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CRIS Objectives
• Develop new antibodies (mAbs) to botulinum 

neurotoxins, toxin accessory proteins, shiga 
toxins, abrin, amatoxins. (Objectives 1, 2)

• Develop new detection assays (immunoassays, 
activity based, mass spec, new platforms) for 
Staph enterotoxins, abrin, BoNT, amatoxins and 
shiga toxins (Objectives 1, 2, 4)

• Determine bioavailability of toxins in foods (pH, 
temperature processing, presence of foods or 
accessory proteins, other inhibitory molecules) 
with in vitro, and mouse bioassays (Objective 3)



Development of High Affinity 
Monoclonal Antibodies Against Toxins



Toxin Antigen Types

• Formaldehyde inactivated
• Heat inactivated (abrin)
• Iodoacetamide alkylation (botulinum neurotoxins)

• Recombinant toxins – Neurotoxin associated proteins (NAPs), 
catalytic domain mutations (shiga toxins)

• Recombinant toxin fragments (BoNTs)

• Conjugation with protein linkers (amatoxins)



Strategies for Developing a Sandwich ELISA

• Screen antibodies for an EIA

SuperSignal ELISA Pico Chemiluminescent

GAR-HRP

Detection antibodies: Stx1&Stx2-pAb

Stx1/Stx2
Capture antibodies: Stx1-2, Stx2-5, Stx2b-1

Stx2e-2, Stx2f-1



Challenges to the Development of 
Toxin Detection Assays

• Detect extremely low amounts for timely diagnosis and treatment

Lethal oral dose of 70 µg botulinum neurotoxins (i.e.: Need LOD of < 
ng/ml in food?)

IV dose of 20-200 ng (i.e.: Need LOD in pg/ml in sera?)

• Specificity: 8 serotypes (A-H), ~40 subtypes BoNT, 11 Shiga toxins

• Detection of active vs. non-active toxin

• Matrix effects: food, sera, feces, soil, etc.

• Ease of use

• Cost effective



Botulinum Neurotoxins

• Develop monoclonal antibodies to BoNT serotypes E, E NAPs, F, H

• Evaluate new assay formats e.g.: Pathsensors

• Determine bioavailability of BoNT in presence or absence of NAPs

• Determine bioavailability of BoNT +/- neutralizing mAbs, inhibitors, 

drugs



Development of antibodies to botulinum neurotoxin serotype E



Selectivity of BoNT/E antibodies



ELISA for BoNT/E



A Rapid, Sensitive, and Portable Biosensor Assay for the Detection of 
Botulinum Neurotoxin Serotype A in Complex Food Matrices

• Rapid detection of BoNT/A ≈ 40 min
• Highly sensitive, small sample 

volume
• Minimal sample manipulation
• Antibody-conjugated magnetic 

beads for capture
• B-cell biosensor expressing 

antibodies
• Capture mAb-Antigen-B cell 

interaction induces
luminescence output

• Platform for development of 
sensitive and rapid detection
of toxins and pathogens 



BoNT/A detection in Assay Buffer
BoNT/A

(ng)
Read Out

0.5 Positive

0.25 Positive

0.125 Positive

0.0625 Positive

0.0312 Negative

0 Negative

• Detection limit of the assay is < 0.0625 ng of BoNT/A in assay buffer



CANARY® Zephyr Detection of BoNT/A in the presence of food

Food Matrix LOD (ng/mL)

Assay buffer 10.0 ± 2.5

Whole milk 7.4 ± 2.2

2% milk 7.9 ± 2.5

Non-fat milk 7.6 ± 2.3

Orange juice 
(Neutralized)

62.5 ± 21.2

Apple juice 
(Neutralized)

75.0 ± 21.6

Carrot juice 
(Neutralized)

32.5 ± 12.0

Food Matrix LOD (ng/mL)

Liquid egg (Diluted) 171.9 ± 64.7

Ground beef 14.8 ± 2.6

Green bean baby 
food

16.6 ± 6.5

Smoked salmon 62.5 ± 0.00

CANARY® Zephyr detects BoNT/A in 10 complex matrices with varying limits of detection.  



BoNT/A complex structure: effect of 
NAPs on oral toxicity

Toxin in complex is 
20X more toxic 
than holotoxin in 
oral assays

Lee et. al, Plos Pathogens 2013 



Protein components of BoNT complexes



Oral bioavailability of BoNT complexes in phosphate gelatin

Toxin* Oral LD50’s (µg/kg)

Purified A complex 27 ± 3
Crude A extract 30 ± 3

BoNT/B 0.24 ± 0.028
Purified E complex 535

Crude E cell lysate 24 ± 1

Cheng et al, unpublished results



Inhibiting oral intoxication of botulinum neurotoxin A 
complex by carbohydrate receptor mimics• Purified BoNT/E complex only consists of E holotoxin and NTNHA

• Presence of other neurotoxin associated proteins (NAP) in crude extract 
enhanced oral toxicity of BoNT/E

• Carbohydrate receptor mimics block intestinal receptor binding of NAP, 
reducing oral toxicity



Role of NAPs in Botulinum Neurotoxin (BoNT) 
epithelial cell binding and internalization



Uptake of BoNT/A complex, holotoxin, and HA 
complex in Caco-2 cells

4 h after toxins (labeled in green fluorescence) added

Lam et al., Cellular Microbiology, 2015



BoNT in mouse intestines



BoNT/A complex structure

NAPs are not 
necessary for toxin 
absorption/intestinal 
binding but speeds 
up uptake by ~ 2 hr

Lee et. al, Plos Pathogens 2013 



S. cerevisiae var. boulardii reduced BoNT/A binding 
to intestinal cells



Lactobacillus strains reduced BoNT/A binding 
to intestinal cells 



BoNT/A oral toxicity is abrogated by Bithionol treatment



Summary



Amatoxins

• Develop monoclonal and polyclonal antibodies to amatoxins

• Immunoassays: ELISA, lateral flow assays



Antigen/Immunogen synthesis for amatoxin conjugates



Antibodies to amatoxins

Antibody Kd
(pM)

kon
(M-1 s-1)

koff
(s-1)

pAb rAb #58 35.0 4x104 1.5x10-6

mAb 9G3 63.8 1.2x105 7.8x10-6

mAb 9C12 823 2x106 2x10-3

Bever and Stanker, unpublished results



ELISA for the detection of α, β and ɣ amatoxins

Assay is selective for amatoxins (α, and ɣ, less for β) but not 
other similar toxins

mAb 9G3, plate coated with BSA-ama-peri @ 1 ug/mL



Lateral flow immunoassay: mushroom extracts

• Mushrooms from Dr. Bruns/Adams collection (UC 
Berkeley)

• ~20 mg of dried mushroom (cap) + 1mL PB
• Vortexed briefly
• 100 ul applied directly to LFA



Lateral Flow Detection of Amanitins

LOD: 1.25 ng/mL LOD: 5 ng/mL 

Detection sensitivities for 𝝰𝝰-amanitin and 𝝱𝝱-amanitin
LOD: 1 ng/mL 

Direct urine analysis without the 
need for sample processing

Bever and Stanker, unpublished data



Abrin

• Develop monoclonal antibodies to abrin

• Compare in vitro and cell based activity assays with mouse bioassay

• Determine bioavailability of abrin after heat, pH and food processing

• Test neutralization of abrin +/- presence of antibodies



Detection of Abrin Holotoxin Using Novel Monoclonal 
Antibodies



Abrin mAbs Subtypes

Name Type Western

LS02ABx IgG1, kappa Abrin holotoxin, 
A chain

LS03ABx IgG1, kappa Abrin holotoxin, 
A chain

LS04ABx IgG2a, kappa Abrin holotoxin, 
A chain

LS05ABx IgG2b,kappa Abrin holotoxin, 
A chain

LS06ABx IgG1, kappa Abrin holotoxin, 
A chain

LS07ABx IgG1, kappa Abrin holotoxin, 
A chain

LS08ABx IgG2a, lambda Abrin holotoxin, 
A chain

LS10ABx IgG1, kappa Abrin holotoxin, 
A chain

LS11ABx IgG1, kappa Abrin holotoxin, 
A chain

LS13ABx IgG1, kappa Abrin holotoxin, 
A chain

• 10 abrin mAbs were subtyped

• All mAbs were specific to 
• abrin A-chain (catalytic domain)

Detection limit in buffer and milk matrices: 1 ng/ml



A Monoclonal–Monoclonal Antibody Based Capture 
ELISA for Abrin



Abrin Stability After Exposure to High Temperatures or pH



Influence of Milk Matrices on the Thermal Inactivation of Abrin



Stability and bioavailability of abrin in milk matrices

Temperature Time Inactivation Type

63 ℃ 30 min Vat Pasteurization

72 ℃ 15 sec High Temperature 
short time (HTST)

138 ℃ 2 sec Ultra Pasteurization 
(UP)

134 ℃ 2 sec, 30 sec, 60 sec Mimic UP

63 ℃ 3 min Tam et al. 2017

74 ℃ 3 min Tam et al. 2017

8𝟎𝟎 ℃ 3 min Tam et al. 2017

8𝟓𝟓 ℃ 3 min Tam et al. 2017

99 ℃ 3 min Tam et al. 2017

• Tested using CFT, cell cytotoxicity,
mouse bioassay

• Complete inactivation (RED) requires
temperatures ≥ 80℃ for 3 min or
134 ℃ for 60 sec 

• No difference between non-fat 
and whole milk 

• Abrin inactivation requires higher
temperatures between buffer (Tam
et al. 2017) and milk matrices

International Dairy Foods Association suggested minimal processing times 



Stability and bioavailability of abrin in liquid egg

Temperature Time Inactivation Type

60 ℃ 2.4 min Scrambled egg

60 ℃ 3.5 min Plain whole egg

63 ℃ 3 min Tam et al. 2017

74 ℃* 3 min Tam et al. 2017

8𝟎𝟎 ℃** 3 min Tam et al. 2017

8𝟓𝟓 ℃** 3 min Tam et al. 2017

99 ℃** 3 min Tam et al. 2017

• Tested using CFT, cell cytotoxicity,
mouse bioassay

• Complete inactivation requires
temperatures ≥ 𝟕𝟕𝟕𝟕℃ for 3 min

• Increasing temperatures ‘cook’
the liquid egg to generate

‘solids’ ( *,**)

• Protection seen in vivo may due to 
testing of cleared supernatant and
the toxin could be still ‘active’ in the
solid form

International Egg Pasteurization Manual suggested minimal processing times 



Potential neutralization antibodies for abrin

• LS013ABx is most effective in inhibiting abrin
cytotoxicity in a Vero cell assay

• A mix of LS02ABx/LS07ABx/LS13ABx mAbs
enhances the protective effects seen with only 
LS13ABx



Staph enterotoxins (SE)

• Develop novel T- cell based detection assay for SEE, SED and SEA

• Determine stability of SEs after heat processing



SE detection with T cell based assay



Rapid Cell-Based Assay for Detection and Quantification of Active Staphylococcal Enterotoxin Type D



Sensitive, Rapid, Quantitative and in Vitro Method for the 
Detection of Biologically Active Staphylococcal Enterotoxin Type 
E 



Thermal Treatment at 99 °C for 5 min reduces the 
biological activity of SEE in PBS



Alternative to Animal Use for Detecting Biologically Active 
Staphylococcal Enterotoxin Type AA



Shiga Toxins

• Develop monoclonal and polyclonal antibodies to shiga toxins

• Compare detection sensitivity of ARS ELISA with current shiga toxin tests

• Detection of low colony forming units (cfu) in ground beef matrix

• Neutralization of shiga toxin +/- presence of antibodies



Challenges for Developing a Stx EIA



Stx-based Assays
Assay method Advantage Disadvantage

Mouse bioassay Detects active Stx Time & labor-intensive,
Vero cell assay non-specific

PCR Fast, specific
Detects stx DNA, false 
negative and positive

EIA Fast, specific, detects Stxs
Detects both active and 
non-active Stxs



Commercial Stx EIAs Approved by FDA
• Premier EHEC (Microplate EIA)
• ProSpecT Shiga Toxin (Microplate)
• Duopath Verotoxin GLISA (LFD)
• Immunocard STAT!EHEC (LFD)
• BioStar OIA SHIGATOX (Optical EIA)

Most current methods do not detect all STEC strains
-CDC MMWR, Oct. 16, 2009/58(RR12); 1-14



Purified recombinant catalytically inactive shiga
toxin (Stx) toxoids



Detection of Shiga Toxin 2a by ELISA



Detection of 10 Subtypes of Stx1 
and Stx2 by ELISA



Comparison of FTDP ELISA with 
the Meridian Premier EHEC assay 

Strain Serotype Stx2 sub ARS ELISA s/n Stx Premier s/n Stx
RM4876 O157:H7 Stx- 1 ± 0 - 1 ± 0 -
RM10638 O157:H7 Stx2a 218 ± 4 ++++ 50  ± 7 ++
RM7005 O118:H12 Stx2b 118 ± 1 ++++ 3  ± 1 -
RM10058 O157:H7 Stx2c 155 ± 1 ++++ 51  ± 8 +++
RM8013 ND Stx2d 139 ± 1 ++++ 50  ± 8 ++
RM7110 O139:NM Stx2e 9 ± 1 + 2  ± 1 -
RM7007 O128:H2 Stx2f 138 ± 2 ++++ 48  ± 8 ++
RM10468 ND Stx2g 155 ± 4 ++++ 2  ± 1 -

Signal/noise ≤ 3: -, 3~10: +, 10 ~50: ++, 50 ~100: +++, >100: ++++



Identification of STEC by Colony ELISA
Strain Serotype stx gene s/n
RM13506 O45 stx1a 1008
RM13508 O103 stx1a 1107
AA1 O174:H8 stx1c, stx2b 476
FF6 O113:H4 stx1c, stx2b 250
RM13149 nd stx1d 381
RM8082 O121 stx1d 165
RM10638 O157:H7 stx2a 179
RM1913 O157:H7 stx2a 382
RM10058 O157:H7 stx2c 80
MC654 O145:H28 stx1a, stx2c 153
RM8013 nd stx2d 28
RM7958 O113 stx1a, stx2d 699
RM7988 nd stx2e 2
RM7007 O128:H2 stx2f 6
CC3 O128:H2 stx2f 4
RM10468 nd stx2g 28
RM4876 O157:H7 - 1

A TCC25922 O6 - 1



Identification and pathogenomic analysis of 
an Escherichia coli strain producing a novel Shiga toxin 
2 subtype



New Monoclonal Antibodies against a Novel Subtype of 
Shiga Toxin 1 Produced by Enterobacter cloacae and Their 
Use in Analysis of Human Serum



Sensitive detection of active Shiga toxin using low 
cost CCD based optical detector

A simple low cost fluorescence detection system 
was constructed using a CCD camera and light 
emitting diode (LED) excitation source, to 
measure Vero cell GFP expression.

The system was evaluated and compared to a 
commercialfluorometer using photo-multiplier 
detection for detecting active Stx2 in the range 
100 ng/mL–0.01 pg/m



Serum Shiga toxin 2 values in patients during acute phase 
of diarrhoea-associated haemolytic uraemic syndrome



Mass Spec detection of shiga toxins



Stx2 mAbs Clear Toxin from the Mouse 
Bloodstream



Anti-Stx2 Antibodies Can Protect 
Mice from Intoxication



Antimicrobial Resistance Projects

• Develop mouse monoclonal and rabbit polyclonal antibodies to mcr1 

and mcr2 (proteins involved in colistin resistance)

• PCR methods for detection of presence of mcr genes



Development of novel antibodies for detection of 
mobile colistin-resistant bacteria contaminated in meats



Projects in progress:

Investigation of the prevalence of colistin-resistant bacteria in food 
• Cloning, expression and characterization of new MCR variants (mcr-1 

to mcr-6)

• Screening samples collected by FSIS from chicken rinse, beef, and 
pork for the presence of MCR using the immunoassay developed at 
ARS



Technology Transfer: Immunoassay Kits and Reagents

• MTAs (Stx, BoNT, amatoxins, abrin, Mcr)
• 2 patents (2 Stx2, 2f) + 4 pending
• 14 licenses (Abraxis, List Biologicals, Biosentinel
TechLab, Allergan, Tetracore, Millipore, etc.) + many pending
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