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Abstract

The potent mucosal adjuvant properties of the type Il heat-labile enterotoxin LT-Ila of Escherichia
coli are dependent upon binding of the B pentamer of the enterotoxin (LT-Ila-Bs) to ganglioside
receptors on immunocompetent cells. To evaluate the immunomodulatory activities of LT-1la-Bs,
in vitro experiments employing bone marrow-derived dendritic cells (BMDC) were performed.
Uptake of OVA-FITC, a model antigen (Ag), was enhanced by treatment of BMDC with LT-1la-
Bs, but not by treatment of cells with the B pentamer of cholera toxin (CTB). Expression of co-
stimulatory molecules (CD40, CD80, CD86, and MHC-I11) and cytokines (IL-12p40, TNF-a, and
IFN-y) was increased in BMDC treated with LT-1la-Bs. The capacity of LT-11a-Bs to enhance Ag
uptake and to induce expression of co-stimulatory receptors and cytokines by BMDC was dependent
upon expression of TLR2 by the cell. Increased Ag uptake induced by LT-1la-Bs was correlated with
increased Ag-specific proliferation of CD4* T cells in an in vitro syngeneic DO11.10 CD4* T cell
proliferation assay. These experiments confirm that LT-1la-Bs exhibits potent immunomodulatory
properties which may be exploitable as a non-toxic mucosal adjuvant.
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1. INTRODUCTION

Pathogens, including a number of viruses and various gram-negative and gram-positive
bacteria, invade the body after initial contact with the mucosal surfaces of the respiratory, oral,
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gastrointestinal, or urogenital tracts [1]. To prevent initial colonization and/or subsequent
invasion by a particular pathogen, a robust pathogen-specific immune response on the
appropriate mucosal surface is required [2,3]. Unfortunately, in most cases, endogenous
cellular and molecular mechanisms which suppress B cells and T cells serve to down-regulate
mucosal immune responses to foreign antigens (Ag) [4]. In other cases, tolerance to foreign
Ags is induced by local production by regulatory T cells of interleukin 10 (IL-10) or
transforming growth factor g (TGF-) [5-7]. For that reason, mucosal vaccines commonly fail
to evoke protective Ag-specific immune responses [8]. These immunosuppressive effects,
however, can often be circumvented by the use of mucosal adjuvants. The most potent mucosal
adjuvants described to date belong to the type | subfamily (e.g., cholera toxin of Vibrio
cholerae, LT of E. coli) and to the type 11 subfamily (LT-1laand LT-11b of E. coli) of bacterial
enterotoxins [9-11]. Within the various members of the two subfamilies, LT-1la has been shown
to exhibit unique immunomodulatory properties not observed for CT, the best described HLT
adjuvant, including the ability to (i) stimulate expression of IL-4 in cervical lymph node cells
from immunized mice, (ii) increase expression of IL-6 in splenic cells of immunized mice, (iii)
increase expression of TNF-a by DC, and the inability to (iv) effect B cell differentiation or to
(v) alter expression of CD25, CD69, and CD40L by CD4* T cells [8,11]. While the mechanisms
by which LT-I1a, when used as a mucosal or systemic adjuvant, promotes enhanced Ag-specific
immune responses have not been fully revealed, those mechanisms are undoubtedly different
from those that are employed by CT and other type | HLT.

LT-lla is a ~ 90kDa oligomeric protein composed of a single A polypeptide (~28 kDa) and a
pentameric array of five B polypeptides (12 kDa) [9,10]. The A polypeptide is functionally
divided into two domains. The A1 domain harbors the toxic moiety, a strong ADP-ribosylase
which confers the protein’s capacity to dramatically elevate the concentration of CAMP in
intoxicated cells; the A2 domain consists of an a-helix and an extended tail which promotes
assembly of the holotoxin by interacting non-covalently with amino acids located within the
central pore of the B pentamer. Binding of LT-Ila to eukaryotic cells is conferred by the B
pentamer which binds to cell surface gangliosides including, in order of decreasing affinity,
gangliosides GD1b (GD1b), GD1a (GD1a), and GM1 (GM1) [11,12]. The potent mucosal and
systemic adjuvant properties of LT-1l1a were firmly established using a mouse mucosal
immunization model [11-13]. Mice intranasally co-immunized with LT-Ila and Agl/Il, a
surface protein from Streptococcus mutans [14], produced high levels of Ag-specific IgA in
saliva and in vaginal fluids and elevated levels of Ag-specific 1gG in serum [12,13]. Treatment
of dendritic cells (DC) with LT-lla altered expression of important co-stimulatory receptors
including the maturation markers CD40, CD80, CD86, and MHC-I1 [12]. Interaction of each
of those surface proteins with their cognate partners on T cells is known to promote
immunosynapsis prior to the process of Ag presentation [15-18]. Single-point substitution
mutants of LT-Ila which exhibited diminished ganglioside-binding activities lacked the
capacity to alter expression of these costimulatory molecules on DC [12]. Thus, the capacity
of LT-Ila to modulate expression of CD40, CD80, CD86, and MHC-II on DC was highly
dependent upon the ganglioside-binding activity of the enterotoxin.

While the potent mucosal adjuvant properties of LT-11a have been established, use of LT-lla
(and other type | and type Il enterotoxins) as a clinical adjuvant has been confounded by the
ADP ribosylating activity of the enterotoxin. Mouse mucosal immunization experiments using
single-point substitution mutants of LT-1la (which lacked the capacity to increase intracellular
cAMP) as mucosal adjuvants, however, demonstrated that the adjuvant properties of LT-1la
correlated strongly with the enterotoxin’s ganglioside binding activities [11,12]. Since
ganglioside-binding of the holotoxin is governed solely by the non-toxic pentameric array of
B polypeptides (LT-11a-Bs), it was conjectured that one or more steps required to evoke
enhanced Ag-specific mucosal immune responses would likely be influenced by use of the
non-toxic LT-l1a-Bs as a mucosal adjuvant. To begin to investigate this hypothesis, the in
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vitro activities of LT-11a-Bs on the various types of cells important in propagating an immune
response need to be evaluated.

The initial step in evoking an immune response to any Ag involves acquisition and processing
of that Ag by an antigen-presenting cell (APC). DC are powerful APCs that efficiently present
Ag to naive T cells. Since DC are resident in mucosal tissues [19-21], it has been surmised that
these potent APC actively acquire Ags from mucosal surfaces and present those Agsto T cells.
To determine whether treatment of DC with LT-11a-Bs would influence Ag acquisition, in
vitro Ag uptake experiments were performed. These experiments demonstrated that treatment
of BMDC with LT-lla-Bs, in a TLR2-dependent manner, (i) enhanced intracellular uptake of
FITC-OVA by BMDC, (ii) induced expression of co-stimulatory molecules on the treated
BMDOC, (iii) stimulated expression of important cytokines by BMDC, and (iv) promoted OVA-
specific CD4" T cell proliferation. Each of these responses provided strong support that the
adjuvant properties of LT-1la-Bsg reside, in part, in the ability of the pentamer to enhance uptake
of Ag by DC.

2. MATERIALS AND METHODS

2.1. Mice, antibodies, and other reagents

2.2. Cloning

BALB/c mice, C57BL/6 mice, B6.129-TIr2MKir/j knock-out mice (TLR27") [22] and
DO011.10[23] mice expressing the af-TCR specific for the OV A epitope (323-339) recognized
in the context of the MHC-11 molecule I-A% were purchased from The Jackson Laboratory (Bar
Harbor, ME). Females of 6-10 weeks of age were utilized for all experiments. Animal
experiments were approved by the Institutional Animal Care and Use Committee at The
University at Buffalo.

APC-conjugated anti-mouse CD11c (Clone HL3), FITC-conjugated anti-mouse CD11c (Clone
HL3), PE-CD40 (Clone 3/23), FITC-conjugated anti-mouse CD80 (Clone 16-10A1), and
FITC-conjugated anti-mouse MHC-I1 (Clone 2G9) were obtained from BD Biosciences
(Franklin Lakes, NJ). APC-conjugated anti-mouse CD4 (Clone RM4-5) and the anti-TLR2
blocking antibody (Clone T2.5) were purchased from Biolegend (San Diego, CA). PE-
conjugated anti-mouse CD86 (Clone GL1) was obtained from BD Biosciences. Pam3cys (also
known as Pam3CSK) and E. coli LPS were obtained from InvivoGen (San Diego, CA). The
Vyrant CFDA SE cell tracer kit (CFSE) was obtained from Molecular Probes (Eugene, OR).
The viability stain 7-AAD was obtained from Calbiochem. Cholera toxin B subunit (CTB) was
purchased from List Biological Laboratories, Inc. (Campbell, CA)

and purification of wt LT-lla-Bg

Cloning of the His-tagged LT-Ila-Bs was previously reported [12]. Briefly, plasmids encoding
the B pentamers were introduced into E. coli DH5aF’Kan (Life Technologies, Gaithersburg,
MD) and expression of LT-lla-Bg was induced by addition of isopropyl-p-D-thiogalactoside
to the culture medium. Pentamer was extracted from the periplasmic space using isotonic shock
and purified by nickel affinity chromatography (Qiagen, Valencia, CA) [24,25]. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting using polyclonal
antibodies against LT-lIla holotoxin [25] were employed to demonstrate that wt LT-11a-Bs was
purified to apparent homogeneity. Purified protein was analyzed for endotoxin by use of the
end-point quantitative Limulus amoebocyte lysate assay (Charles River Endosafe, Charleston,
SC). The level of endotoxin in purified preparation of LT-I1a-Bs was <0.003ng/ug of protein,
a level considerably below the level needed to evoke an immune response in BMDC.
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2.3. Generation of BMDC

BMDC were derived from murine bone marrow cells [26]. Briefly, cells from bone marrow
flushed from femurs and tibia of mice were cultured in 6-well tissue culture plates at 1x10°
cells/ml in complete RPMI 1640 culture medium (Mediatech. Herndon, VA) that was
supplemented with 5% fetal bovine serum (FBS) (GIBCO Invitrogen, Grand Island, NY),
50uM 2-mercaptoethanol (GIBCO Invitrogen), 1% HEPES (GIBCO Invitrogen), 1% sodium
pyruvate (GIBCO Invitrogen), 1% non-essential amino acids (GIBCO Invitrogen), 10ng/ml
recombinant mouse IL-4 (eBioscience, San Diego, CA) and 10% vol/vol of a supernatant
obtained from the J588L cell line transfected with a recombinant GM-CSF murine gene (kindly
provided by Dr. IraMellman, Yale University, New Haven, CT). Culture medium was replaced
on day 3 and the cells were used on day 5 at which point over 90% of cells expressed
CD11c™" (data not shown).

2.4. Ag uptake assay

Ag uptake was measured in BMDC using a standard method [27]. FITC labeled-chicken OVA
(FITC-OVA) (Invitrogen-Molecular Probes) was used as the model Ag. Individual 100l
aliquots containing 2x10° BMDC were incubated for 10 min at 37°C with 5 ug/ml of LT-11aB5,
5 ug/ml of CTB, 1pg/ml of LPS, 1ug/ml Pam3CSK or PBS (untreated). BMDC were then
treated with FITC-OVA (0.2 mg/ml) for 10 min at 37°C. Uptake was terminated by washing
the cells 3x with ice-cold PBS containing 2% FBS. Experiments were also conducted on ice
to inhibit intracellular uptake as a control for surface binding of the Ag. Cells were resuspended
in FACS buffer (PBS containing 2% bovine serum albumin and 0.1% sodium azide) and stained
with APC-conjugated anti-CD11c (Biolegend). After staining for CD11c, cells were washed
in FACS buffer and resuspended in FACS buffer containing 0.25 pug/ml of 7-AAD
(Calbiochem) to distinguish living cells from dead cells. FITC fluorescence of the CD11c-
positive and 7-AAD-negative cells was measured using a FACScaliber 4-color flow cytometer
(Becton-Dickenson). Fluorescence values were reported as mean fluorescence intensity (MFI).

2.5. Analysis of cytokine mRNA produced by BMDC

BMDC (5x10) derived from bone marrow cells obtained from wt C57BL/6 mice (WT) or
C57BI/6 TLR27- mice (TLR27-) were purified using mouse Pan-DC MicroBeads (Miltenyi
Biotec, Auburn, CA). Purified BMDC (5x10°) in 10 ml of complete RPMI culture medium
were incubated for 6 hrs at 37°C with PBS alone (Untreated), 5 ug/ml of LT-1la-Bs, or 100
ng/ml of LPS. Total RNA was isolated from BMDC using Trizol (Invitrogen, Carlsbad, CA)
[28]. cDNA was synthesized from total RNA using iScript™ cDNA Synthesis kit (Bio-Rad,
Hercules, CA) following manufacturer’s protocols. Real-time quantitative polymerase chain
reaction (QRT-PCR) was performed using cDNA from BMDC and the following synthetic
oligonucleotides primer sets (Integrated DNA Technologies, Coralville, 1A);

forward 1L-12p40 primer: 5’-GGAAGCACGGCAGCAGAATA-3’
reverse IL-12p40 primer: 5’-AACTTGAGGGAGAAGTAGGAATGG-3’
forward TNF-a primer: 5’-CATCTTCTCAAAATT CGAGTGACAA-3’
reverse-TNF-a primer: 5’-TGGGAGTAGACAAGGTACAACCC-3’
forward I1L-10 primer: 5’-GGTTGCCAAGCCTTATCGGA-3’

reverse IL-10 primer: 5’-ACCTGCTCCACTGCCTTGCT-3’

forward IL-4 primer: 5’-ACAGGAGAAGGG ACGCCAT-3’

reverse IL-4 primer: 5’-GAAGCCCTACAGACGAGGTCA-3’

forward IFN-y primer: 5’-TCAAGTG GCATAGATGTGGAAGAA-3’
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reverse IFN-y primer: 5’-TGGCTCTGCAGGATTTTCATG-3’
forward B-actin primer: 5’-AGAGGGAAATCG TGCGTGAC-3’
reverse p-actin primer: 5’-CAATAGTGATGACCTGGCCGT-3’.

gRT-PCR was performed under the following conditions; 95°C, 10min (1 cycle); 95°C, 15sec;
60°C, 1min (40 cycles) using the iQ™ SYBR Green Supermix Kit (Bio-Rad). Melting curve
analysis (55°C-95°C) was performed using a MyiQ™ single color Real-time PCR detection
system (Bio-Rad).

2.6. Co-stimulatory molecule expression

BMDCs (1x106) were incubated for 24 hrs in 2 ml of complete RPMI culture medium in the
presence or absence of 5 pg/ml of LT-11a-Bs or 1 pg/ml of LPS. Cells were stained with APC-
conjugated anti-mouse CD11c, PE-conjugated anti-mouse CD40, FITC-conjugated anti-
mouse CD80, FITC-conjugated anti-mouse MHC-I1, and PE-conjugated anti-mouse CD86
(BD Biosciences). Cells were treated with 7-AAD (Calbiochem) to stain dead cells to enable
gating only on living cells. Cell surface molecules on BMDC were measured using a
FACScaliber 4-color flow cytometer (Becton-Dickenson).

2.7. CD4* T cell proliferation assay

BMDC (5x10%) in 100 ul of complete RPMI culture medium were incubated for 30 min at 37°
C with PBS, 1.0 mg/ml OVA, 1.0 mg/ml bovine serum albumen (BSA), or 1.0 mg/ml OVA
in combination with 5 ng/ml LPS, 5 pg/ml Pam3CSK, or 20 pg/ml LT-11a-Bs. After washing
the cells, BMDC were incubated for 6 hrs and co-cultured with CFSE-stained naive DO11.10
CD4* T cells (1x108) which were isolated from spleen of 6-8 weeks female DO11.10 mice
using a murine CD4* T cell negative selection isolation kit (Miltenyi Biotec). After 4 days, the
cells were harvested, washed in PBS, and stained using APC-conjugated anti-mouse CD4
(Biolegend, San Diego, CA). The levels of proliferation by the DO11.10 CD4+ T cells were
determined by measuring the dilution of CFSE fluorescence. In similar experiments, BMDC
(5x10%) in 100 pl of complete RPMI culture medium were incubated at 37°C only with 1.0
mg/ml OVA. After 30 min of incubation, cells were washed to remove soluble OVA. BMDC
were subsequently incubated for 30 min at 37°C with 5 pg/ml LPS, 5 pg/ml Pam3CSK, or 20
ug/ml LT-11a-Bs. BMDC and DO11.10 CD4* T cells were prepared, as above, to determine
CD4* T cell proliferative responses.

2.8. Statistical analysis

Analysis of variance and the Tukey multiple-comparison test were used for multiple
comparisons. Unpaired t-tests were performed to analyze differences between two groups.
Statistical analyses were performed using the InStat (GraphPad, San Diego, CA) software
package. Differences were considered significant at P <0.05.

3. RESULTS

3.1. Uptake of FITC-OVA by BMDC

Initiation of a mucosal immune response requires participation by antigen-presenting cells
(APC) such as DC which internalize, process, and present Ag to CD4" T cells or to CD8* T
cells[29,30]. To determine whether LT-1la-Bg had the capacity to alter the process of Ag uptake
by DC, BMDCs were incubated with FITC-OVA as a model Ag in the presence and absence
of LT-l1a-Bs. Fluorescence measurements demonstrated that untreated BMDC, as expected,
were capable of acquiring FITC-OVA (Fig. 1). Treatment of BMDC with LT-11a-Bs, however,
enhanced uptake of FITC-OVA over 2.5-fold in comparison to the amount of FITC-OVA
acquired by untreated BMDC. This enhancing effect was dose-dependent (Fig. 2A) and was
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maximal at early time points (Fig. 2B). To confirm that the fluorescent signals which were
detected were due to internalized FITC-OVA and not to FITC-OVA bound to the surface of
the cell, identical experiments were performed on ice. At that temperature, acquisition of a
fluorescent signal by BMDC was essentially abrogated regardless of treatment (Fig. 1).

Identical uptake experiments were performed using BMDC treated with LT-Ila holotoxin. No
enhancement of uptake of FITC-OVA was observed in holotoxin-treated cells (data not
shown). These data clearly indicated that the ability to enhance uptake of FITC-OVA by BMDC
was a feature of LT-1la-Bs which was not exhibited by LT-Ila holotoxin.

The ability of LT-I1a-Bs to enhance internalization of Ag by BMDC was not limited to FITC-
OVA. Similar experiments were performed using FITC-dextran and FITC-labeled
streptococcal surface antigen Agl/Il1 [11,12] as alternative model Ags. In both cases, uptake of
FITC-dextran and FITC-Agl/Il by BMDC was significantly enhanced in the presence of LT-
Ila-Bsg in comparison to uptake of those Ag by untreated BMDC (data not shown). These
experiments indicated that LT-Ila-Bs exhibited a general property for enhancing Ag uptake by
BMDC.

In contrast, the B pentamer of cholera toxin (CTB) which binds to ganglioside GM1 was
incapable of enhancing uptake of FITC-OVA by BMDC (Fig. 3). Since prior studies
demonstrated that CTB binds avidly to all splenic CD11c™ cells, the majority of which are
assumed to be DC [9,31], these data implied that the immunomodulating properties of LT-1la-
Bs and CTB are distinctive and that binding of the pentamers to ganglioside GM1 is not solely
sufficient for enhancing Ag uptake by BMDC.

3.2. Induction of co-stimulatory receptors by LT-lla-Bg

Engagement with T cells is mediated, in part, by the co-stimulatory molecules CD40, CD80,
CD86, and MHC-11 on DC which are upregulated upon maturation of the cell [15-18]. To
determine if treatment with LT-11a-Bs altered expression of these surface molecules, and thus
induced maturation of the BMDC, unactivated BMDC incubated with L T-I1a-Bs were analyzed
for expression of CD40, CD80, CD86, and MHC-II. LPS, a TLR4 agonist, and Pam3CSK, a
TLR2 agonist [32,33], were employed as controls. Untreated BMDC expressed a basal level
of CDE40, CD80, CD86, and MHC-I1 (Fig. 4). As expected, the amounts of CD40, CD80,
CD86, and MHC-11 were elevated in BMDC treated either with LPS or Pam3CSK [34,35].
Likewise, treatment of BMDC with LT-1la-Bs significantly increased expression of all four
co-stimulatory molecules above the basal levels expressed by untreated cells, although the
levels of CD40 induced by treatment with LT-11a-Bs was less than the levels induced by either
LPS or Pam3CSK. Small populations of BMDC in which expression of CD40, CD86, or MHC-
I1 was not elevated by treatment with LT-11a-Bs was observed. That observation suggested that
a small portion of the BMDC were refractory to stimulation by LT-I1a-Bs. Nonetheless,
treatment with LT-1la-Bs markedly increased the maturation status of a large portion of the
BMDC.

3.3. LT-lla-Bs modulates cytokine expression by BMDC

DC produce various cytokines including IL-12, TNF-q, IL-10, IL-4, and IFN-y. Each of these
cytokines induce in various immunocompetent cells a number of cellular and molecular events
needed to elicit Ag-specific immune responses [36]. To determine if the cytokine expression
patterns of DC would be altered by treatment with LT-I1a-Bs, transcriptional expression of
IL-12p40, TNF-a, I1L-10, IL-4, and IFN-y in BMDC was evaluated.

As expected [37], BMDC stimulated with LPS responded by increasing mRNA levels of
IL-12p40, TNF-q, IL-10, IL-4, and IFN-y above those levels observed in untreated cells
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(increases of 192.4-fold, 3.5-fold, 2.9-fold, 2.6-fold, and a 8.4—fold over the value of the
untreated control, respectively)(Fig. 5). Similarly, in comparison to levels observed in the
untreated cells, treatment of BMDC with LT-I1a-Bs induced a dramatic increase in expression
of mMRNA encoding for IL-12p40, TNF-a, IL-10, IL-4, and IFN-y (increases of 32.2-fold, 8.4-
fold, 1.9-fold, 1.6-fold, and a 2.5-fold over the value of the untreated control, respectively).
Thus, treatment with LT-1la-Bsg stimulated the expression of cytokines known for BMDC to
be involved in modulating immune responses to Ags.

3.4. Enhancement of CD4* T cell proliferation

After acquisition of Ag, APC process and present Ag peptides in the context of MHC-II to
CD4* T cells which respond by clonal expansion. It was clear that LT-I1a-Bs enhanced the
capacity of BMDC to acquire FITC-OVA. But, to ascribe functional significance to that effect,
enhanced uptake needed to be correlated with more efficient Ag processing, presentation, and
subsequent Ag-specific T cell proliferation for which a syngeneic CD4* T cell proliferation
assay was employed. BMDC were co-incubated with OVA in the presence and absence of LT-
Ila-Bs, washed extensively to remove unbound Ag and/or pentamer, and subsequently co-
cultured with CFSE-labeled CD4* T cells obtained from DO11.10 mice (Fig. 6). CD4* T cells
from DO11.10 mice encode a T-cell receptor that is specific for OVA presented by the MHC-
I molecule I-Ad [38,39]. Proliferation of the CD4+ T cells was evaluated by measuring dilution
of the CFSE stain which is an indicator of dividing cells.

Essentially no proliferation of DO11.10 CD4* T cells was observed in (i) control BMDC
incubated only with PBS (1.15%), (ii) BMDC which had been incubated only with bovine
serum albumin (BSA)(1.03%), or (iii) in BMDC treated only with LT-1la-Bs (0.69%)(Fig. 6).
Incubation of the BMDC solely with OVA induced Ag-specific proliferation of the DO11.10
CD4* T cells (23.07%). In comparison to control cells, proliferation was enhanced when the
CD4* T cells were incubated with OVA in the presence of LPS (55.88%) and Pam3CSK
(61.9%)(Fig. 6A). Similarly, co-incubation of BMDC with LT-l1a-Bs and OVA significantly
enhanced the Ag-specific proliferative response of the DO11.10 CD4* T cells to a level
(71.42% of cells in the population proliferating) which exceeded the level of uptake induced
by co-incubation of BMDC with LPS and OVA (55.88% of cells in the population
proliferating). Clearly, treatment of BMDC with LT-Ila-Bs influenced Ag-specific clonal
expansion of CD4* T cells.

To determine if the increased CD4™ T cell proliferation was due to enhanced Ag-uptake or
only to the enhancing effects of LT-1la-Bs on expression of costimulatory molecules and
cytokines, a sequential treatment experiment was designed. BMDC were incubated with OVA,
washed extensively, and subsequently treated with LT-11a-Bs. When BMDC were incubated
sequentially with OVA and LT-Ila-Bs, a significantly reduced Ag-specific proliferation of
DO11.10 CD4* T cells was observed in comparison to the level of Ag-specific proliferation
of DO11.10 CD4* T cells which had been co-cultured with BMDC exposed simultaneously
to OVA and LT-1la-Bs (34.86% vs 71.42%, respectively)(Fig. 6A). OVA-treated BMDC
subsequently washed and incubated with LPS or Pam3CSK also exhibited a significantly
reduced Ag-specific proliferation of the DO11.10 CD4* T cells in comparison to results elicited
by use of BMDC simultaneously exposed to OVA and LPS or OVA and Pam3CSK (41.82%
vs 55.88% and 45.36% vs 61. 9%, respectively)(Fig. 6A). These data suggested that the
capacity of LT-11a-Bs to enhance Ag-specific CD4* T cell proliferation was likely an effect of
enhanced uptake by Ag by LT-lla-Bs-treated BMDC rather than by the sole effects of LT-1la-
Bs on enhancing expression of either maturation markers or cytokines on BMDC.

Although this assay is an indirect assessment of the role of Ag uptake in T cell proliferation,
the data support a model in which the increased Ag-specific proliferation of CD4+ T cells
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which was observed was a result of enhanced Ag uptake (and possibly enhanced processing
and/or presentation) by BMDC that was induced by treatment with LT-11a-Bs.

3.5. Enhanced Ag uptake and TLR2

While a basal level of uptake of FITC-OVA was observed in untreated BMDC, acquisition of
the Ag was enhanced in BMDC which had been treated with Pam3CSK, a known TLR2 agonist
[32,40] (Fig. 3). In mouse and human monocytes, release of IL-1p, IL-6, IL-8, and TNF-a and
activation of NF-kB [41] by LT-I1aBs was dependent upon expression of TLR2 by the cells
[24,41]. To determine if the enhanced acquisition of FITC-OVA induced by LT-Ila-Bs also
required TLR2, uptake experiments were conducted using BMDC pretreated with T2.5, an
anti-TLR2 blocking antibody. LT-lla-Bs-treated BMDC which had been incubated with T2.5
exhibited significant inhibition of uptake of OVA-FITC (2.4-fold decrease) in comparison to
uptake by BMDC in the absence of the blocking antibody (Fig. 7A). To confirm these results,
complementary uptake experiments were performed using BMDC derived from B6.129-
TIr2tm1Kir/y knock-out mice which were deficient in expression of TLR2. No enhancement in
Ag uptake above that level observed in untreated cells (MFI = 111.7) was observed for BMDC
(TLR2") which had been incubated with LT-l1a-Bs (MFI = 117.4)(Fig. 7B). In contrast,
treatment of BMDC(TLR27") with LPS, a TLR4 agonist [34], significantly increased uptake
of FITC-OVA MFI = 154.6) above those levels observed in untreated cells (MFI = 111.7), thus
indicating that mechanisms required for uptake of Ag were unaltered in the TLR2-deficient
cells. These uptake experiments demonstrated that LT-11a-Bs-dependent enhanced acquisition
of FITC-OVA by BMDC required TLR2.

TLR2 was also found to be important in BMDC in modulating expression of co-stimulatory
molecules in response to treatment with LT-11a-Bs. Unlike expression of CD40, CD80, CD86,
and MHC-II in TLR2-proficient BMDC which was elevated upon treatment with LT-1la-Bs,
expression of these four surface molecules in TLR2-deficient BMDC treated with LT-1la-Bsg
was essentially equal to the basal levels of expression of these surface markers in untreated
TLR2-proficient cells (MFI values: 30.21 vs 30.47; 86.68 vs 82.85; 357.96 vs 342.88; 343.65
vs 291.31; respectively) (Fig. 4). Pam3CKS, a potent TLR2 agonist, was also unable to
upregulate expression of CD40, CD80, CD86, and MHC-I11 in TLR2-deficient cells. In
comparison to expression of the four co-stimulatory receptors by untreated TLR2-deficient
cells, expression of CD40, CD80, CD86, and MHC-11 was enhanced in BMDC(TLR27)
treated with LPS, a TLR4 agonist (MFI values: 147.09 vs 28.35; 190.42 vs 87.89; 868.91 vs
341.04; 888.28 vs 329.47; respectively)(Fig. 4). These data indicated that TLR2-deficient
BMDC have the ability to modulate CD40, CD80, CD86, and MHC-11 using TLR4-dependent
or other LPS-dependent regulatory pathways. Furthermore, the data demonstrated that LT-11a-
Bs had the capacity to modulate expression of the four co-stimulatory molecules in a TLR2-
dependent manner.

Similarly, induction of cytokines by LT-lla-Bsg also required engagement of TLR2 (Fig. 5). In
TLR2-deficient BMDC treated with LPS, the levels of mMRNA encoding IL-12p40, TNF-a,
IL-10, IL-4, and IFN-y was essentially unchanged from the levels of MRNA of those cytokines
in TLR2-proficient (wt) BMDC (149.3-fold vs 192.4-fold; 4.2-fold vs 3.5-fold; 3.9-fold vs 2.9-
fold; 2.7-fold vs 2.6-fold; and 5.7-fold vs 8.4-fold change, respectively) (Fig. 5). The levels of
MRNA encoding IL-12p40, TNF-a, and IFN-y were significantly decreased in TLR2-deficient
BMDC following treatment with LT-11a-Bs in comparison to the levels of expression of the
three cytokines observed in TLR2-proficient BMDC treated with LT-1la-Bsg (32.2-fold vs 9.8-
fold; 8.4-fold vs 1.3-fold; and, 2.5-fold vs 0.7-fold, respectively)(Fig. 5). While the levels of
expression of IL-10 and IL-4 were lower in TLR2-deficient mice in comparison to the levels
of expression of those two cytokines in TLR-proficient mice, the differences were just below
the level of statistical significance (>0.05). These data strongly indicated that the engagement
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of TLR2 was essential for LT-11a-Bs to induce increased expression of cytokine expression in
BMDC.

These data, in combination with those obtained using the anti-TLR2 blocking antibody,
confirmed the role of TLR2 in the capacity of LT-Ila-Bs to enhance uptake of FITC-OVA by
BMDC and in stimulating the maturation of those cells.

4.0. DISCUSSION

Immature DC are sentinels for detecting and responding to Ags produced by invading
pathogens. Upon encountering a pathogen-derived Ag, DC undergo a maturation cascade
which begins by acquisition of Ag and culminates in migration of the cells to proximal
lymphoid tissues. During this process, DC upregulate expression of major histocompatibility
complexes and other co-stimulatory surface proteins such as CD40, CD80, CD86, and MHC-
Il required for immunosynapse formation, processing and presenting Ag to T cells, and for
production of specific cytokines required for T cell activation [15-18]. While DC preferentially
evoke T helper 1 (Th1) responses, recent evidence indicates that feedback loops involving DC-
elaborated IL-12 stimulate B cells to release cytokines which inhibit Th1 development [42].
Thus, DC are critical cellular components in immune cell regulatory mechanisms for polarizing
the immune system toward Th1 or Th2 type of responses [43]. Boosting the efficacy in DC of
one or more stages of this process would be expected to potentiate cellular and/or humoral
immune responses against preferred Ags. The experiments described herein investigated the
capacity of the non-toxic B pentamer of LT-1la, a type Il heat-labile enterotoxin of E. coli
which binds DC, to enhance the initial step in the cascade of developmental and regulatory
events which promulgate a typical Ag-specific immune response. While BMDC and mucosal
resident DC are not absolutely equivalent in phenotype [44,45], BMDC can be induced by
extracellular agents to take up Ag, express maturation markers, and present Ag to T cells. Thus,
BMDC were chosen as a convenient model cell type for predicting the responses of mucosal
resident DC which are difficult to obtain in numbers sufficient for experimentation. In vitro
experiments detailed herein firmly established that treatment with LT-I1a-Bs enhanced Ag
uptake and Ag presentation by BMDC and stimulated maturation of those cells. Additional
experiments were performed to reveal the initial mechanisms by which LT-I1a-Bs induced
those responses.

Lacking the enzymatic activity of the holotoxin, it is likely that the immunomodulatory effects
of LT-l1a-Bs were induced, in part, by binding of the pentamer to gangliosides located on the
surface of one or more types of immunocompetent cells [9]. Gangliosides have often been
implicated in signal transduction events that regulate a plethora of cellular responses [10]. LT-
I1a-Bs binds avidly to several gangliosides including GD1b, GD1a, and GM1. It was deemed
feasible, therefore, that engagement of LT-l1a-Bg with ganglioside was a sufficient trigger to
induce facilitated uptake of Ag by BMDC. Ag uptake was not enhanced, however, when
BMDC were treated with CTB which avidly binds to GM1. Sole engagement by L T-1la-Bg
(or CTB) to ganglioside GM1, therefore, was not a sufficient event to promote enhanced Ag
uptake in BMDC. These data suggested a potential participation of another receptor for LT-
Ila-Bsg for stimulating BMDC. LT-lla-Bs, but not CTB, interacts physically and functionally
with TLR2, one of the family of Toll-like receptors involved in innate and adaptive immunity
[25,41]. In vitro experiments demonstrated that treatment with LT-1la-Bs induced TLR2-
dependent activation of NF-«xB in both murine and human monocytes [25,41]. IL-1p, IL-6,
IL-8, and TNF-a were induced in human THP-1 cells after treatment with LT-I1a-Bs [41]. Anti-
TLR2, but not anti-TLR4 antibodies, inhibited expression of these four cytokines [41]. These
data confirmed a functional interaction between LT-11a-Bs and TLR2 [25,41,46]. The B
pentamer of LT-11b (LT-11b-Bs), a type Il enterotoxin that is closely-related to LT-lla, also
was shown to functionally engage TLR2 [46]. In contrast, LT-11b-B5(T13I), a mutant pentamer
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which has significantly decreased binding to its ganglioside receptors [11,47], failed to induce
TLR2-dependent production of cytokines [41]. The responses engendered by LT-Ila-Bs and
LT-11b-Bs, therefore, likely require formation of a trimolecular complex consisting of the
pentamer, a ganglioside, and TLR2 [47]. The formation of this complex has recently been
demonstrated using FRET [47]. Genetic mapping of LT-I1b-Bs recently revealed a short
domain in the pentamer that is required for binding of the pentamer to TLR2 [46,48]. Based
oncrystallographic studies of LT-11b, the related type 11 HLT [49], this domain is likely shielded
by the A polypeptide in the LT-1la holotoxin which explains the inability of the LT-Ila
holotoxin either to interact with TLR2 [46] or to enhance uptake of antigen by BMDC. While
this interaction domain is present in LT-l1a-Bs, it is absent in CTB. The failure of CTB to
functionally engage TLR2 is likely due to the absence of this interaction domain [24,41,47,
48]. A mutant LT-11b-Bg pentamer in which a hydrophobic amino acid within the interaction
domain was substituted for a charged amino acid, failed to interact with TLR2 or to elicit TLR2-
dependent effects [46,48]. TLR2 agonists are known to initiate a number of cellular events
[50,51]. Experiments conducted herein firmly demonstrated that enhanced uptake of Ag by
LT-lla-Bs-treated BMDC is dependent upon expression of TLR2. These data are consistent
with prior reports that implicated TLR2 agonists in the process of Ag acquisition by APC
[52]. Treatment of immature DC with Pam3CSK, a TLR2 agonist, increased micropinocytosis
of FITC-dextran, an event which was correlated with coordinated reorganization of actin in
the cell [53]. Unlike FITC-OVA, however, uptake in that model system was likely promoted,
at least in part, by binding of FITC-dextran to the mannose receptor on BMDC [54]. Fluorescent
experiments using phalloidin as a reporter for polymerized actin are currently being employed
to determine if LT-11a-Bs induces similar actin reorganization in BMDC.

Immunosynapsis between naive T cells and DC routinely requires expression of certain
costimulatory receptors, such as CD40, CD80, CD86, CD40, and MHC-II, which, in the case
of DC, are usually upregulated upon maturation [15-18]. Treatment of BMDC with LT-lla-
Bs induced maturation of the cells, an event evidenced by TLR2-dependent upregulated
expression of CD40, CD80, CD86, and MHC-II. Induction of these critical co-stimulatory
receptors by LT-Ila-Bs would be expected to promote functional interactions between T cells
and DC by bolstering immunosynapse formation. This model is supported by in vitro T cell
proliferation experiments. Treatment of BMDC with LT-lla-Bg stimulated Ag-specific
CD4* T cell proliferation at levels equivalent to or exceeding those observed by treatment of
the BMDC with the potent stimulant LPS [55]. The observed increase in CD4* T cell
proliferative response was likely a result of (i) pentamer-enhanced Ag uptake, processing, and
presentation by the BMDC, (ii) by a more efficient process of immunosynapse formation
between the DC and CD4* T cells brought about by enhanced co-stimulatory ligand expression,
(iii) effects of one or more cytokines induced by LT-1la-Bs, or (iv) some combination of the
three processes. Results from proliferation experiments in which BMDC were initially exposed
to OVA and, after removal of extracellular OVA, were treated with LT-I1a-Bs indicated that
enhanced CD4* T cell proliferation observed in the co-cultures when BMDC were
simultaneously incubated with OVA and LT-lla-Bs was not promoted solely by alterations on
expression of the four maturation markers or by increased expression of IL-12, TNF-a, I1L-10,
IL-4, or IFN-y by LT-Ila-Bs. Rather, enhanced proliferation of the CD4* T cells required
enhanced uptake of Ag by the BMDC.

It will be informative to conduct experiments to determine if LT-1la-Bg has the capacity to
prolong DC in an immature state, thus enabling the cells to acquire Ag over an increased span
of time. It is also feasible that LT-l11a-Bs alters the temporal expression of essential migration
signals, such as CCR6 and CCR7, on DC which could enable the APC to remain for longer
periods at locales in which Ag is plentiful. Notably, treatment of DC with CTB does not enhance
expression of CD40, CD80, and CD86 [16,56]. Genetic or chemical conjugation of OVA to
CTB was required to promote Ag-specific proliferation of T cells [57]. The failure of CTB to
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elicit expression of maturation markers on DC or to induce enhanced T cell proliferation is
likely due, in part, to the incapacity of CTB to engage TLR2 [46,48]. Clearly, the
immunopotentiating effects of LT-11a-Bg on DC are very distinguishable from those of CTB.

The capacity of LT-I1a-Bs to functionally interact with TLR2, to enhance uptake of Ag by DC,
to elevate expression by DC of important co-stimulatory receptors and cytokines, and to
stimulate Ag-specific CD4" T cell proliferation in vitro are distinctive immunomodulatory
characteristics which may be exploitable in vivo. If, when used as a mucosal adjuvant, LT-lla-
Bs enhances uptake of a co-administered Ag by resident DC, mucosal immune responses to
that Ag will likely be increased. Preliminary experiments also demonstrated that LT-1la-Bg
influences migration and/or retention of DC in draining lymph nodes; numbers of DC in the
cervical lymph nodes of mice are dramatically increased after intranasal administration of LT-
Ila-Bs (C.H.L, and T.D.C., data not shown).

In these experiments, LT-11a-Bs has been shown to be a new and intriguing molecular/cellular
tool for dissecting the interactions between Ag uptake mechanisms, TLR2, and signal
transduction in DC. It is likely that LT-I1a-Bs will also be useful in revealing important
immunological responses in other immunocompetent cell types. It will be interesting to
determine whether the ability of LT-11a-Bs to enhance antigen uptake and Ag-specific CD4*
T cell proliferation will translate to the ability to enhance Ag-specific immune responses in a
mouse immunization model.
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Figure 1. Uptake of FITC-OVA by BMDC is enhanced by LT-11a-Bg
BMDC incubated for 10 min at either 37°C or on ice with 5 pg/ml of LT-11a-Bs or PBS
(Untreated) were treated with FITC-OVA (0.2 mg/ml) for 10 min, washed with PBS, and
stained with an APC-conjugated anti-CD11c mAb. The Mean Fluorescent Intensity (MFI) of
CD11c-positive, 7-AAD-negative cells was obtained using flow cytometry. Triplicate samples
were employed for each experiment. A. Histographical analysis of uptake of FITC-OVA by
BMDC. Data from one of three independent experiments are shown. B. Graphical comparison
of the uptake of FITC-OVA by BMDC. Data from one of three independent experiments is
shown. Error bars denote one standard deviation of the mean obtained from triplicate samples.
Key: *** statistical difference (P<0.001) between the treated population and the untreated

control.
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Figure 2. LT-1l1a-Bs-induced enhanced uptake of FITC-OVA by BMDC is time- and dose-
dependent

A. Dose-dependence. BMDC incubated for 10 min at 37°C with 0.1, 0.5, 1, 3, 5, or 10 pg/ml
of LT-1la-Bg were treated with FITC-OVA (0.2 mg/ml) for 10 min, washed with PBS, and
stained with an APC-conjugated anti-CD11c mAb. Data are presented as fold change in the
MFI of the FITC fluorescence of CD11c-positive, 7-AAD-negative LT-1la-Bs treated BMDC
to the MFI of the FITC fluorescence of CD11c-positive, 7-AAD-negative untreated BMDC.
Error bars denote one standard deviation from the mean obtained from triplicate cultures. B.
Time dependence. BMDC incubated at 37°C for 10, 20, or 30 min and 1, 2, 12, or 24 hrs with
5 pg/ml of LT-I1a-Bg were treated with FITC-OVA (0.2 mg/ml) for 10 min, washed with PBS,
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and stained with an APC-conjugated anti-CD11c mAb. Data are presented as fold change of
MFI of the FITC fluorescence of CD11c-positive, 7-AAD-negative LT-l1a-Bs treated BMDC
to MFI of the FITC fluorescence of CD11c-positive, 7-AAD-negative untreated BMDC. Error
bars denote one standard deviation from the mean obtained from triplicate cultures.
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Figure 3. Uptake of FITC-OVA by BMDC is not enhanced by treatment with CTB

BMDC treated for 10 min at either 37°C with PBS (untreated), 1 ng/ml of LPS, 1 pug/ml of
Pam3CSK, 5 pg/ml of LT-1la-Bs, or 5 ng/ml of CTB were incubated with FITC-OVA (0.2
mg/ml) for 10 min, washed with PBS, and stained with an APC-conjugated anti-CD11c mADb.
FITC fluorescence of CD11c-positive, 7-AAD-negative cells was measured by flow
cytometry. Data are presented as the MFI. Error bars denote one standard deviation from the
mean obtained from triplicate cultures. Key: **, statistical difference from the control at
P<0.01; ***, statistical difference from the control at P<0.001; ns, no statistical difference from
the control.
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Figure 4. Expression of surface co-stimulatory receptors by wt and TLR2-deficient BMDC after
treatment with LT-11a-Bg

BMDC (1x106) derived from wt C57BL/6 mice or C57BI/6(TLR27") mice were incubated for
24 hr at 37°C with, PBS (Untreated), 1.0 pg/ml of LPS, 1.0 ug/ml Pam3CSK, or 5.0 pg/ml of
LT-lla-Bs. CD11c* cells were analyzed by flow cytometry for expression of CD40, CD80,
CD86, and MHC-II. A. Histographic analysis of expression of CD40, CD80, CD86, and MHC-
I1. Data from one of three independent experiments are shown. The MFI values for CD40,
CD80, CD86, and MHC-11 are denoted within each histogram. B. Graphical comparison of the
expression of CD40, CD80, CD86, and MHC-II. Error bars denote one standard deviation from
the mean. Key: wt, BMDC from TLR2-proficient C57BI/6 mice; TLR2-/-, BMDC from TLR2-
deficient mice; ***, statistical difference from the untreated control (P<0.001); **, statistical
difference from the untreated control (P<0.01); ns, not significant.
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Figure 5. Cytokine production in BMDC induced by treatment with LT-l1a-Bg

BMDC (5x10°%) derived from wt C57BL/6 mice (WT) or C57BI/6 TLR2"-mice (TLR27") were
incubated for 6 hrs at 37°C with PBS (Untreated), 100 ng/ml of LPS, or with 5 pg/ml of LT-

Ila-Bs. Total RNAs isolated from the BMDC were analyzed by gRT-PCR for mRNA encoding
IL-12p40, TNF-a, I1L-10, IL-4, and IFN-y. Data are presented as fold change in expression of
the cytokine from expression of that cytokine in the untreated BMDC. Error bars denote one

standard deviation from the mean obtained from triplicate cultures. Key: +, TLR2-proficient
BMDC; -, TLR2-deficient BMDC; white bars, BMDC treated with LPS; black bars, BMDC

treated with LT-11a-Bs; *, statistical difference from the untreated control (P<0.05).
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Figure 6. OVA-specific CD4™ T cells proliferation is enhanced by LT-11a-Bg

BMDC (5x10%) were incubated for 30 min with PBS (Control), 1.0 mg/ml OVA (OVA), 1.0
mg/ml BSA, 5 ug/ml LPS and 1.0 mg/ml OVA (LPS + OVA), 5 pg/ml Pam3CSK and 1.0 mg/
ml OVA (Pam3CSK + OVA), or with 20 ug/ml LT-1la-Bs and 1.0 mg/ml OVA (LT-lla-Bs +
OVA). Similar experiments were performed in which BMDC were initially incubated with 1.0
g/ml OVA, washed, and subsequent treated with 5 ug/ml LPS (OVA, then LPS), 5 ug/ml
Pam3CSK (OVA, then Pam3CSK), or 20 ug/ml LT-11a-Bs (OVA, then LT-1la-Bs). After
washing, BMDC were co-cultured with CFSE-stained naive DO11.10 CD4* T cells (1x106).
Cells were harvested after 4 days, washed in PBS, stained for CD4, and the CFSE fluorescence
of the DO11.10 CD4* T cells was determined as a measure of proliferation. A. Histographical
analysis of Ag-specific CD4™ T cells proliferation. The percentage of dividing cells in each
population is denoted below the bracket in each histogram. B. Graphical comparison of Ag-
specific CD4+ T cell proliferation. Error bars denote one standard deviation from the mean
obtained from triplicate cultures. Key: +++ and ++ statistical differences from the control at
P<0.001 and P<0.01 respectively. *** and **statistical differences from the matched column
at P<0.001 and P<0.01 respectively.
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Figure 7. Enhanced uptake of FITC-OVA by BMDC induced by treatment with LT-11a-Bg is
dependent on TLR2

A. BMDC treated with PBS (untreated), 5 pg/ml of LT-l1a-Bs, or 1 ug/ml of LPS were co-
incubated with 10 pg/ml or 20 ug/ml of an anti-TLR2 blocking mAb (a-TLR2). After 10 min,
BMDC were incubated with FITC-OVA (0.2 mg/ml), washed with PBS, and stained for
CD11c. CD11c-positive cells were measured for FITC fluorescence. Data are presented as the
MFI. Error bars denote one standard deviation from the mean obtained from triplicate cultures.
Key: *** statistically different from the untreated group or, for the anti-TLR2-treated cells,
statistically different from the LT-l1a-Bs-treated group (as denoted by the lines) (P<0.001); ns,
not significant from the untreated group. B. BMDC derived from the bone marrow of wt C57BI/
6 mice or C57BI/6(TLR27") mice treated with PBS (Untreated), 5 pg/ml of LT-lla-Bs, or 1
ug/ml of LPS were incubated with FITC-OVA (0.2 mg/ml) for 10 min, washed with PBS, and
stained for CD11c. Data are presented as the MFI with error bars denoting one standard
deviation from the mean obtained from triplicate cultures. Key: +, TLR2-proficient BMDC;
-, TLR2-deficient BMDC; +++, statistical difference from the matched (Untreated vs TLR2-
deficient) control; ***, statistical difference between the wt and TLR2-deficient BMDC treated
with LT-11a-Bs (as denoted by the lines); ns, not significant to the matched untreated control
or, in the case of the LPS-treated cells, no significant difference between the TLR2-proficient
and the TLR2-deficient BMDC.
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