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(57) ABSTRACT

One major problem in diagnosis methods presently available
for anthrax is that these methods require several days to
produce a result. The only existing treatment for anthrax
requires administration soon after infection at a time when
patients are exhibiting only mild flu-like symptoms. Thus, a
patient may be days beyond the time when treatment would
be effective by the time a diagnosis is made. The present
invention reduces diagnosis time to as little as four hours
providing same day identification of anthrax radically
increasing the odds of delivering proper treatment and patient
recovery. The rapid identification of anthrax lethal factor
activity exhibited by the instant invention is also amenable to
in vivo screening protocols for the discovery and develop-
ment of anthrax vaccines and lethal factor inhibitors. The
instant invention isolates and concentrates lethal factor and
lethal toxin from nearly any biological sample. By capitaliz-
ing on the endopeptidase activity of lethal factor the present
invention amplifies output signals producing reliable detec-
tion of picomolar concentrations of lethal factor. The instant
invention involves novel purification and detection tech-
niques and substrates for rapid, reproducible, and quantitative
measurements of anthrax lethal factor in biological samples.
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1
DETECTION OF ANTHRAX
PATHOGENICITY FACTORS

RELATED APPLICATIONS

This application claims priority of U.S. Provisional Patent
Application Ser. No. 60/773,489 filed Feb. 15, 2006, which is
incorporated herein by reference.

GOVERNMENT INTEREST

The invention described herein may be manufactured,
used, and licensed by or for the United States Government.

FIELD OF THE INVENTION

The invention relates generally to disease diagnostics, and
in particular to methods for detecting infection of anthrax in
a patient and screening anthrax therapeutics.

BACKGROUND OF THE INVENTION

Anthrax is caused by infection with Bacillus anthracis, a
spore-forming, rod-shaped bacterium. The dormant spore-
form is highly resistant to extreme conditions, high tempera-
tures, and a variety of chemical treatments. The spores gain
entry either through an open wound, causing cutaneous dis-
ease, or by ingestion, causing gastrointestinal disease or are
inhaled causing inhalation anthrax. All three forms can
progress to a systemic infection leading to shock, respiratory
failure, and death. (Mock, M. and Mignot, T. (2003), Cel/
Microbiol., 5(1):15-23). The stability of the spores and their
infectious capacity make them a convenient bioterrorist
weapon.

The two known toxins of B. anthracis are binary combina-
tions of protective antigen (PA), named for its ability to
induce protective immunity against anthrax, with either
edema factor (EF) or lethal factor (LF). PA is the cell binding
component of both toxins and is responsible for bringing the
catalytic EF or LF into the host cells. EF is an adenylate
cyclase which converts ATP to cyclic AMP and causes edema
(Brossier, F. and Mock, M. (2001), Toxicon. 39(11):1747-55).
The combination of PA-EF forms edema toxin (ETx) which
causes edema when injected locally. LF is a zinc-dependent
endoprotease known to target the amino-terminus of the mito-
gen-activated protein kinase kinase (MAPKK) family of
response regulators (Id.). The cleavage of these proteins dis-
rupts a signaling pathway and leads to cytokine dysregulation
and immune dysfunction. LF combined with PA forms lethal
toxin (LTx) which is lethal when injected on its own. Itis also
known that there are fatal anthrax cases where administration
of antibiotics and clearance of bacteria have failed to rescue
the patient. This indicates that there may be a “point of no
return” level of LTx in the blood that may predict the outcome
of infection. Clearly, ITx and its components are important
targets for diagnostics and quantification.

The protein targets of LF are highly specific, and peptides
similar to those proteins can be used as artificial substrates.
The inventive method uses an artificial peptide substrate
whichis clipped by LF producing two distinct smaller peptide
products. The LF specific cleaved peptides are detected by a
variety of rapid quantitative methods illustratively including
matrix assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF) that visualizes mass specific
peaks of the cleaved peptides and fluorescence resonance
energy transfer (FRET) that allows for simple detection using
bench top fluorometers. Thus, the instant invention detects
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the specific activity of LF by measuring peptide cleavage
products produced per unit time to indicate the amount of LF
present.

Existing assays for LF activity, such as SDS-PAGE (Vitale,
G. etal. (2000), Biochem. J., 352:739-745; Duesbery, N. S. et
al. (1998), Science, 280, 734-737) or HPLC (Hammond, S.
E., Hanna, P. C. (1998), Infect. Immun., 66:2374-2378), are
impractical for high-throughput screening of compound col-
lections and rapid diagnosis of host infection. Methods for
rapid screening of patients in a hospital setting or identifica-
tion of potent and selective LF inhibitors requires an assay
that is less labor intensive, has faster turnaround, and is effec-
tive at low levels of enzyme. (Cummings, R. T. (2002), PNAS,
99:6603-6606).

Development of a safe and effective vaccine for inhalation
and other forms of anthrax infection is vital to the health and
safety of the population and an essential component of any
bioterrorism defense strategy. Additionally, the identification
of targeted therapies following anthrax infection is essential
to managing a patient population. As such, there exists a need
for methods to rapidly identify possible candidate vaccines
and treatments. There also exists a need for rapid diagnosis of
anthrax infection that can be distinguished from other infec-
tions that initially display similar symptoms.

SUMMARY OF THE INVENTION

The instant invention teaches a method for detecting an
anthrax pathogenicity factor in a biological sample. The
anthrax pathogenicity factor is isolated and concentrated
from the biological sample. The anthrax pathogenicity factor
is subsequently reacted with a peptide substrate that is
cleaved to yield at least two substrate cleavage products
detected by one of several methods known in the art. As such,
relative catalytic efficiency of the anthrax pathogenicity fac-
tor is measured.

Multiple forms of anthrax pathogenicity factor are taught
by and are detected by the present invention illustratively
including Bacillus anthracis lethal factor and Bacillus
anthracis lethal toxin.

The instant invention teaches a biological sample that is
acquired by standard methods known in the art from a patient
or other test subject illustratively including humans and other
mammals. The biological sample illustratively includes
whole blood, plasma, serum, extracellular fluid, cytosolic
fluid, pleural fluid, or tissue.

A target form of anthrax pathogenicity factor is isolated
and concentrated from the biological sample in an exemplary
step through binding to beads coupled with an antibody spe-
cific to the anthrax pathogenicity factor. The beads employed
are optionally magnetic, thereby allowing for gentle and rapid
separation from other components present in the biological
sample. The isolation and purification substrate occurs on a
solid substrate or other substrates known in the art. A solid
substrate is illustratively a microtiter plate. Magnetic beads
are optionally coated with protein G and an antibody specific
to the anthrax pathogenicity factor. Antibodies operative
herein illustratively include those derived from organisms
including mammal, human, mouse, rabbit, monkey, donkey,
horse, rat, swine, cat, chicken, goat, guinea pig, hamster, and
sheep. The antibody selected is appreciated to be monoclonal
or polyclonal. Antibodies specific for various targets are
employed illustratively including anthrax protective antigen,
lethal toxin, lethal factor and edema factor.

Following isolation and concentration, the pathogenicity
factor is reacted with a peptide substrate to determine the
enzymatic activity specific for pathogenicity factor present in
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the biological sample. The instant invention teaches synthetic
forms of a peptide substrate that contain between 2 and 100
residues. However, it is appreciated that large protein sub-
strates such as members of the mitogen-activated protein
kinase kinase family are also operative herein. The peptide
substrate optionally is tagged with one or more detection
taggant molecules to facilitate detection, the taggants illus-
tratively including a fluorophore, a fluorescence quenching
molecule, or a light-absorbing molecule, biotin, avidin,
horseradish peroxidase, streptavidin, and digoxin. Nonlimit-
ing examples of peptide substrates operative in the present
invention include sequence numbers Seq. Nos. 1-18.

The instant invention teaches several detection methods,
illustratively including mass spectrometry, fluorescence reso-
nance energy transfer, fluorescence, light absorption, enzyme
linked immunoadsorbant assay, coupled enzyme assay, con-
tinuous enzyme assay, discontinuous enzyme assay, flow
cytometry, FLIPR, high-performance liquid chromatogra-
phy, and colorimetric assay.

The instant invention also teaches an apparatus for isolat-
ing and detecting an anthrax pathogenicity factor that
includes isolation and concentration of the pathogenicity fac-
tor by binding to magnetic beads. The apparatus includes a
reaction chamber in which the isolated and concentrated
pathogenicity factor is reacted with a peptide substrate that is
subsequently applied to a matrix-assisted laser desorption
ionization time of flight mass spectrometer (MALDI-TOF)
apparatus for detection and quantification of cleavage prod-
ucts.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of Bacillus anthracis binary toxins
that include lethal toxin which is assembled from the zinc-
dependent endopeptidase lethal factor and the receptor bind
protein protective antigen (PA) that also serves as the receptor
binding component of edema toxin formed through assembly
with edema factor.

FIG. 2 is MALDI-TOF mass spectra of lethal factor spe-
cific cleavage of a peptide substrate, in which lethal factor
(LF) coated MABSs are incubated with 5 nmoles of synthetic
peptide substrate SKARRKKVYPMENFPPSTARPT (Seq.
No. 1) in 200 pl buffer over 2 hours at 37° C. to allow for
cleavage product formation with the 2820.87 m/z of the sub-
strate decreasing with cleavage and peaks of 1232.9 m/z and
1606.97 m/z corresponding to the N- and C-terminal cleavage
products respectively appearing in the presence of LF-coated
MAB:s.

FIG. 3A is a schematic of a protocol for isolation and
concentration of LF from a biological sample; FIG. 3B is a
process schematic depicting isolation and concentration
coupled to the enzymatic cleavage of a peptide substrate of
which the cleavage products are analyzed by MALDI-TOF;
and FIG. 3C is a schematic depiction of isolation and purifi-
cation of LF and B. anthracis lethal toxin (LTx).

FIG. 4 cumulatively depicts a comparison of peptide sub-
strates. FIG. 4A is a mass spectrum for substrate LF-1 that is
based on a FRET substrate optimized by Turk et al. (2004),
Nat. Struc. Mol. Biol., 11:60-66); FIG. 4B is a mass spectrum
for substrate LF-2 that includes one additional lysine on the
carboxy-terminus; FIGS. 4C and 4D are mass spectra for
substrates LF-3 and LF-4 respectively that include 10 addi-
tional amino acids based on the extended consensus sequence
of MAPKK. For these reactions 10 ng LF is incubated with 5
nmoles of each substrate in 200 pl buffer for 2 hours at 37° C.,
sampled at times 5, 10, 15, 30, 45, 60, 90, 120, and 240
minutes for MALDI-TOF analysis with relative quantifica-
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tion. At 120 minutes, 1 pl of each reaction is analyzed without
internal standard (ISTD) peptides to acquire the spectra
shown in FIGS. 4A-D. FIG. 4E is a plot of the area ratio of the
peaks for the amino terminal product peptides of FIGS.
4A-4B relative to an ISTD peptide over time giving the rela-
tive rates of reaction for each peptide.

FIG. 5 is mass spectra plots of relative catalytic efficiency
of cleavage for peptide substrates Seq. Nos. 1-3.

FIG. 6A is a mass spectrum and schematic structure for LF
in the presence of LF mAB bead; FIG. 6B is a mass spectrum
and schematic structure for LF-PA (LTx) in the presence of
LF mAb bead; and FIG. 6C is a mass spectrum and schematic
structure for LTx in the presence of a PA specific maB.

FIG. 7 depicts through mass spectra a comparison of LF
antibody efficiency for LF cleavage with the 1607 m/z LF
cleaved peptide being a quantitative target, the relative assay
sensitivity for LF mAb, rabbit Ab, and macaque Ab is pro-
vided.

FIG. 8 is mass spectra indicating LF activity is higher with
PA-LF (LTx) and LF-mAb complexes relative to uncom-
plexed LF as determined by relative intensity of the LF cleav-
age product (m/z=1607) relative to intact substrate of Seq.
No. 1 (m/z=2821); FIG. 8A is the spectrum for 500 pg of
LF-PA (LTx) in buffer in the presence of substrate Seq. No. 1
and absent MABs; FIG. 8B is the spectrum for 500 pg of LF
retrieved with LF MABs then mixed with buffer and in the
presence of substrate Seq. No. 1; and FI1G. 8C is the spectrum
for 500 pg of LF in buffer in the presence of substrate Seq. No.
1 and absent MABs.

FIG. 9A is a mass spectrum of the LF cleavage reaction
showing peaks representing the peptide substrate and two
products; FIG. 9B is mass spectra of the LF cleaved peptide of
mass 1607 m/z as the quantitative target with an isotopically
labeled peptide of 7 mass units higher than the target (at 1614
m/z) added as an internal standard to normalize spot to spot
signal intensity differences. Narrowing the x-axis shows the
isotopic distribution associated with both peptides; FIG. 9C is
a plot as a function of area for 3 spots from one sample
indicating the varied intensity differences, with the areas of
the LF peptide for triplicate spots for a variety of samples
being plotted “not normalized”; FIG. 9D is a plot of the area
of the isotopic peaks for the 1607 m/z LF-specific “target”
analyte divided by the area isotopic peaks of the labeled
internal standard that gives the area ratio which allows abso-
lute quantitation when plotted as a function of concentration
and “normalizes” the spot to spot area differences; FIG. 9E is
aplotofthe Log,, of LF in ng/ml versus the Log, , ofthe Area
Ratio, a sigmoidal fit and interpolation allows calculation of
LF concentration; FIG. 9F is a series of mass spectra as a
function of reaction time, concentration and standard quan-
tity to provide detection limits; negative control spectra are
also provided.

FIG. 101is a bar graph depicting relative activity differences
between LF and LTx in the presence and absence of targeted
antibodies.

FIG. 11A is a plot of table of survival times for three
separate macaques after B. anmthracis spore inhalation as
noted by circles (upper left panel), a mass spectrum of an
animal prior to infection (lower left panel), and mass spectra
for each animal based on 5 pl of serum collected on day 2 post
infection showing higher LF levels at day 2 in animals that
survive longer; animal 1 shows the shortest time to mortality
which correlates with the lowest level of LF activity. Animal
3 shows the longest time to mortality with a correspondingly
high level of serum LF activity. FIG. 11B is a comparison of
total LF and LTx activity in serum taken at days 2 and 3 from
animal 2 of FIG. 11A; and FIG. 11C is a comparison of LF



US 8,663,926 B2

5

and LTx levels at day 2 postinfection and at death for all three
animals, with levels of LTx increasing relative to LF as the
infection progresses and upon occurrence of death.

FIG. 12 is bar graphs depicting LF levels in vaccinated
animals following challenge by intranasal anthrax infection,
with activity levels of LF determined by the present invention
in animals previously vaccinated or naive being compared;
vaccinated animals display nearly 10-fold reductions in LF
activity levels in serum relative to naive animals and vacci-
nated survivors showing nearly 10-fold less LF activity level
in serum than deceased animals. The numerical codes along
plot x-axes correspond to individual animal codes.

FIG. 13 depicts representative MALDI-TOF mass spectra
in descending order from a human patient on a first day of
hospitalization with serum negative for LF; day 4 post symp-
tomatic (PS) from plasma; day 5 PS from serum; day 6 from
pleural fluid (left panel). A plot (right panel) of LF and LTx as
a function of days PS onset for serum, plasma, and pleural
fluid from the human patient, with disease progression events
noted. LF levels in excess of 100 ng/ml are identified in
patient plasma/serum upon hospitalization at day 4 following
onset of symptoms. Standard diagnostic techniques confirm
anthrax infection at day 8. LF levels in serum/plasma and
pleural fluid fall at similar rates from day 4 to day 15.

FIG. 14 is a standard curve of LF spiked in serum retrieved
using LF-MABs followed by cleavage reaction with FRET-
LF substrate.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Processes and substrates are provided to rapidly and reli-
ably recognize infection by B. anthracis infection in an ani-
mal or human host. The present invention provides methods
for rapidly isolating and concentrating [Tx and its active
component LF and then efficiently detecting the activity of
LF as a marker of B. anthracis infection in a host.

By capitalizing on the enzymatic activity of the LF to
cleave inventive peptide substrates suitable for rapid detec-
tion and quantitation in a hospital or laboratory setting, the
present invention has utility as a diagnostic test which guides
patient treatment of B. anthracis. The inventive test is rapid,
highly sensitive and specific acute phase. The instant inven-
tion also has utility as a tool for screening specific compared
to conventional B. anthracis testing lethal factor inhibitors
and for monitoring infection an LF toxemia for vaccine can-
didate trials. The present invention has utility in monitoring
LTx toxemia. The present invention affords a process to
monitor onset, progression, and response to treatment kinet-
ics of B. anthracis infection, including the effectiveness of
anthrax therapeutics.

Monitoring disease progression in a patient population is
essential to providing optimal treatment following infective
exposure to B. anthracis. Often distinguishing an infection by
B. anthracis from other flu-like or febrile illnesses is difficult,
particularly in a setting where exposure to B. anthracis is rare
or the threat of bioterrorism is low. Early detection and iden-
tification of B. anthracis exposure in a bioterrorism situation
is a benefit in tracking the infection source. Currently
employed diagnostic techniques for identitying B. anthracis
infection are ineffective from 4 to 8 days post infection. The
present inventive process employs several levels of specificity
including specific immunoabsorbance of LF or LTx and sub-
strates that are highly specific for LF. Thus, the present inven-
tion has the capability of detecting B. anthracis infection less
than two days post exposure. It is appreciated that the present
invention offers results within 4 hours of obtaining a biologi-
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cal sample such that directed treatment strategies may begin
earlier and enhancing potential patient survival.

A biological sample is obtained from a patient or test
subject and immediately sampled or alternatively frozen for
later analysis at the situs of collection or remote from the
source of the sample. A nonlimiting example includes
samples taken in environments lacking state of the art diag-
nostic instruments. A simple blood sample is drawn into
vacutainer or other tubes known in the art and then immedi-
ately frozen for prompt shipment. As a result, a diagnosis of
infection is obtained in as little as 12-24 hours following a
patient presenting symptoms of exposure to B. anthracis.

An inventive kit employs prepackaged anti-LF or anti-L.Tx
coated beads to isolate LF from a biological sample. A reac-
tion chamber is provided for isolation and purification. Buff-
ers are optionally included with the kit to be illustratively
used for washing the beads, diluting the biological sample,
eluting the beads, reacting with the peptide substrate, recon-
stituting the peptide substrate, storing the beads, storing the
peptide substrate, freezing or otherwise storing the isolated
and concentrated LF, freezing or otherwise storing the cleav-
age products, or preparing samples for detection. Suitable
buffers illustratively include phosphate buffered saline
(PBS), phosphate buffered saline plus Tween-20 (PBS-T),
HEPES buffered saline (HBS), HBS-Tween-20 (HBS-T), cit-
rate-phosphate butfers, water, or other suitable buffers known
in the art. The reaction chamber is used for cleavage of a
peptide substrate. Optionally, a second reaction chamber is
provided for cleavage of a peptide substrate. The isolated LF
is appreciated to be amenable to freezing and shipment for
remote analysis. It is further appreciated that cleavage prod-
ucts are also amenable to freezing for later detection, quanti-
fication or analysis at a remote location and time. These or
other methods of employing the present invention may be
used to deliver rapid, effective diagnosis on a worldwide scale
in a time frame that is not possible with current diagnostic
techniques.

Itis appreciated in that that present invention is also applied
to screening foodstuffs for human or other animal consump-
tion. Wild animals or farm animals become infected by B.
anthracis from food that is contaminated with the bacteria.
People are commonly exposed to anthrax from contaminated
animals or animal products. Biological samples from meat
processing plants are rapidly screened for prior exposure to
anthrax. It is appreciated that a biological sample illustra-
tively includes whole blood, plasma, serum, extracellular
fluid, cytosolic fluid, or tissue and other fluids known to
harbor the bacteria. Simple techniques known in the art may
be employed to homogenize, liquefy, or otherwise process the
sample for analysis by the present invention. In instances
when tissue is sampled, the sample is amenable to being
frozen and analyzed remotely in time and place. Alterna-
tively, an inventive field kit is employed.

Soil samples are also analyzed by the present inventive
process for the presence of B. anthracis. Direct soil samples
are used or “incubator” cells may be employed to provide a
system by which exposure may be studied.

The inventive method is performed using numerous bio-
logical samples illustratively including whole blood, plasma,
serum, extracellular fluid, cytosolic fluid, or tissue. Typically,
serum is used as a suitable biological sample due to the ease
in obtaining a sample by a venous blood draw from a patient
or other test subject. It is recognized in the art that numerous
other biological samples are suitable in the present invention
dependent on the application desired. By way of example, a
biological sample may be as simple as an aqueous buffering
agent such as HBS or PBS, any of which are spiked with






