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Inhalational anthrax, a zoonotic disease caused by the inhalation of Bacillus anthracis spores, has a ~50%
fatality rate even when treated with antibiotics. Pathogenesis is dependent on the activity of two toxic
noncovalent complexes: edema toxin (EdTx) and lethal toxin (LeTx). Protective antigen (PA), an essential
component of both complexes, binds with high affinity to the major receptor mediating the lethality of anthrax
toxin in vivo, capillary morphogenesis protein 2 (CMG2). Certain antibodies against PA have been shown to
protect against anthrax in vivo. As an alternative to anti-PA antibodies, we produced a fusion of the extracel-
lular domain of human CMG2 and human IgG Fc, using both transient and stable tobacco plant expression
systems. Optimized expression led to the CMG2-Fc fusion protein being produced at high levels: 730 mg/kg
fresh leaf weight in Nicotiana benthamiana and 65 mg/kg in N. tabacum. CMG2-Fc, purified from tobacco plants,
fully protected rabbits against a lethal challenge with B. anthracis spores at a dose of 2 mg/kg body weight
administered at the time of challenge. Treatment with CMG2-Fc did not interfere with the development of the
animals’ own immunity to anthrax, as treated animals that survived an initial challenge also survived a
rechallenge 30 days later. The glycosylation of the Fc (or lack thereof) had no significant effect on the protective
potency of CMG2-Fc in rabbits or on its serum half-life, which was about 5 days. Significantly, CMG2-Fc¢
effectively neutralized, in vitro, LeTx-containing mutant forms of PA that were not neutralized by anti-PA

monoclonal antibodies.

The Gram-positive bacterium Bacillus anthracis is the caus-
ative agent of anthrax, an acute zoonotic disease that is highly
lethal in its most virulent form. Inhalational anthrax begins
with the inhalation of dormant endospores, which are engulfed
by alveolar macrophages and dendritic cells in the lungs.
Spores germinate and vegetative bacteria multiply within these
cells, and the dendritic cells carry them to the mediastinal
lymph nodes, where they multiply and gain access to the blood-
stream, reaching concentrations of >10%ml (6). B. anthracis
owes its pathogenicity to two major determinants of virulence:
the formation of a poly-p-glutamyl capsule, which inhibits the
phagocytosis of the vegetative cells, leading to a rapid increase
in bacterial count in the bloodstream (47), and an ensemble of
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three proteins, protective antigen (PA), edema factor (EF),
and lethal factor (LF), that combine at the surface of host cells
to form two toxic noncovalent complexes, edema toxin (EdTx)
and lethal toxin (LeTx).

PA binds to specific cell surface receptors on host cells,
initially as an 83-kDa protein (PAg;). PAg; is then cleaved by
a membrane-associated furin-like protease, releasing a smaller
PA,, fragment from the N terminus (17). The remaining frag-
ment, PAg;, is able to heptamerize into a membrane-bound
prepore (18). In addition, PAg; cleavage exposes binding sites
for EF and LF, of which up to three molecules can be bound
by the prepore (28). The fully assembled toxin complex is
internalized by receptor-mediated endocytosis. Acidification
induces a conformational change of the prepore conducive to
the formation of a channel inserted into the endosomal mem-
brane. EF and LF are translocated into the cytosol, where they
can exert their toxic activity (7). EF is a calcium- and calmod-
ulin-dependent adenylate cyclase that stimulates a dramatic
elevation of cyclic AMP concentration in eukaryotic cells (21).
LF is a zinc metalloprotease that cleaves mitogen-activated
protein kinase kinases, and it leads to the disruption of intra-
cellular signal transduction pathways (9, 43).

Letters containing B. anthracis endospores, sent in 2001,
alerted the world to the threat of anthrax as a weapon of terror.
The spores can be produced and stored, and they remain viable
for decades in storage or after release. As a biological threat
agent, it is expected that a cloud of anthrax spores could be
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released at a strategic location to be inhaled by the personnel
under attack (1). In the anthrax attack on the U.S. Capitol in
2001, people known or suspected to have been exposed to
spores received antibiotic therapy, and none became sick (8).
However, 11 people outside the Capitol area were not diag-
nosed with anthrax until they became symptomatic, about 1 to
6 days after exposure. Five of these patients died despite re-
ceiving antibiotic therapy (11). Because of this high rate of
mortality, additional treatment strategies for anthrax are
needed.

Two human cell surface receptors for PA have been identi-
fied: tumor endothelial marker 8 (TEMS) and capillary mor-
phogenesis protein 2 (CMG?2) (5, 39). CMG2 has the higher
affinity for PA and is the major receptor mediating anthrax
toxin lethality in vivo (24). Soluble forms of both of these
proteins have been shown to protect cultured cells from intox-
ication by LeTx, with CMG2 being the more potent of the two
(5, 39). However, these materials may have limited value as
therapeutics, because they are likely to be rapidly cleared from
the blood. To prepare an improved therapeutic, we sought to
develop an immunoadhesin form of CMG2. Immunoadhesins
are recombinant proteins that combine the target-binding re-
gion of a receptor, a cell adhesion molecule, a ligand, or an
enzyme with the Fc region of an immunoglobulin (4). Immu-
noadhesins retain the binding ability of the receptor and gain
the advantage of a long circulating half-life and interaction
with immune effector cells (30). The CMG2-Fc immunoadhe-
sin described here was produced in high yields in plants. Its
protective potency in a rabbit model of inhalational anthrax is
comparable to that of monoclonal anti-PA antibodies. In ad-
dition, it was able to neutralize, in vitro, mutant forms of PA
that are not neutralized by an anti-PA monoclonal antibody.
The use of the plant platform for production offers advantages
in terms of cost and scalability for stockpiling CMG2-Fc as a
therapy in the case of a future anthrax attack (42).

MATERIALS AND METHODS

DNA constructs. DNA constructs, encoding combinations of various portions
of human CMG2 and human IgG1, were assembled using standard methods in
binary vectors for plant expression. Construction details are provided in the
online supplemental material. Binary expression vectors were transfected into
Agrobacterium tumefaciens via electroporation (41).

Transient expression in plants. The transient expression of recombinant pro-
teins was accomplished by the whole-plant vacuum infiltration of Nicotiana
benthamiana (16) using strains of A. tumefaciens EHA105 (13) containing binary
expression vectors along with A. tumefaciens C58C1 containing the binary vector
pBING61-35S-P19, encoding the silencing suppressor P19 (45). After infiltration,
the plants were maintained in the greenhouse under standard conditions for 7
days prior to protein purification.

Tobacco stable transformation and regeneration. The transformation of to-
bacco leaf tissue (Nicotiana tabacum, cultivar Wisconsin 38) by A. tumefaciens
strain EHA105, containing binary expression vectors, and the regeneration of
transgenic plants were accomplished using standard techniques (14). During the
transformation and regeneration of whole plants, the plant growth room was
maintained at 26°C under continuous light. Between 7 and 9 weeks after trans-
formation, leaf samples from putative transgenic plants (T0) were screened by
enzyme-linked immunosorbent assay (ELISA) (see the next section) for the
expression of CMG2-Fc. Plants expressing CMG2-Fc were transferred to potting
mix in the greenhouse and subjected to additional screening as they matured.
The best-expressing plants were self fertilized to produce T1 seeds. T1 seeds
were germinated and allowed to grow to maturity and produce T2 seeds. The
expression of CMG2-Fc in plants in the greenhouse was quantified. Leaf tissue
punches from the plants were homogenized in a bead beater and then centri-
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fuged for 5 min at maximum speed in a microcentrifuge, and supernatants were
assayed by ELISA.

ELISA quantification of CMG2-Fc in plants. Microtiter plates were coated
with unlabeled protein A (0.34 pg/ml; SouthernBiotech, Birmingham, AL) and
then blocked with phosphate-buffered saline (PBS) plus 5% nonfat dry milk.
Plant extracts (and purified CMG2-Fc standards) were added to wells and incu-
bated at 37°C for 1 h. Plates then were washed with PBS. Bound CMG2-Fc was
detected by adding horseradish peroxidase (HRP)-labeled goat anti-human
gamma chain (SouthernBiotech). Antibody complexes were quantified by adding
HRP substrate (0.4 mg/ml o-phenylenediamine and 0.015% hydrogen peroxide
in 0.1 M sodium citrate, pH 5.0) and read at 490 nm. Samples were quantified at
least three times during their growth and development in the greenhouse envi-
ronment.

Protein purification. Leaves were collected 7 days after vacuum infiltration,
washed in ice water, and blotted dry, and then they were homogenized in a
blender with extraction buffer (150 mM NaCl, 50 mM sodium phosphate, 10 mM
sodium thiosulfate, 1 mM phenylmethylsulfonyl fluoride [PMSF], pH 7.4). The
homogenate was filtered through Miracloth (Calbiochem, La Jolla, CA) and the
pH adjusted to between 6.5 and 7.0. The homogenate was centrifuged at
15,000 X g for 30 min at 4°C. The supernatant was recovered and further clarified
by passage through a 0.45-wm capsule filter. The clarified juice was pumped over
a column of protein A-Sepharose 4B (Invitrogen, Carlsbad, CA). The column
was washed with PBS and the bound protein eluted with 100 mM glycine, pH 3.0.
Protein concentrations were quantified using absorption at 280 nm and extinc-
tion coefficients predicted from the expected amino acid sequences.

Protein analysis. Purified protein samples were analyzed using standard meth-
ods. Samples were subjected to SDS-polyacrylamide gel electrophoresis (under
reducing and nonreducing conditions) on 4 to 15% Criterion Tris-HCI gradient
gels (Bio-Rad, Hercules, CA) (20) and visualized by Coomassie G250 staining or
by Western blot analysis. For immunodetection, blots were probed with alkaline
phosphatase (AP)-conjugated goat anti-human IgG (SouthernBiotech) and vi-
sualized by incubation with AP developing buffer (0.33 mg/ml nitroblue tetrazo-
lium chloride and 0.165 mg/ml 5-bromo-4-chloro-3'-indolylphosphate p-toluidine
in 100 mM diethanolamine, 10 mM MgCl,, 100 mM NaCl, pH 9.5). Some blots
also were probed with HRP-labeled concanavalin A (ConA; Sigma, St. Louis,
MO) and then detected by adding HRP substrate solution (0.27 mg/ml amino-
ethylcarbazole plus 0.003% H,O, in 0.1 M Na acetate, pH 5.2) (10).

Toxin neutralization assay (TNA). The survival of RAW264.7 mouse macro-
phage-like cells (ATCC TIB-71) after the administration of CMG2-Fc along with
toxin was determined essentially as described previously (22), except that the
LeTx used was 100 ng/ml (1.2 nM) PA + 100 ng/ml (1.1 nM) LF. PA was from
List Biological Laboratories; the recombinant LF used here was prepared by
S. H. Leppla and has the native AGG N-terminal sequence (12). ECss (con-
centrations of antitoxin at which 50% of toxin activity is neutralized) were
calculated using the dose-response software GraphPad Prism (GraphPad Soft-
ware, La Jolla, CA). The effective molar ratio, or the ratio of antitoxin to toxin
at the ECs, also was calculated for each chimeric protein.

Measurement of affinity and binding kinetics. The affinity of CMG2-Fc for PA
was measured by surface plasmon resonance (SPR; Biacore T100, Uppsala,
Sweden). Anti-human IgG (Affinipure goat anti-human IgG, Fcy fragment spe-
cific; Jackson ImmunoResearch, West Grove, PA) was immobilized on the sen-
sor surface using an amine coupling kit (Biacore). CMG2-Fc (in PBS plus 1 mM
MgCl,) was then captured through the Fc portion so that the CMG2 portion
would be exposed. PA at various concentrations (in 10 mM HEPES, 150 mM
NaCl, 3 mM EGTA, and 0.005% Tween 20) was flowed past the surface while
surface plasmon resonance measurements were taken. The data were analyzed
with the Bia-evaluation wizard.

Challenge of rabbits with B. anthracis Ames spores. Female Dutch belted
rabbits (Myrtle’s Rabbitry, Thompsons Station, TN) were challenged with 107
CFU of B. anthracis Ames spores (100 50% lethal doses [LDs,]) by nasal
instillation as described previously (32). After 30 to 60 min, each animal received
a single subcutaneous (s.c.) injection of CMG2-Fc (3.6 mg/kg body weight; first
challenge study), a single intravenous (i.v.) injection of CMG2-Fc, or CMG2-
FCs (0.5, 1, 2, or 4 mg/kg; second challenge study), or an equivalent injection of
PBS. Rabbits were placed back into their cages and were monitored twice daily
for signs of illness and death for 15 days.

Serological analyses. The adaptive immune responses of animals in the first
spore challenge study to B. anthracis antigens were quantified. Briefly, blood
samples were collected from surviving rabbits in serum separator microtubes
containing silicone (Becton Dickinson, Franklin Lakes, NJ) 15 days postchal-
lenge, and the sera were harvested by centrifugation at 519 X g for 5 min. Sera
were sterile filtered and aliquots cultured on rich medium prior to release from
the biosafety level 3 facility. Rabbit anti-PA titers were determined by direct
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FIG. 1. Neutralization of lethal toxin activity by CMG2-Fc. Various
concentrations of purified CMG2-Fc (circles) or an irrelevant plant-
made IgG (squares) were premixed with anthrax lethal toxin before
addition to RAW264.7 cells. Viability was determined after 4 h of
incubation by a colorimetric assay. Results are expressed as the per-
centages of cells still viable. Points represent the means of results from
triplicate wells of a representative experiment, with error bars repre-
senting the standard errors of the means. The best-fit curve and 50%
effective concentration (ECs,) were calculated using GraphPad Prism.

ELISA. Microtiter plates were coated with purified PA (List Biological Labora-
tories, Campbell, CA) in 50 ul PBS at 2.5 ng/ml. Plates were blocked with PBS
plus 5% nonfat dry milk. Dilutions of serum (or reference standard) were added
to wells and incubated at 37°C for 1 h. Plates were washed three times with PBS.
Bound rabbit anti-PA IgG was detected with goat anti-rabbit IgG conjugated
with HRP (50 pl at 0.25 pg/ml; SouthernBiotech). After 1 h at 37°C, plates were
washed and peroxidase activity was detected by adding HRP substrate. Quanti-
fied rabbit anti-PA reference serum from BEI resources (NR-3839) was used as
a standard, and the rabbit anti-PA IgG in the serum was reported in pg/ml.
Controls included normal rabbit preimmune serum and serum samples spiked
with up to 7.5 wg/ml of CMG2-Fec. Spiking the serum of surviving treated animals
with CMG2-Fc did not influence the quantification of rabbit anti-PA antibodies.

The toxin-neutralizing ability of the serum samples was measured using
the TNA as described above. However, because of the absence of a standard, the
data are reported as a titer, which is the reciprocal of the serum dilution at the
ECs,. The titer that resulted in the 50% inhibition of cell death (ECs,) was
calculated using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA).

Pharmacokinetic study. Two groups of Dutch belted rabbits (5 animals each)
received CMG2-Fc, or CMG2-Fcg (5 or 3.6 mg/kg, respectively) by i.v. bolus
injection. Serum samples were collected from the central ear artery (32) prior to
injection and at 6, 12, 24, 48, 72, 168, 216, and 240 h postinjection.

The serum concentrations of CMG2-Fc, or CMG2-Fcg were measured by a
tiered sandwich ELISA. Microtiter plates were coated with donkey anti-human
1gG at 2.5 pg/ml. Plates were blocked with PBS plus 5% nonfat dry milk.
Dilutions of serum (or a standard curve of purified CMG2-Fc,) were added to
wells and incubated at 37°C for 1 h. Plates were washed with PBS and then
incubated with goat anti-CMG2 (R&D Systems, Minneapolis, MN) and donkey
anti-goat IgG HRP conjugate (Jackson ImmunoResearch). After 1 h at 37°C,
plates were washed and peroxidase activity was detected by adding HRP sub-
strate, and the optical density was read at 490 nm. Preliminary control experi-
ments demonstrated that preimmune rabbit serum did not contribute to signal in
this assay, and it did not interfere with the detection of purified CMG2-Fc.
Serum concentration values of CMG2-Fc, and CMG2-Fcg versus time for each
animal were analyzed using WinNonlin professional version 5.2.1. Residual con-
centrations of CMG2-Fc in the sera of surviving animals in the first challenge
study also were measured using this assay.

RESULTS

Expression of a CMG2-Fc immunoadhesin in plant leaves.
A number of different CMG2-Fc immunoadhesin expression
plasmids were constructed and used to produce protein using
a transient N. benthamiana expression system before selecting
an optimal design (detailed in the supplemental material). The
final construct selected for evaluation is comprised of the Ara-
bidopsis thaliana 2S2 signal peptide, amino acids 34 to 220 of
human CMG?2, followed by two serines and the hinge and Fc
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FIG. 2. Survival of Dutch belted rabbits after intranasal challenge
with 107 CFU (100 LDsy) of B. anthracis spores, followed by subcuta-
neous injection with 3.6 mg/kg of CMG2-Fc (solid circles) or PBS
(empty circles).

region of human IgG1 (C-terminal 232 amino acids of IgG1).
This protein therefore will contain 421 amino acids (excluding
the signal peptide) having a subunit molecular mass of 46.8
kDa. The resulting CMG2-Fc protein, expressed using the N.
benthamiana system and purified by protein A chromatogra-
phy, was subjected to SDS-PAGE under reducing and nonre-
ducing conditions, Western blotting, and size-exclusion chro-
matography (SEC). These analyses (detailed in the
supplemental material) indicate that the CMG2-Fc protein
exists in solution primarily as a single homodimeric species
held together by interchain disulfide bonds between the Fc
domains. The affinity (K,,) of CMG2-Fc for PA, measured by
SPR, was 0.4 nM (K, [association constant] = 5.2 X 10*
M~ !s™!; K, [dissociation constant] = 2.2 X 107> s~ 1),

In vitro toxin-neutralizing activity of CMG2-Fc. The in vitro
TNA was used to quantify the toxin-neutralizing activity of
CMG2-Fc. Figure 1 is a typical dose-response curve, from
which an ECs, can be calculated. In this representative assay,
CMG2-Fc had an ECs, of 60 ng/ml. A control, human IgG1
also transiently expressed and purified from tobacco, had no
toxin-neutralizing activity in this assay. The average ECs, for
CMG2-Fc is 52.8 ng/ml (standard deviation [SD], =8.6 ng/ml).
The molar ratio of CMG2-Fc (dimeric) to PA at the average
EC, is 0.47.

CMG2-Fc protects rabbits against intranasal challenge with
B. anthracis. The ability of CMG2-Fc to protect rabbits against
a lethal challenge of B. anthracis spores was tested in two
studies. In the first challenge study, 16 Dutch belted rabbits
were challenged intranasally with a suspension of 100 LD, of
B. anthracis Ames spores, followed shortly by subcutaneous
injection with 3.6 mg/kg of CMG2-Fc or PBS. All eight animals
in the PBS control group died by day 3, while the only death
among the eight animals treated with CMG2-Fc occurred on
day 4, giving an overall protection of 87.5% (Fig. 2).

In addition to determining efficacy, we tested whether sur-
viving animals developed protective immunity that would allow
them to survive rechallenge. Two serological correlates of im-
munity to anthrax have been identified in rabbits. The first is
the quantitative anti-PA ELISA titer, and the second is the
titer in the TNA (23, 33). Day-15 serum samples were first
assayed to quantify the concentration of rabbit anti-PA using a
direct ELISA. The titer of rabbit anti-PA antibodies varied
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FIG. 3. Measurement of anti-PA antibody (black bars) and TNA
titer (white bars) in serum of rabbits 15 days after challenge with 100
LDy, of B. anthracis spores.

considerably (range, 1 to 187 pg/ml; median, 32 pg/ml). Serum
samples also were subjected to the TNA, which is the same
assay used to quantify the in vitro potency of the CMG2-Fc.
Titers in the TNA were expressed as the reciprocal of the
serum dilution that protected 50% of the cells against LeTx
cytotoxic activity (EDs,) and also varied considerably (range,
33 to 4,266; median, 345) (Fig. 3).

The residual concentrations of CMG2-Fc in the day-15 sera
were also measured (by ELISA) to determine if these contrib-
uted to the TNA titer. Animals 2 and 12, with the highest TNA
assay titers and the highest levels of anti-PA, had no detectable
CMG2-Fc in their serum (the detection limit was 4 ng/ml). In
three animals, numbers 10, 14, and 13, residual CMG2-Fc
detected in serum may have contributed, at most, 38, 19, and
3%, respectively, to the measured TNA titer. Taken together,
these results suggest that treatment with CMG2-Fc at the time
of spore challenge allows for the development of a potentially
protective immune response against PA in some of the treated
animals.

Glycosylation has no effect on the potency of CMG2-Fc. Our
initial CMG2-Fc construct carried the Asn297—GIn mutation
in the Fc region, making it nonglycosylated. However, it was of
interest to compare glycosylated and nonglycosylated versions
of CMG2-Fc because of the potential impact of glycosylation
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on the in vivo protective efficacy. The elimination of the N-
glycan has been shown to have a dramatic impact on the
binding of IgG1 to the three major Fc gamma receptor iso-
forms in vitro, which in turn can affect a number of antibody
effector functions, including antibody-dependent cellular cyto-
toxicity (15). Thus, two additional CMG2-Fc genes were con-
structed: CMG2-Fc; and CMG2-Fc,, with the amino acid at
position 297 of the Fc being Asn (glycosylated) and Gln (agly-
cosyl), respectively. In addition, both of these constructs dif-
fered from the CMG2-Fc fusion described above by having the
endoplasmic reticulum retention signal amino acid sequence
SEKDEL appended to the carboxyl-terminal end, the inten-
tion of which was to maximize expression and ensure that
glycosylation would be of the high-mannose form. Both pro-
teins were produced using the transient expression system and
purified by protein A chromatography. More than 26 kg of N.
benthamiana leaves expressing CMG2-Fc, and 2.4 kg express-
ing CMG2-Fcgs were harvested, and the average expression
levels were 420 and 730 mg/kg (4.7 and 8.2% total soluble
protein), respectively.

The electrophoretic mobilities of both new variants were
similar to that of CMG2-Fc (Fig. 4A), with the glycosylated
variant displaying a slightly lower mobility on the gel. Both
variants were recognized by anti-human IgG antibodies (Fig.
4B). CMG2-Fcg could be distinguished from CMG2-Fc, by
the ability of the lectin concanavalin A to bind to the former
but not the latter (Fig. 4C). The in vitro toxin-neutralizing
activities of both variants were similar to that of CMG2-Fc,
with both having ECs.s of 50 ng/ml (Fig. 4D).

The in vivo protective efficacies of CMG2-Fc; and CMG2-
Fc, were compared at four different doses (4, 2, 1, and 0.5
mg/kg, administered i.v.) in the second rabbit spore challenge
study. CMG2-Fc, was 100% protective at either 4 or 2 mg/kg.
CMG2-Fcg was partially protective at those dosage levels but
still was significantly more protective than placebo (Fig. 5A).
At 1 mg/kg of either CMG2-Fc; or CMG2-Fc,, two of six
treated rabbits survived spore challenge, but this level of pro-
tection was not significantly different from the placebo control:
no animals survived spore challenge when treated with 0.5
mg/kg of either variant (Fig. 5 B). Thirty days after the initial
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FIG. 4. Comparison of glycosylated and aglycosyl CMG2-Fc. Purified CMG2-Fc, (2.5 pg/lane, lanes 1 and 3) or CMG2-Fcg (2.5 pg/lane, lanes
2 and 4) were electrophoresed through an SDS-polyacrylamide gel. (A) The gel was stained with Coomassie. Additional gels were blotted onto
nitrocellulose and probed with anti-human IgG (B) or concanavalin A (C). Lanes 1 and 2, protein reduced with DTT; lanes 3 and 4, nonreduced
protein. M, molecular mass standards, indicated in kDa. (D) Toxin neutralization assay. CMG2-Fc,, solid black line with solid circles; CMG2-Fcg,
dotted white line with squares. Each point is the mean of three replicates, and error bars represent the standard errors of the means.
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FIG. 5. Survival of Dutch belted rabbits after intranasal spore challenge. Following spore challenge, groups of six animals were dosed
(intravenously) with CMG2-Fc,, CMG2-Fcg, or PBS at a dose of 4 or 2 mg/kg (A) and a dose of 1 or 0.5 mg/kg (B). The four surviving animals
from the two low-dose groups were rechallenged with 107 CFU (100 LDs) of B. anthracis spores on day 30. An asterisk indicates results that are
significantly different from the control (P < 0.05 by Pearson’s chi-square test for independent binomials).

challenge, the four rabbits that survived spore challenge after
treatment with 1 mg/kg of either CMG2-Fcg; or CMG2-Fc,
were rechallenged with 100 LDs, of Ames spores and all 4
survived at least 15 days. Four age-matched control animals,
challenged but dosed only with PBS, all died (data not shown).

CMG2-Fc protects against domain 4 variants of PA. Previ-
ous studies identified mutations within domain 4 of PA that do
not alter toxicity against cells (when combined with LF) but
prevent neutralization by the anti-PA monoclonal antibody
14B7 (37). 1t was previously shown that soluble CMG2 can
neutralize four of these mutated toxins (40). We found that
CMG2-Fc, also neutralized these four mutated toxins,
whereas antibody 14B7 neutralized only the wild-type lethal
toxin (Fig. 6). We tested seven additional PA mutants in the
TNA: PA K679A, PA K680A, PA S690A, PA N691A, PA
P692A, and PA N693A (all having mutations in domain 4).
CMG2-Fc, neutralized all of them as well as it neutralized
wild-type PA. Another anti-PA monoclonal antibody, 4A12
(35), was significantly less effective against two of these mu-
tants: the ECs,, of 4A12 against PA K679A and PA K680A was
5-fold higher than that against wild-type PA (data not shown).
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Pharmacokinetic analysis of CMG2-Fc. The pharmacoki-
netics of CMG2-Fc, and CMG2-Fcg; in rabbits were compared
following single intravenous injections. Serum-concentration-
versus-time data from each animal were modeled using both
one-compartment and two-compartment models using Win-
Nonlin professional software. The two-compartment model
clearly describes the data better than the one-compartment
model. The one-compartment model consistently underesti-
mates the serum concentrations in the terminal phase, while
the line predicted by the two-compartment model hits nearly
all the observed points (data not shown). Pharmacokinetic
parameter estimates are shown in Table 1. The terminal half-
lives for both CMG2-Fc, and CMG2-Fcg appear to be ap-
proximately 5 days. However, the AUC (area under the serum
concentration versus time curve) was significantly greater for
CMG2-Fc,, and the clearance (CL) of CMG2-Fc was signif-
icantly more rapid.

Stable transgenic tobacco producing high levels of CMG2-
Fc. While the transient expression system has the advantage of
being able to produce testable quantities of CMG2-Fc rela-
tively quickly (up to 1 g from 150 N. benthamiana plants),
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FIG. 6. Neutralization of lethal toxin cytotoxicity by CMG2-Fc, and MAb 14B7. RAW264.7 mouse macrophage-like cells were exposed to PA
variants + LF in the presence of CMG2-Fc, (A) or anti-PA monoclonal antibody 14B7 (B). Cell viability was assessed 4 h later. Each point is the
means of three replicates. PA mutants K684A, L685A, L687A, and Y688A were not neutralized by MAb 14B7 at the concentration that neutralized

wild-type PA (solid black circles), but all were neutralized by CMG2-Fc,.
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TABLE 1. Pharmacokinetic parameters of i.v. CMG2-Fc in rabbits®

Value
Parameter

CMG2-Fc,, CMG2-Fcg,
No. of animals 5 5
Dose (mg/kg) 3.6 5
Chax (rg/ml) 66 £ 19 65 £7
AUC 5401 (g day/ml) 218 = 57** 95 + 16**
CL (ml/h/kg) 1.02 = 0.34** 1.60 = 0.24**
T, o (h) 13.0 = 9.1 7.0+ 1.3
T,,,B (days) 50x1.1 44 +0.5
V,, (ml/kg) 217 = 133 187 = 15
V, (ml/kg) 81 £ 23* 56 = 5%

“ Cinax» maximum calculated concentration; AUC, »40y,, area under the serum
concentration versus time curve from time zero through 240 h; CL, serum
clearance determined from dose/AUC ..; T, initial half-life for 2 compart-
ment model; T ,,B, terminal half-life for 2 compartment model; V,, volume of
distribution at steady state; V7, initial volume of distribution for two-compart-
ment model. Differences between parameters for CMG2-Fc, and CMG2-Fcg
were compared using a two-sided ¢ test. *, P =< 0.05; **, P < 0.001.

expression from stably transformed plants will be more eco-
nomical for eventual commercial production. From a single
transformation we identified four stably transformed tobacco
plants producing CMG2-Fc,. The best expressing of these TO
plants produced 35 mg/kg fresh weight at the time of flowering.
The expression trait segregated in a ratio of 31/40 in the T1
progeny of this plant, indicating that the transgene existed at a
single genetic locus. Two of the T1 plants were identified as
homozygous for the transgene by backcrossing to wild-type N.
tabacum. Expression among 30 T2 progeny from one of these
T1 plants averaged 32 = 10 mg/kg (maximum of 65 mg/kg)
fresh weight. CMG2-Fc,, purified from plants of this line was
indistinguishable in appearance (by SDS-PAGE) and in vitro
potency (by TNA) from the same protein produced in the
transient expression system (data not shown).

DISCUSSION

Several monoclonal antibodies against PA are under devel-
opment as anthrax therapeutics (27, 29, 32, 44, 48). While
efficacious, these agents are expensive to produce. In the work
presented here, we describe an alternative protein therapeutic
that promises to be as potent as monoclonal antibodies while
being inexpensive to produce and having the further advantage
of neutralizing any altered anthrax toxins that retain the es-
sential ability to target receptors. This immunoadhesin is com-
prised of the anthrax toxin receptor CMG2 extracellular do-
main and human Fc, and it is expressed in plants. Its design,
production, characterization, and initial tests in animal models
are described here.

Several different designs of CMG2 fusions to IgG and Fc
sequences were explored in preliminary work that is detailed in
the supplemental material. A number of constructs were eval-
uated as to suitability for expression in plants, protein folding
and stability, etc. This work led to the selection of an optimal
CMG2-Fc fusion protein that was carried into further devel-
opment.

The Fc portion of the fusion protein contains the C-terminal
232 amino acids of human IgG1, sequences known to be suf-
ficient for dimerization and for binding to Fc receptors. This
region contains two cysteines that form an interchain disulfide
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bond that serves to stabilize the dimer. In fact, the protein
produced by transient transfection was shown by several meth-
ods to behave in solution as a dimer (see the supplemental
material). The Fc region also contains an Asn297 residue that
normally is glycosylated. The replacement of this residue with
Gln produced a variant (CMG2-FC,) that was not glycosyl-
ated, allowing the determination of the impact of glycan mod-
ifications on activity, as will be detailed below.

The CMG2-Fc protein had potent activity in the standard in
vitro TNA, with an EC, of 53 ng/ml. This corresponds well to
the K, of 0.4 nM (19 ng/ml) for the affinity of CMG2 to PA as
measured by SPR. Additionally, this value closely matches the
apparent affinity of PA for the CMG2 receptor on cultured
cells, measured as 0.9 nM in competitive cytotoxicity assays
(24). These values also are similar to ECs,s previously reported
for the anti-PA antibodies raxibacumab (ECs, = 50 ng/ml)
(49), ETI-204 (ECs, = 80 ng/ml) (29), and AVP-21D9
(ECso = 30 to 70 ng/ml) (38). In addition, CMG2-Fc was able
to neutralize PA mutants that either were not neutralized or
were poorly neutralized by two anti-PA antibodies, extending
similar observations made with a recombinant soluble form of
CMG2 (40). These results suggest that it would be difficult to
deliberately engineer strains of B. anthracis that evade the
neutralizing activity of CMG2-Fc. This advantageous feature
of a CMG2-based drug follows from the obvious fact that
engineered variants of PA must retain binding to the cell sur-
face CMG2 or TEMS to initiate intoxication, so that such
variants also must remain subject to inhibition by CMG2-Fc.

An immunoadhesin like CMG2-Fc has several other advan-
tages not possessed by soluble CMG2: (i) the ability to be
purified by well-established affinity chromatography with pro-
tein A, and (ii) a half-life of many days, comparable to that of
human monoclonal antibodies. We confirmed the ease of pu-
rification from tobacco leaf tissue by protein A chromatogra-
phy and achieved a high level of purity. We also demonstrated
that the half-life of CMG2-Fc in rabbits (~5 days) is similar to
that reported for three human monoclonal anti-PA antibodies
(29, 32, 48). The in vivo half-life of soluble monomeric CMG2
is not known but is expected to be much shorter than that of
CMG2-Fc. The longer half-life of CMG2-Fc can be attributed
in part to the larger size of the homodimer, which limits clear-
ance by the kidneys (34, 36). In addition, the interaction of the
Fc region with the neonatal Fc receptor (FcRn) salvages the
protein from degradation in lysosomes. The long half-life of
CMG2-Fc may explain the excellent in vivo protective potency
of CMG2-Fc that we observed.

We also considered whether the inclusion of the Fc region
has a functional effect beyond its role in increasing serum
half-life. It has been reported that anthrax toxin neutralization
by the anti-PA antibody Valortim is dependent on Fc receptor
engagement (44), although the mechanism of this is not un-
derstood. Glycosylation is known to affect Fc receptor binding,
so the two forms of CMG2-Fc that we generated having either
Gln or Asn at the normal site of N glycosylation in Fc allowed
a test of whether glycosylation would have an impact on po-
tency. ConA blotting confirmed that CMG2-Fcg was glycosyl-
ated and CMG2-Fc, was not. The two forms of CMG2-Fc had
identical potency in the TNA, and both protected rabbits
against anthrax. The aglycosyl form, CMG2-Fc,, was 100%
protective in rabbits at 2 mg/kg, which compares favorably to



138 WYCOFF ET AL.

published results for monoclonal antibodies to PA (27, 29, 44).
Our results indicate that glycosylation is certainly not required
for the in vivo efficacy of CMG2-Fc against inhalational an-
thrax. On the contrary, the more-rapid serum clearance of the
glycosylated form could be a disadvantage if the protein were
to be used prophylactically.

While a CMG2-Fc construct has been expressed in CHO
cells and its potency demonstrated against the Sterne strain of
B. anthracis in mice (46), our work is the first report of the use
of CMG2-Fc as a postexposure treatment for inhalational an-
thrax in a rabbit model using the more-virulent Ames strain.

The analysis of sera from animals that survived following
postexposure treatment with CMG2-Fc in the first challenge
study indicated that at least some of the animals developed
titers of anti-PA antibodies (titers of >1,000) that were com-
parable to those found in rabbits immunized with anthrax
vaccine (AVA) (33). The fact that animals that survived B.
anthracis spore challenge following treatment with CMG2-Fc
in the second study were able to survive rechallenge 30 days
later suggests that CMG2-Fc allows the development of the
animals’ own protective immune response. This may seem sur-
prising given that it normally requires two doses of AVA given
4 weeks apart to protect rabbits from a lethal dose of B.
anthracis spores (33). However, this protection upon rechal-
lenge also was observed in rabbits and cynomolgus monkeys
treated with the anti-PA monoclonal antibodies AVP-21D9
and Raxibacumab (27, 31). It may be that these therapeutic
agents, while blocking toxin activity, allow bacterial replication
and antigen production to occur at a low level that is sufficient
to induce protective immunity, somewhat like a live attenuated
strain (2, 26).

Immunoadhesins like the one described here have a number
of potential and demonstrated advantages over alternative
therapeutic agents. The inclusion of the Fc domain allows
efficient purification with protein A, causes dimerization
(which increases size), and induces recycling and retention by
interaction with FcRn. The latter two properties confer plasma
residence times that compare well to those of therapeutic
monoclonal antibodies. It also is notable that the immunoad-
hesin described here contains only human sequences and is
unlikely to be immunogenic, potentially allowing repeated ad-
ministration.

The CMG2-Fc protein described here was produced in
plants, which offer a highly attractive system for the large-scale,
economical production of antibodies and therapeutic proteins
(25). Advantages include reduced production costs compared
to those of the bioreactors and specialized media required for
CHO cells, as well as safety, since plants, unlike mammalian
cell culture systems and transgenic animals, are not known to
harbor animal viruses, prions, or mycoplasmas. The accumu-
lation of CMG2-Fc in leaves of the T2-generation plants that
we report here (32 mg/kg) is 10 times higher than was reported
in a recent publication on the expression of a CMG2-Fc pro-
tein in tobacco (3 mg/kg) (3). The in vitro potency of the
CMG2-Fc reported in that paper was also about 10 times lower
than that reported here. The reasons for these differences are
not entirely clear but may be due to the use in our work of a
slightly larger portion of CMG?2 that includes the cysteines
(C39 and C218) that have been shown to form a disulfide bond

(19).
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In summary, we have used transgenic tobacco plants to pro-
duce large amounts of CMG2-Fc and demonstrated that it has
high in vitro toxin-neutralizing potency and the ability to pro-
tect rabbits against lethal pulmonary infection by spores of the
virulent Ames strain of B. anthracis. Additional animal efficacy
studies, including treatment with CMG2-Fc after symptom de-
velopment, are ongoing.
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