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Abstract
Ricin toxin is a plant-derived, ribosome-inactivating protein that is rapidly cleared from cir-

culation by Kupffer cells (KCs) and liver sinusoidal endothelial cells (LSECs)—with fatal con-

sequences. Rather than being inactivated, ricin evades normal degradative pathways and kills

both KCs and LSECs with remarkable efficiency. Uptake of ricin by these 2 specialized cell

types in the liver occurs by 2 parallel routes: a “lactose-sensitive” pathway mediated by ricin’s

galactose/N-acetylgalactosamine-specific lectin subunit (RTB), and a “mannose-sensitive” path-

way mediated by the mannose receptor (MR; CD206) or other C-type lectins capable of recog-

nizing the mannose-side chains displayed on ricin’s A (RTA) and B subunits. In this report, we

investigated the capacity of a collection of ricin-specific mouse MAb and camelid single-domain

(VHH) antibodies to protect KCs and LSECs from ricin-induced killing. In the case of KCs, individ-

ualMAbs against RTAorRTB afforded near complete protection against ricin in ex vivo and in vivo

challenge studies. In contrast, individual MAbs or VHHs afforded little (<40%) or even no protec-

tion to LSECs against ricin-induced death. Complete protection of LSECs was only achieved with

MAb or VHH cocktails, with the most effective mixtures targeting RTA and RTB simultaneously.

Although the exact mechanisms of protection of LSECs remain unknown, evidence indicates that

the Ab cocktails exert their effects on the mannose-sensitive uptake pathway without the need

for Fc𝛾 receptor involvement. In addition to advancing our understanding of how toxins and small

immune complexes are processed by KCs and LSECs, our study has important implications for the

development of Ab-based therapies designed to prevent or treat ricin exposure should the toxin

be weaponized.
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1 INTRODUCTION

Ricin toxin has been classified as a biological threat agent by the

Centers for Disease Control and Prevention because of its extreme

toxicity, the ease by which it can be procured from castor beans, and

the absence of any available countermeasures.1 Continued concerns

about ricin are underscored by a recent NATO Biomedical Advisory

Abbreviations: BDMCs, bonemarrow-derivedmacrophages; ER, endoplasmic reticulum;

GBSS, Gey’s balanced salt solution; Gal, galactose; GalNAc, N-acetyl galactosamine; KCs,

Kupffer cells; LSECs, liver sinusoidal endothelial cells; PI, propidium iodide; TGN, trans-Golgi

network.

Council report that ranked ricin at the top of its list of agents with

weaponization potential.2 Ricin is a ∼65 kDa heterodimeric glyco-

protein consisting of 2 subunits, RTA and RTB, which are joined via a

single disulfide bond. RTB (262 amino acid residues), a bivalent lectin

that recognizes galactose (Gal) and N-acetyl galactosamine (GalNAc),

promotes ricin attachment to membrane bound glycoproteins and

glycolipids on mammalian cells. RTB also facilitates transport of

ricin from the plasma membrane to the trans-Golgi network (TGN)

and endoplasmic reticulum (ER), where RTA is liberated from RTB

and translocated into the cytoplasm. RTA (267 amino acid residues)

catalyzes the hydrolysis of the sarcin/ricin loop of 28S ribosomal RNA,

thereby arresting protein synthesis and triggering programmed cell
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death pathways.3–5 Because the addition of exogenous lactose inhibits

RTB-mediated attachment to host cells, this pathway is referred to as

a “lactose-sensitive” pathway.6

Ricin can also gain entry into certain cells types through a

“mannose-sensitive” pathway that was first described on bone

marrow-derived macrophages (BDMCs) and later shown to exist on

Kupffer cells (KCs) and liver sinusoidal endothelial cells (LSECs).6–10

Ricin is mannosylated at 3 different asparagine residues; 1 on RTA

(position 95) and 2 on RTB (positions 135 and 280).11–13 A number of

studies have implicated the mannose receptor (MR:CD206) as being

responsible for ricin uptake into BDMC, KCs, and LSECs, although

most of those studies were conducted years before the full suite of

the C-type lectins (CTL) and their roles in pathogen recognition were

discovered.14 Nonetheless, the mannose-sensitive pathway is a highly

efficient route by which ricin enters and kills in KCs and LSECs, due

in part to increased rates of internalization, as compared with the

lactose-sensitive uptake pathway.8–10

In this report, we sought to revisit the sensitivity of KCs and LSECs

to ricin in light of efforts to developMAb-based therapies and prophy-

lactics for ricin exposure.15–18 For example, we recently demonstrated

that i.v. deliveryof a singleMAb,PB10, directedagainstRTAwasable to

rescueRhesusmacaques from lethal dose aerosol challenge if adminis-

tered within a 4 h window.17 In that model, ricin intoxication is largely

restricted to the lung with little systemic involvement.19 In contrast,

following injection, ricin homes to the liver where it concentrates in

KCs and LSECs.8–10,20–24 Roche and colleagues reported in a mouse

model that a protective anti-RTA MAb was beneficial in blunting liver

damage following ricin exposure, although the specific interactions

between KCs and LSECs were not investigated. LSECs are of particu-

lar interest in this regard considering their importance in scavenging

mannosylated proteins from circulation25,26 coupled with their cen-

tral role in promoting the clearance of small immune complexes (SICs)

from blood.27,28

2 MATERIALS AND METHODS

2.1 Chemicals and biologic reagents

Ricin toxin (Ricinus communis agglutinin II) was purchased from Vec-

tor Laboratories (Burlingame, CA) and was dialyzed to remove sodium

azide, as described.29 Native RTA from R. communis seeds was

obtained from BEI Resources (Catalog NR-2619; Manassas, VA).30

HEPES buffer consisted of 0.22 g/L KCl, 7.7 g/L NaCl, 0.14 g/L

Na2HPO4, 1.8 g/L D-glucose, 7.15 g/L HEPES, and 0.001 g/L phenol

red in distilled water. Gey’s balanced salt solution (GBSS) contained

0.220 g CaCl2⋅2H2O, 0.370 g/L KCl, 0.030 g/L KH2PO4, 0.210 g/L

MgCl2.6H2O, 0.070 g/L MgSO4⋅7H2O, 8.00 g/L NaCl, 0.227 g/L

NaHCO3, 0.120 g/L Na2HPO4, and 1.00 g/L D-glucose in distilled

water. MACS buffer consisted of 0.5% (w/v) BSA and 2 mM EDTA

in PBS without Ca2+ and Mg+ (Thermo Fisher, Waltham, MA). Stain-

ing/wash buffer (SWB) for flow cytometry contained 2% (v/v) FBS

(Thermo Fisher) in PBS.

2.2 MAbs and VHHs

The MAbs used in this study are shown in Supplemental Table S1. The

MAbs were purified from hybridoma supernatants by Protein A chro-

matography at the Dana Farber Cancer Institute (DFCI) Monoclonal

Antibody Core facility (Boston, MA).31 The murine MAbs against RTA

(SyH7, PA1, IB2, WECB2, JD4, and PB10) and RTB (MH3, SylH3, LC5,

24B11, 8B3, and 8A1) have been previously described.29,31–35 The

VHHs against RTA (JIVF5, V5E1, V1D3, and V13G5) and RTB (JIZB7,

V5D1) have also been described, except for V11E10 (manuscript

in preparation).36–39

2.3 Cell lines and primary cell culture

The macrophage cell line, J774E, originally obtained from Dr. Philip

Stahl, Washington University School of Medicine (St Louis, MO), was

cultured in DMEM containing 10% (v/v) FBS and was used between

passage numbers 6 and 12.6 Primary KCs were cultured in medium

comprised of DMEM, 10% (v/v) heat-inactivated FBS, 100 U/ml peni-

cillin, 100 µg/ml streptomycin, 2 mM L-glutamine, 10 µg/ml insulin,

and 50 µM 2-mercaptoethanol. Isolated and purified LSECs were cul-

tured in medium containing 44% (v/v) MCDB 131 media (Sigma–

Aldrich, St. Louis, MO), 10% heat-inactivated FBS, 100 U/ml penicillin,

100 µg/ml streptomycin, 2 mM L-glutamine, 1 ng/ml dexamethasone,

and 44% (v/v) endothelial cell growth medium-2 microvascular (EGM-

2MV) containing SingleQuotsTM (Lonza, Walkersville, MD). All cells

were cultured on0.1mg/ml collagen-coated plates. Plateswere coated

by adding the collagen solution to the wells for 1 h at RT, removing,

and rinsing1 timewith calciumandmagnesium freePBS.Coatedplates

were stored for up to1month at 4◦C.All cellswere kept in a humidified

incubator at 37◦C and 5% atmospheric CO2.

2.4 Isolation of primarymurine KCs and LSECs

Liver perfusions were performed on female Swiss Webster mice

7–12 weeks of age, purchased from Taconic Biosciences (Rensselaer,

NY). The mice were kept in a specific-pathogen free environment and

treated in accordance to Wadsworth Center’s Institutional Animal

Care and Use Committee guidelines. Mice were euthanized by CO2

asphyxiation followed by cervical dislocation. For the liver perfusion,

the inferior vena cava was cannulated with a 24G x 0.75 in closed IV

Catheter System with Single Port (BD Bioscience, Franklin Lakes, NJ)

connected to a 20-cc syringe. A total of 20 ml preperfusion buffer

composed of GBSS without calcium (37◦C) was applied with a peri-

staltic pump (KD Scientific, Holliston, MA) at a flow rate of 5 ml/min.

The hepatic portal vein was clipped to allow for fluid drainage. For

the enzymatic digestion, 10 ml of 37◦C perfusion buffer consisting

of GBSS with calcium and 0.0008 g/ml Type IV Collagenase (Thermo

Fisher) was pumped through the liver at 5ml/min. Following digestion,

the liver was excised, and the gall bladder was removed before it was

placed in a 60 × 15mm cell culture dish containing 10ml of 0.1% (w/v)

BSA (Thermo Fisher) in PBS without Ca2+ and Mg+ (BSA–PBS). In

a sterilization hood at room temperature, primary parenchymal and

nonparenchymal liver cells were removed from the liver by gentle



MOONEY ET AL. 1163

tearing and shaking. The cell suspensionwas poured through a 100 µm

filter into a 50-ml conical tube. This step was repeated until no more

cells were released and the conical tube was filled to a total volume

of 40 ml with BSA–PBS. The cell suspension was subject to centrifu-

gation at 50g for 3 min 2 times to remove parenchymal cells, and the

supernatants containing nonparenchymal cells were stored on ice. All

subsequent steps were performed at 4◦C. The nonparenchymal cells

were pelleted by centrifuging at 800g for 10 min and the RBCs were

lysed by incubating with 7 ml ammonium chloride (Stemcell Technolo-

gies, Vancouver, Canada) for 4 min. The RBC lysate was removed by

adding 23ml of BSA–PBS and centrifuging for 5min at 800g.

2.5 Density gradient centrifugation andMACS

Following parenchymal cell and RBC removal, nonparenchymal cells

were resuspended in 5 ml of 17.6% (w/v) OptiprepTM (Cosmo Bio

USA, Carlsbad, CA) in a 15-ml conical tube. A 5-ml layer of 8.2% (w/v)

OptiprepTM was gently layered on top. Cells were centrifuged at

1400g for 17min. without brake at 4◦C. Cells at the interface between

both layers (∼2–3ml total volume) were carefully removed and placed

in a 50-ml conical tube. BSA–PBSwas added to a final volume of 30ml,

and the cells were pelleted at 800g for 5 min. Cells were resuspended

in 170 µl of degassedMACS buffer, and 30 µl of anti-F4/80microbeads

(Miltenyi Biotec, Auburn, CA) were added to positively select for KCs.

The cells and beads were incubated for 20 min at 4◦C in the dark.

Cells were washed twice with 1 ml MACS buffer and resuspended in

0.5 ml MACS buffer. Cells were separated using a MiniMACSTM kit

(Miltenyi Biotec). In the presence of a magnetic field, the column was

hydrated with 0.5 ml of MACS buffer, the cell suspension was added,

and the column was rinsed 3× with 0.5 ml of MACS buffer. The eluted

or negatively selected cells were collected in a 15-ml conical tube, and

the positively selected cells were retrieved by removing the column

from themagnetic field, adding 1ml ofMACS buffer, and plunging into

a 15-ml conical tube. Cells were seeded on collagen-coated plates, and

images were gatheredwith a phase contrast microscope.

2.6 Flow cytometry

Cells were seeded in a clear, U-bottom, 96-well plate at a density of

1 × 107 cells/ml (0.1 ml per well). Controls included unstained cells

and individually stained cells. For KC and LSEC purity assessment,

cells were pelleted by centrifugation (400g for 5 min) and resus-

pended in 100 µl Fc blocking solution containing TruStain fcXTM

(anti-mouse CD16/32) antibody (Biolegend, San Diego, CA) diluted

to 1:500 in SWB. Cells were incubated on ice for 15 min in blocking

solution and centrifuged at 400g for 5 min. Cells were incubated with

100 µl of conjugated primary antibodies diluted in SWB (Supplemental

Table S2) on ice for 30–45 min. For FITC-ricin binding studies, cells

were incubated on ice for 30minwith either FITC-ricin alone (3 µg/ml),

FITC-ricin and lactose (0.1 M), FITC-ricin and mannan (10 mg/ml), or

FITC-ricin and mannan and lactose. Plates were centrifuged at 400g

for 5 min, and the cells were washed twice in 200 µl of SWB. Finally,

the plate was spun at 880g for 5 min, and the cells were resuspended

in 400 µl of SWB in 5ml Falcon tubes. Cellswere analyzed immediately

with a BD FACSCaliburTM flow cytometer (BD Biosciences). Cell

viability was assessed by adding 5 µl of the propidium iodide (PI)

staining solution from a FITCAnnexin VApoptosis Detection Kit II (BD

Pharmingen, San Diego, CA) to the unstained control.

2.7 Ricin cytotoxicity and neutralization assays

White, flat-bottom 96-well plates were coated with Type I rat tail col-

lagen (0.1 mg/ml; Thermo Fisher Scientific) diluted in PBS. For ricin

toxin dose optimization, LSECs and J774E cellswere seeded at 2×105,

5 × 105, and 1 × 106 cells/ml, and KCs were seeded at 1 × 105,

2 × 105, and 5 × 105 cells/ml. Cells were treated with ricin diluted

2-fold starting at 100 ng/ml for 18 h. At this point, the ricin was

removed, the cells were washed with HEPES buffer, and regular media

was placed in the well. After 24 h, cell viability was assessed using

CellTiter-GLO reagent (Promega, Madison, WI) and a Spectramax L

Microplate Reader (Molecular Devices, Sunnyvale, CA). For the 2 h

pulse ricin treatment, cells were treated with ricin diluted 2-fold start-

ing at 400 ng/ml right after an 18 h attachment period, and cell viabil-

ity was assessed 24 h later. For plant-based RTA treatment, cells were

seeded at 5 × 105 cells/ml and treated overnight with RTA diluted 2-

fold starting at 400 ng/ml. All treatments were performed in triplicate,

and 100% viability was defined as the average value obtained from

wells in which cells were treated solely with cell medium.

The ricin toxin neutralization assays with murine MAbs and VHHs

followed an 18 h treatment time-course incorporating ricin at a dose

corresponding to the EC90 from the ricin cytotoxicity curves: LSECs

and J774E cells were treated with 10 ng/ml of ricin, and KCs were

treated with 1 ng/ml of ricin. The MAbs were titrated into the wells

containing ricin starting at 20 µg/ml. As a positive control, cells were

treated with pooled antisera from BALB/c mice that had been hyper-

immunizedwithRiVax.40 Dose response curves for all 3 cell typeswere

also generated for this antiserum in the presence of ricin. Cell viability

was assessed as described above. Cell viability was normalized to cells

treated with medium only, and background noise was reduced by sub-

tracting theaverageofwells treatedonlywith ricin at adoseequivalent

to the EC90 value.

2.8 MR and LSECtin binding assays

Immulon 4HBX flat bottom microtiter plates (Thermo Scientific,

Rochester, NY) were coated overnight at 4◦C with ricin (1 µg/ml),

washed with PBS plus 0.05% (v/v) Tween-20 (PBS-T), then blocked for

2 h with PBS-T containing 2% (v/v) goat serum (Gibco, Gaithersburg,

MD). Samples were prepared in a separate PVC plate. Ten-fold serial

dilutions of 0.1 M mannan (Sigma–Aldrich) were mixed with recom-

binant mouse MR (R&D Systems, Minneapolis, MN) or LSECtin (R&D

Systems) at concentrations equivalent to their relative EC90 values

(∼10 µg/ml). The mannan-MR or LSECtin mixtures were incubated for

1 h at RT and then applied to the microtiter plate coated with ricin,

in duplicate, and incubated for 1 h. Control wells contained only MR.

Plates were then washed and probed with HRP-conjugated anti-His
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tag (R&D Systems) for 45 min and developed. For inhibition assays, 5-

fold serial dilutions of MAbs (starting at 500 µg/ml for PB10 or SyH7

separately, 250µg/ml of eachwhen combined)weremixedwith recom-

binant mouse MR, incubated for 1 h at RT and then applied to the

microtiter plate coated with ricin, as described above.

2.9 Lactose andmannan inhibition studies

Based on cytotoxicity results for the 2 h pulse treatment with ricin

toxin, cells were seeded at 5 × 105 cells/ml in collagen-coated 96-well

plates andwere treatedwith ricin at a dose approximately equal to the

EC90 value on the ricin dose curves. Approximately 18 h after seeding,

LSECs and KCs were treated with 50 ng/ml of ricin, and J774E cells

were treated with 100 ng/ml of ricin for 2 h. Concurrently, cells were

treated with either 1 mg/ml of yeast 𝛼-mannan (Sigma–Aldrich), 0.1 M

lactose (Thermo Fisher), or a mixture of yeast 𝛼-mannan and lactose.

Cell viability was assessed 24 h later using CellTiter-GLO reagent and

a Spectramax LMicroplate reader. Cell viabilitywas normalized to cells

treated with medium only and background noise was reduced by sub-

tracting theaverageofwells treatedonlywith ricin at adoseequivalent

to the EC90 value.

2.10 In vivo ricin toxin neutralization assays

Mice were challenged i.p. with 0.6 µg or i.v. with 2 µg ricin toxin in PBS

premixed with 20 µg of total MAb(s). Controls included mice treated

solely with ricin toxin or PBS. After 18 h, the livers were perfused, and

the cells were separated down to a KC/LSEC mixture using density

gradient centrifugation, as described above. Flow cytometry was per-

formedon thismixture to assessKCdepletion in each treatment group.

During the same experiments, livers and spleens were harvested for

further analysis using immunohistochemistry (IHC).

2.11 Immunohistochemistry

Tissueswere immersed and allowed to fix in 10%buffered formalin for

24 h, and subsequently transferred to 70% ethanol prior to processing

and embedding. Tissue sections were stained with hematoxylin and

eosin for histopathologic evaluation. Tissue sections, 3–4 µm in thick-

ness, were deparaffinized in CitriSolve (Decon Labs., King of Prussia,

PA) and rehydrated by processing through graded alcohols. For F4/80

staining, antigen retrieval was performed by treating tissue sections

with Proteinase K (0.1 mg/ml) for 5 min at room temperature. Antigen

retrieval for cleaved caspase-3 was performed by heating the slides to

95◦C in Rodent Decloaker, a citrate-based solution (Biocare Medical,

Pacheco, CA) for 40minutes using a rice steamer. For both procedures,

endogenous IgG and nonspecific background were blocked with

Rodent Block M (Biocare Medical), followed by an alkaline phos-

phatase block (BLOXALL; Vector Laboratories). For F4/80 staining,

primary Ab (GTX26640; GeneTex, Irvine, CA) was incubated on tissue

sections at a 1:100 dilution for 1 h at room temperature. Subsequently,

sections were sequentially incubated with a rat-on-rodent tissue

HRP-based polymer (Biocare Medical) and Vina Green chromogen

(BiocareMedical). For caspase-3 staining, the primary Ab (GTX22302;

Gene Tex, Irvine, CA) was incubated on the tissue sections at a dilu-

tion of 1:100 for 1 h at room temperature. Subsequently, sections

were sequentially incubated with a rabbit-on-rodent tissue alkaline

phosphatase-based polymer (Biocare Medical) containing blocking

reagent (XM Factor, Biocare Medical), and fast red (Warp Red; Bio-

care Medical). For both procedures, sections were counterstained

with Tacha’s hematoxylin (Biocare Medical) and mounted using a

permanent mountingmedium (EcoMount; BiocareMedical).

2.12 Statistical analysis

Statistical analysis was carried out with GraphPad Prism 7 (GraphPad

Software, San Diego, CA). Visualization was performed in GraphPad

Prism 7 or R 3.5.241 using the ggplot242 and ggthemes packages.43

Specific details of each analysis can be found in the respective

figure legends.

3 RESULTS

3.1 Enrichment of primarymouse KCs and LSECs

Studies in rats and mice have indicated that KCs and LSECs are

extremely vulnerable to the effects of ricin toxin.20,24,44,45 To better

understand the interaction of ricin toxin with these cell types and

what role antibodies may play in protection, we sought to establish

an ex vivo model with primary mouse KCs and LSECs. As depicted in

Fig. 1, primary KCs and LSECs were isolated from the livers of Swiss

Webster mice using a 2-step collagenase perfusion method. The 2

cell types were enriched using a combination of low-speed centrifu-

gation, density gradient centrifugation, and Ab-conjugated magnetic

microbeads.46–49 For the magnetic separation, anti-F4/80 microbeads

were used to positively select for mouse KCs. LSECs were collected

in the flow-through (negative selection), as there are no known uni-

versal markers for these cell types to enable positive selection.50–52

Although numerous studies have reported using anti-CD146magnetic

microbeads for LSECs selection, this strategy does not capture the

CD146− cell subset.48 For that reason, we relied on negative selection

to enrich for both the CD146− and CD146+ LSEC subsets.

To assess the relative enrichment of the 2 primary cell populations,

the KC and LSEC pools were triple-stained with antibodies specific for

F4/80, CD146, and CD45, and then subjected to flow cytometry.53,54

The isolation and purification protocol yielded positively-selected KCs

at 95.8 ± 0.608% enrichment, based on F4/80 and CD45 expres-

sion (Table 1 and Supplemental Fig. S1). The KCs were also positive

for CD11b (data not shown). The average KC yield per mouse liver

was ∼2 × 106, and cell viability was >90% (Table 1 and Supplemen-

tal Fig. S1E). The LSEC pool consisted of 2 subpopulations that varied

in expression levels of CD45: CD146−/CD45hi and CD146+/CD45+

(Table 1 and Supplemental Fig. S1). These 2 LSEC populations have

been described previously in rats.55 The CD146− subset is not hep-

atic stellate cells (HSCs) or vascular endothelial cells because those
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F IGURE 1 Isolation and enrichment protocol for KCs and LSECs from mouse livers. In Step 1, liver tissues were subjected to a retrograde
2-step perfusion followed by low speed centrifugation to remove hepatocytes. TheRBCswere then lysedwith ammonium chloride and the remain-
ing cell mixture was subjected to sucrose density gradient centrifugation. In Step 2, the KC/LSECs populations partition was collected and mixed
with anti-F4/80 antibody-coated magnetic beads. KCs were positively selected by magnetic separation, whereas LSECs were enriched in the flow
through. Relative enrichment and viability of primary KCs and LSECswas determined by flow cytometry and phase contrast microscopy

TABLE 1 Enrichment and viability of mouse KCs and LSECs

KCsa LSECsa

Yield 1.6–2.9× 106 7.07–11.0× 106

% Purityb 95.8± 0.608 85.16± 1.76

%Viability (TB) 92.8± 2.58 90.42± 3.45

%Viability (PI)c 94.68± 2.55 91.79± 1.53

aPer mouse, based on positive KC or negative LSEC selection.
bRefer to Supplemental Fig. S1A–D for flow cytometry purity plots.
cRefer to Supplemental Fig. S1E and F for cell viability plots
TB, Trypan Blue; PI, propidium iodide.

2 cell types do not express CD45.56,57 The LSEC pool also contained

a fraction (∼8%–10%) of contaminating KCs. The viability of LSECs

was ∼90% based on trypan blue (TB) and PI staining (Table 1 and

Supplemental Fig. S1). Both the KC and LSEC populations adhered to

collagen-coated microtiter plates and assumed morphologies consis-

tent with KCs and LSECs (data not shown).58,59

We next examined the sensitivity of primary KCs and LSECs to ricin

intoxication. J774E cells, a well-characterized mouse macrophage cell

line reported to express the MR (CD206), were included as a control

for these experiments.60–62 Ricin cytotoxicity was initially evaluated

across a range of KC and LSEC densities (1× 104 to 1× 105 cells total),

as described in the sectionMaterials andMethods. We ultimately chose

5 × 104 total cells as a working concentration as there was little varia-

tion in toxin sensitivity across the rangeof cell densitieswe tested (data

TABLE 2 Sensitivity of LSECs, KCs, and J774E cells to ricin toxin
and RTAa

Ricin RTA

EC50 EC90 EC50 EC90

LSEC 0.87 2.63 50.0 >400

KC 0.02 0.23 5.30 177

J774E 1.5 2.97 >400 >400

aEC50 and EC90 values in ng/ml after 18 h treatment (as described in the
text).

not shown). Depending on the experiments, we performed cytotoxicity

profiles with either a 2 h pulse with ricin or a prolonged (18 h) incuba-

tionperiod, followedbya series ofwash steps to remove residual extra-

cellular toxin before a 24 h incubation.

3.2 Ex vivo sensitivity of KCs to ricin

KCs were remarkably sensitive to the effects of ricin toxin, as evi-

denced by EC50 values of 1.3 and 0.02 ng/ml in the 2 and 18 h exposure

assays, respectively (Table 2 and Fig. 2). For J774E cells, EC50 values

were 44 and 1.5 ng/ml for the 2 and 18 h exposures, respectively. Ricin

toxin was reported to enter BDMCs by 2 distinct mechanisms: one

mediated by RTB that is inhibited by lactose, and the other mediated

by the MR that is inhibited by mannan.6,8 By flow cytometry, we
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F IGURE 2 Sensitivity of KCs, J774E cells, and LSECs to ricin toxin. Left panels: Average cell viability of KCs (panel A), J774E cells (panel B),
and LSECs (panel C) after an 18 h exposure to indicated concentrations of ricin toxin from 2 independent experiments. Right panels: Effects of
coincubation of ricin with 𝛼-mannan (M; 1 mg/ml), lactose (L; 0.1 M), and the combination of 𝛼-mannan and lactose (M + L) on viability of the 3
different cell types. Each bar represents the average (with corresponding standard deviations) of 6 independent experiments

confirmed that the isolated mouse KC populations were positive for

theMR (Supplemental Fig. S2).

To examine the contribution of these 2 pathways in ricin uptake,

KCs were pulsed for 2 h with ricin in the presence of saturat-

ing amounts of exogenous lactose (0.1 M), 𝛼-mannan (1 mg/ml),

or both lactose and 𝛼-mannan.6,8 KC viability was assessed 24 h

later. Neither lactose nor mannan alone abrogated the effect of

ricin (Fig. 2). However, the combination of lactose and mannan

afforded partial protection (∼40% viability) against ricin-induced cell

death, consistent with ricin internalization into KCs occurring via

RTB and the MR. To examine the factors influencing ricin attach-

ment to KCs, freshly isolated cells were incubated at 4◦C and

pulsed with FITC-labeled ricin in the absence or presence of a large

excess of lactose, mannan, or the combination of lactose and man-

nan. After which the cells were analyzed by flow cytometry. Lactose

inhibited ricin binding to KCs by ∼90%, whereas mannan alone

affected attachment by just ∼10% (Supplemental Fig. S2). The com-

bination of lactose and mannan did not significantly inhibit binding of

ricin to KCs beyond lactose alone. These results indicate that the vast

majority of ricin associates with KCs by virtue of RTB’s Gal/GalNAc-

specific lectin activity, whereas the MR accounts for just a fraction

of ricin binding. However, despite the differences in binding, the 2

pathways apparently contribute equally to ricin uptake, as neither lac-

tose nor mannan alone impacted ricin cytotoxicity on KCs. This appar-

ent disconnect is explained by the fact that RTB-mediated uptake is

inefficient, whereas the MR uptake is extremely efficient.6,63 Thus,

even small amounts of ricin bound to the MR can result in productive

intoxication and cell death.

It should be pointed out that the mannan and lactose mixture

only partially protected KCs from ricin, indicating the existence of a
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F IGURE 3 Protection of KCs and J774E cells from ricin toxicity by individual anti-RTA MAbs. Freshly isolated KCs (panels A, C, and E) or
J774E cells (panels B, D, and F) were seeded into 96-well microtiter plates and then treated with ricin plus indicated amount of anti-RTAMAbs for
18 h. The cells were washed, and cell viability was assessed 24 h later. TheMAbs are grouped based on their epitopes clusters on RTA: cluster I (A
and B), cluster II (C and D) and Clusters III and IV (E and F). Each data point represents the average (with corresponding standard deviations) of 3
independent experiments

third uptake pathway in these cells. Although not investigated here,

RTA-derived peptides containing the LDV sequence have been shown

to trigger apoptosis of HUVECs via a process that is inhibited by

fibronectin and likely integrin mediated.64–66

In the case of J774E cells, lactose alone completely inhibited ricin

binding to cell surfaces and also protected cells from ricin intoxication

(Fig. 2 and Supplemental Fig. S2). Mannan did not affect ricin attach-

ment to J774E cells nor did it impact ricin’s cytotoxic activity. Thus,

ricin intoxication of J77E cells is solely dependent onRTB’s lectin activ-

ity, even though the cells express the MR on their surface (Supple-

mental Fig. S2). MR expression and half-life has been reported to vary

widely among different J774E clones, possibly explaining the failure of

MR to promote ricin uptake here.60

3.3 Capacity of anti-RTA and anti-RTBMAbs

to protect KCs from ricin intoxication ex vivo

We next examined the capacity of ricin-specific MAbs to protect KCs

against ricin toxicity ex vivo. We have previously described a collec-

tion anti-RTA and anti-RTB MAbs with a range of neutralizing activ-

ities (IC50) on Vero cells.29,31–35 The anti-RTA MAbs are directed

against 4 spatially distinct epitope clusters (I–IV). PB10 and WECB2

recognize cluster I, SyH7 and PA1 recognize cluster II, and MAbs IB2

and JD4 bind clusters III and IV, respectively (Supplemental Table

S1). The mechanisms of toxin neutralization may differ depending on

epitope specificity.67

The 4 RTA-specific MAbs against epitope clusters I (PB10,WECB2)

and II (SyH7, PA1) readily neutralized ricin on the J774E cells
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F IGURE 4 Comparative analysis of anti-RTA and anti-RTBMAbs in protecting KCs, J774E, and LSECs from ricin toxin. Area under the curve
(AUC) analysis of ricin-toxin neutralizing activities of a collectionofMAbs targeting (A)RTAand (B)RTB.Cytotoxicity assayswereperformedacross
a range ofMAb concentrations (starting at 20 µg/ml), as described in the sectionMaterials andMethods. AUC values and corresponding 95% confi-
dence intervals were determined for each antibody from the results of ricin neutralization assays, with 4–13 biologic replicates per concentration
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(IC50 <0.2µg/ml) (Fig. 3). TheMAbsalsoprotectedKCs fromricin toxin

(40%–80%), althoughmuch less effectively than in the J774E cell assay

(Fig. 3). Moreover, PB10, WECB2, SyH7, and PA1 toxin-neutralizing

activities plateaued at ∼80% in the KCs, even at high MAb concen-

trations. IB2 and JD4 also afforded some degree of toxin-neutralizing

activity on both J774E andKCs (Fig. 3). In addition, individual anti-RTB

antibodies were able to partially protect KCs from ricin, but less effec-

tively than in the J774E cytotoxicity assay (Supplemental Fig. S3). For

comparison purposes, the overall toxin-neutralizing activity for each

MAb tested in the KC and J774E assay was plotted as area under the

curve (AUC) (Fig. 4). The plot illustrates the superior neutralizing activ-

ity of theMAbs in the J774E assay, as comparedwith the KC assay.

3.4 Protecting KCs from ricin-induced killing in vivo

The results of the ex vivo studies prompted us to examine the degree

to which individual anti-ricin MAbs are able to protect KCs in vivo.

We chose PB10 (anti-RTA) and SylH3 (anti-RTB) for these studies

as they represent 2 of our most potent classes of toxin-neutralizing

MAbs.18,33,34,68 Ricin was injected into mice by the i.p. or i.v. routes in

absence or presence of PB10 or SylH3. It is known that injection of

ricin into mice by the i.v. or i.p. routes results in toxin accumulation in

liver.69 The mice were euthanized 18 h later and KCs were isolated

from livers as described above. In the absence of either PB10 or

SylH3, the KC populations, defined by F4/80+ staining, declined from

∼23% to <2%, consistent with ricin’s capacity to essentially ablate

these cells from the liver (Fig. 5 and Supplemental Fig. S4). The loss

of KCs in situ was confirmed by IHC analysis with F4/80 antibodies

(Fig. 5). By comparison, coadministration of ricin with PB10 resulted in

complete protection of KCs from toxin-induced death, as determined

by flow cytometry and IHC. Identical results were obtained when ricin

was coadministered by SylH3 and delivered to mice by i.v. injection

(Supplemental Fig. S4). Thus, individual MAbs against RTA or RTB

are able to protect KCs in vivo from the effects of ricin exposure,

even though they afforded less than maximal activity ex vivo. From

an intervention standpoint, a single MAb like PB10 or SylH3 would be

considered appropriate to protect KCs against ricin.

3.5 Sensitivity and neutralizing activity ofMAbs

in LSEC assay

Wenext examined the sensitivity of LSECs to ricin. As shown in Table 2

and Fig. 2, ricin induced LSEC death in a dose-dependent manner,

with an estimated EC50 of 4 ng/ml. Coadministration of ricin with

either lactose (0.1 M) or 𝛼-mannan (1 mg/ml) afforded limited pro-

tection (20%–30%) against killing, whereas the combination of lactose

and 𝛼-mannan resulted in ∼80% viability. These results are consistent

with ricin uptake into LSECs occurring via RTB- and MR-dependent

pathways.9 By flow cytometry, MR expression was detected on

the CD146+ LSEC population, but not the CD146− population

(Supplemental Fig. S2).

Our collection of RTA-specific MAbs were evaluated for the ability

to protect LSECs from the effects of ricin. Surprisingly, individual

F IGURE 5 PB10 protects KCs from the effects of ricin in vivo.
Groups of mice were challenged by i.p. injection with saline (top row),
ricin toxin (middle row), or ricin toxin plus PB10 (bottom row). Eigh-
teen hours later, the mice were euthanized, and liver tissues collected
for KC isolation (left panels) or IHC (right panel). For flow cytomet-
ric analysis, KCs were immunostained for F4/80 (y-axis) and CD45 (x-
axis), as described in the section Materials and Methods. The CD45+

F4/80+ KC populations are encircled, and the percentage of the total
cell numbers are noted. For IHC (right panels), formalin-fixed tissue
sections were stained with anti-F4/80 followed by HRP-based poly-
mer and Vina Green chromogen, also as described in the sectionMate-
rials and Methods. Note the complete absence of F4/80+ cells in ricin
treatedmice, compared tonear normal numbers of F4/80+ cells in ricin
plus PB10-treated animals

anti-RTAMAbs were largely, if not completely, ineffective at neutraliz-

ing ricin in theLSECcytotoxicity assay (Figs. 4 and6). For example, even

molar excess amounts of PB10 afforded only 10% protection against

ricin killing (Fig. 6). Two other MAbs, SyH7 and PA1, fared slightly

better (∼40% viability), but never achieved complete protection.

The failure of the individual MAbs to neutralize ricin in the LSEC

cytotoxicity assay prompted us to test a combination of all 4 anti-

RTA MAbs, effectively creating a quadrivalent cocktail targeting the

4 known neutralizing hotspots on RTA. The quadrivalent Ab mixture

demonstrated extremely potent toxin-neutralizing activity in the LSEC

cytotoxicity assay, with an IC50 of <0.2 µg/ml (Fig. 6). In an effort to

ascribe the neutralizing activity to particular MAb combination, the 4

different MAbs were tested in all possible combinations (Supplemen-

tal Fig. S5). Certain pairs, namely PB10 and SyH7, afforded between

80% and 90% protection at high concentrations (>1 µg/ml), but no
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F IGURE 6 Protection of LSECs by anti-RTAMAb cocktails. LSECs
were seeded in 96-well microtiter plates and then treated with ricin
plus indicated concentrations of (panel A) individual anti-RTA MAbs,
(panel B) an anti-RTA quadrivalent MAb cocktail, or (panel C) indi-
vidual and combinations of anti-RTA VHHs. Cell viability was normal-
ized to LSECs treated with vehicle (saline), as described in the section
Materials and Methods. Each data point represents the average (with
corresponding standard deviations) of 3 independent experiments

2 or 3 MAb combination achieved the potency observed with the

quadrivalent cocktail.

To further examine the combinatorial effects of antibodies on ricin

toxin neutralizing activity in the LSEC cytotoxicity assay, we turned

to a collection of alpaca-derived single domain antibodies (VHHs).
39,70

VHHs differ from conventional IgG MAbs in that they are monovalent

and are devoid of Fc elements, thereby eliminating any contribution

of aggregation and FcR involvement in the cytotoxicity assay. VHHs

targeting RTA’s 4 neutralizing hotspots were tested individually and

in combination. Although only 1 of the 4 individual VHHs had notable

toxin-neutralizing activity on its own, the quadrivalent mixture proved

nearly as potent at inactivating ricin as the 4 MAb cocktail (Fig. 6).

Thus, co-occupancy of key neutralizing epitopes on RTA rather than

agglutination or FcR-mediated uptake is likely responsible for the pro-

tection of LSECs from the effects of ricin.

F IGURE 7 Protection of LSECs by individual and pairs of anti-
RTB MAbs. LSECs were seeded into 96-well microtiter plates and
then treated with ricin with individual MAbs (panel A) or pairs
of RTB-specific MAbs (panel B) at indicated total concentrations,
as described in the section Materials and Methods. Each data point
represents the average (with corresponding standard deviations) of
3 independent experiments

A similar pattern emerged when we tested a collection of anti-

RTB mouse IgGMAbs and alpaca VHHs in the LSEC cytotoxicity assay

(Supplemental Table S1 and Fig. 7). Neither the individual anti-RTB

MAbs (Fig. 7A) nor the individualVHHs (data not shown) demonstrated

a capacity to neutralize ricin in the LSEC assay. Mixtures of SylH3

combined with MH3 or 24B11 had only moderate toxin-neutralizing

activity (50%–75%) (Fig. 7B).

3.6 Pairs of anti-RTA/anti-RTBMAbs protect LSECs

from ricin intoxication

The next obvious line of investigation was to examine toxin-

neutralizing activity of pairs of anti-RTA and anti-RTB MAbs. We

generated 4 different anti-RTA and anti-RTB MAb combinations

using PB10, SyH7, SylH3, and 24B11. All 4 anti-RTA/anti-RTB cock-

tails demonstrated remarkably potent toxin-neutralizing activity, as

evidenced by IC50 values of <0.2 µg/ml (Fig. 8A). In fact, the toxin-

neutralizing profiles were essentially superimposable, indicating that

equal potency was achieved irrespective of the different epitopes

being targeted on RTA (i.e., cluster I or II) and RTB (i.e., domain 1 or 2).

We also tested the potency of 2 different pairs of anti-RTA/anti-

RTB VHHs single chain antibodies. Two different VHH pairs demon-

strated potent toxin-neutralizing activities, although not to the extent

observed with the MAbs (Fig. 8B). Nonetheless, the activity asso-

ciated with the VHH pairs was much greater than additive effects,
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F IGURE 8 Protection of LSECs by MAb and VHH cocktails.
LSECs were seeded into 96-well microtiter plates and then chal-
lenged ricin toxin incubated with pairs of anti-RTA (PB10, SyH7)
and anti-RTB (SylH3, 24B11) MAbs (panel A) and VHHs (panel B).
V11E10 is against RTA, and JIZB7 against RTB. Each data point
represents the average (with corresponding standard deviations) of
3 independent experiments

indicating that targeting both of ricin’s subunits simultaneously results

in synergistic activity and therefore an effective means to protect

LSECs from ricin.

3.7 Anti-RTA and anti-RTBMAbs neutralize ricin via

themannose-dependent uptake pathway in LSECs

We hypothesized that the observed synergy between anti-RTA and

anti-RTB MAbs in the LSECs cytotoxicity assay might be explained by

theMAbs acting on different ricin uptake pathways. Based on the liter-

ature, we postulated that anti-RTBMAbs block the lactose-dependent

uptake pathway, whereas anti-RTA MAbs interfere with the mannan-

dependent pathway.29,67,71 To test this hypothesis, individual MAbs

weremixedwith lactose (to blockRTB-mediateduptake) ormannan (to

block theMR and other CTL uptake) and then tested them for the abil-

ity to protect LSECs from ricin challenge.

We found that the neutralizing activity of the anti-RTA MAbs was

significantly enhanced by the addition of lactose, but not mannan

(Fig. 9). For example, LSEC viability in the presence of ricin and PB10

was ∼30%, whereas the further addition of lactose resulted in >90%

viability. The same was observed for MAbs SyH7 and PA1 (directed

against epitope cluster II) and IB2 (against epitope cluster III). Overall,

these results are consistent with anti-RTAMAbs blocking ricin uptake

F IGURE 9 Anti-ricin MAbs function via the mannan-dependent
uptake pathway in LSECs. Freshly isolated LSECs were seeded in 96-
well microtiter plates and pulsed for 2 h with ricin plus indicated anti-
RTA (panel A) or anti-RTB (panel B)MAbs, in the presence of 𝛼-mannan
(1mg/ml) or lactose (0.1M). Cell viabilitywas normalized to LSECs that
had not been treated with ricin toxin. In all cases, the addition of lac-
tose resulted in a significant increase in cell viability, as comparedwith
the control (ricin only). Mannan addition impacted cell viability in only
1 instance (MH3). Kruskal–Wallis with Tukey’s multiple comparisons
test (GraphPad 7) was applied to account for non-normal distribution
of data

via theMR (or another mannose-dependent CTL) in the LSEC cytotox-

icity assay, not the lactose uptake pathway.

Unexpectedly, the toxin-neutralizing activity of the anti-RTBMAbs

was also enhanced by lactose. For example, the addition of lactose

enhanced 24B11 and SylH3’s activities from ∼20% viability to ∼80%
viability. The addition of mannan enhanced neutralizing activity to

just 30% viability (Fig. 9). MH3’s toxin-neutralizing activity was also

enhanced by lactose and mannan, although total LSEC viability never

exceeded 50%. These results suggest that anti-RTB MAbs may also

interfere with ricin uptake via the MR pathway, not the lactose-

dependent uptake pathway as we had postulated.

The fact that SylH3 and PB10 plus lactose are much more effective

than saturating amounts of mannan plus lactose at protecting LSECs

from ricin intoxication indicates that the MAbs have “effector func-

tions” not mimicked by mannan. We postulate that the most plausi-

ble explanation is simply binding affinity. For example, PB10 and SylH3

each bind to ricin with subnanomolar affinities and would be expected

to stay associated with ricin following endocytosis, whereas mannan

hasonlymicromolar affinity for theMRandwouldbeexpected to serve
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F IGURE 10 Effect of MAbs on the interaction between ricin and the MR and LSECtin. Immulon microtiter plates were coated with ricin
(1 µg/ml) and then probedwith recombinant mouseMR or LSECtin, as described in the sectionMaterials andMethods, in the presence of increasing
amounts ofmannan (panels A andB) or 5-fold serial dilutions ofMAbs (panels C andD). Shown are the averages of representative experimentswith
3 technical replicates

as a relatively weak competitive inhibitor, even at saturating doses.

However, the story could be more complicated if the ricin–MAb com-

plexes are delivered into the cytosol where actors like TRIM-21 are

able to promote the clearance of IgG-based immune complexes.72

3.8 Interaction of ricin with theMR and LSECtin

To examine the possibility that anti-RTA and anti-RTB MAbs interfere

with toxin–MR interactions, we established a solid phase binding assay

in which immobilized ricin toxin was probed with recombinant mouse

MR. The interaction of the MRwith immobilized ricin was inhibited by

mannan in a dose-dependent manner (Fig. 10). At high concentrations,

PB10 and the PB10/SylH3 combination partially inhibited (50%–60%

reduction) the binding of the MR to ricin. SylH3 also affected the MR-

ricin interaction but to a lesser extent, although it is unclear whether

these reductions in binding account for the observed effects of the

MAbs on toxin-neutralizing activity.

We also established a binding assay between ricin and LSECtin

(CLEC4G), another CTL enriched in the liver that recognizes Glc-

NAcMan residues like those on RTA and RTB.73 LSECtin recognized

immobilized ricin in a mannose-dependent manner, although neither

PB10 nor SyH3 were particularly effective at blocking this interaction

(Fig. 10). Collectively, these results suggest that PB10 and SylH3 pro-

tect LSECs from ricin toxin by a mechanism other than interfering

with the initial recognition between ricin and the MR or another CTL

receptor such as LSECtin.

3.9 A candidate ricin toxin subunit vaccine elicits

antibodies that protect KCs and LSECs from ricin

RiVax is a recombinant RTA subunit vaccine that has been shown to

elicit immunity to ricin in mice and nonhuman primates.74,75 It is also

safe in humans when administered intramuscularly.76 We therefore

wished to examine whether anti-RiVax antisera is able to protect KCs

and LSECs ex vivo. Ricin was incubated with serial dilutions of anti-

sera from RiVax vaccinated mice and then applied to KCs and LSECs.

We found that the anti-serum had similar IC50 titers (e.g., 1:2500) for

both KCs and LSECs, consistent with roughly equal degrees of protec-

tion (Supplemental Fig. S6). This result may explain in part the relative

efficacy of RiVax as a vaccine against ricin intoxication.

4 DISCUSSION

The liver plays an essential role in detoxification and clearance of

xenobiotics from circulation.25,77 Nonparenchymal cells also function

in immune surveillance and uptake of SIC.28,78,79 In this report, we

investigated the capacity of anti-RTA and anti-RTBMAbs, individually



MOONEY ET AL. 1173

and in combination, to protect primary mouse KCs and LSECs from

ricin toxin-induced death. This study was motivated by the fact that

KCs and LSECs are notoriously sensitive to the effects of ricin, a point

recognized decades ago when RTA was first being explored as an

immunotoxin.7,45,80–83 Indeed, we found that freshly isolated mouse

KCs were 10–40 times more sensitive to ricin than standard mouse

cell lines like J774E cells. Nonetheless, individual MAbs against RTA

or RTB were able to protect KCs ex vivo with efficiencies similar to

J774E cells. In addition, 2 MAbs, PB10 and SyH3, were each able to

protect KCs from ricin-induced apoptosis in vivo. Thus, despite their

remarkable sensitivity to ricin toxin, KCs are readily protected from

toxin-induced death by anti-RTA and anti-RTBMAbs.

LSECs were another story. We found that individual anti-RTA and

anti-RTB MAbs had virtually no capacity to protect LSECs from ricin

intoxication. For example, even PB10,which has been shown to be able

to rescue Rhesusmacaques from lethal dose ricin exposure by aerosol,

afforded less than 20% protection in the LSEC killing assay. This short-

comingwasovercomewhenPB10was combinedwithotherMAbs. The

most effective combination was a 2-part cocktail targeting RTA and

RTB (i.e., PB10 + SyH3), although other pairs and oligoclonal mixtures

were equally functional. Combinations of VHHs, which aremonovalent

and lack Fc elements, also had neutralizing activity, demonstrating that

neither ricin crosslinking (aggregation) nor FcR engagement is neces-

sary to protect LSECs from ricin intoxication.

When considering possible mechanisms by which MAbs protect

KCs and LSECs, it is important to keep in mind that ricin uptake by

these 2 cell types occurs by at least 2 distinct pathways: one inhibited

by exogenous lactose (“lactose-sensitive”) and the other by exogenous

mannose or mannan (“mannose-sensitive”). The lactose-dependent

endocytic pathway, which has been studied in great detail, is mediated

by RTB’s affinity for terminal Gal/GalNAc residues on cell surface gly-

coproteins and glycolipids.63 Following endocytosis, ricin holotoxin is

trafficked retrograde to the TGN and the ER, where RTA is liberated

from RTB and translocated into the cytoplasm.84 This uptake pathway

is inefficient, however, as only a small fraction (1%–10%) of the total

amount of ricin bound to any given cell surface actually results in deliv-

ery of RTA into the cytoplasm.84,85 Moreover, ricin is easily derailed

during retrograde transport, particularly if the toxin is aggregated or

complexed with another protein.86 All things considered, perhaps it is

not surprising that ricin–MAb complexes are recycled or inefficiently

routed to the TGN.67,71,87

The mannose-sensitive uptake pathway exploited by ricin to intox-

icate liver cells is much less well understood. Although uptake has

historically been attributed to the MR, this assumption is inconsistent

with demonstration that MR knock-out mice are significantly more

susceptible (not more resistant) to toxin-induced death than age-

matched controls.6,8–10,88 Moreover, LSECs are sensitive to ricin toxin

even though the MR is only expressed on the CD146+/CD45+ LSEC

subset (∼18% of total population) and not on the CD146-/CD45+
subset. Therefore, it is plausible that mannose-sensitive uptake of

ricin is mediated by a second CTL. One candidate is LSECtin, a single

domain CTL with homology to DC-SIGN and DC-SIGNR expressed

exclusively in the liver.89 LSECtin serves as a receptor for Ebola virus,

SARS coronavirus, and Japanese encephalitis virus.73,90 We found that

recombinant LSECtin recognized ricin toxin in a solid phase binding

assay and that the interaction was inhibited by mannan. Assessing the

contribution of LSECtin in promoting ricin intoxication of LSECs in

vivo awaits testing in LSECtin knockout mice.91

Nevertheless, it remains unclear how ricin and ricin-IC evade degra-

dation following uptake by LSECs. A cardinal feature of LSECs is their

extraordinary capacity to degrade endocytosed materials, including

SIC.26,27,50,92,93 Scavenging receptors like theMR, for example, release

cargowithin acidified endosomesbeforebeing recycledback to the cell

surface.94,95 That cargo is then destined for degradation via the lyso-

some or proteolytically processed and loaded onto major histocom-

patibility complexes. How ricin evades these fates following uptake by

theMR or another CTL is unknown. There is evidence that ricin passes

through an acidic compartment following uptake via the mannose-

sensitive pathway, but ricin has no known mechanism to breach the

endocytic membrane.6

Similarly, ricin–MAb complexes such as those generated in this

study would be expected to be taken up by LSECs by way of

Fc𝛾RIIb2.28,79,96,97 Fc𝛾RIIb2 is an inhibitory Fc-receptor primarily

expressed on LSECs and secondarily on KCs and is the largest con-

tributor to clearance of SICs from circulation. Although Fc𝛾RIIB would

not be able to internalize one-to-one toxin–Ab complexes (e.g., PB10-

ricin), itwouldbepredicted toengagewith ricin decoratedby2ormore

MAbs (e.g., PB10+ SyH3) and route them for degradation.Whether or

not Fc𝛾RIIB plays a role in clearance of ricin immune complexes in vivo

remains to be determined.

Our study adds to the growing list of examples in which MAb

cocktails display synergistic neutralizing activity well beyond what is

achieved with single MAbs alone.98–101 In the case of botulinum neu-

rotoxin (BoNT), for example, there is synergywith 2- and 3-component

MAb cocktails that was attributed to either conformational changes

induced by 1 Ab that enhanced secondary Ab recognition and/or

toxin aggregation/multimerization.102–104 In the case staphylococcus

enterotoxin B (SEB), the combination of a MAb (20B1) that occludes

the T-cell receptor binding site with MAbs of lesser (6D3,14G8) neu-

tralizing activity enhanced Fc-mediated clearance of SEB in a mouse

model. Similarly, combinations of non-neutralizing MAbs have been

shown to neutralize Ebola and Marburg virus in animal models.100,101

In a companion study, we demonstrated that the 2-part cocktail con-

sisting of PB10 + SyH3 is far superior at protecting AMs and tissue

resident macrophages from ricin-induced death in vivo, as compared

with either of theMAbs individually (Rong et al.,manuscript submitted).

AMs are hypersensitive to the effects of ricin, possibly due to high lev-

els ofMRexpression.105 The success of PB10+ SylH3 in that study and

the current study has prompted us to generate a humanized version of

SyH3 with the goal of testing it in combination with humanized PB10

in the Rhesusmacaquemodel.17

One limitation of our study is that we restricted our examination

of the liver to LSECs and KCs, essentially ignoring other effects that

ricin and ricin-IC may have on hepatic cellularity, inflammation, and

physiology. For example, Roche and colleagues demonstrated in mice

that hepatic inflammation and pathology following ricin exposure
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includes an influx of neutrophils, chemokine expression (e.g., MCP-1),

fibrin deposition, red blood cell congestion of the hepatic parenchyma

and glycogen depletion.106 These are obvious metrics that could be

examined in the context of the MAbs and MAb cocktails like PB10

and SylH3when administered concurrently or at timepoints after ricin

challenge. Roche and colleagues did demonstrate a marked reduc-

tion in hepatic damage with the addition of anti-RTA MAbs and

MAbs cocktails.
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