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Role of CD11b/CD18 in the Process of Intoxication by the Adenylate

Cyclase Toxin of Bordetella pertussis

Joshua C. Eby, Mary C. Gray, Annabelle R. Mangan,* Gina M. Donato, and Erik L. Hewlett

Division of Infectious Diseases and International Health, Department of Medicine, University of Virginia School of Medicine, Charlottesville, Virginia, USA

The adenylate cyclase toxin (ACT) of Bordetella pertussis does not require a receptor to generate intracellular cyclic AMP
(cAMP) in a broad range of cell types. To intoxicate cells, ACT binds to the cell surface, translocates its catalytic domain across
the cell membrane, and converts intracellular ATP to cAMP. In cells that express the integrin CD11b/CD18 (CR3), ACT is more
potent than in CR3-negative cells. We find, however, that the maximum levels of cAMP accumulation inside CR3-positive and
-negative cells are comparable. To better understand how CR3 affects the generation of cAMP, we used Chinese hamster ovary
and K562 cells transfected to express CR3 and examined the steps in intoxication in the presence and absence of the integrin. The
binding of ACT to cells is greater in CR3-expressing cells at all concentrations of ACT, and translocation of the catalytic domain
is enhanced by CR3 expression, with ~80% of ACT molecules translocating their catalytic domain in CR3-positive cells but only
25% in CR3-negative cells. Once in the cytosol, the unregulated catalytic domain converts ATP to cAMP, and at ACT concentra-
tions >1,000 ng/ml, the intracellular ATP concentration is <5% of that in untreated cells, regardless of CR3 expression. This
depletion of ATP prevents further production of cAMP, despite the CR3-mediated enhancement of binding and translocation. In
addition to characterizing the effects of CR3 on the actions of ACT, these data show that ATP consumption is yet another
concentration-dependent activity of ACT that must be considered when studying how ACT affects target cells.

he adenylate cyclase toxin (ACT) of Bordetella pertussis, the

causative agent of whooping cough, is a single polypeptide
composed of an N-terminal, 400-amino-acid adenylate cyclase
(AC) enzymatic domain and a 1,306-amino-acid cell-binding do-
main homologous to the repeats-in-toxin (RTX) family of
calcium-binding, pore-forming bacterial protein toxins (2, 16, 17,
26,32). The AC domain converts ATP to cAMP in a high-turnover
reaction that is stimulated by eukaryotic calmodulin (18). The
RTX component forms oligomeric pores in cell membranes and
serves as the cell binding domain (55, 58). To generate cyclic AMP
(cAMP), ACT binds to cells, translocates the catalytic domain
across the cytoplasmic membrane without endocytosis or mac-
ropinocytosis (11, 19, 25), and catalyzes the conversion of intra-
cellular ATP to cAMP.

Several cytotoxic effects for ACT have been identified, starting
with the discovery that toxin-generated cAMP inhibits core func-
tions of neutrophils and macrophages, such as the generation of
an oxidative burst and killing of phagocytized bacteria (8, 49).
ACT elicits additional cAMP-mediated effects in a variety of eu-
karyotic cells; these include apoptotic cell death, dysfunction of
the cell cytoskeleton, cell cycle arrest, chloride secretion from po-
larized epithelial cells, and dysregulation of the adaptive immune
system (8, 11, 22, 30, 34,47, 49, 50, 54). To generate cAMP, the AC
enzyme reaction consumes cellular ATP, further contributing to
toxin-mediated cytotoxicity (4, 28). The pore-forming, RTX com-
ponent of the toxin molecule synergizes with the ACT-generated,
supraphysiologic levels of cAMP and concomitant ATP depletion
to promote nonapoptotic death of macrophages (1, 4, 28).

During the 35 years since its discovery, ACT has been observed
to affect multiple cell types over a broad range of concentrations in
vitro (8, 27, 34, 49). ACT also produces ion-conducting channels
across artificial lipid bilayers and elicits marker release from mul-
tilamellar liposomes containing no protein (5, 20, 38, 40, 55).
Collectively, these data suggested that there is not a specific recep-
tor required for ACT to affect target cells. In 2001, however, Guer-
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monprez et al. discovered that the expression of the 3, integrin
CD11b/CD18 (CR3) enhances the sensitivity of cells to intoxica-
tion (24). Subsequently, El-Azami-El-Idrissi et al. demonstrated
that the posttranslational acylation of the toxin is required for
tight, efficient binding of ACT to CR3 and that a segment of the
RTX repeats (amino acids 1166 to 1281) is involved in that inter-
action (13).

That ACT affects cells with and without CR3 raises the ques-
tion, “What is the contribution of CR3 to intoxication of eukary-
otic cells by ACT?” To address this question, we have character-
ized the effects of CR3 on the steps leading to intoxication: binding
of ACT to the target cell, translocation of the catalytic domain
directly across the cytoplasmic membrane, and production of
cAMP by the internalized AC enzymatic component. We have
found that CR3 enhances the binding and translocation of the
toxin but that the effect of CR3 on intracellular cAMP generation
is limited by the depletion of ATP that occurs during the AC en-
zymatic reaction. Because the ATP concentration limits the
amount of cAMP that can be made, there is excess toxin bound to
CR3-positive (CR3") cells that does not produce cAMP. ACT-
induced ATP consumption, which is concentration dependent
and which occurs in cells with and without CR3, should therefore
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be considered when interpreting studies regarding the mechanism
and effects of ACT.

MATERIALS AND METHODS

Materials. All reagents, unless otherwise stated, were purchased from
Sigma Chemical Co. (St. Louis, MO). Rabbit polyclonal immunoglobulin
to ACT was produced by Covance laboratories and purified by Gamma-
Bind Plus Sepharose (GE Healthcare Life Sciences). Monoclonal antibody
(MAD) to CD11b (M1/70), isotype control, and fluorescein isothiocya-
nate (FITC)-conjugated MAD to CD18 (clone 6.7) were purchased from
BD Pharmingen. Phycoerythrin (PE)-conjugated monoclonal antibody
to CD11b, clone ICRF44, and streptavidin-conjugated allophycocyanin
(APC) were purchased from BioLegend. The biotin conjugation kit was
purchased from Invitrogen. Cell dissociation buffer was purchased from
Gibco.

Production and purification of AC toxin. Escherichia coli XL-1 Blue
cells (Stratagene, La Jolla, CA) containing the appropriate plasmid con-
struct (wild-type [WT] ACT or inactive ACT) were used for toxin pro-
duction as previously described (23, 29). Cultured bacteria were centri-
fuged, and the resulting pellet was resuspended in 50 mM Tris (pH 7.5),
sonicated, and extracted with 8 M urea. Urea-extracted ACT was purified
on a DEAE ion-exchange column and a calmodulin affinity column as
described previously (35). ACT was stored at —80°C in 8 M urea, 10 mM
tricine, 0.5 mM EDTA, 0.5 mM EGTA, pH 8.0.

Cell culture. CHO-KI1 cells stably transfected to express CD11b and
CD18 (CHO CR3™) or stably mock transfected with a neomycin resis-
tance vector as control (CHO) were obtained as a kind gift from Douglas
Golenbock and grown as described previously (31). K562 cells stably
transfected to express CD11b and CD18 (K562 CR3*) or K562 control
cells (K562) were kind gifts of Li Zhang and were established and main-
tained as described previously (59). Surface expression of CD11b and
CD18 was monitored by flow cytometry intermittently during the exper-
iments to ensure stable coexpression using PE-conjugated MAb ICRF44
to CD11b and FITC-conjugated MAb 6.7 to CD18. The expression of
CD11b in CHO and K562 cells is shown in Fig. 3D and E. ]J774 cells, a
murine macrophage cell line, were cultured in Dulbecco’s modified Eagle
medium (DMEM) with high glucose (Gibco) and 10% heat-inactivated
fetal bovine serum (FBS-HI). BEAS-2B cells, a normal human bronchial
epithelial cell line, immortalized by adenovirus 12 and simian virus 40
(Ad12-SV40) transformation, were purchased from ATCC and cultured
according to the manufacturer’s instructions in complete BEGM (Lonza)
containing all the supplied supplements except GA-1000 (gentamicin-
amphotericin B). Cells were grown in tissue culture flasks precoated with
0.01 mg/ml bovine fibronectin (Calbiochem), 0.03 mg/ml bovine collagen
type I (BD Biosciences), and 0.01 mg/ml bovine serum albumin prepared
in basal BEBM (Lonza). All cells were grown at 37°C in 5% CO,.

Measurement of intracellular cAMP. Approximately 24 h before the
start of experiments, CHO and J774 cells were plated at 30,000 to 40,000
per well in 96-well tissue culture plates. BEAS-2B cells were seeded at
60,000/well in precoated wells and grown overnight in complete BEGM.
Immediately before experiments using CHO or J774 cells, the growth
medium was removed and replaced with Hank’s balanced salt solution
(Gibco) with 0.1% human albumin (HBSS-HA); for BEAS-2B cells, the
medium was removed and replaced with fresh complete BEGM medium
containing 1 mM CaCl,. ACT was added directly to cells and incubated for
30 min at 37°C. Cells were washed and lysed, and cAMP measured using
the Tropix enzyme-linked immunosorbent assay (ELISA)-based cAMP
assay kit (Applied Biosystems). For K562 cells, which grow in suspension,
cells were spun down and resuspended in HBSS-HA. Toxin was added
and the cells incubated at 37°C for 30 min, and cAMP measured as de-
scribed above. Cell protein was measured, and data expressed as pmoles
cAMP/mg cell protein. Under these time and temperature conditions,
there is no cell death. P values were calculated by Student’s two-tailed
t test.
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Experiments testing inhibition of cAMP generation by iACT. Cata-
lytically inactive ACT (iACT) was generated by Osicka et al. (45) with a
Cys-Thr insertion between amino acids 188 to 189 in the catalytic domain
(kind gift from Peter Sebo, Institute of Microbiology, Prague, Czech Re-
public). This toxin mutant exhibits no AC enzyme activity but is equiva-
lent to WT ACT in cell-binding characteristics by flow cytometry, hemo-
Iytic capability, and ability to induce potassium efflux (11, 14, 28, 45). For
experiments testing inhibition of cAMP generation by the inactive ACT
toxin mutant, 5,000 ng/ml (30 nM) iACT was added to cells for 5 min at
room temperature prior to the addition of WT ACT. As a control for
samples that received no iACT, a volume of 8 M urea (solution in which
ACT is dissolved), equal to that used for the addition of iACT, was added.
Cells were then incubated at 37°C for 30 min. We found that whether
iACT was added for 5 min, for 15 min, at room temperature, or at 4°C,
there was no difference in its ability to inhibit cAMP generation by WT
ACT. For anti-CD11b, 20 pg/ml M1/70 antibody or isotype control was
added to cells and incubated for 1 h at 4°C; ACT was then added and
incubated at 37°C for 30 min.

Measurement of ACT association with cells. To measure cell-surface
association of ACT by flow cytometry, adherent cells were removed from
the tissue culture plate using cell dissociation buffer (Gibco) and washed.
K562 cells were maintained in suspension and washed. Amounts of 1 X
10° cells were suspended in 100 w1 HBSS plus 2% FBS. ACT was added to
cells for 25 min at 37°C and the cells washed thoroughly at 4°C, and
biotin-conjugated polyclonal anti-ACT antibody was added for 30 min at
4°C, followed by streptavidin-APC. Cells were then washed and fixed in
4% paraformaldehyde and assayed using a BD FACSCalibur and FlowJo
analysis software. ACT binding was measured across the whole popula-
tion of cells, rather than gating for high-CD11b- or CD18-expressing cells.
Gating for high CR3 expression was not done in order to mimic condi-
tions used for measuring cAMP and cell-associated adenylate cyclase en-
zymatic activity on adherent cells. Initial experiments using live/dead
staining (Live/Dead fixable violet; Invitrogen) to identify and gate dead
cells from flow cytometry analysis showed that there was no difference in
binding measurements when cells were gated for forward- and side-
scatter properties or for live/dead staining.

To determine if surface association of ACT (as measured by flow cy-
tometry using our polyclonal antibody to ACT) changes over the time
course used in these experiments, we added ACT to cells at 4°C for 10 min,
washed them, and then moved the cells to 37°C for 15 or 30 additional
minutes. Antibody to ACT was subsequently added at 4°C. We found that
under these conditions, there was no loss of the ACT signal on the surface
of cells (data not shown).

In addition to flow cytometry, the amount of ACT associated with cells
was quantified by measuring the adenylate cyclase enzymatic activity of
ACT-treated cells. CHO cells with and without CR3 were treated with cell
dissociation buffer (Gibco) for 5 min at 37°C to detach them from tissue
culture flasks. K562 (in suspension) or CHO cells were then spun down
and washed twice in HBSS and resuspended to 1 X 10%/ml. J774 cells were
plated in 24-well tissue culture plates at 6 X 10° cells/well overnight in
growth medium with 10% FBS-HI. ACT was added, and the cells incu-
bated for 30 min at 37°C. The cells were then washed extensively at 4°C
and lysed with 10 mM HEPES, pH 7.4, 150 mM NaCl, 10 mM EDTA, 4
mM EGTA, 1% Triton X-100 (lysis buffer). Twenty-microliter samples
were assayed in the AC enzymatic assay (below). The background cellular
adenylyl cyclase activity of untreated cells, which was minimal, was sub-
tracted from the measurements to give the amount of AC enzyme associ-
ated with cells.

Measurement of AC enzymatic activity. AC enzymatic activity was
measured by conversion of [a-3?P]ATP to [3?P]cAMP in a cell-free assay
as described previously (18). Briefly, the reaction was carried out at 30°C
and continued for 20 min in a final volume of 60 wl. Each assay contained
60 mM tricine, pH 8.0, 10 mM MgCl,, 2 mM ATP (with2 X 10°to 5 X 10°
cpm of [a-3?P]ATP), and 1 uM calmodulin. The reaction was terminated
by the addition of 100 ul of a solution containing 1% sodium dodecyl
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FIG 1 ACT-induced intracellular ;AAMP accumulation in cells with and without CR3. Each figure shows pmoles cAMP/mg of target cell protein as a function of
toxin concentration. ACT was added to cells for 30 min at 37°C. (A) Accumulation of intracellular cAMP in J774 macrophage-like cells which express CR3 and
in BEAS-2B epithelial cells which do not express CR3. Data presented are the means * standard errors of duplicate samples in a single experiment which is
representative of 3 individual experiments. (B) cAMP accumulation in CHO cells. Data presented are the means = standard errors of 5 experiments each
performed in triplicate. (C) cAMP accumulation in K562 cells. Data presented are the means * standard errors of 6 experiments each performed in duplicate.

sulfate (SDS), 20 mM ATP, and 6.25 mM cAMP (including 15,000 to
20,000 cpm of [*H|cAMP per tube for calculation of recovery). Cyclic
AMP was quantified by the double column method of Salomon etal. (51).

Measurement of catalytic domain translocation. Samples were pro-
cessed as described above for measurement of AC enzymatic assay, but
before the lysis buffer was added, half of each sample was treated with 400
pg/ml trypsin for 10 min at 10°C and the reaction stopped with the addi-
tion of 800 ng/ml trypsin inhibitor. Control samples, reflecting total cell-
associated ACT, were treated with trypsin inhibitor first and then trypsin.
AC enzymatic activity was measured under both conditions, and the per-
centage of translocation of the catalytic domain into a trypsin-protected
compartment was expressed as follows: 100 X (AC enzymatic activity in
the trypsinized cell sample/AC enzymatic activity in the nontrypsinized
control sample).

Quantification of intracellular ATP. Cells were prepared according
to the protocol for measurement of cAMP. After incubation with ACT for
30 min at 37°C, cells were washed with PBS and lysed. Intracellular ATP
was measured using the Perkin Elmer ATPlite luminescence ATP assay kit
and read in a Perkin Elmer 1420 multilabel counter luminometer. For
chemical depletion of ATP, 1 mM 2,4-dinitro-phenol (DNP) and 10 mM
2-deoxy-glucose (DOG) were added to cells for 60 min at 37°C prior to the
addition of ACT. In experiments for comparing cAMP, ATP, and/or cell
association, all of the assays were performed in parallel.

RESULTS

During the localized infection of the respiratory tract caused by B.
pertussis, several specific cell types are exposed to ACT. Some of
these, such as neutrophils and airway macrophages, express
CD11b/CD18 (CR3) constitutively, while others, such as bron-
chial epithelial cells and lymphocytes, do not. In vitro examination
of ACT-induced cAMP accumulation in these different cell types
has revealed a pattern of response that is common to CR3-positive
cells (CR3 ") and a different profile for CR3-negative (CR3 ™) cells
(Fig. 1). In J774 macrophages (CR3"), for example, ACT-elicited
cAMP accumulation is detected at 10 to 30 ng/ml ACT and
reaches a plateau at between 100 and 1,000 ng/ml (Fig. 1A). In
contrast, BEAS-2B bronchial epithelial cells are less sensitive to
ACT but their cAMP accumulation increases steeply above 1,000
ng/ml ACT.

Because J774 and BEAS-2B cells differ in many aspects in ad-
dition to CR3 expression, we used two cell lines (Chinese hamster
ovary [CHO] and K562 human erythroleukemic cells) which have
been transfected to stably express CR3 and examined the role of
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CR3 in cAMP production. The expression of the integrin increases
the potency of ACT in these cells, with a plateau in cAMP gener-
ation and intersection with the cAMP response curve of CR3~
cells at =1,000 ng/ml (6 nM) ACT (Fig. 1B and C). The level of
cAMP in CR3" cells is not significantly different from that in
CR3" cells at 1,000 ng/ml ACT (P = 0.46, n = 15 for CHO cells,
and P = 0.052, n = 12 for K562 cells) or at 10,000 ng/ml (P =
0.064, n = 15 for CHO cells, and P = 0.32, n = 12 for K562 cells).
Thus, enhancement of cAMP generation by CR3 expression is
limited, and at >1,000 ng/ml, ACT produces equivalent levels of
cAMP in cells regardless of CR3 expression.

Bacterial toxins composed of a catalytic and a cell-binding do-
main utilize host cell glycoproteins and glycolipids as receptors for
cell entry, and the presence of a specific receptor or receptor com-
plex can be essential for the toxin to affect a specific target cell (12).
For example, TEMS8 was discovered as a receptor for protective
antigen (PA) of Bacillus anthracis by mutagenesis of CHO-K1 cells
that resulted in a 10,000-fold resistance to toxicity from lethal
toxin (6, 52). Likewise, the potency of diphtheria toxin is reduced
10,000- to 100,000-fold in cells that do not express its receptor/
coreceptor complex (heparin-binding epidermal growth factor
[EGF]-like growth factor/CD9) (33, 42—-44). Guermonprez et al.
demonstrated that antibodies to CD11b can inhibit cAMP gener-
ation by ACT and that cells expressing the integrin are more sen-
sitive to ACT (24). The toxin does not, however, require CR3 for
intoxication, and little is known about the interaction between
ACT and CR3~ cells. To examine the specificity of the interaction
between ACT and cells with and without CR3, we used a catalyt-
ically inactive form of ACT (iACT, constructed by Osicka et al.
[45]) to compete with wild-type (WT) ACT and measured the
generation of intracellular cAMP. The cell-binding and pore-
forming properties of iACT, which differs from WT ACT by a
2-amino-acid insertion in the catalytic domain, are equivalent to
those of WT ACT. As expected, the generation of intracellular
cAMP by WT ACT in CHO CR3™ cells is inhibited in the presence
of a fixed concentration of iACT (5,000 ng/ml, 30 nM) (Fig. 2A).
In contrast, iACT has no effect on cAMP generation by WT ACT
in CR3~ CHO cells (Fig. 2B). In K562 CR3* cells, iACT (5,000
ng/ml) inhibits cAMP generation by WT ACT at 10 ng/ml and 100
ng/ml to the levels of cAMP generated in K562 CR3 ™ cells (Fig.
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FIG 2 Competition with inactive ACT (1ACT) decreases WT ACT-elicited cAMP accumulation in CHO CR3™ and K562 CR3™ cells but not in the respective
control cells. (A) CHO CR3™ cells were incubated with WT ACT at the specified concentrations in the continuous presence of 5,000 ng/ml (30 nM) iACT. (B)
Same as described for panel A but with CHO control cells. (C) K562 CR3* (squares) and K562 control (circles) cells were incubated with WT ACT at the specified
concentrations either without (closed) or with (open) 5,000 ng/mliACT. (D) K562 CR3™* (gray bars) and K562 (black bars) cells were incubated with 100 ng/ml
WT ACT in the continuous presence of 5,000 ng/ml iACT. To examine blocking of cAMP generation by a MAb to CD11b, 100 ng/ml of ACT was added to cells
after 1 h incubation at 4°C with 20 ug/ml MAb M1/70 to CD11b or 20 ug/ml isotype control antibody. Data presented are the means * standard errors of
duplicate samples in a single experiment which is representative of 3 (CHO) or 2 (K562) individual experiments.

2C). This concentration of iACT does not inhibit cAMP genera-
tion by WT ACT in K562 CR3~ cells at any of the concentrations
of WT ACT. There is no inhibition of ACT-induced cAMP accu-
mulation when 1,000 ng/ml of WT ACT is added to K562 CR3" in
the presence of 5,000 ng/ml of iACT. A monoclonal antibody to
CD11b, clone M1/70, inhibits ACT-elicited cAMP (Fig. 2D) only
in K562 CR3™ cells. Together, these data show that the interaction
between ACT and CR3 ™ cells is competitively inhibited by cata-
Iytically inactive toxin but the interaction between ACT and CR3~
cells is not.

To further examine this interaction between ACT and cells
with and without CR3, we used two methods to measure binding.
First, ACT was added to cells and surface-bound toxin was quan-
tified by flow cytometry using polyclonal antibody to ACT (Fig.
3A). All experiments for measuring ACT binding were performed
at 37°Cin order to mimic the conditions under which intoxication
occurs. Because endocytosis of cell-surface molecules is possible at
37°C, we used flow cytometry to test for loss of ACT from the cell
surface at this temperature. When ACT was added to CR3" CHO
or K562 cells at 4°C, cells were washed, and cell-associated ACT
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was measured after 0, 15, and 30 min at 37°C, there was no de-
crease over time in surface detection of ACT using polyclonal
anti-ACT (data not shown). To complement the flow cytometric
data, toxin binding to cells was quantified by the amount of AC
enzymatic activity associated with the cells after incubation with
ACT (29, 46) (Fig. 3B and C). In CHO cells, the level of binding to
CR3™ cells at 1,000 ng/ml was comparable to the level of binding
to CR3 ™ cells at 10,000 ng/ml (25,500 versus 23,200 units of cy-
clase activity). Similarly, the level of binding to CR3* K562 cells at
1,000 ng/ml was 7,280 units of cyclase activity, versus 5,750 in
CR3~ K562 cells at 10,000 ng/ml. At the highest concentration
tested, 10,000 ng/ml, there was 2.4-fold greater binding to CR3*
CHO cells than to CR3~ CHO cells and 8.0-fold greater binding to
CR3* K562 cells than to CR3~ K562 cells. This difference in the
enhancement of binding by CR3 may be related, in part, to the
level of CR3 expression, which is greater in K562 cells than in
CHO cells (Fig. 3E and D, respectively). Nevertheless, by both
methods, there is greater binding of ACT to CR3™ cells than to
CR3~ cells at all concentrations of ACT.

Since the step subsequent to cell binding involves translocation
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FIG 3 Association of ACT with cells is greater at all concentrations in the presence of CR3. (A) ACT was added to cells, unbound ACT was washed away, and
biotin-conjugated polyclonal antibody to ACT, followed by APC-conjugated streptavidin, was added to detect surface-associated ACT. Results of flow cytometry
measurements are expressed as difference in mean fluorescence intensity between cells not treated with toxin and those treated with toxin (AMFI). Data
presented are the means * standard errors of 3 separate experiments. (B, C) Total cell-associated ACT was measured by AC enzyme activity. Background native
adenylyl cyclase activity, which is minimal, was subtracted from experimental conditions. Data presented are the means = standard errors of 3 (CHO) or 2 (K562)
experiments each performed in duplicate. (D) Surface expression of CD11b on CHO cells. CHO mock-transfected control cells (gray) and CHO CR3* cells
(black) were stained with phycoerythrin-conjugated MAb to CD11b, clone ICRF44. Ten thousand cells were counted for each cell type. (E) Surface expression
of CD11b on K562 cells. Conditions were the same as described for panel A but with K562 control cells (gray) and K562 CR3™* cells (black). Ten thousand cells
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were counted for each cell type.

of the catalytic domain directly across the cytoplasmic membrane,
we next tested whether CR3 affects this translocation, in addition
to its enhancement of binding. As has been previously described
(3,15, 27, 29), catalytic domain translocation across the cytoplas-
mic membrane can be measured directly by adding ACT to cells at
37°C, washing cells to remove unbound ACT, and treating half of
the cells with trypsin. The amount of AC enzymatic activity asso-
ciated with cells after the addition of trypsin is compared to that
associated with nontrypsinized cells (total cell-associated ACT) to
determine the percentage of the bound toxin molecules that have
translocated their catalytic domains into a trypsin-inaccessible
compartment. CR3 expression increases the percentage of trans-
located toxin molecules (Fig. 4A and B) such that, at 10 to 500
ng/ml, ~80% of bound toxin molecules have translocated their
catalytic domain in the presence of CR3 and ~25% in the absence
of CR3. In CHO CR3™ cells, the percentage of translocation de-
creases with increasing ACT concentration, eventually converging
with that in CR3~ CHO cells as the concentration of ACT is in-
creased. In K562 cells, the amount of translocation is significantly
greater in CR3™ cells at all concentrations except for 10,000 ng/ml
(Fig. 4B), and the percentages of translocation in CR3* (~80%)
and CR3 ™~ cells (~25%) are similar to those seen in CHO cells.
These data show that both binding and translocation are en-
hanced by CR3 expression. There is, however, discordance be-
tween the toxin binding and resultant cAMP data in that binding
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is greater at all concentrations of toxin but cAMP values are equiv-
alent in CR3* and CR3~ cells at higher concentrations of ACT. It
is, therefore, evident that, as the concentration of ACT is in-
creased, more toxin binding does not result in proportionately
more cAMP production. The binding of ACT to the cells over a
range of concentrations can be expressed as area under the curve
(AUC). The AUC for binding can be compared between CR3™"
and CR3 ™ cells. In the case 0of K562 cells, the AUC for binding (Fig.
3C) is 2.8 X108 for CR3* cells and 2.8 X 107 for CR3~ cells
(10-fold greater total binding to K562 CR3*). On the other hand,
the AUCs for cAMP generation in K562 CR3* and K562 CR3~
cells (Fig. 1C, with calculation of AUC on a linear scale) are equiv-
alent, 4.4 X 108 and 4.4 X 108, respectively. Thus, there is 10-fold
greater binding in the presence of CR3, but the same amount of
total cAMP generation. In CHO cells, the AUC for binding is
3.2-fold greater in CR3™ cells than in CR3~ cells (3.8 X 108 and
1.2 X 108, respectively) and the areas under the curve for cAMP
are nearly equivalent (2.3 X 108 for CR3™" cells and 2.6 X 108 for
CR3" cells). In summary, despite enhanced binding and translo-
cation in the presence of CR3, the generation of cAMP per unit of
bound ACT in CR3™* cells decreases as the amount of ACT bound
to the cells increases.

We hypothesized that these findings are attributable to the next
step in the process of cAMP generation after translocation, con-
version of intracellular ATP to cAMP by the internalized enzy-
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tracellular ATP occurs in cultured cells and contributes to cyto-
toxicity in macrophages (4, 28). Shown in Fig. 5A, in both CHO
CR3* and CHO CR3~ cells, ATP levels are reduced to <5% of
those in untreated cells at 3,000 ng/ml of ACT. Intracellular cAMP
levels were measured in parallel with ATP levels (Fig. 5B) and
showed results comparable to those presented in Fig. 1B. When
these data are represented as ATP depletion per unit of cAMP
generated (Fig. 5C), it is evident that, at >60% ATP depletion, the
production of cAMP by ACT is severely constrained. This suggests
that ACT-induced depletion of intracellular ATP limits cAMP
generation by ACT, resulting in a decrease in cAMP generation
per unit of bound ACT in CR3™ cells as the concentration of ACT
is increased.

To ensure that this finding is not an artifact of the expression of
CR3 in these transfected cell lines, we asked if ATP depletion limits
cAMP generation in cells that express CR3 naturally. To do this,
we measured ACT binding, cAMP accumulation, and ATP deple-
tion in J774 macrophages. Under the conditions used for these
experiments, there is no cell death. Treatment with 300 ng/ml
ACT for 30 min results in an 89% reduction in ATP (Fig. 6A). To
test whether this degree of ATP depletion affects the ability of ACT
to raise intracellular cAMP levels, we reduced the cellular ATP
concentration with 2-deoxy-glucose (DOG) and 2,4-dinitro-
phenol (DNP) prior to the addition of ACT. DOG is a glucose
analog that inhibits glycolysis, and DNP is an uncoupler of oxida-
tive phosphorylation in mitochondria (36, 41, 53, 56). DOG/DNP
treatment results in an ATP concentration that is 15% = 0.4% of
that in untreated J774 cells. The subsequent addition of 30 ng/ml
ACT to cells treated with DOG/DNP produced 616 pmol
cAMP/mg cell protein, in comparison to 20,000 pmol cAMP/mg
cell protein in untreated J774 cells (Fig. 6B)—a 97% reduction in
cAMP production. Thus, the ability for ACT to generate cAMP is
almost completely abolished with this magnitude of ATP deple-
tion. Concordantly, cAMP generation in these cells plateaus at
between 100 and 1,000 ng/ml ACT (Fig. 6C). With ATP substan-
tially depleted and cAMP generation impaired at concentrations
of >100 ng/ml ACT, the binding of ACT to J774 cells continues to
increase with increasing concentrations of ACT (Fig. 6D). Plotting
cAMP generation as a function of toxin binding reveals that as
binding increases above ~22,000 units of cyclase activity (the
amount of cell association at 300 ng/ml ACT), the ability for each
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FIG 5 Cellular ATP depletion by ACT with and without CR3. ACT was added to cells at the indicated concentrations, and intracellular AAMP and ATP were measured on the
same samples simultaneously after 30 min at 37°C. (A) Percentage of intracellular ATP was calculated for each sample with the formula (ATP in cells treated with ACT/baseline
ATP in cells not treated with ACT) X 100. (B) Accumulation of intracellular cAMP in CHO cells measured in parallel with ATP. (C) ATP depletion as a function of cAMP
generation, each measured in parallel. Data presented are the means = standard errors of 3 experiments each performed in triplicate.

February 2012 Volume 80 Number 2 jaiasm.org 855


http://iai.asm.org

Eby et al.

= £
© 100 S 250007 g 9000
B o g e ; I
o o 80 S 20000 — 35000
- o) [0}
L5 70 8 o
=2 c 50 E N
= 35
%“5 40 % 10000 % 15000
EE $ S
- 8 20 % 50001 @
o © S 5000
o 10 " _a g g
O+ —T— —T o 0- - My o 3 T T T
0 1000 2000 3000 S 0 1000 2000 3000
[ACT] ng/ml F 5 [ACT] ng/ml
5
(O]
o
(=]
c
D . E T 45000~
= 1600007 5
- E 140000, 2 35000]
(©) [}
< ¥ 120000 o
= )]
3 S 1000001 £ 250007
O -~
5 % 80000 %
2 150004
2 < 600001 S
© 0
= $ 40000 @ 5000k
O = o
© g 20000 S T
& S S EE ez s
~ 0 — T — T T S 8 8 8 8 8 8 8
0 1000 2000 3000 S $§83838¢8 ¢ 8

[ACT] (ng/ml)

cell-associated ACT
(pmoles cAMP/20pl/20 min)

FIG 6 Comparison of ATP depletion, cAMP accumulation, and ACT-cell association in J774 cells. ACT was added to cells at the indicated concentrations, and
intracellular cAMP, intracellular ATP, and cell-associated AC enzymatic activity were measured on the same samples simultaneously after 30 min at 37°C. (A)
Intracellular ATP as a function of toxin concentration in J774 cells. Percentage of intracellular ATP was calculated for each sample with the formula (ATP in cells
treated with ACT/baseline ATP in cells not treated with ACT) X 100. (B) Prior to addition of ACT, J774 cells were either untreated or treated with DNP/DOG
which depleted ATP to 15% = 0.4% of that in untreated cells. Subsequently, 30 ng/ml of ACT was added to cells for 30 min at 37°C and intracellular (AMP was
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means * standard errors of 3 experiments each performed in triplicate.

additional unit of cell-associated ACT to generate cCAMP is greatly
diminished or eliminated. Like the CHO and K562 cells express-
ing CR3 by stable transfection, the amount of cAMP generated in
J774 cells, which express physiologic levels of CR3, is not limited
by the magnitude of cell association but by the availability of ATP.
Interestingly, the levels of intracellular ATP in untreated BEAS-2B
and J774 cells may explain, in part, why there is such a substantial
difference in cAMP generated at 10,000 ng/ml ACT in these two
cell types (Fig. 1A). Untreated BEAS-2B cells contain 380 * 23
nmol intracellular ATP/mg cell protein, while J774 cells contain
11 = 0.02 nmol intracellular ATP/mg cell protein.

DISCUSSION

The data presented here indicate that CR3 increases both the mag-
nitude of binding and the percentage of ACT molecules that trans-
locate their catalytic domains into the cytoplasm, resulting in in-
creased potency of ACT. Importantly, CR3~ cells accumulate
c¢AMP when picomolar (100 ng/ml) concentrations of ACT are
applied, and furthermore, the amount of accumulated cAMP in
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CR3™ cells is equal to that in CR3* cells at low nanomolar con-
centrations (>1,000 ng/ml). Because the limit to ACT-induced
c¢AMP accumulation is imposed by ATP depletion, the maximum
amount of (AMP accumulation achieved in cells is not dependent
on CR3 expression.

Approximately 60% ATP depletion severely constrains cAMP
production by ACT (Fig. 5C). The consumption of ATP is prob-
ably the most significant factor limiting cAMP production in
CHO CR3™ cells, but additional toxin effects may contribute to
the observed limitation as well. In CHO CR3™" cells, there is a
concentration-dependent decrease in translocation percentage at
concentrations of ACT of >1,000 ng/ml. While this effect may
contribute to the plateau in cAMP generation in CHO CR3* cells,
we do not see this convergence in translocation in the K562 CR3*
cells. It is, therefore, unlikely that the effect of CR3 on transloca-
tion fully accounts for the limit to cAMP accumulation. We have
also tested whether cellular phosphodiesterase (PDE) inhibition
with both 3-isobutyl-1-methylxanthine (IBMX) and dipyridamole
(9) affects the limit to cAMP generation in CR3* and CR3~
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cells. These inhibitors do not significantly alter the profile of the
cAMP concentration curves (data not shown). By measuring both
intra- and extracellular cAMP generation by ACT, we have also
concluded that cAMP efflux is not differentially affected by CR3
(data not shown). In agreement with the idea that PDEs and
cAMP efflux do not account for cAMP limitation in CR3* cells,
the amount of ATP consumed per cAMP generated (Fig. 5C) is
equivalentin CHO CR3* and CHO CR3~ cells across the range of
concentrations tested.

Among the findings in this report, it is remarkable that CR3
enhances translocation by a similar percentage in both CHO and
K562 cells (~80% translocation with CR3 and 25% without CR3)
at concentrations of ACT of <1,000 ng/ml. At concentrations of
ACT of >1,000 ng/ml, however, the translocation percentage in
CHO CR3™ cells decreases (Fig. 4), whereas this does not occur in
K562 CR3™ cells. This difference may be attributable to receptor
expression levels, which are higher in K562 CR3™ cells than in
CHO CR3™ cells (Fig. 3). If receptor binding favors translocation
and if receptor-independent binding results in a lower likelihood
of translocation, then, as CR3 receptors become occupied with
increasing toxin concentrations, the percentage of translocation
will become lower. With the greater receptor expression in K562
CR3™ cells, receptor saturation would be expected to occur at
higher concentrations of ACT than in CHO CR3" cells. In addi-
tion to expressing different levels of transfected receptor, the par-
ent CHO and K562 cells are very different cell lines, probably with
different cell surface lipid organization and protein components
which may interact with CR3 to affect ACT translocation and
oligomerization (7, 39, 57).

Our findings differ from the report by Guermonprez et al. in
which CR3 was initially identified as a receptor for ACT. Their
data show that, compared with parent CHO cells, CHO cells ex-
pressing CR3 exhibit greater intracellular cAMP accumulation at
5,000 ng/ml (24). In our studies using both CHO and K562 cells,
we found equivalent cAMP accumulation in CR3" and CR3 ™ cells
within the range of 1,000 to 10,000 ng/ml of ACT. It is possible
that the discrepancy lies in toxin potency and purity or in a differ-
ence in protocols for measurement of cCAMP accumulation. Al-
though it is difficult to identify a reason for the different findings
between these reports, we do find concordant cAMP results in two
different cell lines (Fig. 1), and our cAMP data are consistent with
data regarding intracellular ATP depletion (Fig. 5).

The cellular effects of ACT have been studied across a wide
range of concentrations in cells with and without CR3. The func-
tional consequences of cCAMP generation in CR3-positive cells,
such as cell cycle arrest in J774 cells, are detectable at 1 ng/ml (22).
In CR3~ polarized epithelial cells, cAMP-induced chloride secre-
tion results from the addition of <15 ng/ml ACT (11). On the
other hand, cAMP-independent effects of ACT— oligomeric pore
formation, induction of cellular potassium efflux, and stimulation
of cellular calcium influx— have been identified using toxin con-
centrations that were often =1,000 ng/ml. Oligomerization of
ACT in the membrane of cells has been observed, but the identi-
fication of oligomers has been possible only at concentrations of
25,000 to 48,000 ng/ml ACT (58). ACT induces potassium efflux
upon initial contact with the cell membrane at concentrations of
=1,000 ng/ml in sheep erythrocytes (21). However, Dunne et al.
have recently demonstrated that 100 ng/ml ACT stimulates den-
dritic cells in vitro to secrete interleukin-18 (IL-18), a function
which is dependent on the ability for ACT to elicit potassium
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efflux (10). ACT induces cAMP-independent influx of extracellu-
lar calcium into the cytoplasm, but this is only detectable by
calcium-sensitive dyes in CR3-positive cells at >5nM (833 ng/ml)
(14, 37). Calcium influx promotes endocytosis of ACT and mem-
brane components in J774 cells, although in studies by Martin et
al., only 4% of bound ACT was internalized at an ACT concentra-
tion of 1,670 ng/ml (39). The percentage of bound toxin that is
internalized increases with toxin concentration, and most of these
studies were performed using 5,830 ng/ml of ACT. On one hand,
it is only possible to characterize cAMP-independent effects of
ACT using catalytically inactive toxin. On the other hand, these
cAMP-independent effects naturally occur in the setting of cata-
lytically active, wild-type ACT. Thus, at the concentrations of ACT
required to observe cAMP-independent effects, ATP depletion
occurs in both CR3* and CR3 ™ cells and will probably influence
the outcomes and relevance of cAMP-independent effects.

The physiologic relevance of the effects of ACT, whether
cAMP-dependent or independent, must be considered in the con-
text of the cAMP generation, ATP depletion, and cytotoxicity po-
tentially caused by the wild-type toxin. In vitro, ACT-induced cy-
totoxicity is dependent on the cell type and time course of toxin
exposure. In J774 cells, 30 to 50 ng/ml of ACT after 2 h will cause
cytotoxicity (28). On the other hand, cytotoxicity in CHO CR3*
and K562 CR3™ cells occurs in response to 1,000 ng/ml after 24 h
but not after 2 h of exposure to ACT (data not shown). Even more
resistant to killing by ACT, BEAS-2B cells exhibit no lactate dehy-
drogenase release after treatment with 1,000 ng/ml of ACT for 24
h (data not shown). Furthermore, the type of cell death is affected
by the levels of cAAMP and ATP. J774 cells die by cAMP-induced,
noninflammatory apoptosis in response to concentrations of ACT
that do not deplete ATP, but they die by a potentially proinflam-
matory, nonapoptotic cell death from concentrations that deplete
ATP (28). Thus, a concentration of ACT that fully depletes ATP is
not uniformly fatal to cells, and so, functions of ACT that are only
observed at “high” concentrations of ACT that fully deplete ATP
may be physiologically relevant in certain cells.

Although the levels of ACT present in the airway during infec-
tion with B. pertussis are not known, it is likely that the concentra-
tions are sufficient to affect CR3~ cells, such as respiratory epithe-
lial cells, that may have several hundred bacteria attached. We
have demonstrated that polarized epithelial cells respond to <15
ng/ml of ACT with chloride efflux into the luminal space (11). In
addition, IL-2 secretion from activated T cells and T-cell prolifer-
ation are impaired by 23 and 46 ng/ml of ACT, respectively (47,
50). Interestingly, Paccani et al. have recently shown that ACT
interacts with LFA-1, another (32 integrin, on T cells, and this may
account for their sensitivity to ACT (48).

Since the identification of ACT by serendipitous recognition of
AC activity in vaccine preparations, it has become clear that the
toxin exhibits multiple functions, both cAMP dependent and in-
dependent. The concentration dependence of all of these effects
has only partially been characterized, with the cAMP-independent
effects occurring at a higher range of ACT concentrations than the
cAMP-dependent effects. The role that CR3 plays in each of these
functions is also not well understood. Here, we have characterized
the concentration dependence of ACT-elicited cAMP accumula-
tion, which occurs over a broad range of ACT concentrations
when compared to other ACT effects, and found that CR3 does
not simply shift the cAAMP concentration curve to the left but also
changes the nature of the process of cAMP generation by provid-
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ing a receptor-based mode of intoxication in addition to a
nonreceptor-based mechanism and by enhancing catalytic do-
main translocation in comparison to that in cells without CR3.
Thus, to fully understand ACT-cell interaction, it is important to
study cells both with and without CR3. Through characterizing

the

concentration dependence of ACT activity, we found that ATP

limits cAMP accumulation in a CR3-independent manner. ATP
depletion must, therefore, be considered when interpreting the
effects of ACT in cells both with and without CR3.
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