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The Pseudomonas aeruginosa exotoxin A (PEA) protein requires furin-mediated cleavage for manifestation of
toxicity. We show here that the small stable furin inhibitor hexa-p-arginine amide effectively blocks PEA-
induced cell lysis and is itself noncytotoxic. Administration of hexa-p-arginine to PEA-treated mice signifi-
cantly improves their survival rate and also decreases circulating levels of tumor necrosis factor alpha.

Furin, a member of the family of proprotein convertases,
which activate precursor proteins by cleavage following basic
residue consensus sequences, has been implicated in many
physiological and pathological processes (for reviews see ref-
erences 11 and 12). The finding that furin is required for the
activation of a large number of bacterial toxins has led to the
idea that inhibition of this enzyme may represent a viable
approach to controlling bacterial infection. Our laboratory has
developed a stable, small-molecule furin inhibitor, hexa-p-ar-
ginine amide (1) (D6R), which represents a potentially thera-
peutically useful molecule in this regard.

Pseudomonas aeruginosa produces a large number of toxic
extracellular products; one such product is Pseudomonas exo-
toxin A (PEA). PEA requires intracellular proteolytic cleavage
to generate a 37-kDa C-terminal fragment that translocates to
the cytosol and ADP-ribosylates elongation factor 2, thereby
causing cell death. Furin is involved in two separate protein
processing pathways that each potentially contribute to the
sensitivity of cells to PEA—the quantity of the toxin receptor
expressed on target cells and the activation of PEA (2-7, 10).
Inhibition of PEA cytotoxicity in A7 melanoma cells could be
effected by exogenous application of the furin inhibitor alpha-
1-PDX, an engineered derivative of alpha-1 antitrypsin, with
50% inhibition between 2 and 5 wM alpha-1-PDX (8), showing
that furin inhibition represents a useful avenue for attenuation
of toxicity.

In the study presented here, we have tested the therapeutic
potential of D6R against P. aeruginosa exotoxin, both in cell
culture and in live animals.

DO6R inhibits the cytotoxicity of PEA in CHO cells. CHO
cells were treated with various concentrations (1 to 100 wM) of
D6R (synthesized by Louisiana State University Health Sci-
ences Center Core Laboratories) dissolved in phosphate-buff-
ered saline and were observed under the microscope for nor-
mal morphology and growth. Even at concentrations up to 100
wM, D6R did not exhibit any apparent toxic effects (data not
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shown). While the amide form of D6R was used for most of
these studies, the free hydroxyl form (D6R-OH) was also
tested in vitro and in vivo without detectable differences in
potency.

The determination of the 50% inhibitory concentration for
PEA was performed with CHO cells at a concentration of 5 X
107 cells/well in 96-well plates (Fig. 1A). The cells were treated
with the doses of PEA shown in Fig. 1, and cell growth was
monitored with the compound WST-1 (Roche Diagnostics).
This dye will reflect the activity of mitochondrial dehydroge-
nase present in living cells; the difference in the absorbances at
450 and 630 nm was measured 1 h after addition to cells. The
50% inhibitory concentration for PEA-mediated cell death, as
assessed 24 h after application of PEA, was 10 ng/ml, and this
concentration was employed in subsequent experiments. In
Fig. 1B, the effects of inclusion of D6R with PEA at various
concentrations on PEA-induced cytotoxicity are shown; signif-
icant protective effects were observed, especially at the highest
dose (10 uM).

D6R blocks PEA intoxication in vivo. We found that admin-
istration of D6R was also not toxic in vivo. Six-week-old FVB
and 129/Sv mice, 10 animals per group, were treated with
either 0.1, 1, or 10 nmol of D6R (with 100 wl of 1, 10, or 100
wM D6R dissolved in physiological saline), either intraperito-
neally, intravenously, or subcutaneously. For intravenous ad-
ministration of D6R, animals were first anesthetized with
Avertin; intravenous administration was performed through
the jugular vein. The control groups were injected with 100 wl
of physiological saline by the same routes. After administration
of peptide, animals were observed for 1 month for their be-
havior as well as for food and water intake. D6R-injected mice
did not exhibit any adverse physiological signs or aberrant
behaviors compared to the control groups; FVB mice given up
to 1 nmol of D6R (3.8 mg/kg of body weight) did not show any
apparent signs of toxicosis. D6R also did not induce an in-
crease in the production of tumor necrosis factor alpha
(TNF-o) in treated animals compared with control groups,
indicating that D6R administration itself does not provoke an
inflammatory response. It should, however, be noted that no
tissue microhistology was performed; thus, it is possible that
D6R could produce undetected organ damage.

In vivo experiments showed that an intraperitoneal injection
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FIG. 1. D6R protects against the cytotoxic effects of PEA in vitro.
(A) Cytotoxicity of PEA. CHO cells were treated with various concen-
trations of PEA (0 to 100 ng/ml) 48 h after seeding. Filled squares,
untreated cells; filled triangles, 0 ng of PEA/ml; filled inverted trian-
gles, 1 ng/ml; filled circles, 10 ng of PEA/ml; open triangles, 100 ng of
PEA/ml; open diamonds, 1,000 ng of PEA/ml. The experiment was
repeated four times with consistent results, and the results depicted
represent the means * standard deviations of all four experiments.
(B) Protection against PEA intoxication by D6R. Cells were treated
with 10 ng of PEA/ml and simultaneously with either 0, 1, or 10 pM
D6R. Cytotoxic effects were measured at the incubation times shown.
Filled squares, untreated cells; filled triangles, no PEA and 10 pM
D6R; filled inverted triangles, PEA in the absence of D6R; filled
circles, PEA in the presence of 10 M D6R; filled diamonds, PEA in
the presence of 1 nM DO6R.

of 0.1 pg of PEA/mouse to 6-week-old FVB mice resulted in
complete mortality within 2 days (Fig. 2A). D6R was then
administered to groups of mice receiving this dose of PEA.
One group of mice was treated with a single dose of 1 nmol of
DO6R intraperitoneally per day for 2 days prior to intoxication
with 0.1 pg of PEA; this procedure resulted in significant
protection from survival (50% survival at 7 days after PEA
injection [Fig. 2B]). A second group was treated with both
toxin and D6R simultaneously; this protocol resulted in 25%
survival, representing a significantly better survival rate than
that for the group not given D6R but worse than that for the
group pretreated with D6R.

Sepsis is often a fatal condition; excessive production of host
inflammatory mediators including cytokines is considered to

NOTES 7137
- i * 3
R oo . 0.001
9 . e
g
©
2 0.05
2
@ AN
\\0\\
3 4 5 6
days after PEA intoxication
125
D6R
1008- n n = - = |
o\° v
% e, S,
=75 M ™. DR/ PEA+D6R
2 P P v
£ 504
® .. PEA+D6R
PEA T PP

3 4 5 6 71 8
days after PEA intoxication

FIG. 2. D6R protects against PEA intoxication in vivo. (A) Dose-
response curve to PEA. FVB mice (10 animals per group) were given
different doses of PEA by intraperitoneal injection, and mortality was
assessed 2 days after administration; the 100% lethal dose for PEA this
time was found to be 0.1 pg/mouse. Filled triangles, 1 pg of PEA/
mouse; filled inverted triangles, 0.1 pg of PEA/mouse; filled diamonds,
0.05 pg of PEA/mouse; filled circles, 0.01 pg of PEA/mouse; crossed
open squares, 0.001 pg of PEA/mouse. Results are presented as the
survival rate (percentage of animals surviving 6 days after PEA admin-
istration). (B) Effect of D6R administration on PEA-induced mortal-
ity. Groups of FVB mice (10 animals per group) were given 0.1 pg of
PEA/mouse (filled triangles). One group of mice was administered 1
nmol of D6R (approximately 3.8 mg/kg) intraperitoneally immediately
after intoxication (filled diamonds). A second group of mice was
treated similarly but was also administered 1 nmol of D6R 48 and 24 h
prior to intoxication with PEA (filled inverted triangles). As a control,
one group of mice was given only 1 nmol of D6R (no exposure to PEA;
filled squares). Results are presented as the survival rate (percentage
of animals surviving at 8 days).

contribute to its lethality. For example, in murine sepsis due to
P. aeruginosa circulating TNF-«, interleukin-1 (IL-1), IL-6, and
IL-10 are significantly increased (9). Schumann et al. (13)
demonstrated that PEA is responsible for enhancing the pro-
duction of TNF-« in P. aeruginosa bacteremia in mice. The
same protocol for PEA administration as described above for
toxicity studies was used to measure levels of TNF-a in plasma,
a measure of physiological response to toxin. Trunk blood was
collected from all groups at 12 and 24 h after intoxication with
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FIG. 3. Production of TNF-« increases during PEA-induced toxicosis but is reduced by treatment with D6R. Levels of TNF-a in plasma were
measured 12 and 24 h after PEA-induced toxicosis; separate groups of mice were treated with either 0.9% NaCl or 1 nmol of D6R. PEA, mice
treated with PEA alone, with plasma TNF-a levels measured 12 h after PEA administration; PEA + D6R/12 h, animals treated with PEA and D6R
at the same time, with plasma TNF-« levels measured 12 h after PEA administration; PEA + D6R/24 h, animals treated with PEA and D6R, with
plasma TNF-a levels measured 24 h after PEA administration; DOR/PEA+D6R/12 h and D6R/PEA+D6R/24 h, animals pretreated with D6R 48 h

prior to administration of PEA. Triple star, P < 0.0001.

PEA, and TNF-a (CytElisa; ALPCO Diagnostics) levels in
plasma were measured by a sensitive immunoassay. Treatment
of mice with D6R alone did not result in elevated production
of TNF-« in plasma (59 = 22 pg/ml [Fig. 3]). As expected, mice
given 0.1 pg of PEA exhibited a significant increase in TNF-a
levels in plasma (4,640 * 830 pg/ml) compared with the control
group injected with physiological saline. However, in the PEA-
treated group given D6R, decreased TNF-a levels were ob-
served 12 h after intoxication (1,290 = 140 pg/ml; P < 0.0001).
Twenty-four hours after intoxication there was a further de-
crease in circulating TNF-a compared with the group given
toxin but no D6R (403 = 250 pg/ml). Pretreatment of mice
with D6R 48 h prior to intoxication resulted in a slight but
significant decrease in TNF-a production at both 12 and 24 h
following intoxication (Fig. 3), indicating a lesser degree of
cytokine response to the same dose of toxin.

DGR as a potentially useful therapeutic. The data presented
above show that D6R is able to attenuate PEA toxicity both in
cell culture and in live animals without itself evoking a cytokine
response. DOR appears to exhibit other potentially promising
attributes of a therapeutically useful furin inhibitor in being
able to cross cell membranes (data not shown), being small
enough to achieve useful therapeutic concentrations, and ex-
hibiting no apparent cytotoxicity.

Furin has been implicated in the proteolytic activation of
many bacterial toxins in addition to PEA; these include diph-
theria toxin, Shiga toxin, proaerolysin, anthrax toxin, and clos-

tridium toxins (reviewed in references 5 and 11). Excitingly,
preliminary data also show that D6R is effective against the
proteolytic activation of the anthrax protective antigen protein
(M. S. Sarac, S. H. Leppla, and I. Lindberg, unpublished re-
sults), an event occurring at the cell surface (5).

DO6R thus presents a reasonable starting molecule for the
further development of stable small-molecule furin inhibitors
capable of inhibiting pathophysiological processes in vivo.
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