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There is a great interest in targeting and selective ablation of populations of circulating cells for research or ther-
apeutic purposes. Red blood cells (RBCs) are readily available and fully biocompatible long-circulating intravas-
cular carriers (natural life is 120 days) that are amenable to chemicalmodifications, drug loading and reinjection.
Here we demonstrate that using our previously described lipophilic ligand painting strategy, red blood cells
(RBCs) could be in one step converted into targeted entities that selectively seek and bind various cells in vitro
and in vivo. In vitro, RBCsmodifiedwith lipophilic anti-EpCAMor anti-CD45 antibodies efficiently bound to cancer
cells and leukocytes, forming characteristic rosettes. In vivo, intravenously injected RBCs painted with anti-CD45
antibody immediately associated with CD45 positive cells in blood, forming RBC-leukocyte rosettes. Moreover,
anti-CD45-modified RBCs, but not the same amount of anti-CD45 antibody or anti-CD45-lipid conjugate
(1–2 μg/mouse), depleted over 50% of CD45+ leukocytes from circulation, with main clearance organs of
leukocytes being liver and spleen with no visible deposition in kidneys and lungs. Anti-CD20 (Rituximab)-
painted RBCs efficiently (over 90%) depleted CD19+/CD20+/CD45+ human lymphoma cells in mantle cell
lymphoma (MCL) JeKo-1 model, while the same amount of rituximab–lipid (2 μg/mouse) was much less
efficient in lymphoma cell depletion. Treatment of MCL mice with rituximab-modified RBCs carrying only 2 μg
of the antibody resulted in a significant prolongation of survival as compared to the same amount of anti-
body–lipid control. Lipophilic ligand-painted RBCs is a novel tool that can be utilized for targeting blood borne
cells for experimental immunology and drug delivery applications.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Selective ablation of cell populations in living subjects is one of the
most useful tools in experimental immunology and clinical medicine.
The existing strategy for cell depletion is based on injection of a specific
antibody against cell surfacemarkers intravenously or intraperitoneally
[1]. The binding of antibody triggers the clearance of cells through en-
hanced macrophage recognition via Fcγ receptors, complement lysis
and cytotoxic T-cell response [2]. One of the great examples of clinical
use of antibodies for cell depletion is rituximab, a monoclonal antibody
against CD20 antigen on the surface of B-lymphoma cells [2]. However,
antibody-mediated depletion has several disadvantages, including
systemic toxicity and high cost of treatment. In some cases, antibody
therapy fails to reduce the counts of tumor cells in patients. Thus,
some proportion of patients withmultiplemyeloma,mantle lymphoma

and chronic lymphocytic leukemia develops resistance to Rituximab [3],
possibly due to the expression of complement inhibitors and/or activa-
tion of antiapoptotic pathways [4,5]. In addition, use of systemically
injected antibodies is problematic when only the circulating pool of
cells needs to be targeted. For instance, antibody against epithelial cell
adhesion molecule (EpCAM), albeit effective against circulating meta-
static cells in mice [6], showed significant systemic toxicity in clinical
trials [7].

Red blood cells (RBCs) are readily available and fully biocompatible
long-circulating carriers (natural life is 120 days) that are amenable to
chemical modifications and drug loading [8,9]. Previously, biomolecules
and immunoconjugates were successfully coupled to RBCs [10–12], and
efficient targeting to collagen surfaces in vitro and to endothelial cells
in vivowas demonstrated [11–13]. Our group previously demonstrated
a versatile approach for painting RBC membrane with antibodies and
small ligands via distearoyl anchors [14]. This painting strategy allows
very fast (15–30 min incubation) and efficient (up to 30,000 ligand
molecules per RBC) incorporation. Depending on the amount of surface
antibody, ligand painted RBCs can circulate in blood for several days
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[14]. We wondered whether RBCs painted with targeting antibodies
would bind and deplete blood borne cells, akin to previously described
capture of circulating pathogens by antibody modified RBCs [15–17].
Here we prepared and tested antibody painted RBCs targeted to blood
borne cells following injection in vivo. We demonstrate that antibody
painted RBCs efficiently and specifically bind to target cells in vitro and
in vivo, deplete cells from circulation and induce therapeutic effect in
the mouse model of lymphoma. The data have direct implications for
drug delivery and therapy of blood-borne diseases using RBCs as drug
carriers.

2. Results

In order to prepare lipophilic antibodies for incorporation into the
RBC membrane, thiolated IgG (see Materials and methods) was conju-
gated at 1:1 ratio to DSPE-PEG3400-maleimide as described before [14].

Two different strategies were used to immobilize a targeting anti-
body on the RBC surface. Whenever the targeting antibody was readily
available, it was directly conjugated to the lipid anchor (Fig. 1A). DSPE-
PEG3400-IgG constructwas then incubatedwithwashedmouse RBCs for
30min at 37 °C, resulting in incorporation of ~2 μg IgG per 5 × 108 RBCs
(approximately 16,000 IgG/RBC). In cases when the targeting antibody
was not available in large quantities and therefore not easily amenable
to lipid conjugation, we synthesized DSPE-PEG3400-anti-Fc IgG con-
struct, incorporated it in the RBC membrane, and then immobilized
the targeting antibody (Fig. 1A). Modification of RBCs with this moder-
ate amount of lipid–antibody construct did not result in a significant
hemoglobin release or aggregation (Supplemental Fig. S1). The pres-
ence of the antibody was detected with a secondary fluorescent IgG
(Fig. 1B). In addition to antibodies, lipophilic cyanine dye DiI was incor-
porated into the RBC membrane in order to enable independent track-
ing of RBCs in vivo [14]. Two-antibody capture approach often resulted
in a more efficient incorporation of the targeting antibodies in the RBC
membrane as determined with flow cytometry (Fig. 1C). Stability of
the lipid construct in the membrane as well as clearance of RBCs in

circulation was determined as described by us before [14]. Following
intravenous injection of DSPE-PEG3400-IgG/DiI-RBCs (thereafter IgG/
DiI-RBCs), double-stained RBC population was detectable in blood for
at least 48 h (Fig. 2A).

DSPE-PEG3400-IgG construct gradually disappeared from the RBC
surfacewith a terminal half-life of 610min (Fig. 2B),while RBCs painted
with ~16,000 copies of IgG (one antibody) exhibited an elimination
half-life of 670 min (Fig. 2C). Previously we found that the concen-
tration of DSPE-PEG3400-IgG in the membrane affects the RBC half
life (possibly due to the presence of PEG [18]); empirically, 16,000
IgG molecules per RBCs is a trade-off between RBC circulation half-
life and the avidity for the target cells.

2.1. Targeting of ligand-painted RBCs to cells in vitro

First, we tested the ability of IgG/DiI-RBCs to bind to cells in vitro.
Since RBCs are mainly constrained to the blood compartment, we
used antibodies against intravascular targets. Thus, advanced stages
of metastatic growth are characterized by large numbers of EpCAM-
positive circulating tumor cells (CTC) in blood [19] and disseminated
tumor cells (DTC) in bone marrow [20]. In order to target RBCs to
EpCAM+ cancer cells, we prepared anti-mouse EpCAM/DiI-RBCs
using two-antibody painting approach (Fig. 1A). 4T1 mouse breast car-
cinoma cells (suspended in cell medium) were mixed with EpCAM-
targeted RBCs (RBC/tumor cell ratio of 10:1) for 60min. 4T1 cells formed
characteristic rosettes with anti-EpCAM/DiI-RBCs, but not with control

Fig. 1. Synthesis of lipophilic ligand painted erythrocytes. A, Thiolated IgGwas conjugated
to DSPE-PEG3400-maleimide as described in Materials and methods. DSPE-PEG3400-IgG
was incorporated in the membrane of washed mouse RBCs after incubation at 37 °C.
Targeting antibody was either directly conjugated to the lipid or immobilized via anti-Fc
antibody; B, Afluorescent image of a RBC labeledwithDiI andDSPE-PEG3400-IgG (detected
via secondary antibody). Note that antibody localization is punctate, whereas DiI is
homogenously distributed; C, Flow cytometry histogram shows that amount of IgG on
RBCs (detected via secondary Alexa 488 labeled antibody) is higher for two-step painting
method (green trace) than for one-step method (blue trace). Red traces are non-labeled
RBCs.

Fig. 2. Circulation properties of modified RBCs. A, Following i.v. injection, IgG/DiI-RBCs
formed a distinct double labeled population in the upper right corner that persisted
over 48 h; B, Retention of lipophilic IgG on RBC surface over time monitored with flow
cytometry; C, RBC half-life in blood as monitored with flow cytometry. Data shown as
means of n = 3 and SD.
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