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Pasteurella multocida toxin (PMT) is a potent mitogen for fibroblasts and osteoblastic cells. PMT activates
phospholipase C-f8 through G «, and the activation of this pathway is responsible for its mitogenic activity.
Here, we investigated the effects of PMT on human monocyte-derived dendritic cells (MDDC) in vitro and show
a novel activity for PMT. In this regard, PMT activates MDDC to mature in a dose-dependent manner through
the activation of phospholipase C and subsequent mobilization of calcium. This activation was accompanied
by enhanced stimulation of naive alloreactive T cells and dominant inhibition of interleukin-12 production in
the presence of saturating concentrations of lipopolysaccharide. Surprisingly, although PMT mimics the
activating effects of cholera toxin on human MDDC and mouse bone marrow-derived dendritic cells, we found
that PMT is not a mucosal adjuvant and that it suppresses the adjuvant effects of cholera toxin in mice.
Together, these results indicate discordant effects for PMT in vitro compared to those in vivo.

Dendritic cells (DC) are the most potent antigen-presenting
cells (APC) known and are the only APC capable of initiating
primary immune responses. Immature DC residing in periph-
eral tissues are highly efficient at capturing antigen (reviewed
in reference 4). After receiving an activation signal, DC mi-
grate to organized lymphoid tissues, lose the ability to take up
antigen, and mature into potent APC (4). The potency of
mature DC as APC stems from their increased expression of
class I and class II major histocompatibility complex (MHC)
and costimulatory and adhesion molecules, along with their
ability to secrete cytokines and chemokines (4). DC derived
from monocytes (MDDC) by culturing with granulocyte-mac-
rophage colony-stimulating factor (GM-CSF) and interleu-
kin-4 (IL-4) are phenotypically equivalent to the immature DC
that reside in peripheral tissues (18). Likewise, DC derived
from bone marrow cells (BMDC) by culturing with GM-CSF
are phenotypically equivalent to the immature DC that reside
in peripheral tissues (11). When incubated with activating ago-
nists such as lipopolysaccharide (LPS), MDDC and BMDC
undergo maturation and display the phenotypic characteristics
of mature DC found in secondary lymphoid tissues (8, 11, 25).

Previously, we and others showed that the bacterial toxins
cholera toxin (CT), Escherichia coli heat-labile enterotoxin
(LT), pertussis toxin (PT), and the adenylate cyclase toxin of
Bordetella pertussis (AT) activate human MDDC to mature (2,
3). These toxins activate MDDC through the elevation of in-
tracellular cyclic AMP (cAMP) either directly (AT) or through
the ADP-ribosylation of G proteins that leads to constitutive
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activation of adenylate cyclase (CT, LT, and PT) (2, 3). In
addition, these cAMP-elevating toxins dominantly inhibit the
production of IL-12 by LPS-stimulated MDDC (2, 3, 8). One
of the principal ways that adjuvants boost immune responses to
coadministered antigens is the activation of DC at the immu-
nization site. In this regard, CT, LT, and PT are powerful
mucosal immunogens and adjuvants (12, 14, 16). When deliv-
ered mucosally, these toxins induce strong primary and sec-
ondary antibody responses and long-lasting immunologic
memory to themselves and to coadministered antigens (14, 16).

Pasteurella multocida toxin (PMT) is a major virulence factor
in progressive atopic rhinitis in wild and domestic animals (1,
7). PMT is also a potent mitogen that induces DNA synthesis
and cell proliferation in fibroblasts and osteoblastic cells at
picomolar concentrations (15). This toxin is composed of a
146-kDa single polypeptide of 1,285 amino acids (5, 13, 26, 28).
Like CT, LT, and PT, PMT appears to bind to ganglioside
receptors on the surfaces of cells and gains access to the cyto-
plasm through endocytosis (13). Unlike CT, LT, and PT, which
activate adenylate cyclase, PMT activates phospholipase C-1
(PLC) through the G-protein alpha subunit G,a (27). The
activation of PLC by PMT leads to the formation of inositol
1,4,5-trisphosphate (IP5) and diacylglycerol through the cleav-
age of phosphatidylinositol 4,5-bisphosphate (20). The release
of IP; and diacylglycerol by PLC induces mobilization of in-
tracellular calcium and the activation of protein kinase C
(PKC) (20). Several of the known cellular effects of PMT are
mediated through PLC, including anchorage-independent cell
growth and mitogenic activity (10).

Calcium mobilization, induced by the calcium ionophore
A23187, was shown to activate MDDC to mature and to dom-
inantly inhibit IL-12 production (6). As PMT mobilizes cal-
cium, we determined whether this toxin shares the ability of the
cAMP-elevating bacterial toxins and A23187 to activate
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MDDC to mature. Here, we show for the first time that PMT
is a potent agonist for the maturation of human MDDC and
mouse BMDC and that the activation of MDDC by PMT is a
result of PLC-induced calcium mobilization. As other toxins
that induce DC maturation are potent mucosal and systemic
adjuvants, we hypothesized that PMT would also display mu-
cosal and/or systemic adjuvant effects. However, in contrast to
this hypothesis, the results of one study indicate that PMT
suppresses immune responses to coadministered antigens (23).
It is equally puzzling that native CT, LT, and PT are known to
be potent immunogens, whereas PMT appears to be more
immunogenic when denatured (24). To our surprise, we found
that PMT is not a mucosal or systemic adjuvant. The results of
this study indicate that the ability of an agonist to induce DC
maturation is not necessarily a predictor of adjuvanticity.

MATERIALS AND METHODS

Dendritic cell culture medium. Dendritic cell culture medium consisted of
RPMI 1640 (Gibco Invitrogen, Carlsbad, Calif.) supplemented with 2 mM L-
glutamine (Sigma, St. Louis, Mo.), 1% nonessential amino acids (Gibco Invitro-
gen), 1% sodium pyruvate (Gibco Invitrogen), 20 mM HEPES buffer (Gibco
Invitrogen), 50 pg of gentamicin (Gibco Invitrogen)/ml, 10% fetal calf serum
(Gibco Invitrogen), and 50 pM 2-mercaptoethanol (Sigma).

T-cell proliferation medium. T-cell proliferation medium consisted of a-min-
imal essential medium without ribonucleosides and deoxyribonucleosides (Gibco
Invitrogen) supplemented with 10% human AB serum (Sigma), 1% sodium
pyruvate, 4 mM L-glutamine, 20 mM HEPES buffer, 100 pg of streptomycin
(Gibco Invitrogen)/ml, 100 U of penicillin G (Gibco Invitrogen)/ml, and 50 pM
2-mercaptoethanol (Sigma).

Generation of human MDDC. All human specimens were obtained with in-
formed consent as approved by the University of Maryland Baltimore Institu-
tional Review Board. MDDC were generated as previously described with minor
modifications (18). Briefly, human peripheral blood mononuclear cells (PBMC)
isolated by Ficoll-Hypaque density gradient centrifugation were enriched for
CD14" monocytes by negative selection using a cocktail of monoclonal antibod-
ies from StemCell Technologies (Vancouver, Canada) according to the manu-
facturer’s instructions. The isolated monocytes were adhered to plastic by plating
at 10° cells per/ml in RPMI medium for 2 h. Adherent monocytes were washed
with RPMI medium and then cultured at 10° cells per/ml in DC culture medium
supplemented with 50 ng of recombinant GM-CSF/ml and 1,000 U of recombi-
nant IL-4 (R&D Systems, Minneapolis, Minn.)/ml.

Generation of mouse BMDC. BMDC were generated from bone marrow cells
harvested from 8- to 12-week-old female BALB/c mice as previously described
(11), with minor modifications. Briefly, bone marrow was flushed from femurs
with DC medium and then passed over a cotton column to remove debris. Red
blood cells were lysed by using RBC lysis buffer (Biofluids, Camarillo, Calif.).
Cells were plated in 12-well plates at 2 X 10° cells/well in a total of 2 ml of DC
medium supplemented with 1, 000 U of recombinant mouse GM-CSF (R&D
Systems)/ml. On day 3 of culture, nonadherent cells were gently removed, and
fresh medium containing GM-CSF was added. On day 6, culture medium was
changed again, and agonists were added directly to the fresh culture medium.

Cell treatments. PMT, CT (List Biological Laboratories, Campbell, Calif.), thap-
sigargin, A23187, LPS, BAPT-AM [1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-
tetraacetic acid tetrakis (acetoxymethyl) ester], or D609 (Sigma) was added
directly to MDDC or BMDC cultures in individual wells. Cells were harvested,
washed, stained for phenotypic analysis by flow cytometry (see below), or used in
functional assays (see below).

Flow cytometry. Human MDDC were incubated for 30 min at 4°C with mono-
clonal antibodies specific for CD80, CD83, CD86, and HLA-DR (BD Pharmin-
gen, San Diego, Calif.), washed, and then fixed with 2% paraformaldehyde for
analysis with a FACScalibur flow cytometer (BD, San Jose, Calif.). Murine
BMDC were incubated for 30 min at 4°C with monoclonal antibodies specific for
CD25, CD40, CD86, and 14-4-4S (BD Pharmingen), washed, and then analyzed
using a FACScan flow cytometer (BD). Data analysis was carried out by using
Flow software (Tree Star Inc., San Carlos, Calif.).

Determination of activation. The fraction of DC that responded by upregula-
tion of activation markers on the cell surface (percent activation) was calculated
with Flowjo software by overlaying the histograms of treated and untreated DC
and Overton subtraction of the curves.
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Inhibition induced by BAPT-AM or D609. Inhibition induced by BAPT-AM or
D609 was determined by the following equation: percent inhibition = [(X —
Y)/X] X 100, where X is the fraction of cells that upregulated a marker in the
absence of the inhibitor and Y is the fraction of cells that upregulated a marker
in the presence of the inhibitor.

Endotoxin quantification. Endotoxin concentrations were monitored in the
toxin preparations by using the Limulus assay (Bio-Whittaker, Walkersville,
Md.). The maximum endotoxin concentration in the final dilutions of toxins used
in the studies was 40 pg/ml. In addition, the possibility that endotoxin contam-
ination contributes to the observed activation of MDDC was ruled out by boiling
preparations of agonists for 10 min before their addition to MDDC. Boiling of
PMT or CT completely abolished their ability to activate MDDC (data not
shown).

IP; quantitation. CD14™ monocytes were plated at 10° cells/well in 12-well
plates in a total volume of 2 ml of DC culture medium supplemented with
GM-CSF and IL-4. On day 4 of culture, individual wells of cells were left
untreated or were treated with 1 wg of PMT/ml. At 1, 3, 6, and 12 h after the
addition of PMT, the cells were harvested, washed, and resuspended in 1 ml of
phosphate-buffered saline (PBS). The cells were then incubated for 20 min with
0.2 volumes of ice-cold 20% perchloric acid. The cell lysates were pelleted by
centrifugation at 2,000 X g for 15 min at 4°C. Supernatants were removed, placed
in glass tubes, and neutralized with ice-cold 10 M KOH containing 60 mM
HEPES buffer and phenol red. The supernatants were centrifuged at 200 X g for
15 min at 4°C to sediment KCIO,. Supernatants were removed and assayed for
IP; concentration with a radiometric assay according to the manufacturer’s
instructions (catalog number TRK 1000; Amersham, Buckinghamshire, En-
gland).

Human allogeneic T-cell resp MDDOC for the allogeneic T-cell response
were prepared as described above and washed three times with T-cell prolifer-
ation medium before addition to naive allogeneic CD4™ T cells. Naive CD4* T
cells were enriched from PBMC by negative selection using a cocktail of mono-
clonal antibodies (StemCell Technologies) according to the manufacturer’s in-
structions. Naive CD4" T cells (greater than or equal to 93% pure as determined
by the expression of CD62L and the absence of CD45R0 using flow cytometry)
were cultured for 5 days in replicates of five at 10° cells/well with 1,000 allogeneic
MDDC on 96-well U-bottom plates. For the last 18 h of culture, the cells were
pulsed with 1 p.Ci of [*H]thymidine (Perkin-Elmer Life Sciences, Boston, Mass.)/
well. Thymidine incorporation was measured by using a Wallac 1450 Microbetta
Trilux liquid scintillation spectrometer (Wallac, Turku, Finland).

Murine allogeneic T-cell resp . BALB/c BMDC for the allogeneic T-cell
response were prepared as described above and washed three times with T-cell
proliferation medium before addition to C57BL/6 T cells. Total C57BL/6 T cells
were enriched from spleen cells by negative selection using a cocktail of mono-
clonal antibodies (StemCell Technologies) according to the manufacturer’s in-
structions. C57BL/6 T cells were cultured for 5 days in replicates of three at 10°
cells/well with 1,000 allogeneic BALB/c BMDC in 96-well U-bottom plates. For
the last 18 h of culture, the cells were pulsed with 1 p.Ci of [*H]thymidine (Perkin
Elmer Life Sciences)/well. Thymidine incorporation was measured by using a
Packard Matrix 96 direct beta counter.

Cytokine ELISA. Cytokine concentrations were determined by enzyme-linked
immunosorbent assay (ELISA) (R & D Systems) according to the manufactur-
er’s instructions.

Oral immunization experiments. BALB/c mice (6 to 8 weeks old) were ob-
tained from Harlan (Indianapolis, Ind.). Groups of five (first experiment) or six
(second experiment) mice were immunized as follows. Mice received 100 pl of
saturated bicarbonate solution 10 min before oral immunizations. Mice in the
chicken egg albumin (OVA) group were immunized three times (first experi-
ment) or twice (second experiment) orally by using a ball-tipped feeding needle
with 100 wg of OVA in 200 pl of PBS 2 weeks apart. Mice in the CT, PMT, and
CT plus PMT groups were immunized three times (first experiment) or twice
(second experiment) orally with 100 pg of OVA with either 10 ug of CT in 200
wl of PBS, 10 wg of PMT in 200 wl of PBS, or 10 ng of CT plus 10 pg of PMT
in 200 pl of PBS 2 weeks apart. Four weeks after the final immunization, mice
were bled, and anti-OVA and anti-CT endpoint titers in the isolated sera were
determined by ELISA. Mice from all groups in the second experiment were then
immunized intraperitoneally (i.p.) with 100 pg of OVA and 100 pg of keyhole
limpet hemocyanin (KLH) in complete Freund’s adjuvant (CFA). Two weeks
later, mice were bled, and anti-OVA and anti-KLH endpoint titers in the isolated
sera were determined by ELISA.

Systemic immunization experiment. Groups of five BALB/c mice were immu-
nized as follows. Mice in the control group (no adjuvant) were immunized three
times intradermally (i.d.) with 50 pg of OVA in 200 pl of PBS 2 weeks apart.
Four weeks later, mice were bled, and anti-OVA endpoint titers in the isolated
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sera were determined by ELISA. Mice in the CT, PMT, and CT plus PMT groups
were immunized three times i.d. with 50 pg of OVA with either 1 pg of CT in 200
wl of PBS, 50 ng of PMT in 200 pl of PBS, or 1 pg of CT plus 50 ng of PMT in
200 pl of PBS 2 weeks apart. Four weeks later, mice were bled, and anti-OVA
endpoint titers in the isolated sera were determined by ELISA.

ELISA. Solid-phase ELISA was used to determine OVA-specific, KLH-spe-
cific, and CT-specific antibody titers in the sera. Briefly, 96-well microtiter plates
(Nunc, Rochester, N.Y.) were coated with 10 ug of OVA, KLH, or GM, gan-
glioside/ml in PBS at 4°C overnight. The GM;-coated plates were washed three
times with Tris-buffered saline (TBS), and then 1 g of CT/ml was added to the
plates and incubated for 1 h at room temperature. All plates were then washed
three times with TBS and blocked with BLOTTO (5% [wt/vol] nonfat dried milk
in TBS) at room temperature for 30 min. Serially diluted sera were added to the
wells of respective plates and incubated at room temperature for 1 h and then
washed three times with TBS. Peroxidase-conjugated goat anti-mouse immuno-
globulin G (Kirkegaard & Perry, Gaithersburg, Md.) diluted 1/1,000 in BLOTTO
was added and incubated at room temperature for 1 h. The plates were washed
three times with TBS before the addition of TMB peroxidase substrate (Kirke-
gaard & Perry) and incubation for 1 to 3 min. The reaction was stopped by
adding 1 N H,SO,. Absorbance was read at 450 nm by using a Victor 1420
Multilabel counter (EG&G Wallac).

ELISA endpoint titers were calculated by graphing absorbance at 450 nm
verses serum dilution and taking the value where the line intersected the back-
ground value (mean of the negative control wells plus three standard deviations).

Statistics. The Student’s ¢ test was performed on the means of the endpoint
titers. P values of less than 0.05 were deemed significant.

RESULTS

PMT activates human MDDC to mature in a dose-depen-
dent manner. In preliminary experiments, we treated MDDC
at day 4 with 1 pg of LPS or CT/ml as a control or with 1 pg
of PMT/ml. Twenty hours later, the cells were harvested, and
activation was assayed by the expression of CD80 (B7-1),
CD83, CD86 (B7-2), and HLA-DR (class I MHC). As shown
in Fig. 1A, PMT activated human MDDC to mature. In this
regard, the expression of CD80, CD83, CD86, and HLA-DR
was higher on MDDC incubated with PMT than on untreated
cells, and the expression levels of these markers induced by
PMT were similar to that induced by CT. In other experiments,
we found that boiling the PMT preparation completely abol-
ished its ability to activate MDDC (data not shown) and that
concentrations of PMT as high as 10 pg/ml do not kill the cells
within 48 h (determined by trypan blue staining and flow cy-
tometry) (data not shown).

Previously, we found that both LPS and CT profoundly
increased the expression of CD80, CD83, CD86, and HLA-DR
on MDDC but that only LPS profoundly increased the expres-
sion of CD25 and CD40 (our unpublished results). For this
reason, we determined whether there was discordant expres-
sion of CD25, CD40, or other DC activation markers on
MDDC induced by PMT, LPS, or CT. At day 4, MDDC were
incubated with 1 pg of LPS, CT, or PMT/ml for 20 h and then
harvested and assayed for the expression of CD25, CD40,
HLA-A, -B, and -C (class I MHC), and CXCR4 (constitutive
chemokine receptor) by flow cytometry. Figure 1B shows that
MDDC activated by LPS expressed considerably more CD25,
CD40, HLA-A, -B, and -C, and CXCR4 than MDDC activated
by PMT or CT. These results indicate that although PMT and
CT activate MDDC to mature, the surface phenotype of the
mature cells is distinct from those activated by LPS.

In previous studies, we determined the potency of CT, LT,
PT, and AT for the activation of MDDC by using titration
experiments (3; our unpublished results). To determine the
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TABLE 1. PMT activates MDDC through PLC and
calcium mobilization”

Concn Avg % inhibition

Inhibitor Target (WM) Marker (SEM)

BAPT-AM Calcium 10 CD80 96.8 (2.0)
CD83 86.9 (1.0)
CD86 68.6 (13.7)
HLA-DR 54.8 (4.4)

D609 PLC 200 CD80 91.9 (6.5)
CD83 58.2(17.2)
CD86 51.7 (10.2)
HLA-DR 50.1 (9.9)

“ Day 4 MDDC were incubated for 1 h with or without the indicated concen-
trations of inhibitors before the addition of 1 wg of PMT/ml. Twenty hours later,
the cells were harvested and stained for flow cytometry with PE-anti-CD80, F
ITC-anti-CD83, Cy-Chrome-anti-CD86, or the fluorochrome APC-anti-HLA-
DR. Percent inhibition was calculated as described in Materials and Methods.
The data shown are the means and standard errors of the means of three
experiments performed on MDDC generated from different donors.

potency of PMT for the activation of MDDC, we incubated day
4 MDDC with half-log dilutions of PMT (10 pg to 500 pg/ml).
Twenty hours later, the cells were harvested, and activation
was assayed by increased expression of CD80, CDS83, CD86,
and HLA-DR. The percent activation was determined as de-
scribed in Materials and Methods. Figure 1C shows that in-
creased surface expression of CDS80, CD83, CDS86, and
HLA-DR was detectable at 1.5 ng of PMT/ml and was maximal
between 1 and 3 pg/ml. The potency of PMT, as determined by
the titration curve, is similar to that of PT but weaker than that
of CT, LT, or AT (3; our unpublished results). These results
indicate that PMT is as potent an activator of MDDC as PT, a
toxin known to display potent mucosal adjuvant effects.

PMT activates human MDDC through PLC and calcium
mobilization. PMT has been shown to mobilize intracellular
calcium through the activation of PLC (27). To determine if
the elevation of intracellular calcium levels mimics the activa-
tion of MDDC induced by PMT, we incubated day 4 MDDC
with 1 wg of LPS/ml as a control and 1 wg of PMT/ml, 10 pM
thapsigargin (IPs-independent calcium releaser) (22), or 150
ng of the calcium ionophore A23187/ml (6). Twenty hours
later, the cells were harvested, and activation was assayed by
surface marker upregulation. As shown in Fig. 1D, both thap-
sigargin and A23187 activate MDDC to mature. The results of
these experiments show that the elevation of cytoplasmic cal-
cium levels mimics the effect of PMT on MDDC but does not
establish causality.

For this reason, we determined whether the intracellular
calcium chelator BAPT-AM (21) inhibits the activation of
MDDC induced by PMT. Day 4 MDDC were incubated for
20 h with or without 1 pg of PMT/ml and with or without a
prior 1-h incubation with 10 wuM BAPT-AM. The percent
inhibition was calculated as described in Materials and Meth-
ods. Table 1 shows that BAPT-AM strongly inhibits the phe-
notypic maturation of MDDC induced by PMT. In this regard,
the fraction of cells that increased the expression of CDS80,
CDS83, CD86, and HLA-DR was substantially reduced when
the cells were incubated with PMT in the presence of
BAPT-AM compared to cells incubated with PMT alone.

PLC is upstream of calcium release in signal transduction
pathways activated by PMT. For this reason, we determined if



416 BAGLEY ET AL. INFECT. IMMUN.

LPS PMT
A 1 ug/ml 1 ug/ml C
1 . 76 S . 63 CD83 '[ 1
cpeo ||} i i A T
:' ..' 0] w "~_. cC
- - ] 9
o E o — "(—U'
o2 79 | . 3 73 | o 2 73 > .
cD83 © i 15 -8 ~ -'C‘) rr
ol 1Y o] oY oy Po]
. o oo e +=
& ., ; o
o m' r ) - ’ > - - 0 " oy - G.)
- P 8
of ov 58 D
o 507
CD86 BN o .
78 IA]
. M 25.
- w f 64
o= -
HLA-DR 1 , BRI 0.1 1 10 1001000 100000.1 1 10 100 1000 10000
A Concentration in ng/ml

o 65 | u 10 | ., 13 LPS PMT  Thapsigargin A32187
cozs | if: X : | Mst | Moo o M asl| M s7
EE 2 TEN cosoll i fy |l R I
i\ 69 [\ 59 |- i\ 61 - i\ 64
cD83 | i i iE iE
° 25 |- 23 |~ 27 | = 30
4 J A o 4 F
cbss 1 ¢ i : 1og o
< J J . [«
e M N e 3 6]
P RO s A T 5
8 -+ oo |- s - Mss| 3
S HLADR PRV [ iR | L g
a—, . N o . . ) N Y pd
g R, e -
Z Fluorescence Intensity >

Fluorescence Intensity >

FIG. 1. PMT activates human MDDC to mature. Cell surface expression of the indicated markers on untreated MDDC (dotted histograms)
or MDDC treated with the indicated agonist (solid histograms). A. Day 4 MDDC were incubated with 1 pg of LPS, CT, or PMT/ml for 20 h. The
cells were harvested and stained for four-color flow cytometry with phycoerythrin (PE)-anti-CD80, fluorescein isothiocyanate (FITC)-anti-CD83,
Cy-Chrome-anti-CD86, or the fluorochrome APC-anti-HLA-DR. Data are representative of one experiment of six performed on cells from
different donors with similar results. B. Day 4 MDDC were incubated with 1 wg of LPS, CT, or PMT/ml for 20 h. The cells were harvested and
stained for three-color flow cytometry with PE-anti-CD25, PE-anti-CD40, FITC-anti-HLA-A, -B, or -C, or the fluorochrome APC-anti-CXCR4.
Data are representative of one experiment of three performed on cells from different donors with similar results. C. Day 4 MDDC were incubated
with half-log dilutions (10 g to 500 pg/ml) of PMT for 20 h. The cells were harvested and stained for four-color flow cytometry with PE-anti-CD80,
FITC-anti-CD83, Cy-Chrome-anti-CD86, or the fluorochrome APC-anti-HLA-DR. The percentage of cells that increased the expression of a
marker (percent activation) was calculated as described in Materials and Methods. The data shown are the averages and standard deviations of
three experiments performed on cells from different donors. D. Day 4 MDDC were incubated for 20 h with 1 pg of LPS or PMT/ml, 10 pM
thapsigargin, or 150 ng of A23187/ml. The cells were harvested and stained for four-color flow cytometry with PE-anti-CD80, FITC-anti-CD83,
Cy-Chrome-anti-CD86, or the fluorochrome APC-anti-HLA-DR. Data are representative of one experiment of five performed on cells from
different donors with similar results.
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FIG. 2. A.PMT increases intracellular IP; concentration. Day 4 MDDC were incubated for the indicated times with or without 1 pg of PMT/ml.
The cells were then harvested, lysed, and analyzed for IP; content with a radiometric assay as described in Materials and Methods. The results are
the averages of cells from three different donors. B. PMT activates MDDC without inducing cytokine production. Day 4 MDDC were left untreated
or were treated with 1 pg of LPS, CT, or PMT/ml. After 12 or 24 h, the levels of IL-1B, IL-10, TNF-a, TGF-B, and MIP-1« in the supernatants
were determined by ELISA. The concentrations of cytokines and chemokines not shown were not increased over untreated cells by any of the
agonists. Data are the averages of three separate experiments on MDDC generated from different donors. C. PMT dominantly inhibits 1L-12
production. Day 4 MDDC were left untreated or were treated with 1 pg of CT/ml, 1 wg of PMT/ml, 10 uM thapsigargin, or 150 ng of A23187/ml
in the presence or absence of 1 pg of LPS/ml. After 12 h of culture, the levels of IL-12 in the supernatants were determined by ELISA. Data are
the averages of three separate experiments on MDDC generated from different donors.

PMT signals through PLC in MDDC. To determine this, day 4
MDDC were left untreated or were incubated with 1 pg of
PMT/ml for various times and then harvested and analyzed for
intracellular IP; content as described in Materials and Meth-
ods. Figure 2A shows that the level of IP; in MDDC incubated
with PMT was elevated as early as 1 h after treatment and
remained elevated for at least 10 h.

Next, we determined if an inhibitor of PLC would inhibit the
activation of MDDC induced by PMT. Day 4 MDDC were
incubated with or without 1 wg of PMT/ml for 20 h and with or
without a prior 1-h incubation with 100 pM PLC inhibitor
D609 and were then harvested for flow cytometry. Table 1
shows that D609 inhibited the phenotypic activation of MDDC
induced by PMT. All told, the above-described results indicate
that PMT activates MDDC through the mobilization of cal-
cium induced by signaling through PLC.

PMT activates human MDDC without inducing cytokine
production. It has been previously shown that MDDC acti-
vated by LPS produce large quantities of cytokines and che-
mokines, whereas MDDC activated by CT do not produce
cytokines or chemokines (2, 8). For this reason, we determined
the production of IL-1B, IL-10, IL-12, tumor necrosis factor
alpha (TNF-a), transforming growth factor B (TGF-B), and
macrophage inflammatory protein-1g (MIP-13) by MDDC ac-
tivated with PMT, LPS, or CT. Day 4 MDDC were left un-
treated or were incubated with 1 pg of PMT, LPS, or CT/ml.
Twelve and 24 h later, supernatants were removed and assayed
for cytokine or chemokine concentration by ELISA.

Figure 2B shows that MDDC incubated with LPS produced
substantially more TNF-«, IL-18, and IL-10 at both 12 and
24 h than MDDC incubated with CT or PMT, whose produc-
tion was similar to that of untreated MDDC. This trend was
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FIG. 3. A. PMT increases the ability of MDDC to present alloantigen to naive CD4™ T cells in the allogeneic T-cell response. Naive CD4* T
cells were plated at 10° cells/well in 96-well U-bottom plates in T-cell medium. MDDC were activated by a 20-h incubation with 1 ug of LPS, CT,
or PMT/ml, 10 uM thapsigargin, or 150 ng of A23187/ml. Untreated and activated MDDC were washed, and then 1,000 cells were added to the
naive T cells. Experiments for each condition were performed in triplicate. Proliferation was determined at day 5 by pulsing the cells with 1 wCi
of [*H]thymidine per well for the last 18 h of culture. Thymidine incorporation was measured with a Wallac 1450 Microbetta Trilux liquid
scintillation counter. Data are means and standard errors for four independent experiments performed on cells mixed from different donors. CPM,
counts per minute. B and C. PMT suppress the mucosal adjuvant effects but not the immunogenicity of CT. Groups of five BALB/c mice were orally
immunized three times with OVA alone, CT plus OVA, PMT plus OVA, or CT plus PMT plus OVA 2 weeks apart as described in Materials and
Methods. Four weeks after the final immunization, the mice were bled, and anti-OVA endpoint titers (A) or anti-CT endpoint titers (B) in the
sera of individual mice were determined by ELISA. The means and standard errors of the means are shown.

also observed with IL-12 (discussed below). No significant pro-
duction of TGF-B was detected at either time point in the
supernatants of MDDC activated with PMT, LPS, or CT (data
not shown). In contrast to the results of a previous study (8),
we found that all of the agonists tested increased the produc-
tion of the chemokine MIP-1p3. In this regard, Fig. 2B shows
that at both 12 and 24 h, MDDC incubated with LPS, CT, or
PMT made substantially more MIP-1B than untreated MDDC.

PMT, thapsigargin, and A23187 dominantly inhibit IL-12
production from LPS-stimulated human MDDC. Next, we de-
termined if PMT possesses the ability of other toxins to dom-
inantly inhibit IL-12 production from LPS-stimulated DC. For
these experiments, day 4 MDDC were left untreated or were
incubated with 1 pg of CT or PMT/ml, 10 uM thapsigargin, or
150 ng A23187/ml in the presence or absence of 1 pg of
LPS/ml. After 12 h of culture, the levels of IL-12 in the super-
natants were determined by ELISA. Figure 2C shows that
MDDC incubated with LPS produce high levels of IL-12, ap-
proximately 130-fold more than those produced by untreated
MDDC. By contrast, MDDC activated by CT, PMT, thapsi-
gargin, or A23187 produce approximately the same amount of

IL-12 as untreated MDDC. Likewise, MDDC activated by CT,
PMT, thapsigargin, or A23187 in the presence of LPS produce
no more than 36-fold more IL-12 than that produced by un-
treated MDDC. This corresponds to at least a 3.7-fold reduc-
tion in the levels of IL-12 compared with those MDDC acti-
vated by LPS alone. These results indicate that PMT shares the
ability of other bacterial toxins to dominantly inhibit IL-12
production by MDDC and that this effect is also mediated
through calcium mobilization.

PMT increases the ability of human MDDC to induce T-cell
proliferation in an allogeneic T-cell response. The main effec-
tor function of DC is the activation of antigen-specific naive T
cells. Therefore, it was important to determine whether the phe-
notypic activation of MDDC induced by PMT correlates with an
increased ability to induce the proliferation of naive CD4" T
cells. Day 5 MDDC were left untreated or were activated by a
prior 20-h incubation with 1 pg of LPS or CT (as a control)/ml, 1
pg of PMT/ml, 10 wM thapsigargin, or 150 wg of A23187/ml.
These MDDC were then used to stimulate allogeneic naive
CD4" T cells as described in Materials and Methods.

Figure 3A shows that MDDC activated by PMT, thapsigar-
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gin, or A23187 increased the proliferation of naive CD4" T
cells at least fivefold over that induced by untreated MDDC, a
level similar to that induced by LPS or CT. Altogether, these
results indicate that MDDC incubated with PMT display both
phenotypic and functional characteristics of mature DC.

PMT suppresses the adjuvant effect of CT. Previous studies
indicate that the ability of bacterial toxins to induce the mat-
uration of DC in vitro correlates well with adjuvanticity in vivo
(2, 3, 12, 14, 16). However, other studies have indicated that
PMT may suppress immunologic responses (23). For this rea-
son, we determined whether PMT boosts or suppresses anti-
body responses to the bystander antigen OVA. For the first
mucosal immunization study, groups of five BALB/c mice were
orally immunized three times with OVA alone, CT plus OVA,
PMT plus OVA, or CT plus PMT plus OVA as described in
Materials and Methods. Four weeks after the final immuniza-
tion, anti-OVA and anti-CT endpoint titers in serum were
determined. Figure 3B shows that PMT did not boost the
antibody response to OVA. Of particular interest is that PMT
suppressed the adjuvant activity of CT. In this regard, CT
boosted the anti-OVA antibody response in serum 53-fold over
that induced by OVA alone. However, when mice were immu-
nized with both CT and PMT with OVA, the anti-OVA anti-
body response was similar to that induced by OVA alone. The
difference between the anti-OVA endpoint titers for the mice
immunized with OVA plus CT and those of mice immunized
with OVA plus CT plus PMT is significant (P < 0.05).

In light of the suppression of anti-OVA antibody titers, we
determined whether PMT also suppressed the immunogenicity
of CT. To determine this, anti-CT antibody titers were deter-
mined in the sera described above. As shown in Fig. 3C, PMT
did not significantly suppress anti-CT antibody production
(P > 0.05). In this regard, the anti-CT endpoint titers for mice
immunized orally with PMT plus CT were similar to those of
mice immunized with CT in the absence of PMT.

Next, we determined if PMT displays similar activities when
administered systemically. For these experiments, mice were
immunized i.d. with OVA alone, CT plus OVA, PMT plus
OVA, or CT plus PMT plus OVA as described in Materials
and Methods. Unfortunately, we found that PMT is extremely
toxic to mice when administered i.d. Even at a dose as low as
50 ng of PMT, 9 out of 10 mice died within 48 h of immuni-
zation. The single mouse that survived the immunization at this
dose developed a lesion (approximately 1 cm in diameter) at
the immunization site and did not display anti-OVA antibody
responses higher than those of mice immunized with OVA
alone (data not shown).

PMT activates murine BMDC to mature. One possible ex-
planation for the discordant effects observed with human
MDDC in the in vitro studies and the mouse in vivo studies
described above is that the toxin may display species-specific
effects and could kill or inhibit the function of murine DC. For
this reason, we determined the effects of PMT on mouse
BMDC. Day 6 mouse BMDC were incubated with 1 pg of
LPS/ml, 1 g of CT/ml, 150 ng of A23187/ml, or PMT at 1 or
10 pg/ml. Twenty-four hours later, the cells were harvested and
stained for flow cytometry. Figure 4A shows that PMT acti-
vates mouse BMDC to mature. As shown, the expression of
CD25, CD40, CDS86, and class I MHC is higher on PMT-
treated BMDC than on untreated DC and is similar to that
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FIG. 4. PMT activates murine BMDC to mature and increases
their ability to present alloantigen to T cells in the allogeneic T-cell
response. A. Cell surface expression of the indicated markers on un-
treated BMDC (dotted histograms) or BMDC treated with the indi-
cated agonist (solid histograms). Day 6 BMDC were incubated with 1
wg of LPS or CT/ml or PMT at 1 or 10 pg/ml for 24 h. The cells were
harvested and stained for single-color flow cytometry with PE-anti-
CD25, PE-anti-CD40, PE-anti-CD86, or PE-anti-14-4-4S (class II
MHC). Data are representative of one experiment of three performed
on cells from different mice with similar results. B. Total C57BL/6 T
cells were plated at 10° cells/well in 96-well U-bottom plates in T-cell
medium. Day 7 BMDC were left untreated or were activated by a prior
24-h incubation with 1 pg of LPS, CT, or PMT/ml. Untreated and
activated BALB/c BMDC were washed, and then 1,000 cells were
added to the C57BL/6 T cells. Experiments for each condition were
performed in triplicate. Proliferation was determined at day 5 by puls-
ing the cells with 1 p.Ci of [*H]thymidine per well for the last 18 h of
culture. Thymidine incorporation was measured with a Packard Matrix
96 direct beta counter. Data are means and standard deviations for
mixtures of BMDC and T cells generated from three separate mice.
CPM, counts per minute.
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induced by LPS. Importantly, doses of PMT of up to 10 wg/ml
do not kill the mouse DC during a 48-h incubation (as deter-
mined by trypan blue exclusion and flow cytometry) (data not
shown). Interestingly, whereas PMT induced much less CD25
and CD40 expression on human MDDC compared to LPS, it
induced similar expression of these markers on mouse BMDC
compared to LPS.

To further rule out the possibility that PMT might inhibit the
function of murine DC, we determined whether mouse BMDC
activated by PMT are efficient APC. Day 7 BMDC derived from
BALB/c mice were left untreated or were activated by a prior
24-h incubation with 1 pg of LPS, CT, or PMT/ml. These BMDC
were washed and then used to stimulate allogeneic T cells isolated
from C57BL/6 mice. Figure 4B shows that PMT, like LPS and
CT, increased the ability of mouse BMDC to stimulate T-cell
proliferation. As shown, BMDC activated by PMT induced ap-
proximately threefold more thymidine incorporation than un-
treated BMDC, a level similar to that induced by LPS-activated
BMDC. Together, these results indicate that PMT displays sim-
ilar effects on human and mouse DC in vitro and that PMT does
not kill murine DC or inhibit their function in vitro.

PMT does not induce tolerance to mucosally coadministered
OVA. There are at least two possible explanations for how PMT
inhibits the adjuvant effects of CT. First, PMT could kill or inhibit
the function of APC at the immunization site. Second, PMT
could induce active tolerance to the coadministered antigen.
To determine if the mice immunized with PMT display active
tolerance to the coadministered antigen (OVA), we immu-
nized the mice with OVA in CFA systemically after mucosal
immunization with PMT and OVA. If tolerance was induced to
OVA, the mice should be nonresponsive or hyporesponsive to
the systemic immunization with OVA. In addition, we tested the
overall viability of the immune system of the immunized mice
by systemically immunizing all the mice with KLH in CFA.

For this second mucosal immunization study, groups of six
BALB/c mice were orally immunized twice with OVA alone,
CT plus OVA, PMT plus OVA, or CT plus PMT plus OVA as
described in Materials and Methods. Four weeks after the final
oral immunization, anti-OVA and anti-CT endpoint titers in
the sera were determined. Four hours after collecting sera, all
mice were immunized i.p. with OVA and KLH in CFA. Two
weeks later, the anti-OVA and anti-KLH endpoint titers in
sera were determined. As was found with the first oral immu-
nization experiment described above, PMT inhibited the oral
adjuvant effect of CT. In this regard, the endpoint titer for the
group orally immunized with CT plus PMT plus OVA was
similar to that of the group immunized with OVA alone (data
not shown). Likewise, as was found with the first oral immu-
nization experiment above, PMT did not inhibit the immuno-
genicity of CT (data not shown).

Figure 5A shows that PMT did not induce tolerance to OVA.
As shown, the anti-OVA endpoint titers were similar for all of the
groups after systemic immunization with OVA in CFA (P >
0.05). Likewise, Fig. 5B shows that PMT did not universally sup-
press antibody production, as the anti-KI.H endpoint titers were
also similar for all of the groups (P > 0.05).

DISCUSSION

CT, LT, and PT are well-known mucosal adjuvants, and
PMT shares several similarities to these toxins. At least two
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FIG. 5. PMT does not induce tolerance to the coadministered an-
tigen OVA. Groups of six BALB/c mice were orally immunized two
times with OVA alone, CT plus OVA, PMT plus OVA, or CT plus
PMT plus OVA 2 weeks apart as described in Materials and Methods.
Four weeks after the second immunization, all mice were immunized
i.p. with 100 pg of OVA and 100 ng of KLH in CFA. Two weeks later,
mice were bled, and anti-OVA endpoint titers (A) and anti-KLH end-
point titers (B) in the isolated sera of individual mice were determined
by ELISA. The means and standard errors of the means are shown.

properties of PMT indicate that it could potentially exert mu-
cosal and/or systemic adjuvant effects. First, the activation of
DC in peripheral tissues is one of the key mechanisms through
which adjuvants boost immune responses to coadministered
antigens. For example, the adjuvants LPS, CpG DNA, CT, LT,
and PT each activate MDDC to mature in vitro (2, 3,9, 17, 19).
Here, we show that PMT also activates MDDC to mature and
that its potency is similar to that of PT. Second, like CT, LT,
and PT, PMT binds to gangliosides on a wide variety of cells.
Therefore, PMT should have similar access to cells in vivo. For
these reasons, it would not be unreasonable to speculate that
PMT would be a potent immunogen and would display adju-
vant properties in vivo.

By contrast, PMT has been shown to be a poor antigen and
becomes more immunogenic after its native structure is destroyed
(24). In addition, the results from one group indicate that PMT
suppresses rather than boosts the antibody response to coadmin-
istered antigens (23, 24). Here, we show that PMT also suppresses
the mucosal adjuvant activity of CT. It is very interesting that
PMT, which shares several similarities to the cAMP-elevating
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toxins CT, LT, and PT, displays opposite effects of these toxins in
vivo. A possible explanation for these discordant effects may lie in
the differences between these toxins with regard to the signal
transduction mechanisms they activate.

CT, LT, and PT all elevate intracellular cAMP levels in
target cells, although they achieve this elevation in different
ways. CT and LT ADP-ribosylate the alpha subunits of G
proteins, leading to the constitutive activation of adenylate
cyclase, whereas PT ADP-ribosylates the inhibitory subunits of
G proteins, preventing the inhibition of adenylate cyclase. By
contrast, PMT elevates intracellular calcium levels through the
activation of PLC by G,a. Elevated cAMP levels cause the
activation of protein kinase A (PKA), whereas calcium mobi-
lization activates PKC. Our studies indicate that the activation
of either PKA or PKC in DC leads to similar gene expression
profiles and functional maturation.

However, DC are not the only cells targeted by these toxins
in vivo. Potentially, any cell that expresses surface gangliosides
could bind and process these toxins. In this regard, mucosal
epithelial cells are the predominant cells targeted by CT, LT,
and PT during mucosal immunizations, and the effects on these
cells are responsible for their toxicity. Therefore, it is possible
that the effects of these toxins on cells other than DC are
responsible for the discordant effects of CT and PMT in vivo.
Along these lines, the effects of PMT on epithelial cells are
unknown. Therefore, it is possible that epithelial cells or other
cells targeted by PMT may generate factors that are suppres-
sive and or apoptotic to DC. Determining the different mech-
anisms through which these toxins act in vivo should provide
valuable insights into the initiation of immune responses and
bolster adjuvant design.
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