gag antigen was
administered by oral gavage and the oral immunization regime consisted of
three sets of three successive daily doses of the experimental vaccine at 2 week
intervals, was adapted from the procedure of Challacombe (36). This strategy
was efficient in generating adequate p24 specific serum IgG responses when
compared to the negative control groups with no significant mucosal IgA
responses (Table-2.2 and 2.3).

The cellular immune responses were more

pronounced in the intestinal mucosa depicted by the higher (but not significant)
percentages of tetramer positive, CD8+CD3+ T cells (Figure 2.4). Even though
several systems have been described recently using Lactobacillus as a carrier
for expressing foreign antigens (13- 17), none of these reports have addressed
the cellular immune responses in the Lactobacillus vaccine vector strategy. Our
findings suggest that Lactobacillus when utilized as a vaccine vector enhances
the intestinal mucosa associated cellular immune responses against the antigen
that is delivered. It is interesting to note from Table-2.3 that total fecal IgA (but
not the p24 specific fecal IgA) was significantly enhanced in the LB-Gag group
post two immunizations (20.13 + 12.49 μg/ml) but did not vary significantly
thereafter. This indicates that recombinant L. gasseri may act to increase
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secretion of IgA in some individual mice. The data from p24 ELISA on the
Lactobacillus innocula indicates that the average quantity of p24 administered
on each day was about 31.23 + 12.14 ng which is markedly low when compared
to the 10 μg of recombinant p24 Gag administered for each mouse in positive
control group (CpG-Gag).
The immunogenic efficacy of the Lactobacillus vaccine vector
strategy for HIV was compared with the immune responses generated with
recombinant p24 Gag CpG ODN. The vaccination regimen for p24 Gag and
CpG ODN was adapted from Wille–Reece et al, 2005 (37) and was previously
validated to be efficient in generating CD8+ T cell, antibody and Th1 responses
(38-40). Our experiments also indicate that the p24 Gag specific antibody
responses were significantly higher in the systemic compartment (serum IgG)
as well as in the mucosa (vaginal and fecal IgA).

The cellular immune

responses were more pronounced in the systemic compartments as seen with the
higher frequency of IFN-γ producing splenocytes (Figure 2.3) and tetramer
binding CD8+CD3+ cells in the spleen (Figure 2.4).
Hence in conclusion, this study has shown that recombinant
Lactobacillus expressing the HIV Gag antigen albeit at lower quantity, does
have the potential to induce antigen specific immune responses when
administered by the oral route and the immunogenicity can be effectively
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enhanced by adapting the prime boost strategy. Also the p24 Gag expression
from the recombinant Lactobacillus needs to be optimized for better
immunogenicity. Since the protein expression is from a plasmid expression
cassette and stability is questionable, integration of the gag gene into the
Lactobacillus genome would be a possible alternative.
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