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Added Benefit of Raxibacumab to Antibiotic Treatment of
Inhalational Anthrax

Thi-Sau Migone,®* Sally Bolmer,?* John Zhong,?* Al Corey,®* Daphne Vasconcelos,? Matthew Buccellato,” Gabriel Meister®

Human Genome Sciences, Inc., Rockville, Maryland, USA? Battelle Biomedical Research Institute, Columbus, Ohio, USA®

Although antibiotics treat bacteremia in inhalational anthrax, pathogenesis is mainly driven by bacterial exotoxins. Raxi-
bacumab, an IgG1 monoclonal antibody, binds the protective antigen (PA) of Bacillus anthracis, thus blocking toxin effects and
leading to improved survival in the rabbit and monkey models of inhalational anthrax. To assess raxibacumab’s added benefit
over levofloxacin (LVX) alone, rabbits surviving to 84 h after a challenge with 200 times the median (50%) lethal dose of B.
anthracis spores were randomized to receive 3 daily intragastric LVX doses of 50 mg/kg of body weight, with the first LVX dose
administered just prior to administration of a single intravenous dose of placebo or 40 mg/kg raxibacumab. The percentages of
animals alive at 28 days following the last LVX dose were compared between the 2 treatment groups using a two-sided likeli-
hood-ratio chi-square test. The 82% survival rate for the LVX-raxibacumab combination was higher than the 65% survival rate
for LVX alone (P = 0.0874). There were nearly 2-fold fewer deaths for the combination (7 deaths; n = 39) than for LVX alone (13

deaths; n = 37), and the survival time was prolonged for the combination (P = 0.1016). Toxin-neutralizing-activity titers were
similar for both treatment groups, suggesting that survivors in both groups were able to mount a toxin-neutralizing immune
response. Microscopic findings considered consistent with anthrax were present in animals that died or became moribund on
study in both treatment groups, and there were no anthrax-related findings in animals that survived. Overall, raxibacumab pro-
vided a meaningful benefit over antibiotic alone when administered late in the disease course.

acillus anthracis causes inhalational anthrax (1), and its en-

dospores have been developed to be a highly lethal bioterror-
ism threat (2, 3). While antibiotics can be used to effectively treat
bacteremia, human inhalational anthrax mortality ranges from 45
to 80% (1, 2, 4) mainly due to anthrax exotoxin-driven pathogen-
esis (1, 5-7).

The anthrax toxin is a tripartite toxin that contains enzymatic
and binding moieties. Lethal factor (LF) and edema factor (EF)
have enzymatic activities. Protective antigen (PA) is the gate-
keeper moiety that binds to cell receptors and then binds and
translocates LF and EF into the cell (2). Raxibacumab is a fully
human IgG1 monoclonal antibody (MADb) that binds PA (8), thus
blocking the binding of PA to its cell receptors, the binding of LF
and EF, and the internalization of anthrax toxin (6, 9).

The clinical presentation of inhalational anthrax is similar in
rabbits, monkeys, and humans (10-13). Using the rabbit and
monkey models of inhalational anthrax, raxibacumab efficacy was
demonstrated when it was used as an intervention at the onset of
disease either as monotherapy (14) or with antibiotics (unpub-
lished data). However, antibiotics are highly effective when ad-
ministered at the onset of disease (15, 16), so it was not possible to
determine the added benefit over antibiotic alone. This study as-
sessed the added benefit when raxibacumab treatment, in addition
to antibiotics, was initiated late in the course of disease in New
Zealand White rabbits.

MATERIALS AND METHODS

The in-life portions of this good laboratory practice study were conducted
at the Battelle Biomedical Research Center (West Jefferson, OH). The
study was approved by Battelle’s Institutional Animal Care and Use Com-
mittee (22). The study was conducted in accordance with the GlaxoSmith-
Kline policy on the care, welfare, and treatment of laboratory animals. The
quantitative assays for plasma raxibacumab concentrations, antiraxi-
bacumab antibody (ADA) concentrations, and toxin-neutralizing activity
(TNA) titers, as well as the statistical analysis and raxibacumab pharma-
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cokinetic (PK) analysis, were performed at Human Genome Sciences, Inc.
(HGS; Rockville, MD). The quantitative assays for plasma LVX concen-
trations were performed at Covance Bioanalytical Services, LLC (India-
napolis, IN). The determination of plasma PA concentrations and the PA
kinetic analysis performed at HGS have been reported previously (17).

Test and control articles. Raxibacumab was expressed in the NSO
mouse myeloma cell line and secreted into culture medium, from which it
was purified by a series of chromatography and filtration steps. Raxi-
bacumab (lot 71128; HGS) was supplied as a sterile liquid formulation.
Storage was at 2 to 8°C.

Placebo (raxibacumab formulation buffer; lot 71043; HGS) was sup-
plied as a sterile liquid formulation. Storage was at 2 to 8°C.

Commercially available levofloxacin (Levaquin; Janssen) oral solution
(25 mg/ml; lot AEB2V00) was used. It is a multiuse self-preserving aque-
ous solution of LVX with a pH ranging from 5.0 to 6.0. LVX oral solution
was administered as supplied, without dilution. It was stored at room
temperature (between 15°C and 30°C).

Experimental animals. Specific pathogen-free (SPF) New Zealand
White (NZW) rabbits [Oryctolagus cuniculus Hra:(NZW) SPF] weighing
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between 2.75 kg and 4.5 kg and surgically implanted with vascular access
ports (VAPs) were supplied by Covance Research Products, Inc. (Denver,
PA). Of the 210 rabbits (105 males and 105 females) supplied, 180 were
required for the study, with the extra animals being available as replace-
ments before spore challenge, if required. No rabbits were replaced after
spore challenge. After a quarantine period (minimum of 7 days), rabbits
that were in good health, that were free of malformations, and that exhib-
ited no signs of clinical disease were randomly selected for the study.
Rabbit age was not a criterion for placement on study. The animals were
placed in individual cages and were given water and feed ad libitum. All
rabbits were housed in compliance with the most recent United States
Department of Agriculture (USDA) guidelines.

Challenge of animals with aerosolized B. anthracis spores. B. an-
thracis (Ames strain) spores were aerosolized by a Collison nebulizer
(BGI, Waltham, MA). Animals were placed individually in a plethysmog-
raphy chamber inside a class III biosafety cabinet and challenged via the
inhalation route with a target dose of 200 times the median (50%) lethal
dose (LDy,) of the aerosolized spores, which is equivalent to 2.1 X 107
spores on the basis of published LD, data (13). Rabbits were not anes-
thetized prior to challenge.

To estimate the inhaled aerosol concentrations of B. anthracis, effluent
aerosol streams were collected directly from an animal exposure port via
an inline impinger (model 7541; Ace Glass Incorporated, Vineland, NJ).
Serial dilutions of impinger samples were plated on Trypticase soy agar
(TSA) plates, and the CFU were enumerated.

Experimental design. This was a parallel-group, blinded, random-
ized, placebo-controlled study. Rabbits were exposed to 200 times the
LD, of anthrax spores on day 0. After 84 h, animals that were alive (n =
76) received treatment first with LVX oral solution administered by gas-
tric intubation and second with an intravenous (i.v.) injection of raxi-
bacumab or raxibacumab buffer. The appropriate dose of LVX was drawn
up into a syringe just prior to each gavage. Animals were administered 3
doses of LVX (50 mg/kg of body weight): initially once at 84 == 4 h of actual
exposure time and then every 24 = 1 h thereafter for another 2 days, if the
animals survived to receive each treatment. Raxibacumab (40 mg/kg, 0.8
ml/kg) or raxibacumab buffer (0.8 ml/kg) was administered via the VAP
or a marginal ear vein immediately after administration of the first LVX
dose.

The primary endpoint of the study was survival 28 days after the last
dose of LVX. Animals were observed until day 35 (i.e., at treatment at 84 h
[3.5 days], followed by 3 days of LVX dosing, and 28 days after last dose of
LVX) and euthanized.

Animal observations and temperature monitoring occurred approxi-
mately every 6 h between the time of spore challenge and 10 days post-
challenge. Monitoring was twice daily on all other study days up to day 35;
there was a single observation on day 35 prior to euthanasia. Death or
euthanasia was recorded at the time observed, and a complete necropsy
was performed. Blood samples were also taken to assess the bacteremia;
plasma PA, raxibacumab, LVX, and ADA concentrations; and TNA titers.

Complete gross necropsies were conducted on all challenged rabbits
that died on study to confirm that death was due to anthrax. Gross pa-
thology, tissue preservation, and histopathology were conducted on all
animals that were treated. The tissues evaluated included brain, bronchial
and mediastinal lymph nodes, heart, kidney, liver, lungs, and spleen. The
study pathologist was blinded and unaware of the treatment administered
to each rabbit until after the slides had been read.

Assessment of bacteremia. Bacteremia was measured immediately
before spore challenge (baseline), at every 12 h after challenge up to the
time of treatment, at 2 and 24 h after each LVX dose, and at 5, 6, 7, 14, 21,
and 28 days after the first LVX dose. Cultures were performed as described
by Migone et al. (see the supplemental material for reference 14). The
limit of detection (LOD) of the assay was 25 CFU/ml of whole blood.

Additionally, quantitative bacteremia was assessed at 4 time points, at
24 h after the challenge time, immediately prior to treatment initiation, at
24 h after the first LVX dose (prior to the second dose), and at 2 days
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following the last LVX dose (study day 8), as follows: 100 .l of whole
blood was plated in triplicate on TSA. In addition, a series (10~ to 10~ %)
of 1:10 serial dilutions was performed by transferring 100 pl of whole
blood or a previous dilution into 900 pl of phosphate-buffered saline. For
each dilution prepared, 100 wl was plated in triplicate on TSA. Typically,
the acceptable countable range for the enumeration of counts in samples
is 25 to 250 CFU, with average counts falling outside this range reported
only as being positive for bacteremia and with no quantifiable number
being reported.

Levofloxacin assay. Blood specimens were collected prior to spore
challenge, immediately prior to each LVX dose, at 2 h after each LVX dose,
and at 1 and 2 days after the third LVX dose. Blood was collected in chilled
EDTA blood tubes that were inverted to mix the blood with the anticoag-
ulant and placed on ice or cold packs. Within 1 h of collection, the plasma
was harvested, filtered, and frozen at =—70°C.

Plasma samples were analyzed for LVX using a high-performance lig-
uid chromatography/mass spectroscopy/mass spectroscopy (LC/MS/MS)
assay. LVX and its internal standard, levofloxacin-d3, were extracted from
a 50-pl aliquot of rabbit plasma using protein precipitation. The extracted
samples were injected into a liquid chromatograph equipped with an At-
lantis dC, 4 column (50 by 2.1 mm; particle size, 5 pum). The detection
method used was mass spectroscopy/mass spectroscopy with positive-ion
electrospray ionization. The calibration range for the assay was from 20 to
10,000 ng/ml.

Raxibacumab assay. Blood specimens were collected in EDTA blood
tubes prior to spore challenge, immediately prior to the first LVX dose,
and at 5 min, 2 and 8 h, and 1, 2, 4, 7, 14, 21, and 28 days after the
raxibacumab dose. Plasma was harvested, filtered, and frozen at =—70°C.

Plasma samples were analyzed for raxibacumab using an electro-
chemiluminescence (ECL)-based assay (see the supplemental material for
reference 14). The lower limit of quantitation was 720 ng/ml of raxi-
bacumab in 100% rabbit plasma.

Antiraxibacumab antibody assay. Blood specimens were collected in
EDTA blood tubes prior to spore challenge and at 28 days after the raxi-
bacumab dose. Plasma was harvested, filtered, and frozen at =—70°C.

Plasma samples were assessed for ADA activity as described by Migone
et al. (see the supplementary material for reference 14). The LOD was 0.5
pg/ml of ADA in the absence of drug and 10 pg/ml in the presence of up
to 150 pg/ml raxibacumab.

Toxin-neutralizing activity assay. For the toxin-neutralizing activity
assay, blood specimens were collected in EDTA blood tubes prior to spore
challenge and at 28 days after the raxibacumab dose. Plasma was har-
vested, filtered, and frozen at =—70°C.

TNA titers in plasma samples were determined using a cell killing assay
based on that described by Hering et al. (18). The LOD was a titer of 52 at
a minimum (initial) 1:50 sample dilution.

MICs. The MICs of LVX were determined using a broth microdilution
method to assess the antimicrobial susceptibility of the B. anthracis chal-
lenge material and B. anthracis-positive cultures of terminal blood sam-
ples collected from animals that received at least one LVX dose and suc-
cumbed to disease prior to day 35. If a terminal sample was not available,
the last positive blood culture was used. Briefly, control and test plates
were prepared using Mueller-Hinton broth (MHB). LVX was added to the
appropriate wells, and samples were serially diluted across the entire plate.
The control plate included Staphylococcus aureus as a quality control or-
ganism and B. anthracis challenge material as the standard control organ-
ism. The plates were covered and incubated at 37°C for 16 to 20 h. The
wells were observed for signs of bacterial growth. The MIC was deter-
mined as the lowest concentration of LVX that completely inhibited the
growth of B. anthracis. This method was not validated and used simply to
assess gross changes in LVX susceptibility.

Pharmacokinetic analyses. PK analyses for all raxibacumab-dosed
rabbits were conducted using population analysis techniques with
NONMEM software. Since raxibacumab PKs in rabbits are consistent
with a 2-compartment model with first-order elimination from the cen-
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tral compartment (19), that model was applied to the results obtained in
this study. Body weight, sex, age, size of spore challenge, duration of spore
challenge, survival time, survival status, time to first bacteremia by cul-
ture, bacteremia outcome at each collection time, and immunogenicity
status were evaluated as potential covariates for the PK parameters. PK
parameter estimates for individual animals were derived from the final
model.

Plasma LVX concentration-time profiles for each rabbit were analyzed
individually. The maximum plasma LVX concentration after each dose
(C was defined as the concentration measured 2 h after the nth dose,

max,n)
while the minimum plasma drug concentration after the nth dose (C;, ,,)
was defined as the concentration measured just prior to the subsequent
dose or, for the third dose, at 24 h after that dose.

Statistical analysis. The primary efficacy endpoint was 28-day sur-
vival, defined as the proportion of animals that survived to 28 days after
the last LVX dose. On the basis of previous experience (14), about 35% of
animals would be expected to survive until 84 h after spore challenge. It
was estimated that 32 animals would be treated in each of the 2 active-
treatment groups. This study design was prospectively estimated to have
an approximately 52% power to detect a 25% absolute improvement in
28-day survival for the raxibacumab-LVX combination group over that
for the LVX group, assuming 40% 28-day survival in the LVX group. The
study was not powered to demonstrate a statistically significant difference
at a medically important change in mortality, which would be less than the
25% improvement used for the sample size calculation.

The primary efficacy analysis was performed on the intention-to-treat
(ITT) population (rabbits that survived to 84 h and were eligible to receive
treatment) using a two-sided likelihood-ratio chi-square test. All statisti-
cal tests were two-sided and performed at a significance level of 0.05,
unless otherwise specified.

To further explore efficacy, subgroup analyses of the primary efficacy
endpoint were performed using a two-sided likelihood-ratio chi-square
test in subgroups of rabbits confirmed to have been toxemic (i.e., to have
had detectable serum PA levels), bacteremic, toxemic and bacteremic, or
toxemic and/or bacteremic at or before the time of treatment initiation.

As an exploratory efficacy analysis, the log-rank test was used to com-
pare the survival time from the time of initiation of spore challenge be-
tween the groups in the ITT population. In addition, the survival time
from the time of treatment initiation was compared using the same
method.

An analysis of variance (ANOVA) was used to determine if there were
differences in the multiple of the LD, of B. anthracis spores administered
between treatment groups. Age and body weight were evaluated as con-
tinuous variables and are presented using the mean, standard deviation
(SD), median, and range. An ANOVA was used to determine treatment
imbalances at the baseline for age and body weight, and the likelihood-
ratio test was used to determine treatment imbalances at the baseline
for sex.

Unpaired t tests were used to compare LVX C
between the treatment groups.

and C, values

max,n min,n

RESULTS

Study population and spore challenge. Baseline characteristics of
sex, age, body weight, and toxemic status for the 180 challenged
rabbits are summarized in Table S1 in the supplemental material.
No significant differences in demographic or baseline character-
istics were observed between the two treatment groups.

The mean spore challenge for the raxibacumab-LVX group
was 14% higher than that for the LVX-alone group (P = 0.0291;
Table 1). A post hoc sensitivity analysis of the primary efficacy
endpoint was performed.

Bacteremia. Bacteremia results are summarized in Table S2 in
the supplemental material. Of the 76 treated animals, 75 (98.6%)
were bacteremic prior to treatment. For both groups, >27% of the
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TABLE 1 Extent of anthrax exposure following a target B. anthracis
spore challenge of 200 times the LD, in New Zealand White rabbits in
which treatment was initiated at 84 h postchallenge

Multiple of LDy,
Group Mean = SD  Median Range
Spore-challenged rabbits (n = 180) 187.5 = 45.1 183 83.0-348.0
Rabbits that died before treatment® 188.6 = 43.5 183 86.0-305.0
(n = 104)
Rabbits that survived until
treatment with?:
LVX + placebo (n = 37) 173.8 = 43.1 162 83.0-277.0
LVX + raxibacumab (n = 39) 197.4 = 49.1 198 105.0-348.0

@ Rabbits that were challenged and died before treatment.

b Rabbits that survived until the 84-h postchallenge treatment time. Rabbits were
administered daily 50-mg/kg LVX doses intragastrically for 3 days. Immediately after
the first LVX dose, rabbits were administered a single intravenous injection of placebo
or 40 mg/kg raxibacumab. P was 0.0291 for the difference between the two treatment
groups and was determined by a one-way ANOVA.

animals were abacteremic by 2 h after the first LVX dose. By 24 h
after treatment initiation, >94% were abacteremic, and all ani-
mals had negative blood cultures by 24 h after their second LVX
dose. Of the treated animals that died, 57% in the combination
group and 85% in the antibiotic-alone group were abacteremic at
death.

Efficacy. The survival rate for rabbits treated with the raxi-
bacumab-LVX combination (32/39 rabbits, 82.05%) was numer-
ically higher than that for rabbits treated with LVX alone (24/37
rabbits, 64.86%), but the difference did not achieve statistical sig-
nificance (P = 0.0874) (Fig. 1A). The 17.19% difference in sur-
vival rates (95% confidence interval [CI], —2.35% to 36.72%)
represents a nearly 2-fold reduction in the number of deaths (7
versus 13 rabbits in the raxibacumab-LVX and LVX groups, re-
spectively), with an odds ratio (OR) of 2.48 (95% CI, 0.86 to 7.15)
favoring the combination.

The sensitivity of the primary efficacy endpoint to the spore
challenge difference between the groups was tested by comparing
survival rates using a logistic regression model adjusted for base-
line spore levels. The likelihood of survival was greater for the
combination group (P = 0.0495). The adjusted OR was 3.12 (95%
CI, 1.002 to 9.715).

One rabbit in the combination group was not bacteremic at
any time while on study but did have detectable plasma PA.
This animal survived to the end of the study. A sensitivity anal-
ysis that excluded data for this animal was performed: the sur-
vival rate difference was 16.72% (81.58% for raxibacumab-
LVX and 64.86% for LVX alone).

Primary endpoint analyses were also performed for the sub-
groups by toxemia and/or bacteremia status prior to treatment
(Fig. 1B). The survival benefit in the subgroups was consistent
with that observed in the overall population.

The log-rank test was used to compare the survival times from
the initiation of spore challenge between the groups (Fig. 1C). The
probability of survival was numerically greater for the rabbits
treated with the combination, but the difference was not statisti-
cally significant (P = 0.1016). The survival times from the time of
treatment initiation were compared using the same method, and
the survival time was also numerically greater for the rabbits
treated with the combination, but the difference was not statisti-
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FIG 1 Survival outcomes in New Zealand White rabbits after challenge with B. anthracis spores at ~200 times the LD, and treatment with LVX (50 mg/kg daily
for 3 days) plus a single i.v. dose of placebo or 40 mg/kg raxibacumab administered at 84 h postchallenge. (A) Primary endpoint analysis. The P value is based on
atwo-sided likelihood-ratio chi-square test. (B) Absolute improvement in day 28 survival by subgroup and 95% CI for the raxibacumab-LVX combination group
compared with the LVX-alone group. X, point estimate; solid vertical line, 0% benefit; dashed vertical line, point estimate of the survival benefit in the overall
(ITT) population. The 95% Cls were calculated by normal approximation. levo, levofloxacin; raxi, raxibacumab. (C) Survival time from the time of spore
challenge. The P value was obtained from a log-rank test comparing the survival times between the raxibacumab-LVX combination group and the LVX-alone

group.

cally significant (P = 0.1046) (see Fig. S1 in the supplemental
material).

In a post hoc sensitivity analysis of survival times from the time
of initiation of spore challenge between the treatments using a
proportional hazard model, adjusted for baseline spore levels, the
risk of dying was reduced by 59% (P = 0.0633) for the rabbits
treated with the combination. The adjusted hazard ratio (HR) for
the risk of dying was 0.41 (95% CI, 0.16 to 1.05) for rabbits treated
with the combination versus rabbits treated with antibiotic alone.

Antiraxibacumab antibodies. The immunogenicity outcome
was unknown for the 7 raxibacumab-treated rabbits that died.
Among the 32 surviving raxibacumab-treated rabbits, 23 (72%)
were positive for ADAs (see Table S3 in the supplemental mate-
rial).

Toxin-neutralizing antibodies. All treated rabbits had nonde-
tectable TNA titers prior to spore challenge. The mean *= SD TNA
titers at 28 days after treatment were similar at 5,150 = 3,495 for
rabbits treated with LVX alone and 4,741 * 3,005 for rabbits
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treated with raxibacumab-LVX, indicating that survivors in both
groups mounted a toxin-neutralizing immune response (see Ta-
ble S4 in the supplemental material).

MICs. The MIC results confirmed that bacteria cultured from
the blood of challenged animals were inhibited by concentrations
of LVX similar to those that inhibited the bacteria in the challenge
material (data not shown).

Levofloxacin pharmacokinetics. There was some accumula-
tion of LVX in the plasma of both groups, with trough levels for
the second and third doses ranging from 344 to 796 ng/ml (Table
2). There were no significant differences in peak or trough levels
between treatments (P = 0.1972, unpaired ¢ test), indicating that
LVX PKs are unaltered by raxibacumab.

Raxibacumab pharmacokinetics. For ADA-positive rabbits,
plasma raxibacumab concentrations became nondetectable at be-
tween 14 and 21 days postdosing, whereas ADA-negative rabbits
maintained measurable concentrations up to 28 days postdosing
(Fig. 2). Although mean raxibacumab concentrations were lower
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TABLE 2 LVX PKs in rabbits administered 3 daily intragastric 50-mg/kg LVX doses alone or in combination with a single i.v. 40-mg/kg

raxibacumab dose

LVX alone LVX + raxibacumab

No. of Mean *+ SD concn No. of Mean = SD concn
Parameter” rabbits (ng/ml) rabbits (ng/ml) P value®
Conat 32 6,179 = 2,921 36 5,454 * 2,326 0.2661
Coninis 25 424 + 439 32 379 + 214 0.6433
Cinax,2 26 7,487 = 4,105 33 7,205 * 2,347 0.7561
Conina 25 471 + 455 33 344 + 178 0.1972
Conacs 26 7,042 = 3,962 34 7,772 = 4,187 0.4928
Corins 25 796 =+ 890 33 512 * 904 0.2380

@ Crpax,» Maximum plasma LVX concentration after the nth dose, defined as the concentration measured 2 h after the dose; C,,,;,, ,» minimum plasma LVX concentration after the
nth dose, defined as the concentration measured just prior to the subsequent dose or at 24 h after the third dose.

¥ From an unpaired  test.

for nonsurvivors than for survivors, the SDs overlapped substan-
tially between those subgroups.

Raxibacumab concentrations were well described by a 2-com-
partment open model with first-order elimination from the cen-
tral compartment (Table 3; see also Fig. S2 in the supplemental
material). Body weight was the only significant covariate, ac-
counting for the variability in clearance (CL).

Clinical observations, necropsy, and histopathology find-
ings. Abnormal clinical signs were generally first documented at
approximately 48 to 72 h postchallenge. The most common ab-
normal clinical signs were lethargy, inappetence, stool abnormal-

1500 —— Allrabbits (n = 39)
= Surviving rabbits (n = 32)
-m- Non-surviving rabbits (n= 7)

Anti-raxibacumab Ab negative]
surviving rabbits (n = 9)

Anti-raxibacumab Ab positive
surviving rabbits (n = 23)

1000

Mean (SD error bars) Plasma
Raxibacumab Concentration (ug/mL)

4
Time Post Dose (days)

10000 5

-
=
o
o
g

100 5

-
o
|

Mean (SD error bars) Plasma
Raxibacumab Concentration (ug/mL)

0 7 14 21 28
Time Post Dose (days)

FIG 2 Plasma raxibacumab concentration-time profiles in rabbits adminis-
tered 3 daily intragastric 50-mg/kg LVX doses in combination with a single i.v.
40-mg/kg raxibacumab dose. (Top) Linear scale; (bottom) semilogarithmic
scale.
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ities, and respiratory abnormalities. For the LVX-placebo-treated
animals succumbing to disease, 62% (8/13) were found dead while
on study, while 71% (5/7) of the LVX-raxibacumab-treated ani-
mals that died were found dead while on study. In both treatment
groups, most animals that survived returned to normal by 10 to 11
days postchallenge.

Complete necropsies were performed on all animals. Gross
lesions in nonsurvivors included discoloration or foci in the brain,
lungs, and large intestines; enlargement of mediastinal lymph
nodes; fluid in multiple body cavities, mesentery, thymus, and
skin; and cystic structures in the lung. These were considered typ-
ical of anthrax (13) and correlated histologically with hemor-
rhage, edema, and acute inflammation. The only gross lesion pres-

TABLE 3 Raxibacumab PKs in rabbits administered 3 daily intragastric
50-mg/kg LVX doses alone or in combination with a single i.v. 40-mg/
kg raxibacumab dose”

Mean * SD
Parameter Mean CV value®
Primary parameters
V, (ml) 112.17 (1.9)¢ 10.8 (26.6)
CL (ml/day) 28.12 (5.5) 27.5 (31.0)
V, (ml) 60.22 (7.5) 20.6 (87.8)
CLD, (ml/day) 73.62 (10.6) 27.6 (61.9)
Secondary parameters
Ciax (og/ml) 1,114 + 138
AUC,_., (pg - day/ml) 4,590 * 1,106
t1/2¢ (days) 0.36 = 0.05
t172p (days) 4.67 = 1.10
MRT (days) 6.40 + 1.63
V., (ml/kg) 56.00 = 5.74

“ The residual variability was the coefficient of variation of 6.2 (relative standard error
[RSE], 51.7) for the proportional error component and SD of 45.5 pg/ml (RSE, 41.2
wg/ml) for the additive error component. The effect of weight on CL, in which weight
was normalized to the median body weight for the LVX-raxibacumab group (3.12 kg),
was calculated as CL X (weight/3.12)"7*? (RSE, 42.1), with CL for rabbits with weights
of 2.75, 3.12, and 3.55 kg being 22.56, 28.12, and 35.21 ml/day, respectively. CV,
coefficient of variation; V}, volume of distribution for the central compartment; CL,
clearance; V,, volume of distribution for the peripheral compartment; CLD,,
intercompartmental clearance; C,,,,, maximum plasma drug concentration; AUC,_,
area under the plasma drug concentration-time curve from time zero to infinite time;
f1/20 elimination half-life for the 1st phase; ,,, elimination half-life for the 2nd
(terminal) phase; MRT, mean residence time; V,, volume of distribution at steady
state.

b Based on the post hoc estimates for the individual rabbits.

¢ Values in parentheses represent the relative standard error of the estimate (in percent).
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ent in any surviving animal—a renal cyst—was an incidental
finding unrelated to anthrax or treatment. Microscopic findings
(see Table S5 in the supplemental material) were considered con-
sistent with anthrax (13) and were present in nearly all nonsurvi-
vors. The findings included acute suppurative inflammation,
necrosis, hemorrhage, and edema. There were brain findings
(meningeal and parenchymal hemorrhage, meningeal vascular
necrosis, and/or parenchymal necrosis; see Fig. S3 and S4 in the
supplemental material) for 2 animals in the LVX-alone group.
Three LVX-treated animals and 1 combination-treated animal
had large rod-shaped bacteria in the brain, lung, bronchial and
mediastinal lymph nodes, and/or spleen. The remaining treated
animals lacked visible bacteria in any organs, although all were
bacteremic prior to death and/or had inflammation and hemor-
rhage typical of anthrax. One rabbit in the LVX-alone group that
died had no gross or microscopic findings associated with B.
anthracis infection, and there was no apparent cause of death.

DISCUSSION

Raxibacumab has been shown to provide a statistically significant
improvement in survival over placebo in B. anthracis-infected an-
imals (14). Studies in spore-challenged rabbits and monkeys of
concomitant administration of raxibacumab and antibiotics
showed that raxibacumab did not alter the efficacy or PKs of the
antimicrobials (unpublished data). This was not surprising, as
antibiotics and raxibacumab have different mechanisms of action
and different elimination pathways. However, the design of those
studies did not allow the added benefit of raxibacumab over anti-
biotic alone to be evaluated. Thus, the objective of this study was
to demonstrate the added benefit of raxibacumab. Other goals of
this study were to target a survival rate with antibiotic alone sim-
ilar to that observed during the anthrax attacks in humans in 2001
(4), while attaining antimicrobial exposure equivalent to that in
humans.

Treatment at 84 h after spore challenge resulted in a survival
rate of 65% for rabbits administered LVX alone, which approxi-
mated the 55% survival rate for humans in the 2001 attack (4).
However, this required that 180 rabbits be subjected to spore chal-
lenge, with only the 42% remaining alive at 84 h after spore expo-
sure to be treated. The 65% survival rate for rabbits that were
administered LVX alone was achieved with LVX exposures inter-
mediate to the reported peaks and troughs achieved following
multiple oral doses in humans (20) (see Table S6 in the supple-
mental material).

Although the 17% difference in survival rate between the
groups did not reach statistical significance (P = 0.0874), raxi-
bacumab treatment reduced the percentage of deaths nearly in
half (7/39 [18%] for the raxibacumab-LVX group versus 13/37
[35%] for the LVX-alone group). This difference is meaningful
and demonstrates a survival rate in the antimicrobial-plus-raxi-
bacumab arm that is higher than the survival rate in the antimi-
crobial-alone arm.

This study was not powered to produce a statistically signifi-
cant (P < 0.05) result with an absolute difference in the survival
rate of 17%. A trial with an 80% power to detect the observed 17%
difference as statistically significant would require 116 animals per
group to be treated (232 animals). With only 42% of the animals
estimated to be alive for treatment at 84 h, the total sample size of
spore-challenged animals would be 552, and of that total, 320
animals would die before the treatment time. A study of that size is
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not ethical and may not be feasible due to the limited availability of
biosafety level 3 containment facilities in which this type of study
must be performed.

In all surviving animals, bacteremia was essentially cleared
within 24 h of the first LVX administration, with or without raxi-
bacumab, while PA persisted for 1 to 3 days after bacteremia re-
solved, suggesting that toxin continues to circulate even after the
bacteria have been killed. The persistence of toxemia after eradi-
cation of bacteremia provides the basis for the added benefit ob-
served with the raxibacumab-LVX combination over LVX alone.

This study also confirmed that raxibacumab does not interfere
with the ability of the animals to mount an immune response to
PA, as evidenced by the development of TNA in all of the surviving
animals in the raxibacumab-LVX treatment group.

While raxibacumab is immunogenic in rabbits (see Table S3 in
the supplemental material), it is not in cynomolgus monkeys or
humans (8, 14). Despite the incidence of ADAs in raxibacumab-
treated rabbits, survival was numerically superior for rabbits
treated with raxibacumab-LVX versus rabbits treated with LVX
alone.

The lack of an impact of immunogenicity as a PK covariate is
likely related to the observation that in ADA-positive animals,
plasma raxibacumab concentrations became undetectable at be-
tween 14 and 21 days postdosing; that is, those animals did not
contribute data over the entire duration of the elimination phase
of the profile. For raxibacumab, the volume of distribution for the
central compartment (V;; 112 ml) was similar to the plasma vol-
ume (21). The steady-state volume of distribution was 56%
greater than V,, suggesting that raxibacumab is initially restricted
to the plasma volume but subsequently distributes to tissues. CL
ranged from 22.56 ml/day to 35.21 ml/day across the 2.75- to
3.55-kg weight range and is much less than the glomerular filtra-
tion rate (21), indicating that, as expected for a monoclonal anti-
body, there is virtually no renal clearance of raxibacumab.

In conclusion, this study achieved a survival rate (65%) with
full-dose antimicrobial treatment that was consistent with the sur-
vival rate of 55% observed in human subjects in 2001. When raxi-
bacumab was administered with the antimicrobial drug, it re-
sulted in a mortality rate lower than that achieved with the
antimicrobial alone (18% versus 35%, respectively). These data
suggest that raxibacumab administered with an antimicrobial
drug, even late in the course of the disease, when over half of the
animals have already succumbed, confers a survival benefit over
antimicrobial therapy alone.
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