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Abstract

The induction of a potent humoral and cellular immune response in mucosal tissue is important for 

the development of an effective HIV vaccine. Most of the current HIV vaccines under 

development use the intramuscular route for immunization, which is relatively poor in generating 

potent and long-lived mucosal immune responses. Here, we explore the ability of an oral 

vaccination with a probiotic organism, Lactococcus lactis (L. lactis), to elicit HIV-specific 

immune responses in the mucosal and systemic compartments of BALB/c mice. We expressed the 

HIV-1 Gag-p24 on the tip of the T3 pilus of Streptococcus pyogenes as a fusion to the Cpa protein 

(LL-Gag). Following four monthly LL-Gag oral immunizations we observed strong Gag-specific 

IgG and IgA responses in serum, feces, and vaginal secretions. However, the Gag-specific CD8 T 

cell responses in the blood were at or below our detection limit. Following an intramuscular 

modified vaccinia Ankara (MVA)/Gag boost, we observed a robust Gag-specific CD8 T cell 

responses both in systemic and mucosal tissue, including intraepithelial and lamina propria 

lymphocytes of the small intestine, Peyer's patches, and mesenteric lymph nodes. Consistent with 

strong immunogenicity, the LL-Gag induced activation of CD11c+ CD11b+ dendritic cells in the 

Peyer's patches after oral immunization. Our results demonstrate that oral immunization with L. 

lactis expressing an antigen on the tip of the Group-A streptococcus pilus serves as an excellent 

vaccine platform to induce strong mucosal humoral and cellular immunity against HIV.

Introduction

According to UNAIDS, about 35 million people were living with HIV-1 at the end of 2012. 

Most HIV infections occur via genital and rectal mucosal routes (1). Currently, there are no 

effective vaccines available to prevent HIV infection or disease. Ideally, an HIV vaccine 

should induce immune responses in both mucosal and systemic compartments and local 

mucosal immunity is critical for protection against mucosal HIV transmission (2). In 
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addition, it is important to generate both humoral and cellular immunity as both of these 

responses contribute to the prevention and/or control of infection.

Numerous HIV vaccine strategies including DNA vaccines, recombinant viral vector 

vaccines, protein immunogens and a combination of these vectors have been developed and 

some of these are being tested in humans (for listing of candidates in clinical development, 

see www.iavi.org). Most of the current HIV vaccines under development use the 

intramuscular (IM) route for immunization, which is relatively poor in generating potent and 

long-lived mucosal immune responses. Generally, immunization through the mucosal route 

has elicited far better responses in mucosal tissue than immunization by systemic routes 

(3-5). For example, the oral route of immunization is the best way to induce a strong 

immunity in the gut (6). However, most of the HIV vaccine regimens that are being 

evaluated in humans are not administered through mucosal routes (oral, vaginal or rectal) 

because either they don't withstand the hostile acidic environment in the stomach when 

delivered orally or the vaginal and rectal routes are not practical to use. Furthermore, a 

specific feature of HIV infection is the rapid depletion of CD4 T cells in the gut within days 

after infection and this happens irrespective of the route of infection (7-9). This early 

depletion is not reversible following anti-retroviral therapy and contributes to rapid disease 

progression. Thus, there is a great need for the development of an HIV vaccine that can be 

delivered orally and is capable of inducing potent anti-viral immunity in the gut with the 

potential to block or control HIV replication and prevent infection and/or rapid loss of CD4 

T cells.

Lactococcus species have been explored as vaccine vectors for generating mucosal 

immunity against infectious diseases (10, 11). The key advantages of using a Lactococcus 

vaccine vector are: 1) Lactococcus is a GRAS (Generally Regarded As Safe) organism, 2) it 

naturally withstands stomach acids and bile (12), 3) it can be administered repeatedly since 

it survives only temporarily in the intestinal tract and does not colonize humans (12), 4) it 

has intrinsic adjuvant properties (13), 5) it does not require a cold chain, and 6) it is 

inexpensive to produce. Also Lactococcus is a Gram-positive bacterium and therefore does 

not possess endotoxic lipopolysaccharides (LPS), which are associated with commonly used 

vaccine strain Gram-negative bacteria such as Escherichia coli and Salmonella typhimurium 

(10, 14-17). Recently, the potential of lactococci as a delivery vector for a DNA vaccine was 

demonstrated; native noninvasive recombinant lactococcal strains deliver fully functional 

plasmids to epithelial cells in-vivo and in-vitro (14, 15, 18-20), thus it seemed likely that 

lactococci would be effective delivery vectors for DNA vaccines.

In the present study, we developed a recombinant L. lactis based vaccine expressing an HIV 

antigen and tested its potential to induce mucosal immunity following vaccination through 

different mucosal routes. Specifically, we used an UPTOP (unhindered presentation on tips 

of pili)(15) system for the expression of the HIV Gag protein on the lactococcal surface. 

UPTOP utilizes the T3 pilus of Streptococcus pyogenes (the group A streptococcus or GAS) 

to present a desired antigen to the immune system. The GAS T3 pilus locus encodes the 

major T3 pilin subunit, two minor pilin subunits, Cpa and OrfB, SipA2 and the pilin specific 

sortase enzyme SrtC2. Polymerization of the T3 pilus requires SrtC2 and SipA2, and the 

pilus can be anchored to the cell surface by the pilus specific or housekeeping sortases. T3 
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pili offer an excellent platform for the presentation of recombinant proteins to the immune 

system because they have covalent linkages between subunits, and are covalently linked to 

the cell wall, and extend out from the bacterial surface, providing access to the encoded 

antigen to the antigen presenting cells or B cells. We engineered a plasmid encoding the 

GAS T3 pilus with cpa fused to gag P24 an antigen from an HIV-1 clade B (a predominant 

strain circulating in the USA) and expressed it in L. lactis strain MG1363. We call this strain 

LL-Gag.

Here we intragastrically immunized BALB/c mice with LL-Gag and observed potent 

humoral and cellular immune responses in mucosal and systemic compartments. We also 

tested the effect of an intramuscular modified vaccinia Ankara (MVA) boost, previously 

used successfully in our lab to boost B and T cell responses(21-23), on the LL-Gag vaccine-

generated Gag-specific responses. We then compared the LL-Gag induced gut-associated 

immune responses to those of an intramuscular DNA primed and MVA boosted vaccine 

modality that is in clinical studies in the USA and demonstrate that LL-Gag induces stronger 

humoral immunity in the gut. Finally, we demonstrated a critical role for the GAS pilus in 

the activation of a specific subset of mucosal dendritic cells (DC) that may be important for 

the immunogenicity of Gag.

Materials and Methods

Strains and growth conditions

E. coli strains (TOP10 and XL10-Gold) were cultured in LB media supplemented with the 

appropriate antibiotic, and grown at 37°C with constant shaking. L. lactis wild-type strain 

MG1363 was cultured without shaking at 30°C in M17 media (BD Biosciences, San Jones, 

CA, USA) supplemented with 0.5% glucose (GM17). Recombinant L. lactis clones were 

cultured in GM17 media supplemented with spectinomycin (100ug/ml) at 30°C without 

shaking.

Construction of L. lactis expressing the HIV-1 clade B Gag (LL-Gag) antigen

The HIV-1 clade B consensus Gag-p24 region was PCR amplified from the pGA1/JS8 

vector (GenBank accession number AY531263 http://www.ncbi.nlm.nih.gov/genbank (24) 

using primers that amplified the region encoding amino acids 132-363 of Gag and subcloned 

into the cpa region of the FCT-3 GAS pilus encoding amino acids 57-593 of Cpa in the 

pJRS9550 vector (15). This resulting vector, pJRS9630, was transformed into 

electrocompetent wild-type L. lacits (strain: MG1363) cells (25) and transformants were 

selected on GM17 agar plates supplemented with 100 μg/ml spectinomycin at 30°C.

Dot blot analysis.

Dot blot assays were performed as previously described (26). Briefly, 1 ml aliquots of LL-

Wt and LL-Gag cultures cultured overnight were washed twice with PBS and resuspended 

in 100 μl of PBS; 5 μl of these preparations were spotted onto a nitrocellulose membrane 

and air-dried. After blocking for 1 hour at room temperature with 2% ECL prime blocking 

agent (GE Healthcare) in PBS + 0.05% Tween 20 (PBST), the membranes were incubated 

with a 1:4,000 dilution of a rabbit anti-T3 hyper immune serum or a 1:5,000 dilution of a 
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mouse anti-Gag monoclonal antibody (clone H12.5c, NIH AIDS reagent program;). 

Membranes were then washed with PBST and incubated with a 1:10,000 dilution of anti-

rabbit IgG-HRP (Southern Biotech, Birmingham, Alabama, USA) (anti-T3 antibody treated 

blots) or anti-mouse IgG-HRP (Southern Biotech, Birmingham, Alabama, USA) (anti-Gag 

antibody treated blots) at 1:10,000 dilutions. The presence of bound antibodies was detected 

using AEC substrate (BD Biosciences, San Jones, CA, USA).

Preparation of cell wall and protoplast fractions and Western blot analysis

L. lactis cell wall and cell-protoplast fractions were prepared as previously described (15). 

Briefly, 2 cell units (one cell unit/ml corresponds to an optical density of 2.0 at 600 nm) LL-

Wt and LL-Gag bacterial cells cultured overnight were incubated in 150μl of digestion 

buffer (50 mM Tris-HCl [pH 6.8], 30% raffinose, 4 mg of lysozyme/ml, 400 U of 

mutanolysin/ml, and Roche complete protease inhibitors) at 37°C for 3 h with gentle 

rotation. The mixture was centrifuged for 2 min at 13,000 rpm at 4°C and pellet and 

supernatant were separated carefully. The pellet containing protoplast fraction was 

resuspended in 100μl of 1 × SDS loading buffer containing DTT. The supernatant 

containing cell wall fraction was clarified by centrifugation for 4 min at 13,000 rpm at 4°C. 

Then, 75μl of the supernatant was carefully transferred to a new tube and the composition 

was adjusted to 1 × SDS loading buffer containing DTT. The proteins in the cell wall and 

protoplast fractions were separated on SDS-PAGE using a 4-12% gradient gel (Bio-Rad 

Laboratories, Hercules, CA, USA), and transferred to a nitrocellulose membrane (GE 

Healthcare, Pittsburgh, PA, USA). After blocking for 1 hour at room temperature with 2% 

ECL prime blocking agent (GE Healthcare, Pittsburgh, PA, USA) in PBS + 0.05% Tween 

20 (PBST), the blots were probed with either rabbit anti-T3 hyper immune serum (1:4,000 

dilution) or mouse anti-Gag monoclonal antibody (clone H12.5c; 1:5,000 dilution). 

Membranes were washed with PBST and incubated with either anti-rabbit IgG-HRP (for 

anti-T3 antibody treated blots at 1:10,000 dilution) or anti-mouse IgG-HRP (for anti-Gag 

antibody treated blots at 1:35,000 dilution at 1:10,000 dilution). The presence of bound 

antibodies was detected using ECL select western blotting reagent system (GE Healthcare, 

Pittsburgh, PA, USA) according to the manufacturer's instructions.

Animals and animal immunizations

Female 6–8 week old BALB/c mice were purchased from Charles River Laboratories 

(Willmington, MA, USA). Mice (n=10/group) were immunized intragastrically with either 

wild type or LL-Gag monthly at weeks 0, 4, 8 and 12. At each immunization, 5×109 cells/ml 

was delivered on three consecutive days. For some experiments, animals were immunized 

with LL-Gag intrarectally (1×109 cells/dose), intranasally (1×109 cells/dose), or 

intraperitoneally (1×106 cells/dose). Where indicated, mice were immunized intramuscularly 

with MVA (1×106 pfu/mice) expressing HXB2 Gag and ADA Env (27, 28). Similarly, 

where indicated mice were immunized with DNA plasmid expressing the HIV-1 clade B 

consensus Gag (24) with 25μg/dose to each quadriceps of the mouse in buffer containing 

PBS with 1% ethanol, 0.2mM EDTA, pH7.5.
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Sample collection

Blood was collected by facial vein puncture. Vaginal wash was obtained by washing the 

vagina twice with 25ul of PBS. The wash was centrifuged and the clear supernatant was 

transferred to a sterile microcentrifuge tube and used for in vitro antibody assays. Fecal 

pellets were added to an extraction buffer consisting of PBS with 5% FBS and Roche 

complete protease inhibitors. The pellets were then disrupted via vortex and spun down. The 

supernatant was removed and used for further assays.

Isolation of lamina proprial lymphocytes (LPLs) and Peyer's patch cells

LPLs from small intestines were isolated as described previously (29). Briefly, small 

intestines were removed and Peyer's patches were excised. The intestine was opened up 

longitudinally and cleaned of all fecal contents. Intestines were then cut into small pieces 

and transferred into 50 ml conical tubes and shaken at 250 rpm for 20 min at 37°C in HBSS 

(Life Technologies, Grand Island, USA) media supplemented with 5% FBS (Cellgro, 

Mannassas, VA, USA) and 2 mM EDTA (Promega, Madison, WI, USA). After a total of 

two rounds of EDTA treatment, cell suspensions were passed through a strainer to separate 

intra epithelial lymphocytes (IELs). The remaining intestinal tissue was washed and shaken 

for 20 min at 37°C in HBSS media supplemented with 5% FBS and type VIII collagenase 

(1.5 mg/ml; Sigma). Cell suspensions were passed through a strainer and cells devoid of 

undigested tissue were pelleted by centrifugation at 1500 rpm. Mononuclear cells were then 

isolated using a discontinuous density gradient procedure (45 and 70%) with Percoll (GE 

Healthcare, Pittsburgh, PA, USA). For isolation of Peyer's patch cells, the excised Peyer's 

patches were incubated for 20 minutes in HBSS media containing 5% FBS, 0.5 mg/ml of 

Collagenase type II. Tissues were then mashed through a cell strainer, washed with HBSS 

media, and re-suspended in RPMI media + 10% FBS.

ELISA for anti-Gag IgG and IgA

ELISA assays were performed as previously described (30). Briefly, ELISA plates were 

coated overnight with HIV-1 Gag-pr55 (1 ug/ml; Immune Technology Corp, New York, 

USA) at 4°C, blocked with 4% whey and 5% non-fat dry milk in PBST for 1h at room 

temperature and washed six times with PBST. Plates were then incubated with different 

dilutions of serum, fecal extract or vaginal wash (diluted with 5% non-fat dry milk in PBST) 

for 1h at room temperature. Plates were washed six times with PBST and incubated with 

HRP conjugated anti-mouse IgG (Southern Biotech, Birmingham, Alabama, USA) 

antibodies at 1:10,000 dilution. Plates were washed and developed using TMB Microwell 

Peroxidase Substrate System (KPL, Inc. Gaithersburg, Maryland, USA). A standard curve of 

IgG was generated by coating the plates with anti-mouse IgG (2μg/ml, Sigma-Aldrich Corp, 

St. Louis, MO, USA) followed by capturing a two-fold dilution series of purified mouse IgG 

(Sigma-Aldrich Corp, St. Louis, MO, USA) starting from 800ng/ml, and detecting with the 

same anti-mouse IgG secondary antibody. Similarly, standard curve of IgA was also 

generated using antibodies obtained from Southern Biotech, Birmingham, Alabama, USA. 

ELISA plates were read on a SPECTRAmax PLUS 384 spectrophotometer (Molecular 

Devices, CA). Standard curves were fitted and total Gag-specific IgG or IgA was 

determined using SOFTmax 2.3 software (Molecular Devices, Sunnyvale, CA, USA). As 
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the concentration of total IgG and IgA isolated from the feces and vaginal wash can vary, 

the HIV-1 Gag-specific response in these compartments was calculated as a percent specific 

activity. The HIV-1 Gag-specific activity was calculated as the fraction of Gag-specific IgA/

total IgA.

To detect IgG subclasses, the same protocol described above was used with the exception 

that IgG1, IgG2a, IgG2b or IgG3 subclass-specific secondary antibody conjugated to HRP 

(Southern Biotech, Birmingham, Alabama, USA) was used at 1:10,000 dilution.

Tetramer assay

Tetramer assay was performed as previously described (28). Briefly, cells were stained 

using APC-conjugated Gag-tetramer (NIH tetramer core facility), anti-CD4-FITC, anti-

CD19-FITC, anti-CD11a-PE and anti-CD8-PerCP in 100ul of complete RPMI at 4°C for 30 

min. Cells were washed twice with wash buffer (PBS with 2% FBS) and acquired 

(approximately 200,000 lymphocytes) on the FACS Calibur (Becton Dickinson) and 

analyzed using Flowjo software (Tree Star, San Carlos, CA, USA). All antibodies were 

purchased from BD Pharmingen. CD8+ CD11a+ CD4− CD19− and Gag-tetramer+ cells 

were scored as tetramer positive cells.

Intracellular cytokines (ICS) assay

Intracellular cytokine staining (ICS) was performed as described before (28), except that 

here we used 1ug/ml of Gag immunodominant peptide (AMQMLKETI) instead of a 

complete set of HxB-2 Gag peptide pools.

Statistical analysis

Differences between the experimental groups were analyzed by unpaired t-test using 

GraphPad Prism 5.0 Mac (GraphPad Software Inc, La Jolla, CA, USA). Graphs represent 

two to three independent experiments, and error bars represent means ±s.e. Differences in 

values were considered significant when P was <0.05.

Results

Construction of recombinant L. lactis expressing the HIV-1 Gag P24 antigen fused to a 
GAS pilus

Previous studies have established a system for effectively expressing proteins of interest on 

the surface of L. lactis via their attachment to the minor pilin subunit of GAS that forms the 

tip of theT3 pilus (15). HIV-1 Gag-p24 was cloned into plasmid pJRS9550 (15, 31), which 

encodes the GAS FCT-3 locus (cpa, sipA2, tee3, and srtC2), resulting in pJRS9630 (Figure 

1a). Gag-p24 was fused to Cpa in a way that preserves Cpa's native N- and C- termini, 

which are essential for proper protein expression, secretion, and incorporation of Cpa at the 

pilus tip. The mature recombinant pilus will consist of multimers of the T3 major pilin with 

the Gag-p24-CPA minor pilin attached at the tip of the pilus, furthest from the bacterial 

surface (Figure 1b). As described in Methods, plasmid pJRS9630 was transformed into L. 

lactis (strain MG1363), generating MG1363/pJRS9630 (LL-Gag).
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To confirm surface expression of Gag-p24, whole bacteria were spotted onto nitrocellulose 

membranes, which were then incubated with anti-Gag antibody (see Methods). The anti-Gag 

antibody bound strongly to the LL-Gag blots, while showing minimal or no reactivity to the 

wild type L. lactis (LL-Wt) that lacks the plasmid (Figure 1c). This experiment was repeated 

using a polyclonal anti-T3 antiserum, which confirmed expression of T3 on the surface of 

LL-Gag and its absence from LL-Wt (Figure 1c). Western blots confirmed the presence of 

mature Cpa-Gag-p24 (predicted molecular mass of 48 kDa) in both the cell wall fraction 

(CW) and protoplast fraction (PP) of LL-Gag (Figure 1d) and of the ladder of T3 protein 

multimers characteristic of T3 pili (15, 31) only in the cell wall fraction of LL-Gag (Figure 

1d). Using transmission electron microscopy and immunogold staining using anti-Gag 

monoclonal antibody, we detected pili containing Gag on LL-Gag cell surface but not on 

LL-Wt (Figure 1e). Similarly, using anti-T3 antiserum, we detected the presence of T3+ pili 

on LL-Gag cell surface but not on LL-Wt (data not shown). Together these results 

established the proper construction of LL-Gag to display the Gag on the pilus.

LL-Gag generates mucosal and systemic Gag-specific antibody responses

To test for the ability of LL-Gag to induce mucosal immune responses, female BALB/c 

mice were orally gavaged with LL-Gag in a vaccine regimen of four monthly 

immunizations, each consisting of three daily doses of LL-Gag. The anti-Gag antibody 

responses were tracked in the feces, vagina, and serum (Figure 2). Although Gag-specific 

IgA was detected in the feces of few mice after the second dose, these responses increased 

significantly after the third and fourth doses (p=0.008 and 0.007 respectively), with most of 

the mice eliciting Gag-specific antibodies (Figure 2a). The induction of anti-Gag IgA was 

also seen in the serum and vaginal washes, with the peak response for most of the mice 

occurring after the third and fourth dose (Figure 2a). Intragastric (IG) immunization with 

LL-Gag also induced anti-Gag IgG responses in serum and feces but not in vaginal 

secretions in the majority of the mice by the third and fourth doses (Figure 2b). Taken 

together, these data suggest that orally delivered LL-Gag induces strong mucosal and 

systemic Gag-specific IgA and IgG antibody responses upon repeated immunizations.

The intragastric route of immunization with LL-Gag is the preferred route for generating 
both mucosal and systemic responses

The IG route of vaccine delivery was next compared to other routes of immunization (Figure 

3). BALB/c mice were immunized with LL-Gag via the IG, intrarectal (IR), intranasal (IN), 

or intraperitoneal (IP) route. Mucosal and systemic antibody responses against Gag were 

then evaluated. Only IG and IP immunizations induced measurable Gag-specific IgA 

responses in serum (Figure 3a). Similarly and as expected, only IG and IR immunizations 

induced measurable anti-Gag IgA responses in feces and the responses were comparable 

between them (Figure 3a). Only the IG immunizations induced measurable anti-Gag IgA 

responses in vaginal secretions (Figure 3a). A similar pattern was also observed for the Gag-

specific IgG responses except that these responses could not be detected in vaginal 

secretions even in the IG group where Gag-specific IgA was detected (Figure 3b). These 

results show that while both IG and IR immunizations induced mucosal antibody responses, 

only the IG route generated both strong systemic and mucosal responses.
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Oral LL-Gag generates stronger mucosal antibody responses than intramuscular 
DNA/MVA or MVA/MVA vaccine modalities

Because prime-boost models of intramuscular vaccination have been shown to generate 

potent vaccine-specific responses in blood (21), we next compared the systemic and mucosal 

immune responses generated by LL-Gag oral immunizations with DNA/MVA or 

MVA/MVA intramuscular immunizations. We selected these two intramuscular modalities 

since these have completed phase IIa immunogenicity studies in humans (32, 33). As above, 

the LL-Gag group received four doses of LL-Gag via IG. The DNA/MVA group received 

DNA vaccine expressing HIV-1 clade B Gag (DNA-Gag) followed by MVA vaccine 

expressing the same Gag (MVA-Gag). The MVA/MVA group received two doses of MVA-

Gag. Both DNA and MVA vaccinations were delivered via IM. Two weeks after the final 

immunization, the anti-Gag antibodies were quantified in the serum, feces, and vagina (not 

shown). Impressively, Gag-specific serum IgG induced by LL-Gag vaccination was 

comparable to that induced by DNA/MVA vaccination and significantly higher than 

MVA/MVA vaccination (p=0.03) (Figure 4a). A similar trend was seen for the Gag-specific 

serum IgA responses (data not shown). Importantly, LL-Gag vaccination generated four-fold 

higher Gag-specific fecal IgA than did the DNA/MVA (p=0.001) or the MVA/MVA 

(p=0.009) modalities. In addition, the Gag-specific IgG in feces was also about two-fold 

higher in the LL-Gag group compared to the DNA/MVA (p=0.04) or MVA/MVA (p=0.041) 

groups (Figure 4c).

IgG exists as four different isotypes: IgG1, IgG2a, IgG2b, and IgG3. These isotypes have 

different effector functions and the specific isotype of IgG induced by vaccination can have 

implications in the overall immune response generated by the vaccination (34, 35). We 

found that Gag-specific IgG induced by DNA/MVA vaccination in serum consisted 

primarily of isotypes IgG1, IgG2a, and IgG2b, with little or no IgG3 (Figure 4d). In sharp 

contrast to the DNA/MVA modality, LL-Gag induced potent Gag-specific IgG3 and did not 

induce Gag-specific IgG1, IgG2a, or IgG2b. MVA/MVA also only induced Gag-specific 

IgG3; however these levels were not as strong as the LL-Gag/MVA IgG3 levels.

To understand the durability of serum and mucosal antibody response induced by LL-

Gag/MVA vaccination, we followed the Gag-specific IgG in serum (Figure 4e) and Gag-

specific IgA in feces (Figure 4f), and observed measurable responses until 24 weeks after 

the MVA boost (week 40 in study) demonstrating that LL-Gag/MVA vaccine induces 

persistent antibody responses in serum and intestinal secretions.

Oral LL-Gag prime, combined with intramuscular MVA boost induce a strong CD8 T cell 
response in the gut and in systemic compartments

To assess the potential of oral LL-Gag immunizations to elicit Gag-specific CD8 T cell 

responses in the gut and systemic compartments, we immunized mice with four doses of LL-

Gag via the IG route and determined Gag peptide (AMQMLKETI) specific CD8 T cell 

responses using an MHC class I tetramer. We failed to detect tetramer+ CD8 T cell 

responses at the end of four LL-Gag immunizations in blood. To determine if there was low 

level of priming of CD8 T cells, we boosted these mice with a single dose of MVA-Gag 

intramuscularly. As a control, we included mice that were primed with wild-type L. lactis 
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(LL-Wt) via the IG route and boosted with MVA-Gag intramuscularly. Lymphocytes were 

identified based on the forward and side scatter, and CD8 T cells (CD8+CD19−CD4−) were 

checked for binding to the Gag tetramer (Figure 5a). One week after the boost, we observed 

strong tetramer-specific CD8 responses both in blood, spleen and mucosal compartments 

(lamina propria lymphocytes from small intestine and mesenteric lymph nodes)(Figure 5b). 

In addition, we observed strong tetramer-specific CD8 responses in multiple other tissues 

including intra epithelial lymphocytes of small intestine and lung (data not shown). 

Responses in LL-Gag-primed/ MVA-Gag boosted animals were significantly higher than in 

either naïve animals or LL-Wt- primed and MVA-Gag boosted animals. This strongly 

suggests that low level CD8 T cell responses resulting from oral LL-Gag priming are rapidly 

boosted by MVA delivered via IM (Figure 5b).

We next determined whether the Gag-specific CD8 T cell responses induced by LL-Gag-

prime/ MVA-Gag boost (LL/MVA) immunization regimen were better than the responses in 

the DNA/MVA and MVA/MVA immunized groups described in Figure 4a. In blood, the 

tetramer+ CD8 T cell responses in the LL/MVA group were lower than in the DNA primed 

group (DNA/MVA), but were comparable to those of the MVA-Gag primed group (MVA/

MVA)(Figure 5c). In contrast, at mucosal sites, the levels of these tetramer-specific CD8 

responses were significantly higher in the LL/MVA group than that of either DNA/MVA or 

MVA/MVA groups (Figure 5c). In addition, the ratio of tetramer+ CD8 T cells between 

LPL and blood within each mouse revealed that LL/MVA immunizations elicit about 3 fold 

higher CD8 T cell responses in the small intestine compared to blood whereas DNA/MVA 

and MVA/MVA immunizations elicit 10- and 2- fold lower CD8 T cell responses in the 

small intestine compared to blood (Figure 5d). To understand the functionality of Gag-

specific CD8 T cells in the lamina propria, we performed intracellular cytokine assays by 

stimulating cells with the Gag immunodominant peptide (AMQMLKETI). Consistent with 

tetramer-specific CD8 T cells, we observed significantly higher frequency of Gag-specific 

IFNγ producing CD8 T cells in the LL-Gag/MVA group compared to LL-Wt/MVA group 

(Figure 5e & 5f). A significant fraction of IFNγ+ cells were also positive for IL-2 (Figure 

5e).

LL-Gag activates dendritic cells in Peyer's patches

To understand the immunological mechanisms by which oral administration of LL-Gag was 

able to induce humoral and cellular immunity in the gastrointestinal tract, we determined the 

activation of gut resident DC after IG immunizations with LL-Wt, or LL-Gag (Figure 6). At 

3 hours following the IG administration, mononuclear cells were isolated from Peyer's 

patches and analyzed by flow cytometry. CD3−CD19−F480−CD103− (36, 37) live cells were 

gated for MHCII+CD11c+ expression to identify DC (Figure 6a). These DC were then 

defined into CD11b+ CD8α−, CD11b− CD8α+, and CD11b− CD8α− dendritic cell subsets 

and were then analyzed for CD86 expression (Figure 6a). As shown in Figure 6b, a higher 

percentage of CD11b+ CD8α− DC expressed CD86 following vaccination with LL-Gag 

when compared to the untreated (naïve) or LL-Wt treated mice (Figure 6b). The MFI of 

MHCII was also higher in the LL-Gag treated mice (data not shown). This enhancement was 

not observed on CD8α+CD11b− and CD8α−CD11b− DC subsets (Figure 6b). These results 

demonstrate that L lactis expressing Gag-p24 on the pilus activates CD11b+ CD8α− DC in 
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the small intestine and suggests that this activation may be critical for the ability of LL-Gag 

IG vaccinations to induce a strong intestinal mucosal immunity.

Discussion

The presence of HIV specific antibodies that can bind, neutralize or clear infected cells via 

Fc mediated effector functions at the portal of viral entry should dramatically improve the 

efficacy of HIV vaccines (38). Here, we demonstrate that oral immunization with LL-Gag as 

a live vaccine vector to deliver the Gag-P24 antigen to the immune system generates strong 

anti-HIV IgG and IgA responses in the intestinal secretions of vaccinated mice. Importantly, 

the mucosal antibody responses induced by the LL-Gag vaccine were substantially better 

than the responses induced by heterologous and homologous immunizations with a strong 

viral vector such as MVA. In addition, our results show that LL-Gag oral immunizations 

combined with intramuscular MVA boost induce substantially higher CD8 T cell responses 

in the mucosal compartment compared to MVA-only immunization. Collectively, these 

results show that L. lactis can serve as a promising mucosal delivery vector for the induction 

of strong antibody and T cell responses in the mucosal tissue and highlight the potential of 

this vector for the development of mucosal HIV vaccines.

The use of pili as a platform to express foreign protein has several advantages for the 

purpose of eliciting high levels of cellular and humoral immunity: a) Each bacterial cell has 

numerous pili on its surface, allowing high levels of antigen expression per cell b) pili can 

activate the innate immune system and thus serve as an adjuvant for the induction of strong 

cellular and humoral immunity (13) c) expression of an antigen fused to the tip of the pilus 

allows B cells to recognize the antigen directly and more efficiently relative to intracellular 

expression (39) d) and pili may increase bacterial adhesion to the intestinal mucosa resulting 

in better retention of the bacteria in the gut. A previous study used recombinant L. lactis 

expressing HIV envelope protein (gp120) on the cell wall as an oral vaccine (11). To our 

knowledge, none of the previous HIV vaccine studies used pili as a platform for antigen 

expression to elicit antigen-specific cellular and humoral immunity. It is not clear if L. lactis 

expresses pili so we used a pilus from GAS. Our preliminary data suggested that this pilus 

from GAS might have contributed for immunogenicity of LL-Gag. One of the limitations for 

expressing recombinant proteins on the pilus is the size of the protein. In our experience we 

could express large proteins such as maltose binding protein that is about 54kDa (15). 

Another limitation could be the proper folding of the protein as a fusion to Cpa. To 

overcome such limitation, we recently expressed parts of variable loops of HIV envelope 

glycoprotein on the tip of the pilus without CPA. This protein seems to have folded correctly 

as it can be detected by antibodies specific to individual variable loops (unpublished data).

One of the interesting findings of our study is that recombinant L. lactis oral immunizations 

induced a strong IgG3 biased antibody response. This is in sharp contrast to induction of 

IgG1, IgG2a and IgG2b response by the intramuscular DNA/MVA vaccination. The IgG 

subclass of the antibody at the mucosa plays an important role in protection against HIV as 

non-neutralizing effector functions such as ADCC and ADCVI are dictated by the Fc 

portion of the subclass of the antibody. The unique features of the IgG3 subclass are that 

they can self-aggregate and bind target antigens in a cooperative manner, which may lead to 

Chamcha et al. Page 10

J Immunol. Author manuscript; available in PMC 2016 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



higher avidity of binding antibody and perform ADCC function in vitro (34, 40). In mice, 

the IgG3 subclass of antibody response is generally T helper independent and is generally 

directed against multivalent antigens such as carbohydrate molecules. Thus it is interesting 

to see the induction of IgG3 response against Gag p24 antigen that is neither multivalent nor 

glycosylated. However, it is possible that presentation of Gag p24 on hundreds of pili on 

each bacterial cell could mimic multivalency.

Our attempts to determine the contribution of specific DCs in the intestinal mucosa for 

inducing mucosal immunity in the gut after oral L. lactis immunizations revealed a possible 

role for CD11c+ CD8α− CD11b+ DC in the Peyers patches (PPs) of the small intestine. In 

the GALT, DCs were originally defined simply as CD11c+ MHC II+/− cells and based on 

their specialized functional roles they are further subdivided into many subsets such as 

CD8α+, CD11b+ or CD103+ (41). The subepithelial dome of murine PP's house large 

numbers of these DCs (42). The CD11b- CD8α+ DCs have Th1 polarizing ability, and 

produce high levels of cytokines IL-12 and lL-10 (43, 44), while CD11b+ CD8α− DCs have 

Th2 polarizing ability and are involved in IgA class switching; the double negative (CD11b− 

CD8α−) subsets are mainly involved in Ag uptake and presentation (43, 44). Consistent with 

strong induction of Gag-specific IgA in fecal extracts, we observed a significant activation 

of CD11b+ CD8α− DCs in the PPs. Interestingly this activation was dependent on the 

presence of the pilus. Future studies will investigate the mechanisms by which the GAS T3 

pilus is able to induce the activation of these DCs. Previous studies in mice showed that 

CD11b+ CD8α− PP DCs secrete high levels of IL-6 and promote IgA secretion by B cells 

(45-47). PP DCs may induce IgA production through IL-10 and/or TGFβ production (48, 

49). It is possible that LL-Gag enhances production of these cytokines through activation of 

CD11b+ DC and thereby induces IgA production.

The mechanism by which LL-Gag was able to induce mucosal immunity is not completely 

clear and is under active investigation. In general, the PPs and mesenteric lymph nodes 

(MLN) play a significant role in the induction of mucosal antibody and T cell responses 

following oral immunization (50). The bacteria can be transported through M cells in the 

PPs and activate B cells in local follicles. The bacteria can also be sampled by DCs present 

in the PPs or lamina propria and present the antigen to T cells in the PPs and/or MLN. In 

addition, to overcome the tolerance these local DCs need to be activated such that they 

produce cytokines that are associated with T and B cell activation and proliferation, at the 

same time diminish induction of cells associated with tolerance such as regulatory T cells, 

Th3 cells and TR1 cells (50). As a first step in the process, our preliminary data showed that 

LL-Gag vaccination activates CD11b+ DCs in PPs and suggest that the pilus may be critical 

for this activation. Ongoing experiments will investigate the precise mechanisms by which 

the LL-Gag vaccination influences the activation and tolerization signals and the respective 

cells and cytokines involved in this process.

If probiotic bacteria were to colonize the gut epithelium, they could alter the gut ecosystem. 

In addition, persistent antigen presentation to immune cells could lead to immune cell 

exhaustion or generation of low avidity antibody response. However, L. lactis doesn't 

colonize the gut in mice and humans (51, 52). Therefore, we were interested to see whether 

the presence of a foreign pilus affects gut colonization by the recombinant bacterium. To do 
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this, we determined the colony forming units of spectinomycin resistant bacteria from fecal 

extracts on a daily basis after vaccination. We could culture LL-Gag for only about 2-3 days 

after immunization suggesting that the presence of the pilus did not increase persistence in 

the gastrointestinal tract of the L. lactis strain.

In conclusion, our results clearly demonstrate that oral administration of probiotic L. lactis 

expressing the antigen on the tip of the GAS pilus induces strong mucosal IgG and IgA 

antibody responses in the gut of mice. Our results also demonstrate that oral immunization 

with LL-Gag can be combined with intramuscular MVA boost to induce strong mucosal and 

systemic CD8 T cell responses. Together these results reveal a promising novel 

immunization strategy to elicit strong humoral and cellular mucosal immunity against HIV.
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Figure 1. Map of a recombinant T3 pilus operon encoding Cpa-Gagand detection of expressed 
products in L lactis
(a) Plasmid map of pJRS9630. HIV-1 Gag-p24 was cloned into pJRS9550, which expresses 

the FCT-3 gene locus (Cpa, sipA2, tee3, and srtc2). (b) Cartoon of the pilus encoded by 

pJRS9630, diagraming the probable attachment of the HIV-1 Gag p24-Cpa fusion protein to 

the pilus. (c) Dot blots analysis using anti-Gag or anti-T3 antibodies demonstrating the 

presence of the Gag-p24-Cpa fusion protein and T3 on the surface of LL-Gag (L. lactis 

expressing pJRS9630) but not LL-Wt (wild-type L. lactis) stained. (d) Western blot analysis 

of protoplast-associated fraction (PP) and cell wall associated fraction (CW) of both LL-Gag 

and LL-Wt using anti-Gag or anti-T3 antibodies. (e) TEM images of LL-Gag or LL-Wt 

bacteria after immunogold staining for Gag.

Chamcha et al. Page 16

J Immunol. Author manuscript; available in PMC 2016 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. LL-Gag generates mucosal and systemic anti-Gag antibody responses
Specific activity (in case of rectal or vaginal) or the concentrations (in case of serum) of 

HIV-1 Gag-specific (a) IgA or (b) IgG in serum, feces, and vaginal wash at two weeks after 

each immunization with LL-Gag. The specific activity of Gag-specific IgG and IgA in the 

fecal and vaginal compartment was calculated as the ratio of Gag-specific IgG or IgA / total 

IgG isolated from the feces or vaginal wash. Pre-bleed is a pre-vaccination time point. Each 

line or a dot indicates an individual animal.
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Figure 3. Comparison of oral vaccination to other routes of immunization
Specific activity (rectal or vaginal secretions) or the concentrations (serum) of HIV-1 Gag-

specific (a) IgA or (b) IgG induced two weeks after the fourth immunization with LL-Gag 

delivered intra-gastrically (I.G), intra-rectally (I.R.), intra-nasally (I.N), or intra-peritoneally 

(I.P). Orally immunization with LL-Wt was used as a negative control.
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Figure 4. Oral immunization with LL-Gag generates stronger mucosal antibody responses than 
intramuscular DNA/MVA or MVA/MVA immunization
HIV-1 Gag-specific (a) serum IgG (b) fecal IgA and (c) fecal IgG responses in mice orally 

immunized with LL-Gag compared with intramuscular DNA/MVA and MVA/MVA 

vaccines expressing HIV Gag, measured two weeks after the fourth LL-Gag immunization 

or MVA boost. (d) Concentrations of HIV-1 Gag-specific IgG1, IgG2a, IgG2b, and IgG3 

antibodies in the serum of mice immunized with LL-Gag, DNA/MVA, or MVA/MVA 
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vaccines. Longitudinal analysis of (e) Serum IgG and (f) fecal IgA in mice vaccinated with 

LL-Gag/MVA vaccine.
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Figure 5. LL-Gag primes vaccine-specific CD8 T cells in the gut
Mice were immunized orally with LL-Gag or LL-Wt and boosted with MVA four weeks 

after the fourth L. lactis immunization. (a) Gating strategy to detect HIV-1 Gag-tetramer+ 

CD8 T cells. (b) Frequencies of tetramer+ CD8 T cells in blood, spleen, lamia propria 

lymphocytes (LPLs) of small intestine and in mesenteric lymph node lymphocytes (MLN) 

one week post MVA boost. (c) Comparison of Gag-specific CD8+ T cells in the blood and 

LPLs of mice immunized with LL-Gag/MVA, DNA/MVA, MVA/MVA, or LL-Wt/MVA 

vaccine modalities. (d) Ratio of Gag-specific CD8+ T cells in the serum compared to the 

LPL. (e) Representative FACS plots showing IFNγ and IL-2 production by Gag peptide 

(AMQMLKETI)-specific CD8 T cells in lamina propria of small intestine. (f) Frequencies 

of Gag peptide-specific IFNγ+ CD8 T cells in lamia propria lymphocytes (LPLs) of small 

intestine.
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Figure 6. LL-Gag activates dendritic cells in murine Peyer's patches
Mice were gavaged with 5×1010 cfu of LL-Wt or LL-Gag. Mice were euthanized 3h post 

gavage and the duodenum localized Peyer's patch cells were harvested and analyzed via 

flow cytometry. (a) Gating strategy for identifying dendritic cell subsets. 

CD3−CD19−−F480− live cells were gated for MHCII+CD11c+ expression. CD8α−CD11b+, 

CD8α+CD11b− and CD8α−CD11b− dendritic cell subsets were then gated for CD86 

expression. (b) Frequency of MHCII+CD86+ cells in distinct dendritic cell subsets as a 

percent of parent. *, p<0.05.
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