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Background: Bispecific heterodimeric camelid heavy chain-only antibodies (VHHs) have been shown to neutralize ricin
toxin in vivo.
Results: Heterodimeric VHHs promote ricin aggregation in solution and block toxin attachment to cell surfaces.
Conclusion: The bispecific nature of the heterodimeric VHHs may be important for toxin neutralization in vivo.
Significance: Understanding mechanisms of toxin neutralization will lead to the development of new antitoxin agents.

Novel antibody constructs consisting of two or more different
camelid heavy-chain only antibodies (VHHs) joined via peptide
linkers have proven to have potent toxin-neutralizing activity in
vivo against Shiga, botulinum, Clostridium difficile, anthrax,
and ricin toxins. However, the mechanisms by which these so-
called bispecific VHH heterodimers promote toxin neutraliza-
tion remain poorly understood. In the current study we pro-
duced a new collection of ricin-specific VHH heterodimers, as
well as VHH homodimers, and characterized them for their abil-
ity neutralize ricin in vitro and in vivo. We demonstrate that the
VHH heterodimers, but not homodimers were able to com-
pletely protect mice against ricin challenge, even though the two
classes of antibodies (heterodimers and homodimers) had virtu-
ally identical affinities for ricin holotoxin and similar IC50 values
in a Vero cell cytotoxicity assay. The VHH heterodimers did
differ from the homodimers in their ability to promote toxin
aggregation in solution, as revealed through analytical ultracen-
trifugation. Moreover, the VHH heterodimers that were most
effective at promoting ricin aggregation in solution were also
the most effective at blocking ricin attachment to cell surfaces.
Collectively, these data suggest that heterodimeric VHH-based
neutralizing agents may function through the formation of anti-
body-toxin complexes that are impaired in their ability to access
host cell receptors.

There remains a large demand in the public health commu-
nity and military sectors for the development of prophylactics
and therapeutics capable of neutralizing fast-acting plant and

microbial toxins, especially those like botulinum neurotoxins,
anthrax, and ricin toxin that have the potential to be used as
biothreat agents (1– 4). Although a number of promising toxin-
neutralizing murine and humanized monoclonal antibodies
(mAbs) are in the pipeline, the emergence of technologies sur-
rounding the generation and expression of toxin-specific cam-
elid heavy chain-only VH domains (VHHs)3 has opened up new
avenues for the rational design and delivery of antitoxin agents
(5). VHHs with toxin-neutralizing activity have been described
against botulinum neurotoxin (6), Clostridium difficile toxins
TcdA and TcdB (7–9), Shiga toxins (10), ricin (11, 12), and
anthrax toxin (13). X-ray crystallography of toxin-VHH com-
plexes has provided novel insights into the mechanisms of toxin
neutralization (7, 14) and single chain antibodies have been
successfully delivered into the intracellular compartment of
mammalian cells where they can effectively inactivate their tar-
gets (15).

We recently developed so-called VHH-based neutralizing
agents (VNAs) consisting of two or more different VHHs cova-
lently linked to each other via peptide spacers and expressed as
single fusion proteins in Escherichia coli (6, 9 –13). In general,
the linked VHHs lead to enhanced in vitro and in vivo neutral-
ization properties compared with the VHH monomers. This is
especially true in the case of ricin toxin. For example, we pro-
duced and characterized five VHHs against the ricin enzymatic
subunit (RTA) and one against the ricin binding subunit (RTB),
each with potent toxin-neutralizing activity in vitro (12). The
five RTA- and one RTB-specific VHHs were each able to neu-
tralize ricin toxin in vitro, albeit with varying IC50 values. How-
ever, the monomeric VHHs were unable to neutralize ricin in
vivo; when passively administered to mice, the monomeric
VHHs, alone or in combination with other VHHs did not pro-
tect animals from ricin intoxication, although in some cases
they extended time to death (11, 12). This was true even when
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VHH monomers were administered at 100:1 VHH:toxin stoi-
chiometric ratios. On the other hand, heterodimer VNAs con-
sisting of an anti-RTB VHH (RTB-B7) linked to one of three
different RTA-specific VHHs (RTA-D10, RTA-E5, and RTA-
F5) were each able to neutralize ricin in vivo at VHH:toxin stoi-
chiometric ratios as low as 4:1, thereby making them as effective
as the most potent murine mAbs described to date (16). It was
not determined whether the bivalent and/or the bispecific
nature of VNAs was critical in modulating toxin neutralizing
activity in the mouse model.

Ricin provides a model system to begin to assess mechanisms
by which VNAs but not VHH monomers promote toxin neu-
tralization in vivo. Ricin is the prototypic member of the med-
ically important superfamily A-B plant and bacterial toxins
(17). RTA is an RNA N-glycosidase that inactivates eukaryotic
ribosomes by catalyzing the hydrolysis of a universally con-
served residue within the so-called sarcin/ricin loop of 28S
rRNA (18, 19). RTB is a galactose- and N-acetylgalactosamine
(Gal/GalNAc)-specific lectin that promotes ricin uptake into
mammalian cells, including epithelial cells, sinusoidal endothe-
lial cells, and macrophages (20, 21). RTB also mediates the ret-
rograde transport of ricin from the plasma membrane to the
trans-Golgi network and endoplasmic reticulum (ER), where
RTA is liberated from RTB and retro-translocated into the cell
cytoplasm (22, 23).

In the current study we engineered and characterized a new
collection of ricin-specific VHH heterodimers and VHH
homodimers. The VHH homodimers had in vitro toxin-neu-
tralizing activities that were equivalent to or in some cases
exceeded those of the VHH heterodimers. However, none of
the VHH homodimers were able to protect mice against ricin
intoxication. On the other hand, two of the three new VHH
heterodimers, JNA10 and JNA11, were able to completely neu-
tralize ricin in vivo. The same two VHH heterodimers pro-
moted the formation of ricin toxin aggregates in solution and
were highly effective at blocking toxin attachment to cell sur-
faces. We propose that heterodimeric VNAs may neutralize
ricin in vivo through the formation of antibody-toxin com-
plexes and thereby impair the ability of ricin to access host cell
surfaces.

Experimental Procedures

Chemicals, Biological Reagents, and Cell Lines—Ricin toxin
(Ricinus communis agglutinin II), FITC (fluorescein isothiocya-
nate)-labeled ricin, ricin toxin A (RTA) and B (RTB) subunits
were purchased from Vector Laboratories (Burlingame, CA).
Ricin was dialyzed against PBS at 4 °C in 10,000 molecular
weight cutoff Slide-A-Lyzer dialysis cassettes (Pierce) prior to
use in cytotoxicity and animal studies. D-(�)-Lactose was
obtained from J. T. Baker (Center Valley, PA) and Sigma. Goat
serum was purchased from Gibco. Anti-E-tag HRP-conjugated
mAb was purchased from Bethyl Laboratories, Inc. (Montgom-
ery, TX). Unless noted otherwise, all other chemicals were
obtained from Sigma. Cell lines and cell culture media were
obtained from the tissue culture media core facility at the Wad-
sworth Center. THP-1 cells were grown in RPMI with 10% FBS;
Vero cells were grown in DMEM with 10% FBS. All cell lines

were maintained in 37 °C with 5% CO2 incubators, unless noted
otherwise.

Mouse Strains, Animal Care, and Immunizations—Mouse
experiments were performed as described (12). Female BALB/c
or Swiss Webster mice �8 –10 weeks of age were purchased
from Taconic Labs (Hudson, NY). Animals were housed under
conventional, specific pathogen-free conditions and were
treated in compliance with the Wadsworth Center’s Institu-
tional Animal Care and Use Committee (IACUC) guidelines.
For challenge experiments, groups of mice (n � 5 per group)
were injected by intraperitoneally with a mixture of ricin toxin
(RT; 2 �g) and corresponding VHH (12 �g) or IgG mAb PB10
(12 �g) in 0.4 ml of PBS. For pre- and post-exposure experi-
ments, mice were injected intraperitoneally with antibody 2 h
prior or post-ricin challenge. Mice received antibody pre-
mixed with ricin at time 0. The onset of hypoglycemia as a
measure of toxin-induced morbidity was measured using a
hand-held glucometer on days 0, 2, and 5 (Accu-Chek Advan-
tage, Roche, Indianapolis, IN). Mice were euthanized by carbon
dioxide (CO2) asphyxiation when they became overtly mori-
bund and/or blood glucose levels fell below 25 mg/dl. Survival
was monitored for up to 8 days. At no point in the study were
the animals administered analgesics or anesthetics so as not to
confound the effects of antibody treatments.

VHH and VNA Expression and Purification—Monomer,
homodimer, and heterodimer camelid antibodies were pro-
duced in E. coli Rosetta-gami (Novagen, Madison, WI) as thi-
oredoxin fusion proteins, following in-frame insertion of their
coding DNAs into the pET32 expression vector (Novagen).
Purification was achieved using a nickel affinity column (Invit-
rogen, ThermoFisher Scientific, Grand Island, NY) to the vec-
tor-encoded hexahistidine and detection employed anti-E-tag
recognition of the carboxyl-terminal E-tag epitope. Coding
DNAs were engineered or synthesized for insertion into the
vector, and all dimers contain a (GGGGS)3 flexible spacer (24).
Purity and concentrations of the antibody preparations was
determined by SDS-PAGE with comparisons to internal
standards.

Determining VHH Specificity Using Competition ELISAs—
Competition ELISAs were performed as described previously
(11). In brief, Nunc Immuno MicroWell 96-well plates from
ThermoFisher Scientific (Rochester, NY) were coated over-
night with 0.1 �g/well of ricin (15 nM) in PBS (pH 7.4). The
following day the plates were blocked with 2% goat serum in
PBS (pH 7.4) for 2 h. Then, VHHs (3.3 nM) at constant concen-
trations were mixed with 2-fold dilutions of RTA, RTB, or ricin
(starting at 200 �g/ml) and incubated for 30 min, then applied
to ELISA plates coated with ricin or BSA (0.1 �g/well; 8 nM) as
a control for 1 h. Plates were developed with HRP anti-E-tag
(1:10,000) and TMB (KPL, Gaithersburg, MD). The reactions
were stopped with 1 M phosphoric acid and absorbance was
read at 450 nm using the VersaMax Microplate Reader with
Softmax Pro 5.2 software (Molecular Devices, Sunnyvale, CA).
All samples were performed at least in triplicate.

Ricin Binding Assays Using THP-1 Cells and Flow Cy-
tometry—Ricin binding to cell surfaces was performed as
described (25). Briefly, THP-1 cells were collected by gentle,
low speed centrifugation (5 min at 400 � g). The resulting cell
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pellets were suspended to �5 � 106 cells/ml and seeded (200
�l/well) into clear U-bottom 96-well plates (BD Bioscience, San
Jose, CA). FITC-labeled ricin (50 nM) was mixed with VHHs
(100 nM) or lactose (88 mM) and incubated for 30 min on ice in
the dark prior to being added to THP-1 cells. Cells were incu-
bated for 30 min on ice to prevent internalization, washed twice
with PHEM buffer to remove unbound antibody-toxin com-
plexes, and then fixed for 15 min with 4% paraformaldehyde in
PHEM. FITC-labeled ricin binding to the surface of THP-1 cells
was measured using the FACS Calibur flow cytometer (BD Bio-
science). A minimum of 10,000 events was analyzed per sample;
experiments were repeated three independent times.

Sedimentation Velocity Analytical Ultracentrifugation
(AUC)—Ricin and VHHs were mixed at a 1:1 molar ratio and
2-fold dilutions were made, as previously described (11). Sam-
ples were mixed for at least 1 h before being subjected to AUC
and all three dilution samples were run in parallel. Sedimenta-
tion velocity experiments were conducted in a Beckman
Optima XL-I analytical ultracentrifuge (Beckman Coulter Inc.,
Brea, CA) at 20 °C at a rotor speed of 50,000 rpm. Double-sector
charcoal-filled epon centerpieces were filled with a sample vol-
ume of 400 �l and the reference volume of dialysis buffer was
420 �l. Absorption measurements were made at 280, 230, or
225 nm, depending on the protein concentration. Samples were
run in an An-60 Ti four-hole rotor with zero time between
scans. Care was taken to have the rotor at thermal equilibrium
for 1 h before accelerating directly to the speed of the experi-
ment. The data were analyzed by the found in SEDFIT (26). The
experimentally calculated sedimentation coefficients were con-
verted to s20,w values within the SEDFIT software and graphed
using Origins (OriginLab Corp., Northampton, MA).

Surface Plasmon Resonance (SPR) Kinetic Analysis—Kinetics
(ka, kd) and equilibrium dissociation constants were deter-
mined as previously described by SPR using the ProteOn
XPR36 (Bio-Rad Inc.) (14). A general layer compact (GLC) chip
was equilibrated in running buffer PBS, 0.005% Tween (PBS-T,
pH 7.4) at a flow rate of 30 �l/min for ricin immobilization.
Following EDAC (200 mM), sulfo-NHS (50 mM) activation (3
min), ricin was diluted in 10 mM sodium acetate (pH 5.0) at two
different concentrations (4 and 8 �g/ml) and immobilized (2
min). A third vertical channel received only acetate buffer and
served as a reference channel. The surfaces were deactivated
using 1 M ethanolamine (5 min). Ricin densities of 1099 and
2116 response units were obtained in the respective channels.
The ProteOn MCM was then rotated to the horizontal orien-
tation for antibody experiments. Binding of the antibodies was
determined across five different concentrations ranging from 5
to 100 nM. Antibody solutions were made in PBS-T (pH 7.4).
Antibody injections were made at 50 �l/min for 480 s and dis-
sociation times varied from 1 to 6 h. The GLC chip was regen-
erated using two injections of 10 mM glycine (pH 1.5) each at
100 �l/min for 18 s. All experiments were performed at 25 °C.
To calculate the kinetic constants, the data obtained were mod-
eled using the Langmuir fit, selecting local settings for calculat-
ing response unit max and grouped settings for kinetics values,
using the ProteOn Manager Software 3.1.0 (version 3.1.0.6)
(Bio-Rad Inc.).

Size Exclusion Chromatography Coupled with Multiangle
Light Scatter (SECMALS)—Antibody samples (200 �l), at a
range of concentrations in PBS (pH 7.4), were passed through a
0.2-�m Whatman Anotop syringe filter (GE Healthcare Life
Sciences) and then injected onto a Waters 300 SW column
(8.0 � 300 mm), which accommodates a separation range of
10,000 –300,000 Mr. The column was fully equilibrated and the
system template routinely calibrated with BSA standards. The
Varian HPLC is outfitted with an in-line 18 angle Wyatt Dawn
Heleos laser light-scattering detector and a Wyatt Optilab rEX
refractive index detector. Molecular masses were calculated
from laser light scatter data using the ASTRA (version 6.1.2.84)
software package from Wyatt Technology (Santa Barbara, CA).
In all cases the measured Mr were in agreement with antici-
pated Mr (Table 1; supplemental Fig. S1).

Statistical Analyses and Software—Statistical analysis and
graphs were carried out using GraphPad Prism 5 (GraphPad
Software, San Diego, CA). For survival studies, statistical signif-
icance was determined using the Log-rank (Mantel-Cox) test.
Analysis of variance was used to determine the statistical sig-
nificance of ricin binding comparing the ricin control to each
corresponding antibody treatment for the flow cytometry
experiments.

Results

Engineering New Bispecific VHH Heterodimers Consisting
of Neutralizing and Weakly Neutralizing Monomeric Con-
stituents—We previously reported that three different VHH
heterodimers (JJX12, JJX3, and JJX21), each consisting of
potent toxin-neutralizing, RTA- and RTB-specific mono-
mers, were able to protect mice from lethal dose ricin chal-
lenge when co-injected with toxin (11, 12). VHH het-
erodimers in the case of ricin consist of two different VHH
monomers covalently linked to each other via a peptide
spacer and expressed and purified from E. coli as a single
fusion protein. The prophylactic and therapeutic potential
of one of the heterodimers (JJX21) is shown in Fig. 1A; anti-
body treatment 2 h before or 2 h after ricin challenge was
sufficient to fully protect mice from toxin-induced death. In
this respect, JJX21 is similar to PB10 (Fig. 1B), one the most
potent murine mAbs described to date (27).

To identify the attributes of VHH heterodimers associated
with ricin toxin neutralization in vivo, we created three new
heterodimers, JNA10, JNA11, and JNA8. JNA10 and JNA11
each consist of an RTA-specific and RTB-specific monomer

TABLE 1
Molecular weight for homodimers and heterodimers as determined
by SECMALS

HD Molecular mass

Da
JJX21 42,190 � 2.3%
JNA11 44,730 � 2.4%
JNA10 50,750 � 1.6%
JNA6 51,700 � 2.7%
JNA8 48,250 � 2.5%
JNA14 50,740 � 2.0%
JNA2 48,870 � 1.3%
JNA3 NDa

a ND, not determined; VHH JNA3 had insufficient signal for light scattering due
to low concentration.
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in which one monomer has strong in vitro toxin-neutralizing
activity and one monomer has weak or undetectable toxin-
neutralizing activity (Tables 2 and 3). JNA8 consists of a
weak toxin-neutralizing RTA-specific VHH monomer
(RTA-F6) joined to a non-neutralizing RTB-specific mono-
mer (RTB-B9).

The three new VHH heterodimers were examined with
respect to their affinities for ricin holotoxin, in vitro toxin-neu-
tralizing activities, and capacity to passively protect mice
against ricin toxin challenge. Direct ELISAs confirmed that
JNA10, JNA11, and JNA8 were bispecific and capable of bind-
ing to RTA and RTB (Fig. 2, A, D, and G). As further (indirect)
evidence of their bispecificity, we found that attachment of
JNA10, JNA11, and JNA8 to plate-bound ricin was inhibited by
soluble ricin (Fig. 2, B, E, and H) but not soluble RTA or RTB
(Fig. 2, C, F, and I). It should be noted that binding of JNA10 and

JNA8 with plate-bound RTA was only modest because the
VHH monomer common to both antibodies, RTA-F6, is pro-
posed to recognize an epitope on RTA that is near the interface
of RTB (12). However, Fig. 2 also demonstrates that RTA-F6 is
fully functional because the binding of JNA10 and JNA8 to
plate-bound ricin was unaffected when the antibodies’ B-sub-
unit-specific VHH components were saturated with soluble
RTB. These data indicate RTA-F6 is sufficient to promote
JNA10 and JNA8 binding to ricin.

By SPR it was determined that the dissociation constants
(KD) of JNA10, JNA11, and JNA8 for ricin were virtually iden-
tical to each other (2.70 � 10�12, 1.67 � 10�12, and 4.27 �
10�12 M, respectively) (Table 4). Moreover, in a Vero cell cyto-
toxicity assay, JNA10 and JNA11 each had IC50 values of 0.1 nM,

FIGURE 1. Neutralization of ricin toxin by VHH heterodimers and homodimers in a mouse model. A, VHH heterodimer JJX21, and B, mAb PB10 were each
administered to adult BALB/c mice (n � 5 mice per group) 2 h prior (t � �2 h), concurrent with (t � 0), or 2 h after (t � �2 h) a 10� LD50 of ricin challenge.
Survival was monitored for 8 days. C, VHH heterodimers (JNA8, JNA10, and JNA11), or D, VHH homodimers (JNA2, JNA3, JNA6, and JNA14) were mixed with 10�
LD50 of ricin at an 8:1 molar VHH:toxin ratio, and then injected intraperitoneally into BALB/c mice (n � 5 mice per group). Survival was monitored for a total of
8 days. Antibody PB10 was used as a positive control for these studies, as described under “Experimental Procedures.” Panels A and B correspond to a single
experiment with shared controls, but were separated for clarity. It should be noted that VHH constructs JNA8, JNA2, JNA3, JNA6, and JNA14 significantly extend
time to death, as compared with toxin-only treated mice (p � 0.05; Log-Rank Mantel-Cox test).

TABLE 2
Characteristics of VHH monomers

EC50
a

VHHb KD IC50
c Ricin RTA RTB

M nM nM

RTA-D10 1.1 � 10�10 25 6.2 6.3
RTA-E5 2.3 � 10�10 5 3.1 3.1
RTA-F5 2.8 � 10�10 5 6.2 12.5
RTA-F6 7.2 � 10�10 	330 6.2 12.5
RTB-B7 0.05 � 10�10 1.5 6.2 88.2
RTB-D12 NDd NAe 47.7 5.9

a Value indicates the effective concentration of VHHs required to achieve 50%
maximal binding to ricin, RTA or RTB for competition ELISAs.

b Underlining indicates neutralizing VHHs.
c Values previously published indicating the concentration of VHHs required to

neutralize 50% of ricin in a Vero cell assay (12).
d ND, not determined.
e NA, not applicable as there was no detectable neutralizing activity.

TABLE 3
Characteristics of VHH heterodimers and homodimers

HDa VHH Pairingsb Protectionc IC50
d

nM

JJX21 RTA-E5 RTB-B7 � 1*
JNA10 RTA-F6 RTB-B7 � 0.1
JNA11 RTA-E5 RTB-D12 � 0.1
JNA8 RTA-F6 RTB-D12 � 0.1
JNA6 RTB-B7 RTB-B7 � 0.5
JNA2 RTA-D10 RTA-D10 � 10
JNA3 RTA-E5 RTA-E5 � 1
JNA14 RTA-D10 RTA-E5 � 2

a HD, heterodimer or homodimer.
b Underlining indicates neutralizing VHHs.
c Plus (�) symbol indicates VHHs that passively protected mice against a 10 �

LD50 ricin challenge and minus (�) symbol indicates VHHs that did not confer
complete protection.

d Value indicates the concentration of VHHs required to neutralize 50% of ricin in
a Vero cell cytotoxicity assay. (*) Indicates IC50 values previously published (12).

e Value indicates the effective concentration of VHHs required to achieve 50%
maximal binding to ricin, RTA, or RTB for competition ELISAs.
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which is �10-fold more potent than previously described VHH
heterodimers (12) (Table 3 and Fig. 3A). JNA8 also had an IC50
of 0.1 nM, which was surprising considering that the antibody
consists of a weak and a non-neutralizing VHH (Table 3 and
Fig. 3A).

Based on their in vitro profiles, we expected that JNA10,
JNA11, and JNA8 would prove effective at neutralizing ricin
toxin in vivo. To test this, JNA10, JNA11, and JNA8 were each
mixed with 10 � LD50 of ricin at an 8:1 VHH:toxin molar ratio
and administered to mice by intraperitoneal injection. Mice
treated with JNA10 (5/5) or JNA11 (5/5) survived the ricin chal-
lenge, whereas the group of mice administered JNA8 were only
partially (1/5) protected (Fig. 1C). These data demonstrate that
JNA8 is qualitatively different from JNA10 and JNA11 in the
mouse model, even though the three antibodies are indistin-
guishable from each other in terms of EC50 and IC50 activities in
vitro.

VHH Homodimers Demonstrate Potent Toxin-neutralizing
Activity in Vitro but Not in Vivo—We next wished to exam-
ine the potential of VHH homodimers to neutralize ricin in
vitro and in vivo, with the expectation that monospecific,
bivalent antibodies would be highly effective at inactivating
ricin toxin. We engineered VHH homodimers JNA6, JNA2,
and JNA3 consisting of the strongly toxin-neutralizing mono-
meric VHHs, RTB-B7, RTA-D10 and RTA-E5, respectively
(Tables 2 and 3). We also generated JNA14, a “pseudo”-ho-

FIGURE 2. Recognition of soluble ricin and ricin subunits by bispecific VHH heterodimers. Panels A, D, and G, direct ELISAs in which microtiter plates
were coated with RTA or RTB, as indicated, and then probed with 2-fold serial dilutions of JNA10 (A), JNA11 (D), or JNA8 (G). Optical density (OD) at 450
nm is shown on the y axis. Panels B, C, E, F, H, and I, competition ELISA in which microtiter plates were coated with ricin and then probed with VHH
heterodimers (B and C) JNA10, JNA11 (E and F), or JNA8 (H and I) in the presence of 2-fold serial dilutions of soluble ricin (middle panels), RTA or RTB (right
panels). The percent of antibody bound (captured) to the plate is indicated on the y axis. The results represent a single representative experiment done
in triplicate with each point indicating mean � S.D. In some instances error bars are masked by symbol and therefore not visible.

TABLE 4
Affinity and dissociation constants of VHH homodimers and het-
erodimers

VHH ka kd KD KD (calculated)a

1/ms 1/s M

JJX21 2.0 � 105 7.4 � 10�6 3.84 � 10�11 �7.5 � 10�11

JNA6 4.58 � 105 9.55 � 10�7 2.10 � 10�12 �6.22 � 10�12

JNA2 1.34 � 106 1.69 � 10�5 1.26 � 10�11 NAb

JNA3 3.96 � 105 1.26 � 10�5 3.20 � 10�11 NA
JNA10 4.40 � 105 1.20 � 10�6 2.70 � 10�12 �6.48 � 10�12

JNA11 5.77 � 105 9.66 � 10�7 1.67 � 10�12 �4.94 � 10�12

JNA8 3.43 � 105 1.47 � 10�6 4.27 � 10�12 �2.77 � 10�12

JNA14 7.67 � 105 7.96 � 10�7 1.04 � 10�12 �3.10 � 10�12

a KD calculated was calculated using the kd limit and the ka measured for those
VHHs that did not dissociate from ricin within the kd limit. In several instances
little to no VHH dissociation was detected over a 6-h time course, suggesting
that the dissociation rate constants were slower than 2 � 10�6 s�1 (37). It was
therefore not possible to generate a true KD value. Instead, the KD was calcu-
lated based on the so-called 5% rule that compensates for the limitations of SPR
(38). Actual SPR sensorgrams are provided in supplemental Fig. S2.

b NA, not applicable.
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modimer consisting of two different VHHs (RTA-E5 and
RTA-D10) that recognize overlapping but distinct structural
epitopes on RTA (14).

The specificity of the VHH homodimers for RTA or RTB was
demonstrated using ELISA-based soluble competition assays
(Fig. 4). As expected, soluble RTA (but not RTB) inhibited the
binding of JNA2, JNA3 (Fig. 4, E, F, H, and I), and JNA14 (data
not shown) to plate-bound ricin, whereas soluble RTB (but not
RTA) inhibited JNA6 (Fig. 4, B and C). The actual (or estimated)
dissociation constants (KD) of the VHH homodimers for ricin
were determined by SPR and ranged from 1 � 10�11 to 1 �
10�12 M (Table 4).

In the Vero cell cytotoxicity assay, we found that the VHH
homodimers were 2.5–12-fold more potent at neutralizing
ricin in vitro as compared with their respective monomeric
constituents, (Tables 2 and 3; Fig. 3B). It is interesting to note,
however, that the IC50 values associated with JNA2 and JNA3
were considerably different (10 versus 1 nM) from each other,
even though the two antibodies’ dissociation constants for ricin
were virtually identical (1.26 versus 3.20 � 10�11). This obser-
vation demonstrates that there is no clear correlation between
antibody affinity and toxin-neutralizing activity.

To evaluate the capacity of VHH homodimers to neutral-
ize ricin in vivo, JNA6, JNA2, JNA3, and JNA14 were mixed
with ricin at an 8:1 VHH:toxin molar ratio and administered
to mice by intraperitoneal injection. We found that none of
the VHH homodimers were able to fully protect mice against

ricin challenge, even though they did significantly extend the
time to death (Fig. 1D). Thus, despite their improved avidi-
ties for ricin and potent in vitro toxin-neutralizing activity,
none of the VHH homodimers were able to fully neutralize
ricin in vivo.

VHH Heterodimers Promote the Formation of Ricin Toxin
Aggregates in Solution—We previously reported that VHH het-
erodimer JJX12 promotes the aggregation of ricin toxin in solu-
tion, as evidenced by the formation of high molecular weight
species by AUC (11). To examine whether antibody-induced
aggregation is a general property associated with VHH het-
erodimers (particularly those associated with toxin-neutraliz-
ing activity in vivo), we subjected our new collection of VHH
hetero- and homodimers to AUC analysis, in the absence and
presence of ricin.

As reported previously, the sedimentation coefficient for
ricin was determined to be 4.6S (Fig. 5A) (11, 28). The VHH
hetero- (JNA10, JNA11, and JNA8) and homo- (JNA2, JNA3,
JNA6, and JNA14) dimers had sedimentation coefficients rang-
ing between 2.0S and 3.0S (Fig. 5, A-F, and data not shown). In
two instances, JNA6 and JNA11, also had minor (7–15%) dis-
tributions present at 1.7–1.8S, which may correspond to anti-
body breakdown products in the preparations. SECMALS
results showed no detectable signal that corresponded to the
lower molecular weight breakdown product seen with AUC.
When the antibodies were mixed with an equimolar ratio of
ricin and then subjected to AUC we observed distinct distribu-
tion profiles (Fig. 5).

The VHH homodimer-ricin complexes, including the pseu-
do-heterodimer JNA14, revealed two major distributions with
sedimentation coefficients corresponding to 4.9 –5.5S and 7.3-
7.5S (Fig. 5, A–C). We interpret these distributions as corre-
sponding to 1:1 and 1:2 VHH-toxin complexes, respectively. In
contrast, the VHH heterodimers, JNA10 and JNA11, each dis-
played distinct distributions between 8.3 and 8.7S and JNA11
had a long distribution tail with a sedimentation coefficient
�11.7S (Fig. 5, E and F). We interpret the 8.3– 8.7S distribu-
tions as corresponding to a 2:2 VHH:toxin ratio and the
sedimentation coefficients �11.7S as being heterogeneous
mixture of VHH:ricin oligomers. In this respect, the ricin:
JNA10 and ricin:JNA11 distribution profiles are virtually iden-
tical to what we observed previously for JJX12 (11), JJX3, and
JJX21 (data not shown). The ricin-JNA8 VHH heterodimer
mixture, on the other hand, displayed a single distribution pro-
file at 5.6S and no evidence of higher molecular weight species
(Fig. 5D).

Inhibition of Ricin Binding to Cell Surfaces by VHH
Homodimers and Heterodimers—We hypothesized that aggre-
gation of ricin toxin by heterodimeric VHH-based antibodies
JJX21, JNA10, and JNA11 would affect toxin attachment to cell
surfaces. To test this hypothesis, FITC-labeled ricin was mixed
with VHH heterodimers and homodimers and applied to
THP-1 cells in solution. Adherence of ricin to cell surfaces was
determined using flow cytometry. The three VHH het-
erodimers capable of neutralizing ricin in vivo, namely JJX21,
JNA10, and JNA11 reduced ricin binding to THP-1 cells by
	74% (Fig. 6). The other heterodimer JNA8 and VHH
homodimers also interfered with toxin attachment, but to a

FIGURE 3. In vitro neutralization of ricin toxin by VHH heterodimers and
homodimers. Ricin was mixed with serial dilutions of VHH heterodimers (A)
JNA8, JNA10, or JNA11 or (B) homodimers JNA2, JNA3, or JNA6 and then
applied to Vero cells, as described under “Experimental Procedures.” Cell via-
bility was measured 48 h later. The results represent a representative experi-
ment done in triplicate with each data point indicating mean � S.D. Each
agent was tested at least twice.
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lesser degree than JJX21, JNA10, and JNA11. These results are
suggestive of a possible connection between the ability of an
antibody to promote ricin aggregation in solution, interfering
with attachment to cell surfaces, and neutralizing ricin in vivo.

Discussion

VHH-based neutralizing agents consisting of two or more
different VHHs covalently linked to each other via a peptide
spacer have proven to be extremely effective in mouse (and in
one case piglet) models at inactivating an array of different
plant- and microbe-derived protein toxins, including botuli-
num neurotoxin (6), C. difficile toxins TcdA and TcdB (7–9),
Shiga toxins (10, 29), ricin (11, 12), and anthrax toxin (13).
However, with the exception of anthrax toxin, the mechanisms
by which these VNAs function in vitro and in vivo remains
poorly understood.

For example, we recently reported that VHH RTB-B7 binds
ricin with high affinity and has extremely potent in vitro TNA
but does not passively protect mice against a ricin challenge
(11). However, linking RTB-B7 to any of three different RTA-
specific VHHs (RTA-D10, RTA-E5, or RTA-F5) resulted in

VHH heterodimers able to neutralize ricin in a mouse model at
antibody:toxin molar ratios as low as 4:1 (12). We have now
shown that one of these heterodimers, JJX21 (RTA-E5 linked to
RTB-B7), has therapeutic potential in that it was able to protect
mice from ricin when administered to animals 2 h after toxin
exposure. In this regard, JJX21 was as effective as antibody PB10, a
well characterized toxin-neutralizing murine mAb that is being
considered for advanced development studies, alone or as part of
an anti-toxin mixture, in non-human primates (30, 31).

In an effort to better understand the specific attributes of
heterodimers that are important in neutralizing ricin in vivo, we
created three “new” VHH heterodimers, JNA10, JNA11, and
JNA8. JNA10 and JNA11 each consisted of a discordant pair of
VHH monomers (i.e. one with strong in vitro toxin-neutralizing
activity and one with weak or undetectable toxin-neutralizing
activity), whereas JNA8, was the result of partnering two non/
poorly neutralizing VHHs. We expected that JNA10, JNA11,
and JNA8 would be less effective at neutralizing ricin than
JJX21, for example, which is made up of two VHH monomers
each with potent toxin-neutralizing activities (12). Surprisingly,
in the Vero cell cytotoxicity assay, the three new VHH het-

FIGURE 4. Recognition of soluble ricin and ricin subunits by VHH homodimers. ELISA plates were coated with ricin and then probed with VHH homodimers
JNA6 (A–C), JNA2 (D–F), or JNA3 (G–I) in the presence of 2-fold serial dilutions of soluble ricin (left panels), RTA (middle panels), or RTB (right panels). The percent
of antibody bound to the plate is indicated on the y axis. The results represent a single representative experiment done in triplicate with each data point
indicating mean � S.D. In most instances error bars are masked by symbols and therefore not visible.
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erodimers (JNA10, JNA11, and JNA8) were 10-fold more
potent than JJX21. Thus, the in vitro neutralizing activity of
VHH heterodimers is not simply the sum of its monomeric
constituents, but a consequence possibly related to epitope
specificity and/or aggregation potential, as discussed below.

Despite their similarities, JNA10 and JNA11 differed from
JNA8 in several important respects. First, JNA10 and JNA11
were able to fully neutralize ricin in the mouse model at an
8:1 VHH:toxin molar ratio, whereas JNA8 afforded only par-
tial protection. Further studies will be necessary to deter-
mine whether full protection can be achieved with higher
amounts of JNA8. Second, AUC analysis revealed that
JNA10 and JNA11 promoted the formation of higher order
toxin-antibody complexes (“aggregates”) in solution, an

observation consistent with the bispecific (anti-RTA and
anti-RTB) nature of these two antibodies. Theoretically,
JNA10 and JNA11 promote toxin-antibody cross-linking by
bridging RTA on one toxin molecule with RTB on a second
toxin molecule.

However, AUC analysis indicated that JNA8 did not pro-
mote the formation of toxin-antibody aggregates even
through the bispecificity of JNA8 for RTA and RTB was dem-
onstrated experimentally. Indeed, the RTA-specific mono-
mer (RTA-F6) of JNA8 is the same as JNA10, and its RTB-
specific monomer (RTB-D12) is the same as JNA11 (see
Table 3). The failure of JNA8 to cross-link ricin could be
related to epitope occlusion of its constitute monomers,
RTA-F6 and RTB-D12. For example, RTA-F6 is postulated

FIGURE 5. Sedimentation coefficients for ricin and ricin-VHH complexes. Ricin (green), VHH constructs (black), or ricin-VHH complexes (red) were subject to
AUC, as described under “Experimental Procedures.” Each panel corresponds to a single VHH construct, as indicated in the label. The ricin-VHH mixtures were
incubated at room temperature for 1 h before being then subjected to AUC (20 °C). For convenience, the corrected sedimentation coefficients (s20,w) are
denoted above each sedimentation distribution in each plot. The AUC profiles are qualitative in nature and the values associated with the individual x- and
y-axes are adjusted to maximize the visible distributions. VHH homodimers JNA2 and JNA6 are shown in panels A and B, pseudo-homodimer in panel C, VHH
heterodimers in panels D–F, and a representative VHH monomer in panel G.
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to recognize an epitope on RTA at the interface between
RTA and RTB (12). If RTB-D12 were to bind an epitope on
RTB near that same interface, the two arms of JNA8 would
be expected to clash. We are using x-ray crystallography and
hydrogen deuterium exchange approaches to delineate the
epitopes recognized by RTA-F6 and RTB-D12.

All five VHH heterodimers (JNA10, JNA11, JJX21, JJX3, and
JJX12) that are capable of fully neutralizing ricin toxin in the
mouse model have now been shown by AUC to promote the
formation ricin toxin aggregates in solution (Fig. 5 and data not
shown) (11). At this point the relationship between the two
readouts (protection and aggregation) is unclear, but the bind-
ing studies presented in Fig. 6 may offer a clue. We postulate
that aggregation of ricin may not only impede toxin attachment
to cell surfaces (as shown in Fig. 6), but may also interfere with
retrograde trafficking should the complexes gain access to cel-
lular receptors. We have found that the most potent toxin-
neutralizing murine mAbs interfere with ricin transport from
the plasma membrane to the trans-Golgi network (32). Prelim-
inary studies using live cell imaging suggest that JJX21 forms
toxin-antibody complexes on the surfaces of lung epithelial
cells and affects movement of the toxin to the trans-Golgi net-
work cell.4

A role for antibody-mediated aggregation in immunity is not
a new concept (33, 34), although it is experiencing a resurgence
of sorts. For example, Chow et al. (35) recently reported that
combinations of neutralizing and toxin-enhancing murine
mAbs at certain distinct stoichiometries were synergistic at
neutralizing anthrax toxin in mice. The same mAb mixtures
promoted the formation of higher order toxin-antibody com-
plexes in vitro, underscoring the possible importance of toxin
aggregation in antibody-mediated protection in vivo (35). More

recently Galimidi et al. (36) demonstrated that cross-linking of
the HIV-1 trimeric envelope glycoprotein by homo- and
hetero-dimeric Fabs resulted in enhanced in vitro neutralizing
activity.

As part of this study we also investigated for the first time the
potential of VHH homodimers to neutralize a protein toxin in
vitro and in vivo. The results were somewhat unexpected in that
none of the three VHH homodimers, two directed against RTA
(JNA2 and JNA3) and one against RTB (JNA6) proved capable
of fully neutralizing ricin in the mouse model, although they
clearly had an effect on ricin based on their ability to extend the
mean survival time of an animal as compared with mice that
received only toxin. The failure of the RTB-B7 homodimer
(JNA6) to afford full protection was particularly surprising
given its affinity for ricin and its IC50 in the Vero cell cytotox-
icity assay were equivalent to those of VHH heterodimers that
did neutralize ricin in the mouse. These data demonstrate
clearly that avidity alone cannot explain the in vivo potency of
heterodimeric VHHs like JJX21, JNA10, and JNA11 and lend
support to the model that other functional attributes like aggre-
gation may in fact be critical in incapacitating ricin in the con-
text of a mammalian system.
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