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ABSTRACT 

 

Anthrax spores can be aerosolized and dispersed as a bioweapon.  Post-exposure treatment for 

inhalational anthrax is available, but unreliable at later stages of infection when high levels of 

anthrax toxins are present.  Anthrax toxins enter cells via two identified anthrax toxin receptors: 

tumor endothelial marker 8 and capillary morphogenesis protein 2.  Thus, we sought to block 

entry of anthrax toxins into murine macrophages by silencing anthrax toxin receptors using 

RNAi technology.  Results show that silencing of capillary morphogenesis protein 2 using 

targeted siRNAs provides almost complete protection against cytotoxicity and death induced by 

anthrax lethal toxin as determined by viability assay.  The same results were obtained by pre-

binding cells with specific antibody prior to treatment with anthrax lethal toxin.  Thus, we have 

identified capillary morphogenesis protein 2-targeted RNAi technology as a potential life-saving 

therapy following infection with anthrax.  
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INTRODUCTION 

 

Inhalational anthrax is a leading bioterrorist threat1,2 and is fatal when left untreated1.  An 

anthrax vaccine has been licensed for human use (AVA or Biothrax, Emergent Biosolutions, 

Rockville, MD), but the required immunization schedule is complicated, requiring six doses over 

18 months followed by annual booster vaccinations2.  Post-exposure treatment for inhalational 

anthrax includes 60-day antibiotic therapy with a one-dose  vaccination of AVA shortly after 

exposure, however, this treatment is unreliable at later stages of infection when large amounts of 

anthrax toxins have been produced2. 

 

Bacillus anthracis is the etiological agent responsible for anthrax.  B. anthracis is a gram-

positive, rod-shaped bacterium capable of forming stable and easily dispersible spores that can 

be developed and used as a bioweapon1-3.  Alveolar macrophages will ingest the B. anthracis 

spores following exposure via inhalation and transport these spores to draining lymph nodes 

where they germinate2,4 and produce virulence factors: a poly-D-glutamic acid capsule 

surrounding the vegetative form of the bacterium and toxins4,5.   

 

 B. anthracis secretes two binary toxins: 1) lethal toxin (LeTx), which cleaves mitogen-

activated protein kinase kinases and leads to cell lysis and 2) edema toxin (EdTx), which elevates 

intracellular cyclic adenosine monophosphate levels leading to swelling or edema5,6.  Both toxins 

have protective antigen (PA) in common bound to either lethal factor (LF) or edema factor (EF).  

PA is responsible for host cell receptor binding and internalization of toxin complexes, binding 
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to either of two identified anthrax toxin receptors: tumor endothelial marker 8 (TEM8)7 and 

capillary morphogenesis protein 28. 

 

 In this study, we tested if silencing or blocking anthrax toxin receptor via targeted-

siRNAs or neutralizing antibodies would protect against anthrax LeTx-induced cell death in 

murine macrophages.  Effective siRNA-targeted silencing of anthrax toxin receptor expression to 

prevent entry of these toxins into host cells and subsequent cytotoxicity could provide for post-

exposure prophylaxis viable for both early and late stage anthrax infections. 
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RESULTS 

 

Anthrax toxin receptor expression in the Raw 264.7 murine macrophage cell line 

Transcript expression of the two anthrax receptors, TEM8 and CMG2, was evaluated in 

the Raw 264.7 cell line using RT-PCR methods.  TEM8, CMG2, and GADPH murine gene 

amplifications were based on previously described methods9 that were optimized here for 

maximum amplification using annealing temperature gradient PCR (Fig. 1).  Optimal 

amplification of murine CMG2 and GADPH genes was achieved at an annealing temperature of 

55 °C.  However, TEM8 transcript was not detectable.  Thus, the remainder of this study focused 

on silencing CMG2 gene as a potential therapy against anthrax toxins.   

 

Assessment of anthrax LeTx toxicity in CMG2-silenced cells 

First, we determined the optimal amount of targeted siRNA needed to specifically and 

effectively silence CMG2 transcript expression.  These experiments were performed in 24-well 

culture plates so samples would be sufficient for subsequent total RNA extraction.  Cells were 

mock-transfected or transfected with RNAiMAX reagent, siGFP or siTEM as non-specific 

siRNA controls, and CMG2.  RT-PCR analyses revealed that only 20 pmol of siCMG2 

specifically and effectively silenced CMG2 mRNA expression (Fig. 2a).  RT-PCR analyses 

using GADPH as a housekeeping gene were performed in parallel and results are also shown 

(Fig. 2a).   

 

Next, we determined if CMG2-silenced Raw 264.7 cells were protected against LeTx.  

Cell viability was assessed following LeTx treatments using a colorimetric, MTT assay in 96-
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well culture plates (Fig. 2b).  Cells that were treated with LeTx alone (LeTx only) were 54% 

viable when compared to cells not treated with toxin.  To control for non-specific siRNA effects, 

GFP-targeted siRNAs were used to treat cells and as expected, cell viability after toxin treatment 

was similar to cells that were treated with LeTx only (51%).  In contrast, cells treated with 

CMG2-targeted siRNAs were 95% viable.  Thus, specific silencing of CMG2 via targeted 

siRNAs offered almost complete protection against LeTx.  Furthermore, the groups tested were 

significantly different as determined by two-tailed, one-way ANOVA (p = 0.0033).  Moreover, 

Dunnett post-hoc comparisons of each group to the LeTx only group revealed that the 

differences in cell viability between the CMG2-silenced group and the LeTx only group were 

statistically significant (p < 0.05).  

 

Antibody-blocking of CMG2 

A CMG2-specific antibody blocking assay was used to verify that the unavailability of 

CMG2 in Raw 264.7 led to the inability of LeTx to induce cytoxicity.  The anti-CMG2 goat 

polyclonal antibody from Abcam (ab101711) was chosen for this assay because it was raised 

against a peptide sequence: HEGLKLANEQIQK, found within the anthrax toxin-binding region 

(NP_477520.2; NP_001139266.1) and reactive to human, mouse, and rat species.  As a negative 

control, a goat anti-mouse IgG2a antibody was used in this assay.  As before, addition of LeTx to 

Raw 264.7 cells lead to an approximate 50% reduction in cell viability as compared to cells not 

treated with toxin (Fig. 3).  Cells treated with goat anti-mouse IgG2a were also susceptible to 

LeTx and were only 58% viable.  In contrast, cells treated with anti-CMG2 antibody were 95% 

viable, and thus protected from toxicity.   
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DISCUSSION 

 

 In this study, murine macrophages were significantly protected from LeTx-induced cell 

death by silencing CMG2 transcript expression via targeted siRNA therapy.  These observations 

were further substantiated using anti-CMG2 antibodies to block the PA-binding domain of 

CMG2, which also resulted in protection in murine macrophages against LeTx.  Thus, CMG2-

targeted siRNAs, and even TEM8-targeted siRNAs, may have therapeutic applications in 

patients infected with anthrax.  Although CMG2 as an anthrax toxin receptor was the focus of 

this study, it would be beneficial to conduct studies to test if TEM8 can be effectively silenced 

using specific siRNAs, and if this silencing would lead to protection against LeTx.   

It was not possible for us to conduct these TEM8 studies using Raw 264.7 cells because 

TEM8 transcript levels were undetectable in these cells.  Poor or undetectable levels of TEM8 

transcripts in Raw 264.7 cells have been previously reported9,10.  Furthermore, primary mouse 

and human alveolar macrophages also express marginal levels of TEM8 protein10.  However, use 

of TEM8 as an anthrax toxin receptor may be important in other cell types.   

Other cell types susceptible to the effects of anthrax toxins include human lung epithelial 

cells11 and endothelial cells12 based on loss of barrier function as measured in vitro.  LeTx may 

also induce apoptosis in human endothelial cells13,14.  These observations are supported in vivo in 

mice with measured vascular leakage following administration of LeTx, and in human 

inhalational anthrax cases as pleural effusions are a common manifestation1.  Furthermore, 

anthrax toxins also suppress immune function in monocytes, macrophage, dendritic cells, B 

lymphocytes, and T lymphocytes15.  Thus, it would be important to evaluate if CMG2 or TEM8-
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targeted siRNA therapy would also aid in countering the effects of anthrax toxins on these cell 

types. 

Finally, future studies using CMG2 or TEM8-targeted RNAi can also be conducted in a 

murine model of pulmonary anthrax.  In vivo, we can further evaluate if these treatments could 

provide protection against lethality when used prior to anthrax spore infection, early on during 

infection, or in later stages of infection. 
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MATERIALS AND METHODS 

 

Cell culture:  Raw 264.7 (TIB-71, ATCC, Manassas, VA) were maintained in DMEM (Life 

Technologies, Grand Island, NY) supplemented with 10% heat-inactivated fetal bovine serum 

(Sigma-Aldrich, St. Louis, MO), 100U penicillin, and 100 µg streptomycin (complete-DMEM).   

 

siRNA Transfections:  Initial experiments were performed with Raw 264.7 cells seeded in 24-

well culture plates at 2 x 105 cells per well in 0.5 ml total volume of antibiotic-free DMEM-10% 

FBS one day prior to transfection with siRNAs.  siRNAs targeted to TEM8 (siTEM8) and CMG2 

(siCMG2) were purchased from Santa Cruz Biotechnology, Inc (sc-40201 and sc-60232, 

respectively, Santa Cruz, CA).  GFP siRNA (siGFP, sense-strand 5’ 

GGCAUCAAGUAUCGGAAGAdTdT-3’) was custom-ordered from Life Technologies. The 

siGFP was used as an irrelevant, control siRNA for our studies as the Raw 264.7 cells used did 

not contain the GFP gene.  All siRNAs were delivered to Raw 264.7 cells using Lipofectamine 

RNAiMax reagent (Life Technologies) as per manufacturer’s protocol.  Later experiments were 

downscaled to a 96-well format, with 1.25 x 104 cells seeded per well in 0.1 ml total volume of 

antibiotic-free medium.  In these experiments, Raw 264.7 cells were transfected with siRNAs 

one day after seeding, incubated for 48 hours, transfected again with 48-hour incubation, and 

challenged with LeTx. 
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LeTX Challenge and Cell Viability Assay:  LeTx solutions were prepared by incubating 320 

µg/ml recombinant LF (List Biologicals Laboratories, Inc., Campbell, CA) in PBS for 10 

minutes.  Recombinant PA (List Biologicals Laboratories) was then added to 480 µg/ml and 

incubated for another 10 min.  LF + PA (LeTx) solutions were then added to Raw 264.7 cells in 

96-well plates at 100 µl/well and were incubated for 7 hours at 37°C and 5% CO2.  Some cells 

were incubated with 100 µl/well PBS instead of LeTx and were used as viable-cell control 

samples.  Following toxin treatments, a thiazolyl blue tetrazolium bromide (MTT) colorimetric 

assay was used to assess cell viability as described by Twentyman et al16, with some 

modification.  Briefly, 20 µl of MTT was added to each well and incubated for 2 hours at 37°C 

and 5% CO2.  Then, the medium was carefully removed and 200 µl/well of dimethyl sulfoxide 

was added to solubilize the formazan crystals formed.   The absorbance was read at 570 nm 

using the PowerWave XS2 (BioTek, Winooski, VT).  Readings were normalized to viable-cell 

control samples for each experiment. 

 

Antibody Blocking of CMG2 Receptors to Inhibit LeTx Toxicity: Raw 264.7 cells were seeded 

at 1.25 x 105 cells/well in 100 µl/well of complete-DMEM and incubated overnight.  The cells 

were then treated with 1 µg/ml goat anti-CMG2 polyclonal antibody (ab101711, Abcam, Inc., 

Cambridge, MA) or goat anti-mouse IgG2a (Bethyl Laboratories, Inc., Montgomery, TX) as 

negative control for 30 minutes on ice to allow for binding.  LeTx challenge followed by 

assessment of cell viability proceeded as described above. 
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Reverse transcription-polymerase chain reaction:  RNA was isolated from cells cultured in 24-

well plates using QiaShredder and RNeasy Mini kits from Qiagen (Valencia, CA).  Superscript 

III reverse transcriptase (Life Technologies) was used for first-strand cDNA synthesis from 0.5 

µg total RNA per sample.  Murine TEM8 (258 bp), CMG2 (364 bp), and GADPH (239 bp) 

fragments were then amplified for 36 cycles using specific primers as described by Young et al9.  

 

Statistical Analyses:  GraphPad Prism Version 5.04 was used to perform statistical analyses.  

Two-tailed, one-way, analysis of variance (ANOVA) was performed between groups and was 

followed by Dunnett’s multiple comparison tests.  A p-value of less than 0.05 was considered 

significant. 
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FIGURE LEGENDS 

 

Figure 1: Anthrax toxin receptor mRNA expression in Raw264.7 macrophage as 

determined by RT-PCR.   A: Total RNA was isolated from Raw264.7 cells and Superscript III 

reverse transcriptase was used to synthesize cDNA.  TEM8, CMG2, and GADPH cDNA 

amplification was optimized by varying annealing temperatures ranging from 55-68°C.   

 

Figure 2.  siRNA-targeted silencing of CMG2 and evaluation of anthrax LeTx toxicity.  a: 

Raw264.7 cells were cultured in 24-well plates and treated as follows: 1) untransfected (-), 2) 

RNAiMAX alone (L) , 3) siGFP 10 and 20 pmol, 4) siTEM8 10 and 20 pmol, and 4) siCMG2 10 

and 20 pmol.  Total RNAs from these cells were isolated after 48 hours and RT-PCR was 

performed to amplify CMG2 and GADPH fragments.  b: Raw 264.7 cells were cultured in 96-

well plates and were transfected twice with 5 pmol siGFP or siCMG2, or mock-transfected.  The 

cells were challenged with anthrax LeTx 48 hours after that last transfection.  MTT assays were 

used to evaluate cell viability.  Data were normalized to cell viability controls (no LeTx) in each 

experiment.  The mean + standard deviation (S.D.) of four experiments, performed in triplicates, 

is shown for all groups.  One-way ANOVA revealed the groups to be significantly different (p = 

0.0033) and Dunnett post-hoc comparisons to mock-transfected, LeTx treated cells (LeTx only) 

were performed (* p < 0.05). 

 

Figure 3.  Evaluation of anthrax LeTx toxicity to Raw 264.7 cells in the presence of anti-
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CMG2 antibody.  Anti-CMG2 or an isotype control antibodies were allowed to bind to Raw 

264.7 cells prior to addition of LeTx.  MTT assays were used to evaluate cell viability.  Data 

were normalized to cell viability controls (no LeTx) for the experiment performed in triplicates.  

The mean + S.D. is shown for all groups.  One-way ANOVA revealed the groups to be 

significantly different (p = 0.0022) and Dunnett post-hoc comparisons to cells treated with LeTx 

only were performed (** p < 0.01).  
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