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Abstract

The B-subunits of heat-labile enterotoxins LT-I (LT-I1B) and LT-lla (LT-11aB) are strong
adjuvants that bind to cell-surface receptors, including gangliosides Gy, and GD1b, respectively.
LT-11aB also binds TLR-2. We demonstrate for the first time that co-incubation with the B-
subunits induces significant clustering of B cells after only 4 hrs, and B and T cells in 24 hrs.
Clustering was dependent on intact B-subunits, but not on the TLR-2 binding activity of LT-1laB,
indicating it was ganglioside-mediated. Treatment of B cells with LT-1B, a mixture of LT-IB+LT-
I1aB, but not LT-11aB alone, caused a delay in T cell division following ovalbumin endocytosis. B
cell receptor-mediated uptake in presence of each treatment caused an arrest, but with increased
production of IL-2. Further, treatments differentially increased the proportion of macrophages
expressing MHC class-11. These results highlight the outcomes of interplay between signals
involving different receptors and implicate a novel mechanism of adjuvanticity.
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1. Introduction

The family of E. coli heat-labile enterotoxins (LTs) includes type | (LT-I, also named LT)
and type Il (LT-II) enterotoxins. The enterotoxins share structural and some functional
similarities, but each has unique properties. All the variants of LT-I (LTh-I, LTp-I, etc.) that
have been identified, are classified as LT-I. There are, however, three antigenically
distinctive types of LT-Il (LT-lla, LT-1lb, and LT-lIc) [1, 2]. Both types of LTs are
composed of a toxic A-subunit (A1+A2) with ADP-ribosylase activity responsible for
causing diarrhea, and five B-subunits forming a pore through which the A2-subunit interacts
with the B pentamer [3]. The B-subunits of the LTs (LT-IB and LT-1laB) are non-toxic and
bind to gangliosides on the surface of mammalian cells. While LT-IB binds avidly to
ganglioside Gy1, LT-11aB binds with high affinity to ganglioside GD1p,, GD1,, Gz (in
decreasing order) and to Toll-like receptor 2 (TLR-2) [1, 3-7]. Gangliosides are ubiquitously
found on most cells including cells of the immune system. TLR-2 is expressed on the
surface of many cells including those involved in the innate and the adaptive immune
response [8, 9].

A characteristic and unique property of LTs is their potent immunogenicity and adjuvant
properties [1, 10-12]. These properties are manifested in part at the level of antigen
presenting cells (APC) and T cells by a number of partially-defined mechanisms that include
alteration of cytokine production, enhanced expression of co-stimulatory molecules,
efficient antigen (Ag) uptake and presentation, and expansion of T cells [1, 10, 13-17]. Most
of the stimulatory effects of LTs on the APC and T cells are mediated by the binding of the
B-subunits to their respective receptors [1, 7, 13-15]. Thus, in contrast to a non-receptor
binding mutant of LT-1B, incubation of mouse cells with wild type LT-I1B results in
increased expression of MHC class Il, B7-2 (CD86), IL-2Ra. (CD25), CD40 and ICAM-1
(CD54) on B cells [14]. Some of these events are mediated by increases in the levels of
PI13K and MAP/ERK kinases [18]. The LT-1B stimulatory effect on CD25 expression, a
marker of cell activation, is also shown in B cells and CD4* T cells in cultures from the
spleen and lymph nodes [15]. Immunization with LT-IB induces high levels of mucosal and
systemic antibody responses [15]. LT-1B also modulates cytokine secretion by dendritic
cells [13]. Further, the targeting of Ag which is chemically coupled or fused to LT-1B to the
surface of APCs significantly enhances the presentation of that Ag to T cells and its
immunogenicity [13, 19]. These findings are explained by the high affinity binding of LT-IB
to Gy on surface of APCs and the efficient delivery of the Ag to MHC-1 and MHC-I1I
compartments of Ag processing and presentation [13, 20]. Incubation of mouse splenic cells
with LT-1B also results in enhanced levels of IL-4 and IL-5 and reduced level of IFN-y [15].
The induction of this anti-inflammatory T helper 2 (Th2) cytokine profile by LT-IB alters
the course of disease as shown in a mouse model of collagen-induced arthritis [21].

In comparison to LT-1B, LT-I1aB binds with high affinity to TLR-2 and GD1,, on mouse and
human monocytes, and induces secretion of TNF-a, IL-1, IL-6 and IL-8 by increasing
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activation of NF-kB [22]. LT-IlaB also induces migration of dendritic cells in nasal mucosa
by increasing expression of CCR7, uptake and presentation of Ag, and inducing their
maturation as indicated by elevated expression of CD80, CD86, and CD40 [7]. TLR-2 and
GD1j, binding mediates the stimulatory effects of LT-I11aB on dendritic cells [7]. LT-11aB
also augments proliferation of Ag-specific CD4*T cells and IgA and IgG antibodies
following intranasal immunization with Ag [7]. Thus the LT-I1aB effects on immune cells
result mainly in a proinflammatory immune response [22].

In accord with the studies above, a few micrograms or even nanograms of LTs or the closely
related cholera toxin (CT) from Vibrio cholera, as well as their non-toxic B-subunit
derivatives induce strong systemic and mucosal immune responses to themselves and to co-
administered Ag. Although the adjuvanticity of LTs could be explained by a direct effect on
APCs resulting in their activation, the mechanisms by which such minute amounts of the
enterotoxins enhance immune responses to an unrelated Ag are unclear. It has been
previously shown that binding of LT-IB or LT-I1aB to their respective receptors on immune
cells is essential for their immunogenicity and adjuvant function [7, 15]. Nevertheless, this
mechanism alone (i.e. local activation of APCs and resulting Ag-specific T cell responses by
very small amounts of the binding proteins) would not be sufficient to explain the induction
of a remarkable expansion of the antibody and T cell immune responses to the co-
administered Ag, and the generation of long-term memory (2 years in the case of CT) even
after single oral or systemic immunization [23-26]. In this regard, early studies on the
adjuvanticity of CT to sheep red blood cells (SRBCs) showed that the remarkable expansion
of the immune response to SRBCs was delayed as it occurred several days after a
subsequent boost with the Ag [25]. A delay in the uptake of LT-1B conjugated to ovalbumin
(OVA) has also been shown in B cells when compared to the binding of OVA alone to the
BCR, which suggests it may play a role in its adjuvanticity [19]. Moreover, maximal
expression of MHC class Il on B cells occurred after a 48 hr incubation with LT-IB [14]
compared to only 24 hrs with LPS or anti-BCR antibody. These results suggest that besides
the effect of LT-IB on the activation of APC, the adjuvant properties of LT-1B toward other
Ags are partly due to a delay in uptake and processing of that Ag, and to other unknown
mechanisms. Therefore, we sought to determine additional effects of the enterotoxins B-
subunits on B and T cells within a controlled in vitro system to allow visualization of
various events involved in the response to a co-administered Ag, in this case OVA. These
include the effects of the B-subunits LT-IB and LT-11aB on cellular clustering, T cell
division, IL-2 production, and the regulation of MHC class Il in macrophages, each of which
is an essential event involved in the enhancement of an immune response to Ag.

2. Materials and Methods
2.1 Cell lines

A20 WT B cells and A20 transfected PC-specific human p heavy chain (A20y WT) are
murine B lymphoma cells described previously [27] (a generous gift from Prof. Jim Drake,
Albany Medical College, NY). DO.11.10 is a T-cell hybridoma specific for OVAg»3.339 in
the context of I-Ad. A20 WT and DO.11.10 cells were cultured in DMEM (Sigma-Aldrich,
USA) supplemented with 10% fetal bovine serum, 50 1U/ml penicillin, 50 pg/ml
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streptomycin, 2 mM L-glutamine and 50 pM 2-mercaptoethanol (2-ME). A20u WT B cells
were grown in medium supplemented with 0.6 mg/ml G418 (Sigma-Aldrich). RAW264.7
cell line was cultured in DMEM high glucose (Sigma-Aldrich) supplemented with 20 %
FBS and penicillin/streptomycin as described above.

Recombinant E. coli heat-labile enterotoxin B subunits (LT-IB) expressed in the yeast
Pichia pastoris (Sigma-Aldrich, >90% pure), and highly purified recombinants LT-1laB,
LT-11bB and LT-11bB(S74D) were used. Recombinant preparation of the B-subunits of LT-
Il were obtained from E. coli and purified to > 90% by affinity chromatography using a His-
Bind resin column and gel filtration chromatography [22, 28]. The preparations were
essentially free of LPS (0.0064 ng/ug of protein). LT-IB and LT-11aB were used at 5ug/ml
and 2.5ug/ml, respectively, unless indicated otherwise. The choice of LT-I1B and LT-11aB
doses in this study is based on their direct or indirect stimulatory effect on immune cells and
their products, as shown previously [13, 14, 19, 22]. LT-11bB and LT-11bB(S74D) were used
at 10 pg/ml. OVA was added at 500 pug/ml. PC-OVA was used at 30 pg/ml. Conjugation of
PC-OVA was performed as it follows: Diazoniumphenyl-PC was prepared by dissolving 5
mmol of aminophenyl-PC (Toronto Research Chemicals, Canada) in 5 ml of 1 N HCI and
adding 5 mmol of sodium nitrite (Sigma). The reaction was incubated for 15 min at room
temperature. OVA (1.5 pmol) was dissolved in 0.1 M borate buffer with 0.15 M sodium
chloride, pH 9.0. Diazoniumphenyl-PC (125 umol) was coupled to OVA by incubation at 4
°C followed by concentration and dialysis against PBS, pH 7.4. Development of a yellow
color confirmed a successful reaction. Concentration of the conjugate was determined by
spectrophotometry and SDS-PAGE and was compared to a similar concentration of
unconjugated OVA. Lipopolysaccharide (LPS) from E. coli 0111:B4 was purchased from
Sigma Aldrich (USA).

2.3 Cell clustering assays

A20 WT B (1x106/ml) cells were cultured in the presence of 20 ug/ml LT-1B, 10 pg/ml LT-
I1aB, and same doses of LT-IB+LT-11aB, for 4 hrs, at 37°C. Cells were examined for the
presence of clusters in 24-well plate by light microscopy. In each well and for each
treatment, 4 identical measurements of areas in the center and 4 others at the edge of wells
were randomly selected to count the number of clusters formed and the number of cells in
these clusters. Data obtained from the center and the edges of each well were pooled. Only
clusters that contained 5 cells or more were counted. In additional experiments, LT-IB and
LT-11aB were denatured by heating at 95°C. This causes disassembly of the pentameric B-
subunits into monomers that fail to bind gangliosides [15, 29]. The B-subunits in either
intact or disassembled forms were then added to A20 B cells which were cultured at
1x10%/ml, and incubated for 4 hrs. Averages and SEM were calculated. Statistical
significance was obtained by using the unpaired Student t-test with Welch correction,
assuming populations have different standard deviation, and by determining two-tailed p
value.

In other experiments, A20 WT B cells (0.5x108) were cultured in the presence of 20 pg/ml
LT-1B, 10 pg/ml LT-11aB, same doses of LT-IB+LT-11aB, 10 pg/ml LT-11bB or 10 pg/ml of
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LT-11bB mutant (S74D), for 4-6 hrs. Cells were cultured in the absence or the presence of
OVA. 0.8x10% OVA-specific DO.11.10 T cells were subsequently added in the presence of
the Ags and incubated for approximately 24 hrs. To visualize the type of cells in the clusters,
0.5x10% A20 WT B cells were pulsed with low or higher doses of the enterotoxins B-
subunits. Thus, A20 WT B cells were incubated with 5 pg/ml LT-IB, 2.5ug/ml LT-I1aB or a
mixture of both, for 4-6 hrs. DO.11.10 were labeled with pre-optimized concentration of
carboxyfluorescein succinimidyl ester (CFSE) (Life Technologies, USA) and 0.8x10° of
these cells were added to B cells. Cells were incubated for 2hrs. Alternatively, A20 WT B
cells were pulsed with 20 pg/ml of LT-IB or 10 pg/ml of LT-I1aB for 4-6 hrs. CFSE-DO.
11.10 T cells were added in the same manner. Cells were then incubated for 24 hrs at 37°C.

2.4 Cell viability assays

Viability of B cells was measured following incubation of the Ags after 4 and 24 hrs, by
treating the cells with 0.2% Trypan Bleu (TP), as well as Propidium lodide (PI) for analysis
of the cell cycle. Pl staining was performed as previously described [30]. LT-1B was used at
5 ug/ml, LT-11aB at 2.5 pg/ml, OVA at 500 pg/ml and LPS at 2 ug/ml. Measurement of the
percentage of cells stained with TP and DNA stained with Pl in the sub-GO peak of the cell
cycle indicated the presence of dead cells or cells undergoing programmed cell death,
respectively.

2.5 Assays for the effects of the B-subunits of LT-l and LT-Il on presentation of OVA

5x10° A20 WT or A20p WT B cells were incubated with OVA or PC-OVA, respectively.
LT-1B, LT-11aB or a mixture of both were added either alone or with OVA. APCs were
incubated for 4-6 hrs after which 8x10° CFSE-labelled DO.11.10 T cells were added in the
presence of the Ags. Mixtures of cells were incubated for a total of 48 hrs at 37°C.
Following incubation, supernatants were sampled to determine the concentration of 1L-2.
The remaining cells were collected and acquired by flow cytometry (Becton Dickenson).
Cells were analyzed by FlowJo software (Tree Star, OR). The concentration of IL-2 in the
cultures was determined using a mouse IL-2 kit (eBioscience, USA) following the
manufacturer's instructions. Briefly, 96 well plates were coated with capture recombinant
anti-mouse IL-2 antibody. Wells were blocked with the provided blocking solution. Pre-
prepared recombinant mouse IL-2 concentration was 2x diluted in 2 rows and supernatants
were added undiluted. Following overnight incubation at 4° C, biotin anti-mouse IL-2
detection antibody was added. Finally, IL-2 was detected by Avidin-HRP and TMB
substrate solution. Plates were then read at 450 nm. Concentration of IL-2 in each sample
was determined by extrapolation from the mouse IL-2 standard values. Statistical
significance was obtained by using the unpaired Student t-test with Welch correction,
assuming populations have different standard deviation, and by determining a two-tailed p
value.

2.6 Effects of the B-subunits of LT-l and LT-lla on growth and expression of MHC class Il in
the macrophage

RAW?264.7 macrophages were cultured in DMEM medium at 37°C. At confluence, cells
were harvested using Trypsin-EDTA solution (Sigma-Aldrich), washed and incubated for 24
hrs in 24-well cell culture plate with or without LT-1B, LT-11aB or a mixture of both.
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Lipopolysaccharide (LPS), as a model adjuvant, was added at 1 pg/ml. Cells were harvested
with trypsin-EDTA (Sigma), washed thoroughly and suspended in phosphate buffered saline
(PBS) containing 1% FBS to block Fc receptors. After incubation at room temperature for
45 min, cells were washed and labelled on ice for 40 minutes in PBS-0.5 %FBS-0.01%
Azide with a predetermined concentration of FITC-IgG1-anti-mouse MHC class Il antibody
(BD Biosciences, CA). Cells were washed in PBS and analyzed by flow cytometry.

3. Results

3.1 Short-time incubation with the B-subunits of LTs induced B cell clustering

LT-IB acts directly on isolated mouse B cells to increase surface expression of CD25 and
MHC class-11, after 48 hrs of incubation [18]. To investigate the short-time impact of LT-IB
on B cells and to compare it to LT-11aB and a mixture of LT-IB+LT-llaB, cells were
incubated with the B-subunits preparations for 4 hrs. LT-1B+LT-I1aB mix was used as a
potentially new adjuvant proposed to stimulate the innate and adaptive immune responses of
proteins especially those derived from highly virulent pathogens. Cell clustering was
observed following incubation with LT-1B, LT-11aB and the mix (Fig. 1A). Compared to the
untreated control (medium), numerous small cell clusters were evident after treatment with
LT-IB. LT-11aB produced larger clusters than LT-1B (Fig.1A) and the mix induced a mixture
of large and small clusters. To provide a quantitative measurement, the number of cell
clusters and their size (number of cells in each cluster) were determined in 8 randomly
selected fields of identical size (Fig. 1C). LT-IB produced significantly more clusters when
compared to the untreated control or LT-11aB (p<0.0001 and p<0.05), respectively) (Fig.
1C). Contrary to the observation in Fig, 1A, however, the differences in the size of clusters
between LT-1B and LT-1laB treated cells were not significant. Further, significantly more
clusters were formed in the presence of the mix compared to each of LT-I1B and LT-I11aB
alone (p<0.05 and p<0.0001, respectively). While the mix induced clustering of more cells
than LT-IB (p<0.0001), the number of cells was not significantly different from the cultures
treated with LT-11aB. Taken together, these data show that the B-subunits of LTs induced B
cell clusters as early as 4 hrs after incubation. Further, incubation with the mix resulted in
significantly larger number and larger sizes of clusters compared to LT-1B. The mix also
induced larger number of clusters compared to LT-11aB.

It has been demonstrated by our laboratory as well as others that most of the immunological
and adjuvant properties of the B-subunits of LTs are mediated following binding to their
respective receptors. This suggests that the observed cell clustering (Fig. 1A) might also be
dependent on receptor binding. To address this, LT-IB and LT-I11aB were added to A20 B
cells either in their native form or after heat-denaturing at 95°C (Fig. 1B). Fig. 1B shows
that B cell clustering was considerably reduced following addition of heat-denatured LT-1B
and LT-11aB. The differences between cells treated with heated or unheated LT-IB and LT-
I1aB were highly (p<0.001) and extremely (p<0.0001) significant in the number of clusters
and the number of cells in the clusters, respectively (Fig 1D). We conclude that the observed
clustering of B cells by LT-I1B and LT-11aB were mostly mediated by binding to their
respective gangliosides; Gy for LT-IB, and GD1j, for LT-I1aB. This is the first time the B-
subunits of LTs have been shown to induce clustering of B cells or any other cell.
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3.2 The cell clusters were present up to 24 hrs and contained B and T cells

To further examine the impact of the B subunits of LT-1 and LT-11aB on cells in cultures
containing B and T cells, 1-A%bearing A20 WT B cells and DO.11.10 T cells were
incubated with the enterotoxin B-subunits with or without Ag (OVA). DO.11.10 T cells
proliferate in response to OVAzp3.339 in the context of 1-Ad. B cells were incubated with
LT-IB, LT-11aB, LT-IB+LT-IlaB in the presence or absence of OVA. In some experiments
unlabeled DO.11.10 cells were added and cells were visualized after 24 hrs incubation by
light microscopy (Fig. 2A). In other experiments, DO.11.10 cells were labeled with CFSE
and incubated with B cells for 2 and 24 hrs. Regardless of the presence or absence of OVA,
LT-IB and LT-11aB induced significant cell clustering which was equally pronounced in the
presence of a mixture of both enterotoxins B-subunits (Fig. 2A). While cell clustering was
observed in the control cultures, these were much smaller than those found in cells treated
with either LT-1B or LT-11aB. To examine whether the clusters induced by LT-11aB
occurred following binding to TLR-2, LT-I11bB was compared with LT-11bB(S74D), a
derivative of LT-11bB that does not bind to TLR-2 but retains binding activity to ganglioside
GD1a [31] (Fig. 2A). Similar to LT-11aB, LT-11bB has high binding affinity for TLR-2 [5,
7]. Moreover, both LT-11aB and LT-11bB are similarly proinflammatory [22]. As shown,
both enterotoxins B-subunits (LT-11bB and LT-11bB(S74D) induced the production of large
cell clusters indicating that formation of cell clusters is not mediated solely by TLR-2
activation. This model is supported by the ability of LT-1B, which binds Gy, ganglioside,
but not TLR-2, to induce formation of cell clusters. Therefore, binding of LT-IB and LT-
I1aB to their respective gangliosides appears to be the main mechanism for induction of cell
clusters.

To further examine the type of cells in these clusters, A20 WT B cells were incubated with
the B subunits of LTs in the presence or absence of OVA and with DO.11.10 T cells that
had been labelled with CFSE. The cellular populations were examined after 2 hrs (Fig. 2B)
and 24 hrs (Fig. 2C) of co-incubation. After 2 hrs, cell clusters were observed at the lower
doses of the enterotoxins B-subunits (Fig. 2B). At the lower doses, LT-IB+LT-IlaB induced
larger clusters that contained many CFSE* T cells and unlabeled B cells (Fig. 2B).
Similarly, cell clusters of B and T cells were still visible after 24 hrs at the higher doses of
the enterotoxins B-subunits (Fig. 2C). In this case, CFSE-labeled T cells were also visible
inside these clusters thus suggesting an active process. Clusters were also visible after 48hrs
incubation with the cells (not shown). Similar patterns of cell clustering were observed in
wells containing the B-subunits of LTs and OVA (not shown). Collectively, the data indicate
that clustering of B and T cells by the B-subunits of LTs is a very early event that occurs
subsequent to their binding to B cells and persists for an extended period of time.

3.3 The B-subunits of LT-l and LT-lla did not significantly affect viability of B cells

Although release of DNA from dead cells is unlikely to be the cause for the observed B cell
clustering by the B-subunits particularly after the short 4 hrs incubation time, the viability of
the cells was examined with Trypan Bleu and Pl staining (Fig. 3). After 4 hrs incubation, the
cells were 100% viable in the presence of the individual B-subunits, while incubation with
the mix resulted in 12% of cells stained with Trypan Bleu (Fig. 3A). Pl staining of DNA in
the sub-GO peak of the cell cycle is indicative of cells undergoing apoptosis. As shown (Fig.
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3B), the outcome after incubation with each of the individual B-subunits of LTs or a mixture
of both was not significantly different from the controls. The percentage of B cells
undergoing apoptosis in those treated with the B-subunits ranged from 27-30 % which was
not different from the untreated and OV A-treated cells and still less by that induced by the B
cell mitogen, LPS. Thus, the observed 12% of Trypan Bleu positive cells after the short 4hrs
incubation with the mixture may not reflect actual death of the cells. It is possible that the
mixture could have altered the charge in the membrane on the surface of some cells allowing
penetration of the negatively charged dye.

3.4 The B-subunits of LT-l and LT-lla increased maintenance of CFSE" T cells in culture

To examine the impact of the B-subunits of LTs on total T cells in the cultures, A20 WT B
cells were pre-incubated with LT-1B, LT-11aB and LT-IB+LT-I1aB in the presence of OVA.
CFSE-labeled DO.11.10 T cells were subsequently added. Flow cytometry analysis revealed
that the proportion of CFSE™ T cells was significantly higher in the presence of LT-1B
+OVA (approx. 70%) and LT-11aB+OVA (approx. 46%) compared to OVA alone (approx.
32%)(Fig. 4B). As DO.11.10 is a continuously dividing cell line, the increase in the
proportion of CFSE* cells could reflect retention of CFSE in these cells (see below).
Further, in wells containing each of the enterotoxins B-subunits, the proportion of some
CFSE™ T and unlabeled cells with higher FSC (a readout of cell size) increased compared to
OVA alone and untreated control (Fig. 4B). This increase in cell size is also evident in the
selected gate in the cultures incubated with LT-IB (Fig. 4A) where the spread of the cells
from center to forward position in the FSC channel is noticeable. The increase in FSC of
these cells suggests an increase in cell size due to their activation. In support, examination of
these by light microscopy revealed some single large cells compared to untreated control
and OV A-treated controls (not shown) although the nature of these cells could not be
verified. Nevertheless, T cell hybrids have been documented to increase their size following
Ag stimulation [32]. In a similar outcome to LT-IB and LT-I1aB, the proportion of CFSE* T
cells in wells incubated with LT-IB+LT-11aB+OVA was significantly higher (approx. 61%)
compared to OVA (approx. 32%). However, it is noted that the total number of B and T
cells in the live gate was lower in this cell culture compared to the others. This effect can be
seen by the increase in the density of the Low FSC/high SSC cells, most likely dead cells,
compared to other treatments (Fig. 4A). The reason for the cell death is unclear; particularly
that analysis of cells undergoing apoptosis after 24 hrs incubation with the B-subunits of
LTs did not reveal a difference from other treatments including the untreated control culture
(Fig. 3B). However, this response may reflect an increase in activation of these cells. After
48 hrs, there is a significant increase in the amount of IL-2 production (an indicator of cell
activation) in this culture supernatant when compared to the levels of IL-2 found in the
supernatants of cells treated solely with OVA (see below). Additional experiments were
designed to examine a correlation between the increase in the proportion of DO.11.10 T
cells, T cell division and production of IL-2.

3.5 The B-subunits of LTs cause a delay in T cell division following OVA endocytosis

It has been shown that the cycle of T cell hybrids (including DO.11.10 cells) is dramatically
influenced by the presence of a variety of specific soluble Ags in Ag presentation assays
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[32]. Addition of Ag to these cultures resulted in T cell cycle delay/arrest where T cell
hybrids normally undergo one division every 12-13 hrs [32].

To begin to dissect the impact of the enterotoxin B-subunits on T cell division in these
cultures, A20 WT B cells which process Ag only by fluid phase endocytosis were used. A20
WT B cells express surface mouse Ig of unknown specificity. B cells were pulsed with LT-
IB, LT-11aB, LT-IB+LT-l1aB with or without OVA and the T cell division profile was
subsequently analyzed. An increase in T cell division is recorded when T cells progress from
generation (9)g to g1.7 (Fig. 5A).

Incubation with OVA alone induced a small increase in the T cell division when compared
to the untreated control, shown by the progression of cells to advanced generations. There
was also a slight increase in the total number of CFSE* T cells. Incubation with LT-IB
+OVA or LT-11aB+OVA increased T cell division when compared to OVA alone and was
associated with an increase in the total number of CFSE*-low T cells, which is consistent
with the results from the dot plot analysis (Fig. 4B). T cell division in wells containing LT-
IB+OVA was slower compared to those containing LT-11aB+OVA since most of the cells
remained in gg and g,. Further, comparison between the T cell division profiles of LT-l11aB
with and without OV A showed higher division in LT-1laB+OVA. This effect is revealed by
a shift of the cells from gg to more advanced generations. Nevertheless, the total number of
CFSE™ T cells between these treatments did not noticeably increase. This may be due to
reduced detection of CFSE™ T cells as a result of the increase in T cell division in the LT-
I1aB+OVA culture. Conversely, LT-1B alone increased T cell division when compared to
LT-IB+OVA. The total number of T cells remained the same in these cultures again
suggesting CFSE dilution due to an accelerated T cell division in the LT-1B culture. Finally,
like LT-IB and LT-I1aB, the incubation with a mixture of both without OVA increased T
cell division and the total number of T cells, when compared to untreated or OV A-treated
controls, suggesting increased survival of T cells in these cultures. Stimulation by the mix
+OVA slightly increased T cell division, shown by a shift from gg to g1. However, the total
number of T cells did not noticeably increase over that of untreated or OVA-treated control,
suggesting a loss of cells following activation (Fig. 4). It should be noted that T cell division
in the presence of LT-IB+OVA, mix, and mix+OVA was slower compared to LT-11aB
+OVA or the other treatments, in that most of the cells did not advance further in their
division. Collectively, these results show that stimulation by LT-11aB+OVA results in higher
division of OVA-responsive T cells following fluid phase endocytosis when compared to
LT-IB+OVA, mix or mix+OVA.

3.6 The B-subunits of LTs caused arrest in T cell division following BCR-mediated uptake

of OVA

To mimic in vivo events, the impact of the B subunits of LTs on T cell division was further
investigated in cultures of B and T cells in which OVA is targeted to the BCR. A20u WT B
cells acquire and process Ag by the BCR [27]. The incubation with PC-OVA slightly
increased T cell division, when compared to the untreated control, as shown by a shift from
g1 to g3.5 (Fig. 5B). The total number of T cells in these cultures remained essentially the
same. On the other hand, incubation with LT-IB, LT-11aB, or the mix, with or without PC-
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OVA did not significantly alter T cell division. In fact, the majority of T cells appeared to be
stuck at gg. The total number of CFSE™ T cells in these cultures, except for LT-11aB, only
slightly increased when compared to PC-OVA treated and the untreated control (Fig. 5B)
suggesting T cell maintenance as a result of the block in cell division. Collectively, these
data indicate profound impact of the B-subunits of LTs on T cell division in the absence of
OVA. However, the results above do not necessarily indicate direct effects of the B-subunits
on Ag presentation since T cell proliferation is an intrinsic property of the cell line.
Nevertheless, a delay or a halt of T cell division would have significant effects on the
mechanism of Ag presentation in vivo. To examine whether Ag presentation, measured by
the amount of IL-2 production in these cultures are affected by the B-subunits, further
experiments were performed below.

3.7 The delay/arrest in T cell division was associated with increased IL-2 production

To determine if incubation with the B-subunits of LT impacts production of IL-2 by T cells
in these cultures (Fig. 6), A20 WT and A20u WT B cells were pulsed with LT-IB, LT-11aB
or a mixture of both B subunits with or without OVA or PC-OVA, respectively, and
supernatants from each well were collected and analyzed for the presence of IL-2.

In the A20 WT cultures, the IL-2 levels were mainly compared to 2 controls untreated or
OVA treated. When compared to treatment with OVA alone, the level of IL-2 was 2.3 folds
higher for LT-IB+OVA treated cultures, which is statistically significant (p<0.05). On the
other hand, IL-2 levels in LT-1laB+OVA treated cultures were only 1.49 folds higher than
cultures treated with OVA alone (Fig. 6A). A significant increase of IL-2 at about 2.64 folds
was also detected in supernatant from cells incubated with mix+OVA compared to OVA
alone (p<0.05). This result was also significantly higher than the level of IL-2 in cultures
treated with LT-11aB+OVA (p<0.05), but not significantly higher than those in cultures
treated with LT-IB+OVA. Therefore, in response to OVA, LT-IB and the mix, but not LT-
I1aB significantly increased IL-2 production. It should be noted that although the increase in
the IL-2 level by LT-11aB+OVA did not attain statistical significance, a higher production of
IL-2 over that in the untreated or OV treated controls is an indication of T cell activation.
Further, in cultures treated with the B-subunits without OVA, the IL-2 level in the LT-IB
culture was significantly higher compared to the untreated control (1.86 folds, p<0.05)
whereas LT-11aB did not increase IL-2 above that of the untreated control. Additionally, the
IL-2 level on cultures containing the mix was significantly higher (2.24 folds, p<0.05)
compared to the untreated control. There was no significant difference between the level of
IL-2 in the mix and mix+OVA (p>0.05). Collectively, the data above show that LT-IB and
the mix in the presence or absence of OVA stimulated significant production of IL-2.
Finally, to ensure that a threshold of IL-2 production was attained, A20 WT B cells were
incubated with higher doses of the B-subunits (Fig, 6C). Comparison between the IL-2
levels in cultures incubated with low and higher doses of the enterotoxins B-subunits
showed no larger increase in IL-2 production (Fig. 6A and Fig. 6C). This indicates that a
threshold of IL-2 production in these cells was attained by the lower doses.

The impact of the B-subunits of LTs on the level of IL-2 was further investigated in the
A20u WT B cell cultures (Fig. 6B). The samples were compared for statistical significance
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mainly to either untreated or PC-OVA treated. Compared to PC-OVA, LT-IB+PC-OVA and
mix+PC-OVA increased IL-2 by 1.87 folds and 2.6 folds, respectively. This increase was
significant (p<0.05) for the mix+PC-OVA, but not quite significant for the LT-IB+PC-OVA
(p=0.05). Again, the higher increase of IL-2 production by LT-1B+PC-OVA though not
quite significant is however an indication of T cell activation. The level of IL-2 in the mix
+PC-OVA culture was significantly higher (p<0.05) than that in the LT-1laB+PC-OVA, but
not that in the LT-IB+PC-OVA culture (p>0.05). However, the mix induced higher level of
IL-2 compared to LT-IB alone. Thus, the presence of LT-11aB with LT-IB may reflect a
more efficient way to stimulate T cells. In comparison to LT-1B+PC-OVA, incubation with
LT-11aB+PC-OVA or LT-11aB alone did not increase the level of IL-2 over that detected in
PC-OVA or the untreated control, respectively. Like in the A20 WT cultures above,
incubation with LT-I1B or the mix without PC-OVA significantly increased the level of IL-2
by 1.86 and 2.83 folds (p<0.05) compared to the untreated sample, respectively.
Collectively, these data indicate that LT-I1B and the mix mediate similar levels of 1L-2 with
or without OVA.

3.8 The B-subunits of LT-IB and LT-llaB differentially increase the proportion of
macrophages expressing MHC class I

While the study above analyzed the impact of LT-IB and LT-Il1aB on B cells which are
mainly involved in the adaptive immune response, we also compared effects of the
enterotoxins B-subunits on macrophages in the context of their adjuvant properties. For this
purpose, we examined the means by which LT-IB, LT-11aB, and LT-IB+LT-IlaB regulate
surface expression of MHC class-11 on RAW?264.7 macrophages. Further, effects of the B-
subunits on the macrophages were compared to those exerted by LPS. In contrast to B cells,
unstimulated macrophages express very low levels of MHC class-I1. Similar to B cells,
however, macrophages express TLR-2 as well as ganglioside receptors. The cells were
incubated with the stimulants for 48 hrs, after which they were analyzed for change in
morphology (increase in cell size) and for expression of MHC class I1. In the absence of a
stimulant, two major populations can be seen, low and high FSC (an indicator of cell size)
representing approx. 45% and 55%, respectively (Fig. 7). The number of cells that expressed
MHC class 11 was low in both populations. After LPS stimulation, a noticeable decrease in
the proportion of high FSC population occurred. As a result, the proportion of the low FSC
population was higher and was associated with an increase in the proportion of cells
expressing MHC class 11. The decrease in the proportion of cells of high FSC may be a
consequence of activation and expression of MHC class 1. In support, agents that cause
activation of macrophages such IFN-y and LPS cause an arrest in the cell cycle associated
with increased surface expression of MHC class Il and secretion of proinflammatory
cytokines [33]. Incubation with LT-1B reproduced the LPS effects on cell morphology and
MHC class 11 with a further increase in the proportion of cells expressing MHC class Il
(approx. 7%, 10%, and 17% for medium, LPS and LT-IB, respectively). By comparison,
LT-11aB at the low dose of 2.5 pg/ml although it reproduced a morphological change of the
cells similar to LPS, it did not increase the proportion of MHC class-I1 expressing cells
above those in the untreated control. This result suggests that the potent proinflammatory
property of LT-11aB on monocytes/macrophages [22] is independent of the events that
regulate MHC class Il expression, but in concert with the cell morphological change that is
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reportedly followed by secretion of proinflammatory cytokines. However, when LT-11aB
was incubated with LT-IB in a mixture, the proportion of class Il-expressing cells increased
similar to the effects of LPS. Collectively, these results show that the effects of LT-IB and
LT-1B+LT-I1aB on MHC class Il are similar to those of LPS.

4. Discussion

We postulate that early events governing the interactions of LT enterotoxins with immune B
and T cells play a pivotal role in their adjuvanticity towards co-administered Ags. We
demonstrate that co- incubation with the B-subunits of LTs results in significant clustering
of B cells and B and T cells. B cell clustering was observed as early as 4 hrs after the
addition of the B-subunits, and was likely mediated by gangliosides, but not TLR-2. Further,
co-incubation with the B-subunits resulted in a delay or blockage of T cell division which
was inversely related to the production of IL-2. Moreover, co-incubation of specific B-
subunits with macrophages differentially increased the proportion of MHC class-11* cells.
These results highlight the impact of signals derived from gangliosides, BCR, and TLR-2 on
immune cells and shed new insights on the mechanism behind the adjuvant properties of the
B-subunits of LTs.

A large body of evidence exists demonstrating the potent immunogenicity and adjuvanticity
of E. coli heat-labile enterotoxins (LTs), their non-toxic derivatives, and the structurally and
functionally related CT from Vibrio cholera [1, 10-12, 34]. An essential part of their potent
immunogenicity and adjuvant properties lies in their high affinity binding to their respective
receptors on immune cells. However, it is unclear how a minute amount of these
enterotoxins administered in PBS, and in the absence of any other adjuvants, leads to a
remarkable expansion of the antibody and T cell response to a co-administered Ag,
including generation of long-lasting immunological memory [23-26]. Due to the
enterotoxins' high affinity binding to their receptors on APCs, it would be expected that
injection of a minute amount of the enterotoxins in vivo would result in binding to only a
small number of these cells. An even smaller number of APCs would simultaneously bind
both the enterotoxin and co-administered soluble Ag. Adding to this, the enterotoxin would
be ‘consumed’ by binding to other cells not involved in professional Ag uptake and
processing, such as T cells. Hence, any effect the enterotoxins have on the APCs that result
in their activation would likely involve only a few cells. Alternatively, a mechanism that
involves bystander activation of B and T cells, a delay in the immune response to co-
administered Ag, and a local aggregation of immune cells near the site of inoculation would
likely result in a more effective immune response to that Ag.

In this regard, early events of cell clustering between the APCs and T cells have been shown
to dictate the immunogenicity of Ags in vivo [35]. Significant differences in cell motility,
meandering, number of clusters, and number of cells in the clusters were observed in lymph
nodes between animals fed “no Ag” and those fed OVA+CT as an adjuvant. Also, subtle but
noticeable differences were present between animals fed OVA and OVA+CT, particularly in
the size of the clusters; clusters in the lymph nodes from animals fed OVA+CT were larger
and contained higher number of cells. Although the authors attributed these findings to the
effect of priming with Ag (OVA+CT) versus tolerance (OVA), they stated that no clusters
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were formed by the adjuvant CT alone although no data was presented to support their
claim. Our data suggest that CT, independent of OVA, probably contributed to formation of
clusters in that study. Nevertheless, OVA priming would be more effective when CT is used
as an adjuvant. An alternative explanation would be that the B-subunits of LTs and CT act
differently on immune cells.

Fig. 1 and Fig. 2 in this report show cell clusters in the B-subunits treated samples 4 hrs after
incubation with B cells, and 2 and 24 hrs following introduction of T cells to the culture.
Overall, the results indicate that formation of the cell clusters occurs very early following
binding of the B-subunits to A20 WT B cells before any significant increase in the
expression of surface co-stimulatory and adhesion molecules. A20 WT B cells express
ICAM-1 (CD54), MHC class I, CD80 and CD86 [36]. T cells also express the adhesion
molecule CD54. CD54 is an unlikely candidate for cell clustering, however, since significant
expression of CD54 occurs over the course of 2—3 days of culture following activation by
mitogens [37] and 48 hrs is required for LT-IB to increase expression of CD54 on mouse B
cells [14]. The data acquired using LT-11bB and the TLR-2 binding deficient mutant LT-
I1bB (S74D) suggest that clustering was not mediated solely by TLR-2 activation (Fig. 2). It
is thus likely that LT-11bB and LT-1laB, like LT-1B, mediate cell clustering following
binding to gangliosides; GD1, for LT-11bB, GD1,, for LT-11aB and Gy, for LT-IB.

The question is, therefore, how do the B-subunits increase adhesiveness of cells at such
early time (4 hrs)? In this context, early events that lead to internalization of Ag and
initiation of the signaling cascade include translocation of a number of surface receptors into
specialized membrane structures named ‘detergent-insoluble glycolipid-enriched
membranes’ (DIGS) or rafts [38-40]. Gangliosides including Gy, and GD1y, are raft
constituents [41]. Further, TLR-2 translocates to lipid rafts after its ligation. Binding of LT-
IB or CT/CTB on cells has been shown to result in patching and capping which can be
visualized within minutes after co-incubation, and is observed in B and T cells (8, 42, 43).
Capping of cell membrane receptors induces redistribution of membrane proteins some of
which are associated with signaling molecules that regulate the cytoskeleton. Gangliosides
can influence signaling molecules associated with the cytoskeleton [42, 43]. Thus,
aggregation of CTB bound to Gy lipid rafts in Jurkat T cells increases their adhesiveness
by regulating the affinity of integrins to their ligands and cytoskeleton dynamics [43]. This
increases the resistance of T cells to shear flow detachment and stretching, induces F actin
polymerization, and inhibits T cell mobility including migration and chemotaxis [43]. The
leukocyte function-associated antigen-1 (LFA-1) is an important adhesion molecule for
lymphocyte migration and the initiation of an immune response. Its ligand is CD54. Both
LFA-1 and CD54 are expressed on B and T cells. Cross-linking of lipid rafts on thymocytes
or T lymphocytes by CT regulates avidity of LFA-1 and induces its clustering on these cells
[44]. Thus, independent of T cell activation by Ag, cross-linking of lipid rafts modulates
adhesiveness of cells that enhance cell-cell interactions. Similarly, the incubation of LT-1B
with unprimed mouse splenic cells resulted in increased expression of co-stimulatory
molecules on B cells, including CD54 [14]. Interestingly, the expression of most of these
molecules required the presence of both B and T cells [14], pointing to the importance of
early events that enhance interactions of the APC and T cell by LT-IB. We propose that
clustering of the APC and T cells occurs immediately following LT-1B and LT-11aB binding
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to their respective ganglioside receptors. This resulted in increased adhesiveness of the cells,
and the interactions persisted throughout the response to OVA. By this later time, co-
stimulatory and adhesion molecules contributed to further enhancement of B and T cell
interactions.

The impacts of the B-subunits on T cell division and IL-2 production in cultures of B and T
cells (Fig. 5 and Fig. 6) revealed an inverse relationship between T cell division rate and
increased IL-2 production. This was particularly noticeable following BCR-mediated uptake
of OVA in the presence or absence of the B-subunits. In this regard, it is important to
highlight some of the known characteristics of several mouse T cell hybrids in their response
to Ag. Thus while natural T cells undergo cell division following cognate interaction with
the APC, T cell hybrids respond by a delay or complete blockage in their cell division [32].
The DNA blockage is evident 24 hrs after stimulation of the APC with Ag and persists up to
48hrs [32].

Most of the cells are stuck at the G1 and S cell cycle, which may be reversible after a lag
period of 4-5 days. This inhibits growth of the cells resulting in an increase in cell size. Most
importantly, the blockage in T cell division is inversely related to the production of IL-2
[32]. These observations have been shown for several T cell hybrids co-incubated with
natural mouse B cells (thus expressing BCR of wide-range specificity) which were
stimulated with a number of Ags, including OVA and hen egg lysozyme [32].

The question then is how do the B subunits of LTs impact T cell division and IL-2
production with or without OVA? Crosslinking of membrane gangliosides or TLR-2 by the
enterotoxins B-subunits would be expected to result in rearrangement of membrane proteins
that lead to intracellular signals. Indeed, binding of LT-IB to Gps; on isolated B cells
increases levels of PI3K and MAP/ERK kinases [18] which is translated by an increased
expression of MHC class Il and CD25 [13, 18]. LT-IB also increases expression of several
other costimulatory molecules on mouse splenic B cells [14]. Similarly, binding of LT-11aB
to GD1p, and TLR-2 on surface of monocytes stimulates NF-kB and results in secretion of
pro-inflammatory cytokines [7]. Moreover, crosslinking of these receptors affects signaling
molecules that are associated with the cytoskeleton [42]. For OVA in the fluid phase, such
an impact on the cytoskeleton would conceivably enhance its uptake and presentation.
However, in a previous study it was found that incubation of A20 WT B cell with LT-1B did
not noticeably enhance OVA presentation when added in the fluid phase [19]. In the latter
study, the response of DO.11.10 T cells to OVA was evaluated by measuring the level of
proliferation of IL-2-responsive HT-2 cells. However, the direct impact of LT-IB on DO.
11.10 T cell division was not evaluated, and the response to IL-2 was measured after 24 hrs
instead of 48 hrs as in the current study. By 24 hrs the stimulatory effects of LT-IB on IL-2
production would have not been complete. It is interesting in this regard that T cell division
in cultures treated with LT-IB+OVA or LT-IB+LT-11aB+OVA were slower when compared
to LT-11aB+OVA, and only the IL-2 levels in the former treatments were significantly
higher when compared to OVA (Fig. 5A and Fig. 6A). This points to inverse relationship
between the delay or the blockage in T cell division of the hybrids and production of IL-2
[32]. This was more evident in cultures treated with LT-1B+LT-11aB+OVA where most of

Cell Immunol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

El-kassas et al.

Page 15

the cells appeared to be stuck at early generations, exhibited poor growth, and yet produced
significant amount of IL-2 (Fig. 5A and Fig. 6A).

The impact of LT-IB and LT-I1aB on the presentation of OVA following BCR uptake (Fig.
5B and Fig. 6B) mimicked the behavior of mouse T cell hybrids in response to Ag [32].
Interestingly, the injection of mice with a mixture of LT-1B and HIV gag p24 protein also
resulted in a blockage of T cell division in response to gag p24, compared to when gag p24
was chemically conjugated to LT-IB (17). With these findings in mind, it remains to
elucidate the mechanism by which the B subunits impact T cell division and IL-2 production
in the presence of OVA. It is known that ligation of the BCR by Ag results in its partial
translocation into Gy1-containing DIGS [45, 46]. Normally this process results in the
initiation of downstream signals that activate B cells although internalization of the BCR-Ag
complex can proceed independent of signaling from membrane rafts [46]. Thus, the partial
translocation of the BCR-Ag complex into lipid rafts would not significantly impact
redistribution of membrane proteins or the signaling initiated by LT-IB binding to Gp;.
Nevertheless, BCR partial translocation into DIGS would further increase signaling that
would impact adhesiveness of B and T cells and this would further increase the blockage in
T cell division and level of IL-2 production.

In comparison to LT-1B, the events that lead to the observed effects on T cell division and
IL-2 production by LT-11aB are less clear. In vivo, LT-11aB has multiple effects on APCs
including increase in uptake and level of OV A-specific antibody response after intranasal
immunization [7, 22]. LT-11aB exerts its adjuvant function following binding to GD1;, and
TLR-2 [5, 7]. FRET and fluorescent microscopic examination suggests that LT-11bB
stimulates formation of a multimolecular complex of B-pentamer, ganglioside and TLR-2
[31, 47]. As mouse B cells also express TLR-2 [8], interaction of LT-11aB with TLR-2 and
GD1j on B cells would likely occur. Because GD1y, is an integral part of DIGS, and ligation
of TLR-2 results in its translocation to DIGS, the mechanisms suggested above for LT-IB
may also apply to LT-11aB with minor differences. In this case, engagement of these
receptors by LT-I11aB would enhance B cell Ag presentation of OVA by fluid phase
endocytosis in the absence of BCR involvement (Fig. 5A and Fig. 6A). On the other hand,
recruitment of the BCR and TLR-2 into GD1;, DIGS would result in a strong signal from the
three receptors that inhibit T cell division as well as secretion of IL-2 (Fig. 5B and Fig. 6B).
Thus, studies that compared TLR and BCR signaling showed significant overlap between
these pathways [8]. In this regard, the coordination of signals from the BCR with those from
other receptors may play an important role in the outcome of immune responses to Ag [48].
Thus, BCR ligation followed by concurrent ligation of MHC Il and CD40 induced
significant mobilization of CaZ*. In contrast, simultaneous ligation of the BCR and CD40
results in a significant decrease in MHC Il-mediated mobilization of intracellular Ca2*
compared to prior ligation of either receptor alone [48]. It is possible that LT-11aB
adjuvanticity involves the innate immune response directly, and that its enhancement of the
antibody response to Ag, in vivo, is a result of bystander activation of B cells by cytokines
secreted from DCs and macrophages [7, 22].

An interesting finding in the current study is that most of the observed impact on T cell
division and IL-2 production discussed above can also be reproduced following direct
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stimulation by the B-subunits without OVA (Fig. 5, and Fig. 6). In this regard, incubation of
unprimed mouse splenic cells with LT-IB stimulated production of IL-2 and IFN-y [14].
Moreover, LT-IB increased expression of MHC class I, B7-2, ICAM-1 and CD25 on B
cells in these cultures [14]. However, only CD25 and MHC class-I1 were upregulated when
purified B cells were examined [18]. This indicates the requirement for other cells and/or
their cytokines for the Ag-independent activation of B cells. DO.11.10 T cell hybrids have
also been shown to secrete IL-2 following stimulation by conventional mitogens [49]. The
absence of a significant difference between LT-1B and LT-IB+LT-11aB in the production of
IL-2 (Fig. 6) indicates that LT-IB mostly mediates production of this cytokine. However, it
remains to be determined whether LT-IB could interact directly with T cells after binding
the APC. This possibility is unlikely due to the high affinity binding of this protein to its
receptor. More likely, however, events that govern B cell activation by LT-IB dictate the
outcome of T cell activation including secretion of IL-2 and a blockage or a delay in DO.
11.10 T cell division.

LT-IB and LT-IB+LT-IlaB had similar effects to LPS on the morphology and the proportion
of macrophages that express MHC class-11 (Fig. 7). In comparison, incubation with LT-11aB
alone was unable to increase the proportion of MHC class-11* cells. In vivo, macrophages
have multiple functions, including removal of tissue debris following microbial infection,
secretion of proinflammatory mediators that stimulate other cells, and as Ag presenting
cells. These functions are intimately related to their cell cycle, with an inverse relationship
between proliferation and surface expression of MHC class-I1 or secretion of
proinflammatory mediators [33]. In this regard, the RAW 264.7 cell line has often been used
as a model for secretion of proinflammatory cytokines after stimulation with agents like
LPS. LT-11aB binds to TLR-2 and ganglioside GD1b [7, 47]. Binding of bacterial
lipoproteins to TLR-2 stimulates secretion of proinflammatory mediators [9]. LT-11aB is
also a potent proinflammatory stimulant [22]. In contrast to LT-I11aB, LT-IB which binds to
ganglioside Gyy1 ganglioside increased the proportion of MHC class-11* cells (Fig. 7). This
suggests that the inability of LT-11aB to increase expression of MHC class Il on
macrophages, yet its ability to stimulate proinflammatory cytokines, were due to opposing
signals following binding gangliosides and TLR-2. The outcome of such opposing signals
can be seen in the reduction of MHC class I1* macrophages in the LT-IB+LT-11aB treated
culture, compared to those treated with LT-IB alone (Fig. 7). Thus, binding to gangliosides
appears to stimulate higher proportion of cells expressing MHC class 11, as shown for LT-1B

(Fig. 7).

Although the data in this study does not imply cause-and-effect, there are a number of strong
indicators that support relevance of the observed cell clustering and the delay/arrest of T cell
division, and the IL-2 production caused by the B-subunits with respect to the immune
response in vivo. First, there is direct evidence in vivo that links T cell priming in the
immune response to an Ag with the persistence, number, and size of clusters [35]. Second,
the injection of LT-IB, in vivo, has been shown to result in a blockage of T cell division to a
co-administered Ag (17). Third, an increase in stable interactions between APC and T cells
(i.e. the “immunological synapse”) is linked to improved immunogenicity and to a process
that is mimicked by most conventional adjuvants. Fourth, our data demonstrate that cluster
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formation and the impact of the B subunits of LTs on T cell division and IL-2 production
can also be reproduced in the absence of the co-administered Ag. Hence, the limitations that
could be introduced in interpreting the data following the usage of a specific Ag are
eliminated.

5. Conclusion

We demonstrate, for the first time, that incubation of the B-subunits with B cells induces
significant B cell clustering as early as 4hrs, and B and T cells up to 24 hrs. Incubations of B
cells with non-receptor binding B-subunits of LT-1 and LT-lla significantly reduced cell
clustering. Further, the co-incubations with B cells caused a delay or arrest in T cell division
following endocytosis or BCR uptake of antigen, respectively. This was associated with
increased production of IL-2. LT-IB and LT-11aB also increased number of MHC class I1*
macrophages. Our data suggest that clustering of APCs and/or delay in T cell division could
be mechanisms that mediate the potent adjuvanticity of LT-IB and LT-IlaB, in vivo.
Conversely, would this mechanism implicate a strategy designed by microbial agents to
delay the immune response to their advantage?
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Fig. 1. Short-time incubation of B cells with the B-subunits of LTs induced cell clustering that is
mostly ganglioside-mediated

A20 WT B cells were cultured at 1x108/ml with 20 and 10 ug/ml LT-I1B and LT-I1aB,
respectively. Cells were also incubated with the same doses in a mixture (Mix) and
examined 4hrs later by light microscopy. Images were taken at 4x magnification (A). (B),
A20 B cells were incubated with either native (uh, unheated) or denatured (h, heated) forms
of the B-subunits by heating at 95° C for 5 min. The average (+/- SEM) number of formed
clusters and number of cells in the clusters were determined (C, D). *, **, and *** denote
the difference in the means was significant (p<0.05), highly significant (p<0.001) and
extremely significant (p<0.0001), respectively. For significance of the values, the unpaired
Student t-test with Welch correction was used, assuming populations have different standard
deviation, and by determining two-tailed p value. Cells were examined by light microscopy
(x10). Arrows indicate the presence of large clusters.
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Fig. 2. The B-subunits of LT-I and LT-11a enterotoxins induced cell clustering of B and T cells
A20 WT B cells were cultured with or without OVA in presence of 20 pg/ml LT-1B, 10

ug/ml LT-11aB, same doses of LT-IB+LT-I1aB, 10 pg/ml LT-11bB or 10 pug/ml non-TLR-2
binding mutant of LT-11bB, LT-11bB(S74D), for 4-6 hrs. Unlabelled OVA-specific DO.
11.10 T cells were added to the culture, and incubated for 24 hrs (A). Alternatively, A20
WT B cells were incubated for 4-6 hrs with lower doses of 5 ug/ml LT-IB, 2.5 ug/ml LT-
I1aB, and same doses of LT-IB+LT-11aB (B). CFSE-labeled T cells were then added and
examined either after 2 hrs (B) or 24 hrs (C). Cells were examined by fluorescence
microscopy [%20 (A and B), 10x cropped images (C)]. In (C), white arrows point to cells
from same images taken in bright and overlapping fluorescence fields. Shown are cells
incubated with the B-subunits without OVA. Almost identical cellular profile was found
after cells were incubated in the presence of OVA (not shown). The data are representative
of at least 2 similar experiments.
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Fig. 3. The B-subunits of LT-1 and LT-11a did not significantly affect the viability of B cells
A20 WT B cells were incubated with each of B-subunits of LT-1 and LT-1I individually or

in a mixture for 4 and 24 hrs. Incubations with OVA or LPS were used as controls. Viability
of the cells was evaluated by staining with Trypan Bleu (TB)(4hrs) or propidium iodide (PI)
(24 hrs). The percentage of dead cells stained with TB (A) and the percentage of cells with

fragmented DNA (sub GO) in the cell cycle are shown.
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Fig. 4. The B-subunits of LT-1 and LT-Ila increased maintenance of DO.11.10 T cells
A20 WT B cells were cultured with OVA in presence of LT-1B, LT-IlaB or LT-IB + LT-

IlaB (Mix), for 4-6 hrs. OVA-specific DO.11.10 T cells were CFSE labelled, added to the
culture and incubated for 48 hrs. Cells were then analyzed by Flow cytometry. Dead cells
were gated out based on their low forward and side scatter (A). Other cells were analyzed
for the proportion of T cells in culture (B). The data is representative of 3 similar
independent experiments.
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Fig. 5. The B-subunits of LT-1 and LT-1la caused delay and arrest in T cell division
A20 WT (A) or A20u WT B cells (B) were cultured with OVA (A) or PC-OVA (B) in

presence of LT-IB, LT-11aB or LT-IB+LT-Il1aB (mix), for 4-6 hrs. OVA-specific DO.11.10
T cells were labelled with CFSE, added to the cell culture and incubated for 48 hrs. Cells
were then analyzed by Flow cytometry. Dead cells were gated out based on their low
forward and side scatter. CFSE™T cells were gated on and analyzed using FlowJo
proliferation software. Numbers 0-7 indicate cell generation number. A shift from
generation “0” to other generations is indicative of cell division. The value below each
treatment represents number of total DO.11.10 T cells in all generations. The data is
representative of 3 similar independent experiments for each of (A), and (B).
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Fig. 6. The B-subunits of LT-1 and LT-11a differentially enhanced IL-2 production
A20 WT (A,C) or A20u WT B cells (B) were cultured with or without OVA (A, C) or PC-

OVA (B) in presence of LT-I1B, LT-11aB or LT-IB+LT-I1aB (mix), for 4-6 hrs. The antigen
doses were 5ug/ml for LT-IB and 2.5 pg/ml for LT-11aB (A, B) or as indicated (C). OVA-
specific DO.11.10 T cells were labelled with CFSE, added to culture and incubated for 48
hrs. Supernatant from cultures treated with or without the antigens were sampled, and
concentration of IL-2 determined by extrapolation from IL-2 standard incubated on the same
plate. Shown are IL-2 values representing average of 3 independent experiments with SEM
(A, B), or one experiment (C). Average (+/- SEM) of IL-2 represents values from 3
independent experiments. For significance of the values, the unpaired Student t-test with
Welch correction was used, assuming populations have different standard deviation, and by
determining two-tailed p value. *, denotes the difference in the means was significant
(p<0.05).
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Fig. 7. The B-subunits of LT-IB and LT-11aB differentially increased the proportion of

macrophages expressing MHC class 11

RAW?264.7 cells were incubated with 2 pg/ml LPS, 5 pg/ml LT-1B, 2.5 ug/ml LT-I1aB or a
mixture of both (LT-IB+LT-I1aB), for 48 hrs. Cells were then harvested and labelled with
FITC-anti-MHC class Il antibody and analyzed by flow cytometry. Shown is a contour plot

displaying different cell populations in the FSC channel and the proportion of cells

expressing MHC class-11 in the FL-1 channel. The quadrants were set so to analyze each

population as shown in the FSC channel.
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