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Abstract
The role of cognate host receptors of anthrax toxin binding protein, Tumor Endothelial Marker-8 (TEM-8) and Capillary
Morphogenesis Gene-2 (CMG-2) are being delineated from entry portals of anthrax toxin proteins to intercellular site to being
regulators in angiogenesis. In vitro and in vivo model systems had documented their upregulation on endothelial cells undergoing
angiogenesis or blood vessel growth. Inhibiting angiogenesis (formation of new blood vessels), which are feeding and supporting
tumors are also one of the current targets of anti-cancer therapies. TEM-8 and CMG-2 are highly upregulated during angiogenesis
and bind differentially to extracellular matrix proteins including collagen I, collagen VI, collage XIV and laminin. TEM-8 and CMG2 regulate endothelial cell migration, proliferation and tubule formation which make them apparently good targets as anti-angiogenic
and anti-tumorigenic therapeutics. This intriguing finding has also led to detailed studies on the strategies of designing modified
forms of anthrax toxin proteins (Protective Antigen, Lethal Factor, Edema Factor) which impairs the normal cellular activities to
combat tumor endothelium specifically.
Keywords: Angiogenesis, anti-tumorigenic, anthrax toxin receptors (ANTXR1 and ANTXR2), extracellular matrix, TEM-8 (tumor
endothelial marker-8), CMG-2 (capillary morphogenesis gene-2).

1. Introduction
It is well anticipated that tumor and the blood vessels
supporting pathological angiogenesis differentially express
many genes as compared to normal functional blood vessels and
tissues. Among which, a vast panel of ‘tumor endothelial
markers’ (TEM 1 to TEM 9) are over-expressed and highlighted
in various malignant tumor endothelium as compared to normal
endothelium (Mehran et al.2014; St Croix et al., 2000) [47, 59].
One of the increased expression is also of TEM-8, which was
also subsequently discovered to be the first receptor for anthrax
toxin and in that context named as anthrax toxin receptor 1
(ANTXR1). In vitro screening of endothelial cells undergoing
capillary tube formation in 3D collagen matrices upregulate
many genes involved in basement matrix assembly, growth
factors, endothelial cells differentiation markers and capillary
morphogenesis gene-2 (CMG-2) (Bell et al., 2001) [2]. This
protein, termed as anthrax toxin receptor 2 (ANTXR2) was later
identified by both Collier and Leppla group as a major receptor
for anthrax toxin mediating lethality in vivo (Scobie et al.,
2003) [56]. Thus, both of the anthrax toxin receptors, CMG-2 and
TEM-8, has potential role in the vasculature formation during
angiogenesis.
2. Anthrax toxin Proteins
Bacillus anthracis is a gram-positive, rod-shaped, spore
forming and capsule forming bacteria which secrets virulence
factors that are the main causative agents of anthrax toxicity
(Mock and Fouet, 2001) [48]. B. anthracis can enter through the
wounded skin, gastrointestinal tract or by inhalation in the
respiratory tract. The spores are taken up by macrophages
(present adjacent to the epithelial route) and are germinated
when macrophages reached to the lymph nodes (Weiner and
Hanna, 2003) [49]. Anthrax secretes tripartite toxin, where PA
(protective antigen) acts as the binding (B) domain and LF

(lethal factor) and EF (edema factor) act as active (A) domains
individually to form the binary toxins: lethal toxin (LeTx) and
edema toxin (EdTx), respectively (Singh et al., 1999) [8]. These
tripartite proteins of the anthax toxin- LF, EF and PA are major
virulent agents in infected hosts and the second major virulence
factor in B. anthracis is its poly-γ-D-glutamic acid capsule
(Collier and Young, 2003) [20].
PA recognizes the von Willebrand Factor A (vWA) domain of
the two cell surface receptors, TEM-8 and CMG-2. Receptorbound 83 kDa PA protein is proteolytically processed by host
furin protein present in cell membrane, resulting in the
dissociation of a 20 kDa fragment of PA from its N terminus.
The remaining receptor bound 63kDa PA heptamerizes,
orchestrating the formation of a prepore that can bind up to 3
molecules of LF or EF and instigating internalization of the
complex into clathrin coated endosomes. There are implications
that various signaling mechanism are recruited after the toxin
binding to the receptor to mediate its internalization which
includes src-like kinase (SLK) signaling, Wnt signaling, and
PI3 kinase signaling (Abrami et al., 2008, 2010; Wei et al.,
2006) [3, 62]. Src-like kinases, src and fyn are predicted to
phosphorylate tyrosine residues at the intercellular sites of
TEM-8 or CMG-2 receptors after the binding of the PA subunit
of anthrax toxin. It’s further demonstrated that Src dependent
of the TEM-8 and CMG-2 is required for their subsequent
ubiquitination, which turns on the next event that is clathrinmediated endocytosis of the receptors and internalization of
anthrax toxin (Abrami et al., 2010) [2, 4]. Endocytosis is also
mediated by toxin-induced ubiquitination of anthrax receptors
by the E3 ligase Cbl (Abrami et al., 2006) [6]. Role of
heterotetrameric adaptor protein AP-1 in internalization of the
clathrin coated endosomes is also been documented (Abrami et
al., 2010) [2, 4]. After internalization, the low pH environment of
the endocytic vesicle causes a conformational rearrangement of
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the PA prepore structure to pore formation by extending into
the membrane structure of vesicle (Blaustein et al., 1989) [10].
This acidic pH also mediates unfolding of LF and EF toxin
proteins which drives their translocation in the intercellular
milieu (Krantz et al., 2005) [37].
LF is a 90-KDa zinc-dependent metalloprotease that cleaves the
members of mitogen-activated protein kinase kinases family
(Klimpel et al., 1994 [35]; Duesbery et al., 1998) [26]. Inactivation
of these major MEKs i.e., extracellular signal regulated kinases,
c-Jun N-terminal kinases and p38 MAPKs impairs various
important cellular processes task such as cell division, cell
differentiation, cellular response to different types of stress
(Cargnello and Roux, 2011) [16] and LF also directly activates
Nlrp1b inflammasome and caspase-1 dependent apoptotic
machinery (Levin et al., 2008; Kirby 2004) [39, 34] as illustrated
in Figure 1.
EF (89kDa) is a calmodulin-dependent adenylate cyclase which
amplifies the level of cAMP (Robertson et al., 1988) [53].
Activity of EF is regulated in a biphasic manner by intracellular
level of Ca++. Resting or cellular levels of Ca++ activates the
EF via calmodulin, whereas excessive levels of Ca2++ reduce its
activity due to competitive inhibition by Mg++ ion in the active
site (Tang and Guo, 2009). EF is considered to be associated
with the perinuclear later endosomal membrane, thereby
generating a cAMP gradient decreasing from the nucleus to
plasma membrane (Guidi-Rontani et al., 2000; Zornetta et al.,
2010; Dal Molin et al., 2006) [30, 66, 22] which is in contrast to the
endogenous host adenylate cyclases generated a cAMP gradient
(in decreased orientation from plasma membrane to nucleus)
(Dal Molin et al., 2006; 2007) [22]. The intracellular actions of
EF and LF had cytotoxic effect on the host cells and ultimately
lead to loss of cellular viability. The disease is mostly lethal
because of high bacterial load and release of tripartite proteins
in high amount in the host sera leading to multi-organ and
immune system failure and ultimately death of the host (Turk,
2007) [61].
3. Anthrax Toxin Receptors TEM-8 and CMG-2
Both TEM-8 and CMG-2 are type one transmembrane proteins,
which contains an extracellular metal ion dependent adhesion
site (MIDAS) for PA binding in a von Willebrand Factor A
(vWA) domain of approximately 200 amino acids. vWA
domains also facilitate interactions of protein with its cognate
ligands reported such as collagen VI, collagen XIV and
integrins. Three isoforms of TEM8 (of length 333, 368 and 564
amino acids) and four isoforms of CMG-2 (of length 322, 386,
488 and 489 amino acids) are generated by mRNA splice
variants. The short isoforms are predicted to be secretory
proteins as they are devoid of transmembrane region and cannot
internalize PA moieties and the long isoforms of TEM-8 and
CMG-2 shared 40% amino acid identity throughout their
sequence and 60% amino acid identity within their vWA
domains (Scobie et al., 2003; Bradley et al., 2001; CarsonWalter et al., 2001; Liu et al., 2003) [56, 14, 17], 40, 43]. The structure
of the long isoforms of TEM-8 and CMG-2 has been plotted
using Protter, a web based tool (Omasits et al., 2014) [50] (Figure
2) highlighting the different residues involved in PA binding
and various other post translational modifications reported till
date such as phosphorylation, ubiquitination and
palmitoylation. The cytoplasmic tails of TEM-8 and CMG-2
have been demonstrated as important in regulating the half-life
of the receptors at the plasma membrane. Palmitoylation of

cytoplasmic cysteine residues has been documented to increase
the half-life of the receptors by preventing their premature
clearance from the membrane (Abrami et al., 2006) [6]. Both
receptors also contain tyrosine residues, which after PA binding
gets phosphorylated and is responsible for toxin internalization
(Abrami et al., 2010) [2, 4]. However, truncation studies of the
TEM-8 receptor had postulated the relevance of extracellular
and transmembrane region for PA binding, processing,
oligomer formation, and translocation of lethal toxin into the
cytosol (Liu et al., 2003) [40, 43]. In the absence of anthrax toxin,
TEM-8 resides in intracellular endosomes as well as in the cell
membrane and is recycled between endosomes and the cell
membrane via process regulated by Rab11 GTPase (Gu et al.,
2010) [29]. CMG2 has been confirmed as the major anthrax toxin
receptor in vivo as CMG2−/− mice were completely resistant to
B. anthracis spore infection (Liu et al., 2009). The PA has 11fold higher affinity for CMG2 than for TEM8. The Kd of the
vWA domain of CMG-2-PA interaction is 170 pm indicating a
1000-fold tighter interaction than binding of vWA domains to
endogenous ligands. This dissociation rate constant also
reflected stable interaction time of CMG2.PA monomer
complex for upto 30 h suggesting its possible therapeutic role
where soluble forms of CMG-2 can acts as decoy receptors for
anthrax toxicity and to succumb potential tumor (Wigelsworth
et al., 2004 [38, 65]; Lacy et al., 2004) [38, 65].
4. Expression studies of TEM-8 and CMG-2
Upregulated expression of TEM-8 and CMG-2 receptors is
reported during angiogenesis; tubule formation in vitro and in
endothelial cells lining tumor blood vessels (Bell et al., 2001 [2];
St Croix et al., 2000) [59]. TEM-8 is temporally regulated and
induced during chick embryogenesis (Herrmann et al., 2010)
[31]
. Both TEM-8 and CMG-2 proteins expression were
localized to epithelial lining of the mouse organs that also
constitute anthrax toxins site of entry – skin, lung, and small
intestine. Different isoforms of TEM8 were detected by western
blot in mouse heart, skin, small intestine, ovary, testis, spleen,
liver, lung, brain and kidney (Bonuccelli et al., 2005) [12, 32]
whereas no such comparative data of TEM8 expression
determination in different human tissues is till date being
validated. However, preferential expression of TEM-8 protein
was observed in the blood vessels of colon cancer tissues as
compared to patient-matched normal colonic mucosa. Its
increased expression was also detected in endothelial cells of
human tumors, including bladder, esophageal, and lung (Nanda
et al., 2004) [49]. CMG-2 mRNA expression has been reported
in many human tissues, including heart, skeletal muscle, colon,
spleen, kidney, liver, small intestine, placenta, and lung (Scobie
et al., 2003) [56]. Immunohistochemical localization studies had
determined expression of CMG-2 in the mouse vascular
endothelium and epithelial cells lining skin, colon, and lung. In
both normal and malignant breast tissue, CMG-2 expression colocalizes with Collagen IV (Reeves et al., 2009) [51]. Apart from
both being common anthrax toxin receptor, no in vivo or in vitro
striking studies of CMG-2 and TEM-8 with each other on the
co-expression and interaction pattern has been postulated.
5. Indigenous role of TEM-8 and CMG-2
CMG-2 influences the endothelial cell proliferation and tubule
formation in cell culture studies observed, with little effect on
the migration of endothelial cells. Studies using RNA
interference had interpreted that decreased CMG-2 expression
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in human umbilical vein endothelial cells (HUVECs) results in
reduced cellular proliferation and capillary tubules formation in
Collagen I gels, whereas there was no effect on the cellular
migration demonstrated using cellular scratch wound assay.
However, overexpression of CMG-2 causes increased cellular
proliferation and tubule network formation in these HUVEC
cells (Reeves et al., 2009) [51].
Evidence for the role of TEM-8 has emerged to be a key
regulator in maintaining endothelial cell shape and migration.
Overexpression of TEM-8 in endothelial cells results in its
migration three times faster than the regular rate and enhances
its adhesion to Collagen I thereby inhibiting the adhesion of
endothelial cells to gelatin or collagen I (Hotchkiss et al., 2005)
[32]
. Comparatively, TEM-8 knockdown by ribozyme
transgenes in immortalized human umbilical cord endothelial
cells (HECVs) exhibited reduced migration and tubule
formation in comparison with control HECVs (Rmali et al.,
2005) [52]. Role of TEM-8 in regulating cell spreading is also
being demonstrated in HEK293 cells. HEK293 cells adherence
onto a PA coated surface plates resulted in wider cell spreading
and cell body extension via TEM-8. TEM-8 interaction with the
actin cytoskeleton was also observed and its inhibition by a
cytoskeleton- disrupting drug, cytochalasin D localize TEM-8
and actin at the base of lamellipodia and during cell spreading,
actin filaments along with TEM-8 colocalizes into the
lamellipodia (Werner et al., 2006) [64]. CHO cells, being of nonendothelial origin, transfection of full length TEM-8, a
transmembrane/vWA construct and the vWA domain alone
resulted in ‘tubules’ formation in 24 hours within these cells in
Matrigel assay (Rmali et al., 2005) [52]. The mice generated by
knocking down the TEM-8 receptor expression by Liu and
Cullen group were all normal in growth and development with
the exception of excess extracellular matrix deposition such as
collagen type I, type VI in many tissues. Tumor growth was also
delayed in TEM-8-/- knockout mice when B16 melanoma cells
were implanted. Interestingly, the defects in the physiological
angiogenesis were not observed in TEM-8-/- mice (Cullen et al.,
2009; Liu et al., 2009) [21] whereas recombinant soluble forms
of the TEM-8 receptor have anti-angiogenic effects in vitro
(Hotchkiss et al., 2005) [32] ascertaining TEM-8 can be a better
target for pathological angiogenic therapeutics.
6. Strategies to combat tumor using biological anthrax toxin
molecules
In a number of studies, native and mutant forms of Anthrax
toxin molecules (PA & LF) have been investigated as antiangiogenic and tumoricidal agents. PA has been used to
facilitate the specific delivery of anthrax and other fused toxin
proteins from Diphtheria, Pseudomonas using TEM-8 & CMG2 receptors. PA combined with FP59 (consists of the first 254
amino acids of B. anthracis lethal toxin for PA binding and
ADP ribosylation domain of Pseudomonas exotoxin A), a
fusion protein induces 50 fold more tumor cell death than PA
and LF combination (Arora et al., 1993) [9]. Direct tumoricidal
and anti-angiogenic effects of LeTx have been reported due to
MAPK inhibition by LF which disrupts the further signal
cascade and was earlier considered as the main inhibitory
mechanism for tumor growth (Duesbery et al., 2001; Koo et al.,
2002; Huang et al., 2008) [25, 36, 33]. During in vitro studies, many
tumors had exhibited constitutive MAPK signaling rendering
them more susceptible to LeTx induced toxicity. For example,
in melanoma cells, a point mutation in B-RAF makes it

constitutively active without stimulation by growth factors
resulting in enhanced MAPK activity (Abi-Habib et al., 2005;
Alfano et al., 2008) [1, 6].
The mutants of PA for its selective targeting of tumor cells had
also being designed. These mutations are at site recognized by
furin for cleavage and is replaced by sites recognized by the
proteases which are overexpressed in tumor cells eg matrix
metalloproteinase (MMP) or urokinase plasminogen activator
(uPA). In vitro, these combinations of mutated PA molecules
had represented potent anti-angiogenic and tumoricidal activity
and reduced animal toxicity when injected in mice compared
with administration of PA molecules mutated at the sites
recognized by Furin protease. It has been observed that
administration of FP59 along with the mutant of PA that
showed more prefer in binding to TEM-8 receptor than CMG2 achieves more sepecific tumoricidal activity (Liu et al., 2005;
2008; Chen et al., 2007) [1] emphasizing TEM-8 receptor also
as better target for tumoricidial strategies. Significantly, the
toxicity to the injected animal was also reduced and the immune
response generated to this altered PA protein was
approximately 6-fold lower than that by native PA (Liu et al.,
2008). Lethal toxin designed specifically for targeting tumor
vasculature by substituting furin cleavge site with matrix
metalloproteinases also inhibited the endothelial cell invasion.
Also, endothelial cells interaction with extracellular matrix
molecules such as collagen I, collagen IV and gelatin was
reduced, thereby promoting its inability to form blood- vessel
like tubules (Alfano et al., 2009) [7].
Further, a form of PA is also been designed with three amino
acids mutated PASSSR, (R164S, K165S,K166S, R167R) which
is resistant to cleavage by endogenous furin-like proteases, and
remains bound to the anthrax toxin receptors for an extended
period of time without being internalized. The blockade of
anthrax receptors inhibited vascular endothelium growth factor
(VEGF) and serum-induced human microvascular endothelial
cell (HMVEC) migration with no effect on endothelial cell
proliferation. In the experiment performed using corneal
micropocket assay, PASSSR inhibited angiogenesis in vivo and
inhibits Lewis Lung carcinoma growth. PASSSR can be
considered as nice candidate for reducing angiogenesis and
tumor growth as it excludes use of toxin LF n EF molecules on
endothelial or tumor cells (Rogers et al., 2007; Gordon et al.,
1995) [54, 28].
As evidence for its role as anti-angiogenic, it been reported that
intravitreal injection of LeTx can perturbed the mouse retinal
vasculature development (Bromberg-White et al., 2009) [15]. In
vivo models of the anaplastic thyroid carcinoma (ATC) tumors
from mice treated with LeTx displayed reduced endothelial cell
recruitment and tumor vascularization. PA mutated to
recognize MMP proteases induced necrosis of tumor cells
within eighteen hours after a single dose of toxin proteins
injection without affecting the vasculature of these tumors
(Alfano et al., 2010) [8]. In immunocompromised mice,
intratumoral injections of LeTx had inhibited tumor growth
along with reduction in the number of blood vessels supporting
the tumors at concentrations that even do not result in animal
toxicity (Duesbery et al., 2001) [25]. A recombinant soluble
TEM-8 receptor and Anti-TEM8 monoclonal antibodies
designed had selectively blocked tumor growth and tumor
angiogenesis (Hotchkiss et al., 2005 [32]; Chaudhary et al.,
2012) [18]. Anti-tumorigenic molecules targeting TEM-8 will
represent tumor- selective agents as comparative studies of both
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mouse and human tissues had reported the higher expression of
TEM-8 within tumor vessels as compared to other cells within
the tumor environment and normal tissues (St Croix et al.,
2000; Carson-Walter et al., 2001; Nanda et al., 2004) [59, 17, 49].
In various pre-clinical models, anti-angiogenic TEM-8 targeted
therapeutics designed include a fusion protein combining antiTEM-8 antibody with truncated tissue factor, which disrupts the
colorectal tumor vasculature and promotes local thrombosis,
thereby reducing colorectal tumor volume (Fernando et al.,
2009) [27]. DNA vaccine targeted to TEM-8 also showed signs
of anti-angiogenic and inhibited tumor growth in mice (Ruan et
al., 2009) [55]. TEM-8-Fc is a monoclonal antibody with antiangiogenic effect that inhibits metastasis of some tumors and
had showed remarkably reduced blood vessels density (Duan et
al., 2007).
7. Conclusion
It is now well perceived that TEM-8 and CMG-2 is highly
upregulated during angiogenesis and specific targeting of these

receptors can avert pathological angiogenesis and tumor
growth. Both receptors promote tubule formation of the blood
vessels where TEM-8 mediates endothelial cell migration and
CMG-2 influences endothelial cell proliferation. These
receptors bind to extracellular matrix proteins, such as collagen,
integrins to regulate the tubule development. However, despite
being toxin receptors and important tumor marker, the exact
downstream signal transduction mechanisms by which the
anthrax receptors influence angiogenic responses are not been
documented. The natural ligands for these receptors in vivo is
also not been discovered till date. Further, open challenges
which need to be addressed are the understanding of the diverse
mechanism which impairs the cell death by lethal toxin apart
from MAPKK pathway inhibition. Lethal toxin and its mutant
being represented as novice strategy for tumoricidal therapy but
its unwanted toxicity and immunogenic responses developed to
the delivered patients’ needs to be assess cautiously before it is
being implemented as therapeutic cure against tumor and
pathological angiogenesis.

Fig 1: Targets of Lethal Toxin: The Lethal Toxin (LT) after internalization inactivates various MKKs, targeting the downstream signal of the
MAPK signaling pathways which are essential for cellular differentiation, proliferation and survival and on another side, LT induces the Nlrp1
activation of the inflammasome subsequently activating the apoptotic machinery. Both the mechanisms impaired the normal cellular activities
resulting in cell death.

Fig 2: Predicted membrane Topology of TEM-8 and CMG-2 demonstrating experimentally verified PA interaction site and other observed post
translational modifications (ubiquitination, palmitoylation, phosphorylation, glycosylation) at their specific residues. Image is generated using
Protter with UniProt accession: Q9H6X2 for TEM-8 and P58335 for CMG-2.
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