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Abstract

Human inter-alpha-inhibitor proteins (lalp) are endogenous human plasma proteins that function
as serine protease inhibitors. lalp can block the systemic release of proteases in sepsis and block
furin-mediated assembly of protective antigen, an essential stop in the intracellular delivery of the
anthrax exotoxins, lethal toxin and edema toxin.

lalp administered on hour or up to 24 hours after spore challenge with Bacillus anthracis Sterne
strain protected mice from lethality if administered with antimicrobial therapy (p<.001). These
human plasma proteins possess combined actions against anthrax as general inhibitors of excess
serine proteases in sepsis and specific inhibitors of anthrax toxin assembly. lalp could represent a
novel adjuvant therapy for the treatment of established anthrax infection.
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Introduction

Inter-alpha inhibitor proteins (lalp) are a family of endogenous serine protease inhibitors
found in human plasma (1). Severe sepsis results in reduced lalp with the loss of protease
inhibitory activity (2,3). Treatment with lalp is protective in numerous preclinical sepsis
models and is an investigational therapy for human sepsis (4,5).
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Inhalation anthrax infection results in a rapidly progressive, high-grade bacteremia and
sepsis accompanied by systemic release of two important exotoxins, lethal toxin (LT) and
edema toxin (ET) (6). The binding element for these toxins is protective antigen (PA). The
assembly of PA requires a host-derived, membrane-associated serine endoprotease known as
furin (6,7). Furin is susceptible to protease inhibition by lalp in tissue culture systems and in
animal models of LT intoxication (8). Thus, lalp protects against excess protease activation
from sepsis and directly limits the assembly of LT and ET. These combined actions of lalp
might represent a unique treatment option in the early phases of systemic anthrax infection.

Bacillus anthracis is a category A biothreat agent causing a highly lethal infection by
proliferation and damage to tissues by the exotoxins LT and ET. Both toxins use the same
pore-forming binding element formed by PA (6,9). The 83 kD anthrax PA precursor
undergoes extracellular processing by partial proteolysis from the host-derived cellular
enzyme furin. A 20 kD soluble fragment is released followed by heptamerization of the
63kD PA monomers to form a membrane pore (6). Once the PA pore is formed within
endosomes, LT or ET enter the intracellular space and induce injury or death to susceptible
host cells.

Lethal toxin is a metallo-enzyme that inactivates mitogen-activated protein kinase kinase
(MAPKK). This event is lethal to monocytes and macrophages and impairs dendritic
maturation (6). Edema factor results in excess intracellular levels of cyclic AMP in
neutrophils (6,7). Edema toxin is responsible for the striking edema that surrounds skin
lesions and contributes to the pleural effusions and massive fluid shifts seen in patients with
systemic anthrax infection (6). Inhibitors of PA assembly, the major epitopes expressed on
PA (10), and furin itself (11), have become potential targets for therapeutic intervention
against anthrax.

lalp is a family plasma-derived furin inhibitors that can protect cells from the cytotoxicity of
LT (8). lalp have broad substrate specificity and these protease inhibitors can disrupt an
array of plasma proteases implicated in the pathogenesis of septic shock. Some of these
proteases include elastase, granzymes, complement components, thrombin, plasmin and
other proteases from the coagulation system (8,12). The lalp family includes inter-alpha
inhibitor, consisting of a light chain (known as bikunin) and two heavy chains linked by
chondroitin sulfate, and a related protein known as pre-alpha inhibitor (1,2). A degradation
product found in human urine, known as urinary trypsin inhibitor (UTI), consists of
chondroitin sulfate linked to bikunin. The molecule’s active site for serine protease
inhibition is located within the two, tightly packed, kunitz domains found on the bikunin
light chain.

We hypothesized that the administration of lalp could be a novel treatment for systemic
anthrax infection by serving dual roles: control of excess protease activity from sepsis, and
disruption of the final assembly of anthrax toxins by furin inhibition.

Materials and Methods

lalp (both Inter-alpha Inhibitor and Pre-alpha Inhibitor) were isolated from human fresh
frozen plasma (Rhode Island Blood Center, Providence, RI) by cryo-precipitation, solid
phase extraction and ion-exchange chromatography as previously described. The PA and LF
were purchased from List Biological Laboratory and their activity was confirmed in a
cytotoxicity assay (8) in RAW264.7 cells (ATCC # TIB-71). All other reagents used in these
experiments were purchased from Sigma (St. Louis, MO).

Male AJ mice were obtained from Jackson Laboratories (Barr Harbor, ME). Animals were
housed in an IUCAC- approved facility under Biosafety Level 2 safety conditions. Animal
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care and protocol adherence were monitored by the Brown University Veterinary staff.
Animals were housed in cages with HEPA filter lids and maintained at a constant ambient
temperature and humidity with twelve hour day/night cycling.

In-vivo studies of B. anthracis Sterne 34F2 was obtained from Colorado Serum. The Sterne
strain has a full complement of pXOZ1-encoded toxins LF, EF and PA, but lacks the pXO2-
encoding anti-phagocytic poly-D-glutamic acid capsule, rendering it non-lethal to humans
but still highly lethal in susceptible mouse strains (14). All work was conducted under
BSL-2 conditions. B. anthracis spores (103-10%animal) were used in LDsg experiments
(n=5/group). lalp were given (30 mg/kg) ip 1 hour before the spore challenge or PBS
control. This dose of lalp was chosen based upon preliminary dose-finding experiments
with recombinant anthrax lethal toxin (8). Moxifloxacin (Schering, Kenilworth, NJ) was
given subcutaneously (10mg/kg q24hrX3) beginning 24 hours after spore challenge. In
survival experiments, lalp’s (30mg/kg) were administered ip 1 hour after or 24 hours after
the spore challenge with moxifloxacin or PBS control.

Individual parameters between groups were compared using the Mann-Whitney U test. The
non-parametric, Kruskal-Wallis one way analysis of variance was used for differences
between multiple groups. The survival studies were analyzed using Kaplan-Meier survival
plots and differences were assessed by the log-rank test. P values of <.05 were considered
significant.

B. anthracis spores were injected intraperitoneally (ip) at increasing doses to determine the
LDs in this mouse strain (<10° spore per animal). A standard antimicrobial agent for B.
anthracis, moxifloxacin was given 24 hr after spore challenge and did not significantly
improve survival. lalp (30 mg/kg ip) one hour before the spore challenge did significantly
improve the LDsgg over 7 days. The combination of lalp one hour before spore challenge and
moxifloxacin therapy daily for 3 days after challenge markedly increased the LDsq by 3
orders of magnitude (figure 1).

Administration of lalp and moxifloxacin as a salvage therapy after exposure to an otherwise
lethal dose of B. anthracis spores was then investigated (figure 2). No significant
improvement in survival was observed with PBS, moxifloxacin alone, or lalp’s alone. In
contrast, the combination of lalp and moxifloxacin was highly protective, regardless of
whether lalp was given one hour after spore challenge (86% survival; P<.001) or even 24
hours after spore challenge (65% survival; P <.001).

Histopathologic findings were strikingly different between groups. Liver tissue and spleen
tissue in the control group showed focal areas of necrosis and loss of splenic red pulp with
massive quantities of the vegetative forms of B. anthracis found throughout the tissues.
Tissue edema, pleural effusions and ascites fluid was often observed. In contrast, the
combination therapy group showed preservation of normal tissue architecture and the
absence of bacilli. Typical findings observed in lung tissue are displayed on Figure 3A-D.

Discussion

The results indicate that the administration of lalp can salvage animals after a potentially
lethal dose of B. anthracis spores, even up to 24 hours after infection has been initiated. The
beneficial effects of lalp’s therapy are most readily observed when administered in
combination with appropriate antimicrobial therapy. This rapidly replicating bacterial
pathogen must be inhibited by the use of antimicrobial agents without delay. The capsular
poly-glutamate outer membrane around B. anthracis possesses anti-phagocytic properties
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that also contribute to hepatic uptake and proliferation within micro colonies within the liver
(15,16).

Current therapeutic options for inhalational anthrax in patients are limited to antibiotics and
supportive care, and the resulting mortality rate, even in the best of critical care settings, is
unacceptably high (17). B. anthracis is a rapidly proliferating gram-positive bacillus that
overwhelms host defenses resulting in high-grade bacteremia and severe sepsis. As the
population of B. anthracis expands within the host, progressive release of anthrax exotoxins
results in fatal anthrax infection (6,18,19).

Treatment will necessitate early intervention with antibacterial agents to limit bacterial
growth. In addition, adjuvant therapies that inhibit exotoxin-mediated tissue injury and
ameliorate the ongoing systemic inflammatory state might improve outcome. A combination
of antimicrobial agents plus lalp provides a particularly potent combination therapy for
anthrax. lalp are direct furin inhibitors with the capacity to limit the final assembly of the
PA pore for both LT and ET (8,9). lalp also functions as a broad spectrum protease
inhibitor, reducing the excessive systemic protease activity that results from the host’s acute
phase response during systemic infection and sepsis (8,12). Anthrax exotoxins do not induce
significant cytokine responses (20,21), but experimental infection by B. anthracis spores
induces a robust, acute phase, pro-inflammatory cytokine response that might be amenable
to lalp inhibitory action (22).

lalp are endogenous human proteins that are likely to be non-immunogenic when
administered in therapeutic doses to patients. Related lalp compounds such as UTI have
already been demonstrated to be safe in human clinical studies in pancreatitis and sepsis
(4,5). The combined, anti-inflammatory and antitoxic activities of lalp against systemic
anthrax infection could be a potential salvage therapy, when administered with antimicrobial
agents, in the treatment of this highly lethal biohazardous infection. We now hope to extend
these investigations to large animal models of inhalation anthrax under high-level, bio-
containment laboratory conditions.
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Figure 1.

The lethal dosesq of B. anthracis Sterne strain 34F2 after intraperitoneal administration in
AJ mice. Moxi —moxifloxacin; lalp —inter-alpha inhibitor proteins. lalp + moxifloxacin
significantly increased the LDsg compared to the PBS control group.

*p<0.01

**p<0.001
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Kaplan-Meier survival plot of A/J mice exposed to 10° B. anthracis Sterne strain spores at
time 0. Top line - lalp at 1 hour + moxifloxacin (10mg/kg) im 24 hrX3 (n=39). Second line
- lalp given at 24 hours plus moxifloxacin (n=27). Third line is lalp + PBS (n=20). The

fourth line is PBS + moxifloxacin (n=10); the bottom line is PBS control (n=9). The

combination therapy of lalp + moxifloxacin significantly improved the outcome compared
to the placebo group (P<.001).
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Figure 3C

Figure 3D

Figure 3.
Representative Hematoxylin & Eosin stains lung tissue from animals euthanized 48 hours

after the challenge with B. anthracis spores. Panel A —Lung tissue (200X- control group)
showing alveolar capillaries and venules clogged with vegetative forms of B. anthracis
(arrows point to bacilli in blood vessels); Panel B —Oil immersion view of an alveolar
capillary with dense population of intravascular bacteria; Panel C —Tissue gram stain lung
tissue (200X) from the control group showing alveolar capillaries with gram-positive bacilli
and RBCs. Panel D —lung tissue (200X) in the lalp + moxifloxacin group showing intact air
spaces with minimal cellular infiltrates within the alveolar capillary membranes and the
absence of bacterial invasion.
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