INFECTION AND IMMUNITY, June 2007, p. 3150-3159
0019-9567/07/$08.00+0  doi:10.1128/IAL.00581-06

Vol. 75, No. 6

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Induction of Cell Signaling Events by the Cholera Toxin B Subunit in
Antigen-Presenting Cells’

Aletta C. Schnitzler,' Jennifer M. Burke,' and Lee M. Wetzler**

Department of Pathology and Laboratory Medicine, Boston University School of Medicine, Boston, Massachusetts 02118,"
and Department of Medicine, Boston University School of Medicine, Boston, Massachusetts 02118>

Received 7 April 2006/Returned for modification 7 June 2006/Accepted 3 March 2007

Cholera toxin (CT) is one of the most effective and widely studied mucosal adjuvants. Although the
ADP-ribosylating A subunit has been implicated in augmenting immune responses, the receptor-binding B
subunit (CT-B) has greater immunogenicity and may be a repository of adjuvant activity without potential
toxicity. In order to elucidate mechanisms of immune modulation by CT-B alone, primary B cells and
macrophages were assessed for responses to CT-B in vitro, as measured by the expression of cell surface
markers, cellular signaling events, and cytokine secretion. Increased phosphorylation of multiple signaling
molecules, including Erk1/2 and p38, was detected. CT-B also induced transactivation of the transcription
elements cyclic AMP-responsive element and NF-kB, the latter of which was inhibited by phosphotyrosine
inhibition. While specific inhibition of MEK1/2 did not reduce CT-B induction of cell surface marker expres-
sion, it did attenuate CT-B-mediated interleukin-6 secretion. These data show that CT-B induces a set of
signaling events related to cellular activation, surface molecule expression, and cytokine production that has
potential implications for elucidating CT-B adjuvant activity in the absence of enzymatically active holotoxin.

The development of effective mucosally delivered vaccines
has been hampered by the paucity of useful adjuvants and
limited knowledge of their modes of action. Currently, the
most powerful mucosal adjuvants known are cholera toxin
(CT) and the closely related Escherichia coli heat-labile toxin
(LT), which cause the often fatal “rice-water” diarrhea of chol-
era and traveler’s diarrhea, respectively. The CT holotoxin is
composed of a single, enzymatically active A subunit nonco-
valently linked to a pentamer of receptor-binding B subunits.
The toxin ADP ribosylates the a subunit of the GTP-binding
regulatory protein Gs, thereby inducing permanent adenylate
cyclase activation (8). This results in the accumulation of cyclic
AMP (cAMP) that is related to the induction of the profuse
diarrhea seen in cholera (15). Oral administration of CT with
antigen to mice elicits long-term immunological memory (48)
characterized by antigen-specific responses involving both
CD4" and CD8" T cells, secretory immunoglobulin A (IgA)
(10), high IgG1 and IgE serum titers (26, 47), and the predom-
inantly Th2 cytokines interleukin-4 (IL-4), IL-5, IL-6, and
IL-10 (31, 52). It is likely that enhancement of antigen presen-
tation is a major mechanism of CT adjuvanticity. Indeed, an-
tigen-presenting cells (APCs) treated with CT are able to aug-
ment T-cell proliferative responses to anti-CD3 (55). CT
holotoxin has been shown to up-regulate expression levels of
the costimulatory molecules CD80 (B7.1) and CD86 (B7.2) on
B cells, macrophages, and dendritic cells (17). The finding that
the administration of anti-CD86 antibody inhibits antigen-spe-
cific secretory IgA and serum IgGl responses in mice fed
keyhole limpet hemocyanin plus CT (12) further suggests that
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a direct effect on APCs may be an important mechanism of CT
adjuvanticity.

Although the current data suggest that the CT holotoxin
harbors the toxin’s most potent adjuvant activity (35), the use
of this molecule in vaccination poses risks, such as the in-
creased incidence of Bell’s palsy in recipients in a recent clin-
ical trial testing the efficacy of a nasal vaccine for influenza
using LT as an adjuvant (13). Successful use of these molecules
to elicit immune responses through vaccination in humans
requires separation of toxicity from adjuvanticity. Accumulat-
ing data indicate there are multiple immune modulating path-
ways triggered by CT, including mechanisms independent of
ADP ribosyltransferase activity (14, 16, 56). For example, oral
vaccines utilizing CT’s nontoxic B subunit (CT-B) as an adju-
vant to protect against E. coli and cholera itself have been safe
and immunogenic in clinical trials (40, 46). Nonetheless, little
is known about the mechanisms of CT-induced cellular activa-
tion of APCs. Numerous studies have suggested that engage-
ment of the ganglioside GM1, the major receptor for CT and
LT, is required for the ability of these molecules to alter im-
mune responses (21, 30). Therefore, we surveyed various APCs
for responses to CT-B alone, focusing on signaling events com-
monly associated with lipid rafts and cellular activation. We
generated data demonstrating that in the absence of the toxic
A subunit, CT-B induces intracellular signaling associated with
the development of immunity in murine B cells and macro-
phages.

MATERIALS AND METHODS

Primary cell isolation and cell culture. All primary cells were isolated from 6-
to 12-week-old female C57BL/6 mice or from the lipopolysaccharide (LPS)-
nonresponsive strain C3H/HeJ (Jackson Laboratory, Bar Harbor, ME). Naive
splenic B cells were isolated as previously described (51). Briefly, red blood cells
in a splenocyte suspension were lysed with 0.15 M Tris-buffered NH,CI. T cells
were depleted via complement-mediated lysis, and depletion of other nonspecific
cells was achieved by passage over a Sephadex G10 column. Ficoll gradient
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FIG. 1. CT-B increases expression of molecules involved in antigen presentation. Splenic B cells from C57BL/6 mice were preincubated in
medium alone (A) or in medium with the LPS inhibitor E5564 (B) for 30 min. Cells were treated with 10 pg/ml CT-B (solid line) or 100 ng/ml
LPS (dotted line) or left untreated (shaded area) for 20 h before analysis of CD86 and MHC-II expression by flow cytometry.

centrifugation was used in the final purification steps to remove remaining dead
cells. The purity of the B-cell population (typically 88 to 92%) was determined by
flow cytometric analysis of B220-expressing cells as described below. Depletion
of Mac-1- and CD3-expressing populations was also verified by flow cytometry.
Alternatively, B cells were isolated after red blood cell lysis by negative selection
using a MACS magnetic bead kit as described by the manufacturer (Miltenyi
Biotec, Auburn, CA). The typical purity when this method was used was 98 to
99%. Freshly isolated B cells were incubated in 24-well tissue culture plates at a
concentration of 5 X 10° cellsyml R10 medium (RPMI 1640 with 10% fetal
bovine serum [FBS], 10 mM HEPES, 50 uM 2-mercaptoethanol, 100 U/ml
penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine). Primary B cells were
allowed to rest at 37°C for 1 h before treatment.

Murine macrophages were obtained by two methods. (i) Macrophages were
elicited by intraperitoneal injection of 2.5 ml thioglycolate (Remel, Lenexa, KS).
Peritoneal washouts were collected 4 days postinjection and plated in 12-well
plates at concentrations of 0.5 X 10° to 1 X 10° cells/well in 1 ml RS medium
(RPMI 1640 with 5% FBS, 10 mM HEPES, 100 U/ml penicillin, 100 png/ml
streptomycin, and 2 mM L-glutamine). Nonadherent cells were removed after
overnight culture. The macrophages were allowed to rest for 2 to 3 days before
treatment. (ii) Bone marrow-derived macrophage cultures were established from
tibia and femur bone marrow. Marrow suspensions were centrifuged over Lym-
pholyte M (Cedar Lane, Hornby, Canada) and then cultured overnight in RPMI
(supplemented with 10 mM HEPES, 100 U/ml penicillin, 100 p.g/ml streptomy-
cin, and 2 mM L-glutamine) with 25% L-cell conditioned medium (clone 929).
Nonadherent cells were aspirated, replated in the same medium, and cultured for
5 days before treatment with CT-B. Macrophage maturation was assessed by flow
cytometric analysis of CD11c and CD11b expression. The murine macrophage
cell line RAW 264.7 (36) was cultured in R5 medium and plated at a concen-
tration of 5 X 10* cells/ml in 24-well plates the night before treatment.

Toxin and inhibitor treatments. CT-B preparations were obtained from List
Biologicals (Campbell, CA) or were purified from Vibrio cholerae strain 0395-NT
transformed with the pGEM-3 plasmid containing the CT gene under control of
the CT promoter (kindly provided by Mariagrazia Pizza, Novartis Vaccines,
Siena, Italy) as previously described (16). Recombinant CT-B (rB) was obtained
from Molecular Probes (Eugene, OR). The CT A subunit was not detectable in

CT-B preparations by matrix-assisted laser desorption ionization mass spectrom-
etry (Voyager-DE matrix-assisted laser desorption ionization—time of flight
mass spectrometer [Applied Biosystems, Inc.] used according to the manufac-
turer’s recommendations) or on a Coomassie blue-stained sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis (PAGE) gel. Increases in cAMP
levels were not detected by a cAMP enzyme immunoassay (Amersham Bio-
sciences) performed according to the manufacturer’s protocol in splenic C3H/
Hel B cells treated with CT-B preparations. Possible endotoxin contamination
was evaluated by a Limulus lysate assay (Cell Sciences, Canton, MA). The
concentration of endotoxin in the CT-B preparations was always less than 10
pg/ml, which is lower than the concentration of LPS that we found to be neces-
sary to augment mitogen-activated protein (MAP) kinase phosphorylation or
expression of CD86 and major histocompatibility complex class IT (MHC-II) in
splenic B cells. Cells were incubated at 37°C with 10 pg/ml CT-B or 1B for the
times indicated below prior to whole-cell lysis or nuclear extraction. For time
course experiments, treatments were performed in a staggered manner, so that
all samples were in culture for the same amount of time and were harvested
together at the end of the experiment. Cells to be analyzed by flow cytometry
were treated for 20 h.

The kinase inhibitors PD98059 (Upstate, Lake Placid, NY), U0126 (Sigma),
S$B202190 (Upstate), genistein (Sigma), and herbimycin A (Sigma) were added
as indicated below directly to the cell cultures 30 min prior to the addition of
CT-B. The activity of the kinase inhibitors was confirmed by immunoblot analysis
of the following downstream targets of the inhibited kinases: phospho-Erk1/2 for
PD98059 and U0216, phospho-p38 for SB202190, and phosphotyrosine for ge-
nistein and herbimycin A. The LPS inhibitors polymyxin B and compound E5564
(provided by Eisai Research Institute, Andover, MA) were added to cultured
cells 30 min prior to treatment at concentrations of 20 and 10 pg/ml, respectively.
The activities of the LPS inhibitors were established by their abilities to inhibit
endotoxin-induced activation markers.

Flow cytometry. The fluorescently labeled antibodies fluorescein isothiocya-
nate (FITC)-conjugated anti-B220, -CD3, -Macl, and -CD11c (Caltag, Burlin-
game, CA) were used to assess the purity of the freshly isolated and cultured cell
populations. FITC-conjugated anti-CD86, -I-A¥, -I-A®, -CD14, and rat anti-
IgG2a (Caltag), as well as FITC-conjugated anti-CD86, -CD80, -CD69, -CD40,
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FIG. 2. CT-B induces specific phosphorylation events in B cells. Primary splenic B cells from C3H/HelJ mice were either left untreated (0 min)
or stimulated with 10 pg/ml CT-B or 1B for the times indicated and were harvested together at the end of the experiment. Cells were stimulated
with 10 pg/ml anti-IgM F(ab’), as a positive control. Whole-cell lysates were generated, and this was followed by separation of cellular
proteins by SDS-PAGE and transfer to a polyvinylidene difluoride membrane for immunoblotting. Phospho-MAP kinases (A), phospho-
p90rsk (B), and phospho-Btk and phospho-PLCy2 (C) were detected. Equal sample loading was confirmed by reprobing for total MAP
kinase (A), a lower-molecular-weight nonspecific band (B), or B-tubulin (C). The mean intensity of each phosphoprotein band was
normalized to the corresponding control, and the fold increases for phosphoproteins from treated samples compared to proteins from

untreated samples are indicated.

-CD95, -CD14, -CD54, and rat anti-IgG1 and phycoerythrin-conjugated anti-
CD69, -1-A®, -CD40, -CD25, and rat anti-IgG1 (BD, Franklin Lakes, NJ), were
used to evaluate the expression of cell surface markers following 20 h of cell
culture. A total of 1 X 10° cells in phosphate-buffered saline (PBS) supple-
mented with 0.2% bovine serum albumin (BSA) were incubated with antibodies
to cell surface markers on ice for 30 min. Cells were then washed and resus-
pended in PBS with 0.2% BSA and 2% paraformaldehyde prior to analysis with
a FACScan (BD), for which the settings were optimized based on the fluores-
cence of isotype control stained cells. Ten thousand events were collected in
the forward/side scatter viable cell gate. Data were acquired and analyzed using
the CellQuest software (BD) or the WinMDI 2.8 software (Joseph Trotter, The
Scripps Institute).

Immunoblotting. Whole-cell lysates were generated by direct lysis of 5 X 10°
cells in 2X SDS-PAGE loading dye. Five microliters per sample was loaded onto
a 10% PAGE gel (4% stacking gel) and run at 150 V. Proteins were transferred
to a polyvinylidene difluoride membrane (Millipore, Bedford, MA) in Tris-
buffered methanol-glycine transfer buffer at 200 mA for 60 min. All washing,
blocking, and antibody binding steps were done at room temperature in PBS with
0.1% Tween 20. Blots were developed with the ECL Plus Western blotting
detection reagent (Amersham Biosciences, Uppsala, Sweden) and exposed to
Hyperfilm ECL (Amersham) for 30 s to 5 min. Anti-phosphotyrosine 4G10 was
obtained from Upstate. All other immunoblot antibodies and horseradish per-
oxidase-linked anti-rabbit or anti-mouse IgG were obtained from Cell Signaling,
Beverly, MA. Antibodies specific for the following phosphorylated proteins were
used: MEK1/2 (Ser217/221), Erk1/2 (Thr202/Tyr204), p38 (Thr180/Tyr182),
p90rsk (Ser380), Btk (Tyr223), PLCy2 (Tyr1217), and cAMP response element
binding protein (CREB) (Ser133). Exposed and scanned films were quantified by
densitometry using the Kodak 1D image analysis software with automatic band
detection and background correction.

Nuclear extraction and electrophoretic mobility shift assay (EMSA). Nuclear
extracts were obtained by allowing the cells to swell on ice for 30 min in HB
buffer (10 mM HEPES [pH 8.0], 10 mM MgCl,, 1 mM phenylmethylsulfonyl
fluoride, 125 wM dithiothreitol, 1 wg/ml aprotinin, 1 wg/ml antipain, 1 pg/ml
leupeptin, 1 pg/ml pepstatin, 1 wg/ml chymostatin). Nuclei were spun down for
5 min at 6,500 X g, and this was followed by extraction of nuclear proteins in a

solution containing 20 mM HEPES (pH 8.0), 0.2 mM EDTA, 1.5 mM MgCL,,
430 mM NaCl, and 10% glycerol supplemented with 1 mM phenylmethylsulfonyl
fluoride, 625 pM dithiothreitol, and 10 wg/ml of each of the protease inhibitors
listed above. The extracts were stored, and the protein concentrations were
determined by using the Bio-Rad (Hercules, CA) protein assay dye reagent at an
optical density at 595 nm. For all samples equal amounts of protein were added
to DNA fragments labeled at the 5 end with [a->?P]deoxynucleotide triphos-
phate and containing the NF-«kB consensus sequence (GGGACTTTCC; a gift
from M. J. Fenton, University of Maryland, Baltimore [29]) and incubated for 30
min at room temperature. Binding reactions were run at 100 V on a acrylamide
gel that was subsequently dried and exposed to radiography film (Kodak) over-
night for band shift detection. The band intensity on exposed, scanned film was
quantified with the Kodak 1D image analysis software using automatic band
detection and background correction.

Transient transfection with luciferase reporter constructs. RAW 264.7 mac-
rophages were plated in 24-well plates 1 day before transfection at a concentra-
tion of 5 X 10* cells per well. Cells were transfected with 1 pg of the BD Mercury
pathway profiling luciferase system plasmids (BD Biosciences) per well with
Superfect transfection reagent (QIAGEN, Germantown, MD) by following the
manufacturer’s instructions. After transfection, cells were rested overnight prior
to CT, LPS, or tumor necrosis factor alpha treatment in triplicate for 5 h or as
indicated below. Cells were washed and lysed in reporter lysis buffer (Promega,
Madison, WI) by snap freezing them on dry ice, and luciferase activities were
determined using the luciferase reporter assay system (Promega) with a Mono-
light 3010 luminometer (BD). Standard deviations are indicated below. Lumi-
nescence was expressed in relative light units.

Immunocytochemistry. Thioglycolate-elicited macrophages were isolated and
cultured as described above on poly-L-lysine-coated glass coverslips. Following
treatment, cells were rinsed with PBS, fixed with 4% paraformaldehyde for 15
min at room temperature, and permeabilized with 0.2% Triton X-100 in
10% FBS-PBS for 20 min. Cells were stained with anti-NF-kB p65 (Rockland,
Gilbertsville, PA) in 1% saponin-10% FBS-PBS for 2 h at room temperature,
washed, and stained with anti-rabbit IgG-Texas Red (Rockland) for 1 h. Cells
were stained with 4’,6’-diamidino-2-phenylindole (DAPI) prior to mounting with
VectaShield (Vector Laboratories, Burlingame, CA). The p65 shift to the nu-
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cleus was quantified by averaging the red channel mean intensity for each
nucleus in the untreated (n = 20) or treated (n = 7) images. The P value was
calculated by using Student’s two-tailed ¢ test.

ELISA. A sandwich enzyme-linked immunosorbent assay (ELISA) was per-
formed using BD’s mouse IL-6 kit with the following modifications: 96-well
plates were coated with anti-IL-6 capture antibody in 0.1 M Na carbonate buffer
(pH 9.5) overnight at 4°C. The plates were blocked with 1% BSA in PBS for 4 h
at room temperature. Cell culture supernatant was added at a 1:10 dilution in
blocking buffer overnight at 4°C. The ELISA plates were further processed
according to the manufacturer’s protocol and read with a SpectraMax 340
ELISA plate reader from Molecular Devices. Unknown concentrations were
calculated based on an IL-6 standard curve.

RESULTS

CT-B induces expression of cell surface markers. To con-
firm the ability of CT-B to induce cell surface activation
marker expression on APCs, as previously reported (17),
splenic B cells were isolated from C57BL/6 mice, treated in
vitro with CT-B, and stained with fluorescent conjugated an-
tibodies prior to analysis by flow cytometry. Culturing B cells
for 20 h with CT-B resulted in increased surface expression of
CD86 and MHC-II (Fig. 1A). The LPS inhibitor E5564 was
unable to prevent CT-B-induced increases in activation marker
expression while abolishing LPS-induced marker expression,
verifying that the preparations were not contaminated with
activating levels of endotoxin (Fig. 1B). Moreover, CT-B treat-
ment also augmented CD86 and MHC-II levels on splenic B
cells from the LPS-nonresponsive C3H/HelJ strain (data not
shown). The increase in surface expression, detected as early as
10 h after addition of CT-B, was consistently reproduced and
served as a control for subsequent signaling experiments. Mod-
est increases in CD80, CD69, CD40, CD25, and CD95 levels
were also observed on splenic B cells after 20 h of treatment
with CT-B (data not shown).

Specific phosphorylation events induced by CT-B in B cells.
CT-B bound to Jurkat T cells has been shown to induce ty-
rosine kinase events only when anti-CT-B antibody is added to
induce lipid raft patching (23). However, we have found that
CT-B alone elevates cell surface marker expression on B cells,
as shown in Fig. 1. We therefore hypothesized that CT-B can
induce signaling events which lead to cellular activation. Al-
though GM1 is not considered a typical pattern recognition
receptor, responses to CT exhibit similarities to responses to
innate immune receptors, such as the Toll-like receptors. Toll-
like receptors have been shown to activate MAP kinases that
are involved in a variety of developmental, stress, and immune
responses, usually leading to changes in gene expression (3).
Furthermore, E. coli LT, which binds to gangliosides, including
GM]1, has been shown to induce phosphorylation of the Erk1/2
MAP kinases in B cells (6). We therefore examined the Erk1/2
MAP kinase pathway in CT-treated cells. Splenic B cells were
treated with 10 pwg/ml of CT-B as described above. The B cells
were also treated with a recombinant preparation of CT-B (rB)
at the same concentration to rule out the possibility that sig-
naling events were a result of undetectable subunit A contam-
ination. Both preparations induced increased levels of phos-
phorylated MEK1/2 and its target Erk1/2 within 15 min (Fig.
2A). To corroborate the activation of Erk1/2, we measured the
impact of CT-B on the levels of phosphorylated p90rsk, a
protein kinase that is a direct target of Erk1/2 and can activate
transcription factors, including CREB, serum response factor,
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FIG. 3. NF-kB and CREB activation in primary B cells. Splenic B
cells from C3H/HeJ mice were either left untreated (0 h) or incubated
with 10 pg/ml CT-B or anti-IgM for the times indicated prior to
nuclear extraction, as described in Materials and Methods. (A) An
EMSA was performed with nuclear extracts by incubation with an
NF-«B consensus sequence, followed by separation by PAGE to detect
a gel shift. The fold changes in shifted bands for treated cells compared
to untreated cells are indicated. (B) Nuclear extracts were also exam-
ined by immunoblotting for phosphorylation of CREB. The lower
band in the phospho-CREB (P-CREB) blot is phospho-ATF-1. The
fold increases in phospho-CREB (normalized to total CREB) from
treated samples compared to phospho-CREB from untreated samples
are indicated.

and c-Fos (5, 23, 54). We found that both CT-B and rB induced
phosphorylation of this kinase (Fig. 2B). Phosphorylation of
c-Jun N-terminal kinase and p38, which are stress-activated
MAP kinases with roles in inflammatory responses and apop-
tosis, was also evaluated. While the changes in phospho-c-Jun
N-terminal kinase upon exposure to CT-B and rB were equiv-
ocal, the phospho-p38 levels increased (Fig. 2A).

In an effort to further characterize the cellular mechanisms
of CT-B activation of APCs, we examined signaling events
upstream from the MAP kinases. Btk and phospholipase Cy
(PLCy) participate in receptor signaling in several immune
cells; for example, both are recruited to the membrane upon
triggering of the BCR, where activated Btk aids in the activa-
tion of PLCy (27). We observed increases in the phosphory-
lation levels of both these molecules in B cells treated with
CT-B (Fig. 2C).

CT-B induces activation of the transcription factors CREB
and NF-kB. An important function of the MAP kinases is to
alter gene transcription in response to extracellular signals.
Translocation of transcription factors to the nucleus is essen-
tial in the activation of cells of the immune system (18) and is
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FIG. 4. CT-B induces CRE and NF-«kB p65 transactivation in macrophages. (A and B) RAW macrophages were transiently transfected with
luciferase reporter constructs containing the cis elements indicated prior to treatment with 2 pg/ml CT-B (A) or were transfected with an NF-«xB
reporter construct prior to treatment with CT-B as indicated (B). Cell lysate luciferase activity was measured by luminescence with a substrate
assay. The values for the LPS control in panel B are reported on the y axis on the right. An asterisk indicates that the P value is <0.01, as
determined by Student’s two-tailed ¢ test. GRE, glucocorticoid response element; HSE, heat shock element; SRE, serum response element; RLU,
relative light units. (C) Peritoneal macrophages from C3H/HeJ mice were treated with 10 wg/ml CT-B for 2 h and stained with anti-NF-«kB p65
(Texas Red secondary antibody) and blue DAPI to visualize nuclei. The left panels show p65 alone, while the right panels show p65 and
DAPI-stained overlaid images. (D) Mean nuclear intensities of p65 quantified as described in Materials and Methods.

likely linked to the immune activation seen with CT-B. LT
B-subunit induction of apoptosis in CD8* T cells has recently
been shown to be dependent on NF-«kB and caspase 3 (39). To
examine transcription factor translocation, splenic B cells were
incubated with CT-B for the times indicated below and then
subjected to extraction of nuclear proteins. Translocation of
NF-kB upon toxin stimulation was assessed using a >?P-
labeled NF-kB consensus sequence for EMSA. The nuclear
levels of NF-kB were elevated compared to the levels in
medium-incubated cells 2 to 3 h after treatment with CT-B
(Fig. 3A). We also observed CT-B-induced phosphorylation
of nuclear CREB by immunoblotting over a 5-h treatment
period (Fig. 3B).

We expanded our studies to include macrophages in order to
examine transcription factors commonly involved in immuno-
logical responses via a reporter construct transfection assay.
The murine macrophage cell line RAW 264.7 was transiently
transfected to examine CT-B’s ability to transactivate various
cis elements (Fig. 4A). Interestingly, only NF-kB and CRE
were significantly and reproducibly activated in cells treated

with CT-B. NFAT was minimally activated, although not sig-
nificantly, while glucocorticoid response element, heat shock
element, serum response element, and AP-1 were not af-
fected. We further confirmed the CT-B activity in this sys-
tem by showing transactivation of NF-kB in a dose-depen-
dent manner (Fig. 4B).

While it has recently been shown that the CT holotoxin
induces NF-«kB translocation to the nucleus in dendritic cells
(21), this is the first demonstration that the enzymatically ac-
tive A subunit is not required for this attribute of CT. We also
demonstrated that the B subunit alone specifically induces the
translocation of the NF-kB p65 subunit. Thioglycolate-elicited
macrophages were treated with 10 pg/ml of CT-B or left un-
treated for 2 h, followed by immunocytostaining with an anti-
NF-«B (p65) antibody. In untreated macrophages, most of the
red stained p65 resides in the cytoplasm, leaving the DAPI-
stained nuclei blue when the two images were merged (Fig. 4C,
upper panels). However, upon addition of CT-B p65 was con-
centrated in the nucleus, resulting in the magenta nuclei in the
merged images (Fig. 4C, lower panels). This CT-B-induced p65
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FIG. 5. Phosphotyrosine inhibition blocks CT-B-mediated events
in macrophages. (A) RAW macrophages transiently transfected with
an NF-kB luciferase reporter construct were pretreated with 25 pg/ml
genistein (G) (a pan-tyrosine kinase inhibitor), 25 uM U0126 (U) (a
MEKJ1/2 inhibitor), or 20 uM SB202190 (SB) (a p38 inhibitor) for 30
min prior to addition of 10 pg/ml CT-B for 5 h. The inhibitor function
was confirmed by immunoblotting for the appropriate phosphopro-
teins (see Materials and Methods). The results are expressed as the
percent luminescence in cells treated with CT-B alone. The asterisk
indicates that the P value is 0.04, as determined by Student’s two-tailed
t test. RLU, relative light units. (B) Thioglycolate-elicited macro-
phages from C3H/HeJ mice were either pretreated with 25 pg/ml
genistein for 30 min (dark gray line) or left alone (light gray line) prior
to treatment with 10 pg/ml CT-B. Cells were analyzed by flow cytom-
etry the next day to examine activation marker expression. The results
for untreated cells are indicated by shading, and the results for the
inhibitor alone are indicated by the thin black line.

shift to the nucleus was found to be highly significant (P = 1.88 X
10~7) (Fig. 4D).

Inhibition of phospho-Tyr decreases CT-B-induced NF-«B
and CD14 in macrophages. Many signals from lipid raft-asso-
ciated components involve tyrosine phosphorylation, such as
those in the Src family of tyrosine kinases (43). To determine
if tyrosine phosphorylation plays a role in CT-B signal transduc-
tion, we pretreated RAW macrophages that were transiently
transfected with a NF-kB reporter construct with genistein.
Figure 5A demonstrates that the CT-B-induced transactivation
of the NF-kB binding element was impaired when tyrosine
kinases were inhibited by genistein. U0126 and SB202190, in-
hibitors of MEK1/2 and p38, respectively, had no significant
effect on luciferase levels in this system.

The expression of membrane-bound CD14 is regulated by a
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number of factors, including cytokines present in the microen-
vironment and cellular activation via innate immune receptors.
Genistein was able to block CT-B-induced up-regulation of
CD14 without altering the levels on resting, primary macro-
phages (Fig. 5B). Similar results were obtained with a mecha-
nistically unrelated tyrosine kinase inhibitor, herbimycin A
(data not shown). These data suggest that one or more tyrosine
kinases are involved in CT-B-induced cellular activation.

MEKT1/2 inhibition affects CT-B-induced surface activation
marker expression and production of IL-6. Although inhibi-
tion of MEK1/2 was not sufficient to inhibit CT-B-induced
NF-kB transactivation, we asked whether CT-B-induced MEK1/2
signaling is necessary for APC functions, such as costimulatory
marker expression and cytokine secretion. Bone marrow-de-
rived macrophages were exposed to the MEKI1/2 inhibitor
U0126 prior to overnight treatment with CT-B and subsequent
analysis by flow cytometry. CT-B, as well as LPS (data not
shown), induced increases in the expression of CD86, MHC-II,
CD54, CD14, and CD40 (Fig. 6A). Surprisingly, pretreatment
with U0126 had little effect on the expression of CD86, CD14,
and CDA40, while it augmented MHC-II and CD54 expression
(Fig. 6A). This suggests that MEK1/2 has a role in negative
regulation of MHC-II and CD54. U0126 inhibition of CT-B-
induced Erkl1/2 phosphorylation was confirmed by immuno-
blotting (Fig. 6B).

The proinflammatory cytokine IL-6 has diverse immuno-
logical functions in inflammatory reactions, antigen-specific
responses, and induction of acute-phase proteins. Because the
production of IL-6 by macrophages aids in the induction of
inflammation and immune cell recruitment, we examined IL-6
production in response to CT-B in vitro. IL-6 secretion oc-
curred at very low levels in resting bone marrow-derived mac-
rophages. However, IL-6 secretion by macrophages was greatly
increased after 24 h of treatment with CT-B (Fig. 6C). While
polymyxin B abolished the effect of LPS on IL-6 production, it
had little effect on CT-B-induced IL-6 (concentration with
LPS, 2,000 pg/ml; concentration with LPS plus polymyxin B,
below the level of detection; concentration with CT-B, 3,000
pg/ml; concentration with CT-B plus polymyxin B, 2,500 pg/
ml), indicating that the effect of CT-B on IL-6 production in
bone marrow-derived macrophages is not due to synergy with
contaminating LPS. Interestingly, inhibition of MEK1/2 de-
creased CT-B’s induction of IL-6 (Fig. 6C), indicating that this
MAP kinase pathway is involved in CT-B-stimulated IL-6 pro-
duction.

DISCUSSION

CT’s adjuvanticity was initially attributed to its enzymatic
activity (25); however, our data add to the mounting evidence
that this activity is not an absolute requirement for all immune
modulating effects of the toxin. Catalytically inactive mutants
that have the native structure and recombinant CT-B have
been shown to exhibit different levels of ability to elicit specific
responses to unrelated antigens (14, 16, 56). Whether the B
subunit alone can act as a useful adjuvant has also been con-
troversial because early preparations of purified B subunit
were later found to be contaminated with the enzymatically
active holotoxin (4, 45). We took great pains to ensure that this
was not the case with the preparations that we used. The A



3156 SCHNITZLER ET AL. INFECT. IMMUN.

v ’ A
102 10° 104
iy
&
100 ° 10! 102 10° 104
CD14
B (&3
=5
E
[=)]
8
- + - + CTB ©
- - + + U026 =
T pEan
= U8 e e | Erki/2
23 04 03 fold .
- - . - - w OB
- - + - - + LPS
- - - + + + u0126

FIG. 6. MEKI1/2 inhibition reduces CT-B-induced IL-6 expression but not surface marker expression. Bone marrow-derived macrophages were
pretreated with 25 wM U0126 or the inhibitor’s solvent (0.1% dimethyl sulfoxide) for 30 min prior to the addition of CT-B (2 wg/ml) or LPS (100
ng/ml) or no treatment and cultured for 24 h. (A) Expression of the cell surface markers indicated was assessed by fluorescence-activated cell
sorting. Treatments are indicated as follows: shading, solvent; dashed line, U0216; gray line, solvent plus CT-B; black line, U0126 plus CT-B.
(B) MEK1/2 inhibition by U0126 (30-min pretreatment) in cells treated with CT-B for 30 min or left untreated was confirmed by phospho-Erk1/2
immunoblotting. Fold changes in phospho-Erk1/2 (normalized to total Erk1/2) from treated cells compared to phospho-Erk1/2 from untreated
cells are indicated. (C) IL-6 levels in supernatants were determined by ELISA. Samples from two independent experiments were used, and the
asterisk indicates that there was a significant (P = 0.003, as determined by Student’s two-tailed ¢ test) reduction in CT-B-induced IL-6 in the
presence of U0126.

phosphorylate CREB. Our results add to the accumulating
data demonstrating that CT’s enzymatic activity is not solely

subunit was not detectable in multiple assays (see Materials
and Methods). This is noteworthy as cAMP has been shown to

induce activation of APCs and augment surface expression of
costimulatory molecules (44). Although the major mechanism
for activation of CRE is via cAMP-induced protein kinase A
phosphorylation of CREB at Ser133, numerous reports indi-
cate that other kinases, including Ca®*/calmodulin-dependent
kinases (41), a Ras-dependent kinase (19), and p90rsk (5), can

responsible for the molecule’s ability to elicit cellular re-
sponses. This is highly significant as a major goal for the use of
CT as a vaccine adjuvant is to separate its toxicity from im-
mune enhancement.

We have shown that CT-B can increase MEK1/2, Erk1/2,
and p38 phosphorylation, which directly correlates with the
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enzymatic activity of these kinases (38). In addition, CT-B
induces phosphorylation of p90rsk, a direct target of Erk1/2.
However, inhibition of MEK1/2 had little effect on CT-B-
induced increases in CD86, CD14, CD69, and CD40 expres-
sion in macrophages, indicating that CT-B works via other
pathways to generate these responses. Interestingly, MEK1/2
inhibition augmented MHC-II and CD54 expression, suggest-
ing that this pathway is involved in the negative regulation of
the surface expression of these proteins. Recent work has es-
tablished a precedent for this negative regulatory function of
the MEK1/2 pathway. For example, Erk1/2 dampens induction
of CD54 by the protein kinase C activator 12-O-tetradecanoyl-
phorbol-13-acetate in an epithelial cell line, but not IFN-
v-induced CD54 expression (42). Erkl/2 and p38 can also
negatively regulate gene expression of CIITA, the master reg-
ulator of MHC-II (33, 57). Moreover, Erk1-deficient mice have
a greater Th1 bias than wild-type mice and develop experimen-
tal autoimmune encephalomyelitis with increased susceptibility
and severity (2), highlighting the importance of this pathway in
immune regulation. Our observation that MEK1/2 inhibition
blocks CT-B-mediated production of IL-6 is consistent with
this paradigm, as IL-6 drives Th2 cell skewing via induction of
early IL-4 from naive CD4™" T cells (37). These data indicate
that in the context of CT-B stimulation Erk1/2 regulates the
surface expression of molecules involved in antigen presenta-
tion and mediates the augmentation of IL-6 release.

IL-6 is a pleiotropic cytokine produced by many cell types,
such as macrophages, dendritic cells, T and B lymphocytes,
fibroblasts, and hepatocytes, in response to an array of exoge-
nous stimuli. Macrophages participate in the initial responses
to pathogens by producing IL-6 among other potent proinflam-
matory cytokines. IL-6 is also involved in the terminal differ-
entiation of B cells to antibody-secreting plasma cells and
stimulates proliferation of T cells. Thus, induction of IL-6
would be beneficial in an immunization context. Other workers
have shown that CT synergizes with LPS to produce IL-6 in
immature dendritic cells and macrophages (11, 22), while
CT-B represses LPS-induced IL-6 secretion in a monocyte cell
line and has no effect alone (7). Conversely, we showed that
CT-B alone induces IL-6 in bone marrow-derived macro-
phages. These studies and others show the distinctive effects of
the holotoxin and the B subunit on different cell types.

We demonstrated that CT-B alone can induce transactiva-
tion of NF-kB and CRE in RAW macrophages and can in-
crease nuclear NF-kB and phospho-CREB levels in splenic B
cells. Both transcription factors have been implicated in the
regulation of innate immune responses, including secretion of
proinflammatory cytokines and cell survival (20, 28). They have
also been shown to work together, for example, in the induc-
tion of Pai-2 gene transcription via p38 in macrophages to
promote cell survival (32). The murine CD86 promoter has
been shown to contain, among other sites, putative AP-1, NF-
kB, and CREB binding sites (49), while the rat CD14 promoter
has been shown to be regulated by AP-1 and SP-1 and contains
putative CREB and STAT-1 binding sites (24). Our observa-
tion that total cellular protein levels of CD86 increase upon
treatment with CT-B (unpublished results) suggests that the
elevated expression of cell surface CD86 is due to de novo
protein synthesis, potentially due to transcriptional regulation
by NF-«kB and/or CREB. The fact that inhibiting MEK1/2
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activity did not block CT-B-induced increases in CD86 and
CD14 could indicate that p90rsk does not mediate the CT-B-
induced phosphorylation of CREB. Indeed, studies in other
cellular contexts have suggested that there is an Erk1/2-inde-
pendent p90rsk activation mechanism (1).

There have been no reports demonstrating CT or CT-B
activity in the absence of binding to its receptor, GM1. GM1 is
composed of a pentasaccharide bound to the outer leaflet of
the cell membrane by a lipophilic ceramide tail, which does not
extend into the cytoplasmic side of the cell. How is it possible
for a membrane molecule with no intracellular domain to send
a signal to the cell? GM1 localizes to lipid rafts, cholesterol-
rich domains of the plasma membrane that are resistant to
detergent solubilization. Labeled CT-B is most commonly used
to visualize and identify lipid rafts. It is becoming apparent that
rafts play a role in organizing signal transduction to the cell
from the extracellular environment. For example, the B-cell
receptor is excluded from rafts in resting B cells but quickly
moves into rafts upon cross-linking (9, 50). Several signaling
molecules, including the Src kinases Lck, Fyn, and Lyn,
preferentially associate with rafts on lymphocytes, while
other molecules, such as CD45 and CD22, are excluded
(34). Significantly, disruption of lipid rafts by chelation of
cholesterol inhibits endocytosis and trafficking of CT
through the cell, with a delay in toxicity (53). It is important
to investigate the influence that CT-B binding to GM1 has
on the organization of signaling molecules within rafts. With
increasing knowledge of the mechanism by which CT’s re-
ceptor binding unit exerts its effect on cellular activity, we
can take advantage of this unique innate response to induce
immunity through vaccination.
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