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ABSTRACT
Purpose Trastuzumab combined with Doxorubicin (DOX)
demonstrates significant clinical activity in human epidermal
growth factor receptor-2 (HER2)-positive breast cancer (BC).
However, emergence of treatment resistance and trastuzumab
associated cardiotoxicity remain clinical challenges. In an ef-
fort to improve patient outcome, we have developed and eval-
uated novel tri-functional immunoliposomes (TFIL) that tar-
get HER2-receptors on BC cells and CD3-receptors on T-
lymphocytes, and deliver DOX.
Methods Trastuzumab (anti-HER2) and OKT-3 (anti-CD3)
antibodies were conjugated to liposomes using a micelle-
transfer method. Cytotoxicity of targeted immunoliposomes
loaded with DOXwas examined in vitro onHER2-positive BC
cells (BT474), with peripheral blood monocytic cells (PBMC)
as immune effector cells.
Results TFIL demonstrated high antibody-liposome conju-
gation ratios (100–130 μg protein/μmol phospholipid) and
cargo capacity (0.21 mol:mol drug:lipid), highly efficient
DOX loading (>90%), a particle size favorable for extended
circulation (~150 nm), and good stability (up to 3 months at
4°C). In the presence of PBMCs, TFIL showed complete kill-
ing of BT474 cells, and were superior to mono-targeted
trastuzumab-bearing liposomes, non-targeted liposomes, and
free Trastuzumab and DOX.
Conclusions Novel anti-HER2xCD3 + DOX TFIL show
promise as a means to both engage immune cells against

HER2 positive breast cancer cells and deliver chemotherapy,
and have the potential to improve clinical outcomes.
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ABBREVIATIONS
BC Breast Cancer
CD3 Cluster of Differentiation Receptor Type 3
CTLs Cytotoxic T Lymphocytes
DOX Doxorubicin
HER2 Human Epidermal Growth Factor Receptor Type 2
PBMCs Peripheral Blood Mononuclear Cells
TFIL Tri-Functional Immunoliposomes

INTRODUCTION

Breast cancer (BC) is the second most common cause of can-
cer deaths in women worldwide. Among US women, its mor-
tality is second only to lung cancer, claiming 41,000 lives an-
nually (1). BC is commonly classified based on the expression
of hormone receptors (estrogen and progesterone) and epider-
mal growth factor receptor 2 (HER2) receptor status. HER2-
positive BC represents 25% of all BC subtypes, and is charac-
terized by an amplification of the HER2/neu proto-oncogene
and overexpression of the HER2 receptor on the plasma
membrane of malignant cells (2,3).

HER2 is a transmembrane tyrosine kinase receptor that
belongs to the Human Epidermal Growth Factor Receptor
(EGFR) family, which is comprised of four receptors, HER1
(EGFR), HER2, HER3, and HER4, that are all involved in
cell growth and differentiation signaling pathways (4). HER2
plays a pivotal role in the HER family, because although it has
no known ligand of itself, it is the preferred dimerization part-
ner for the other HER receptors (5). HER2 exists in a
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conformation that represents a ‘ligand-activated’ state and
thus behaves as a co-receptor for the other HER receptors
(4,5). In the HER2-positive BC subtype, HER2 receptors
are about 20 to 100-fold overexpressed (3,6), thus increasing
the probability of HER2 dimer formation, which results in
enhanced cellular signaling and uncontrolled cell proliferation
(3,5). Over-amplification of HER2 receptors has been associ-
ated with poor prognosis, higher incidence of metastasis, and
shorter overall survival of patients (3,7).

Trastuzumab (TmAb), the first FDA-approved HER2-
targeted therapy, is a recombinant humanized IgG1 mono-
clonal antibody directed against the extracellular domain of
the HER2 receptor (8). Its mechanisms of cell growth inhibi-
tion are not fully elucidated, but proposed mechanisms in-
clude attenuation of intracellular signaling via the phos-
phatidylinositol 3-kinase (PI3K) and mitogen-activated pro-
tein kinase (MAPK) pathways, leading to apoptosis and arrest
of cell proliferation, antibody dependent cellular cytotoxicity
(ADCC), prevention of HER2 receptor shedding, and reduc-
tion in the expression of vascular endothelial growth factor
(VEGF) by tumor cells (5,8–11).

Clinically, TmAb is indicated as adjuvant treatment in
combination with chemotherapeutic agents such as doxo-
rubicin (DOX), cyclophosphamide, or paclitaxel (12).
Pivotal clinical trials in HER2-positive metastatic BC pa-
tients have shown improved outcomes when TmAb is ad-
ministered in combination with chemotherapy compared
to chemotherapy alone (13–16). Improved outcomes in-
clude a marked increase in time to progression (4.6 vs.
7.4 months), an increase in patients’ response rate (32 vs.
52%), and an extended median of progression-free surviv-
al (by 25%). Despite these improvements, TmAb-
associated cardiotoxicity, which is worsened when com-
bined with DOX, and acquired resistance (≤1 year after
initiation of therapy) remain clinical challenges in treating
this patient population (16–19). Thus there is a need for
alternate therapeutic strategies for patients that are either
refractory to HER2 therapy, or who develop irreversible
cardiotoxicity from DOX with adjuvant TmAb treatment.

Here we sought to develop novel tri-functional
immunoliposomes (TFIL) encapsulating DOX and targeting
both the HER2 receptors on BC cells and the CD3 receptors
on T cells. We hypothesized that conjugating two antibodies
(anti-HER2 x anti-CD3) to the surface of lipidic nanoparticles
would result in enhanced BC cell killing by forming a bridge
between target BC cells and cytotoxic T lymphocytes, thus
activating immune cells to kill tumor cells directly, and
circumventing major histocompatibility restriction (20,21). In
addition, sustained, tumor-localized release of DOX encapsu-
lated within the highly stable, sterically-stabilized liposomes
would enhance the cytotoxicity of this delivery system, while
reducing off-target toxicities by decreasing the concentration
of free circulating drug (22).

MATERIALS AND METHODS

Drugs and Antibodies

DOX hydrochloride was purchased from Sequoia Research
Products Ltd. (UK). Trastuzumab (Herceptin™) was from
Genentech (South San Francisco, CA). OKT-3 (Anti-human
CD3) monoclonal antibody was from BioXCell (West
Lebanon, NH).

Reagents

The lipids 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (ammonium salt)
( P EG20 0 0 - PE ) , 1 , 2 - d i s t e a r o y l - s n - g l y c e r o - 3 -
phosphoethanolamine-N-[maleimide(polyethylene glycol)-
2000] (ammonium salt) (DSPE-PEG(2000)-maleimide) and
cholesterol were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). DiIC18(5)-DS (1,1′-Dioctadecyl-3,3,3′,3’-
Tetramethylindodicarbocyanine-5,5′-Disulfonic Acid), 2-
iminothiolane (Traut’s reagent), human recombinant insulin,
and the bicinchoninic acid (BCA) assay kit were purchased
from ThermoFisher Scientific (Grand Island, NY). Sephadex
G-75 and Sepharose CL-4B were purchased from GE
Healthcare Life Sciences (UK). Dextran from Leuconostoc
mesenteroides (average molecular weight 35,000–45,000),
sulforhodamine B sodium salt (SRB), trichloroacetic acid
(TCA), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), ammonium sulfate, and Tris were purchased from
Sigma-Aldrich (St. Louis, MO).

Liposome Preparation

Three types of liposome preparations were fabricated: control
drug-free liposomes, fluorescently-labeled liposomes, and
DOX-loaded liposomes (23). Briefly, DSPC, cholesterol, and
PEG2000-PE were mixed in chloroform at a molar ratio of
2:1:0.1 in a round bottom flask. In the case of fluorescently-
labeled liposomes, the non-exchangeable dialkyl membrane
label DiIC18(5)-DS (24) was included at a molar ratio of
0.2%. The chloroform was evaporated under vacuum using
a rotary evaporator at 55-60°C for ≥2 h, forming a thin lipid
film. The film was hydrated at 55-60°C with HEPES
(25 mM), NaCl (140 mM) buffer, pH 7.4, at a concentration
of 20 mM lipid, with vigorous vortexing until the lipid was
suspended. The resulting large multilamellar vesicles were
converted to small unilamellar vesicles by applying 6–8
freeze-thaw cycles followed by extrusion nine times through
membrane filters of decreasing pore size (200, 100 and 80 nm
diameter) using a nitrogen pressure extruder (Lipex™
TRANSFERRA Nanosciences Inc., Canada). DOX lipo-
somes were prepared by a remote loading technique (25).
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The method of preparation was similar to that described
above, except liposomes were hydrated in 250 mM ammoni-
um sulfate, desalted in sucrose, and loaded by incubating with
10.5 mg/mL DOX HCl solution (DOX HCl:lipid mol:mol
0.23:1) in isotonic sucrose (pH 7.0–7.5) at 60°C for 1 h.

Phospholipid concentrations were quantified by phospho-
rous assay (26) and DOX concentrations were quantified by
UV absorbance at 480 nm (SoftMax® Pro microplate reader
system, Molecular Devices Inc., Sunnyvale, CA) by compari-
son to a standard curve. Liposome particle size and zeta po-
tential were measured using a dynamic light scattering (DLS)
instrument (NanoBrook Omni, Brookhaven Instruments Inc.,
Holtsville, NY).

Immunoliposome Preparation

Immunoliposomes were prepared by a post-insertion micelle-
transfer method (27). Briefly, DSPE-PEG(2000)-maleimide
and PEG2000-PE were mixed in chloroform at a 1:4 molar
ratio. Chloroform was evaporated under vacuum at 55-60°C
for 1 h. Immediately prior to antibody conjugation, the dried
lipids were hydrated at a concentration just above the critical
micellar concentration of the PEG2000-containing lipids
(>20 μM) (28) for 15 min at 55-60°C.

Antibodies were thiolated by reaction with a 10:1 M ratio
of Traut’s reagent:IgG in HEPES/NaCl buffer, (pH 8) at
22°C for 1 h with occasional mixing. The mixture was then
desalted on a Sephadex G-75 column equilibrated with
HEPES/NaCl buffer (pH 7.4) to remove unreacted Traut’s
reagent. The thiolated antibody was then mixed immediately
with freshly hydrated DSPE-PEG(2000)-maleimide/
PEG2000-PE micelles. This mixture was then concentrated
using an Amicon pressurized centrifugal concentrator (EMD
Millipore, MA, USA) and incubated overnight at room tem-
perature. The antibody-conjugated micelles were then mixed
with pre-formed liposomes at 55-60°C for 1 h at a molar ratio
of antibody:micellar DSPE-PEG(2000)-maleimide of 1:10
and the micellar lipid was 5 mol% of the total liposome
phospholipid.

In the case of HER2xCD3 dual-conjugated liposomes, half
the above quantity of TmAb conjugated micelles was first
inserted into liposomes (1 h at 55-60°C), followed by insertion
of an equal quantity of OKT3-conjugated micelles under the
same conditions. The insertion of the individual antibodies
was quantified and suggested that the two antibodies were
incorporated at a molar ratio of 1:1 in dual-targeted
liposomes.

Immunoliposome Purification

Immunoliposomes were purified by flotation of the liposomes
away from unconjugated micelles using ultracentrifugation on
a dextran gradient (29).The purified immunoliposome

preparation was dialyzed against HEPES/NaCl buffer (PH
7.4) and, if necessary, was concentrated using an Amicon con-
centrator, and dialyzed against HEPES/NaCl buffer (pH 7.4).
For DOX-loaded immunoliposomes, separation was per-
formed using a Sepharose CL-4B column equilibrated with
HEPES/NaCl buffer, pH 7.4 and concentrated if necessary.
Protein, phospholipid, and DOX concentrations were quan-
tified for all formulations, as was particle size and zeta poten-
tial. Protein concentration was analyzed using the BCA assay
as per the manufacturer’s protocol, and phospholipid and
drug concentrations were measured using a phosphorous as-
say and UV absorbance, respectively, as described above.

Cell Culture

The human HER2-positive BC cell line BT474, the HER2-
deficient BC cell line MCF7, the CD3-positive cell line Jurkat
Clone E6–1 and all media were obtained from the American
Type Culture Collection (Manassas, VA). Cryopreserved hu-
man peripheral blood mononuclear cells (PBMCs) were ob-
tained from Zen-Bio (Research Triangle Park, NC).

BT474, MCF7, and Jurkat cells were cultured in a humid-
ified atmosphere with 5% CO2 at 37°C in Dulbecco’s
Modified Eagle Medium (DMEM), Eagle’s Minimum
Essential Medium (EMEM), and RPMI 1640 medium, re-
spectively. The media were supplemented with 10% fetal bo-
vine serum (FBS; Atlanta Biologicals, Lawrenceville, GA),
penicillin (100 IU/mL), streptomycin (100 μg/mL), and
0.01 mg/mL human recombinant insulin for EMEM. Cells
were passaged at 80~90% confluence using 0.05% trypsin
with 0.53 mM EDTA (Gibco BRL, Gaithersburg, MD). For
the Jurkat cell line, cells were maintained in culture between
0.1-1 × 106 cells/mL, and the cell density was not allowed to
exceed 3 × 106 cells/mL.

Human PBMCs were thawed in lymphocyte medium
(LYMPH-1, Zen-Bio) immediately prior to cytotoxicity exper-
iments. They were centrifuged at 180 g for 7 min, re-
suspended in RPMI 1640 medium supplemented with 10%
heat-inactivated FBS, penicillin (100 IU/mL), and streptomy-
cin (100 μg/mL), and counted using a hemocytometer.

Characterization of HER2 and CD3 Receptor
Binding/Internalization by Flow Cytometry

To investigate HER2 and CD3 receptor binding, BT474 and
Jurkat cells were incubated with fluorescent immunoliposomes
labeled with the non-exchangeable fluorescent dialkyl
carbocyanine dye DiIC18(5)-DS and analyzed by flow cytome-
try using a FACSCalibur instrument (BDBiosciences, San Jose,
CA). Channel FL4-H was used to analyze the fluorescence
intensity. The number of events counted was 50,000 for
BT474 cells and 30,000 for Jurkat cells.
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HER2 Receptor Binding/Internalization

BT474 cells in DMEM were plated in 6-well plates at a den-
sity of 1 × 106 cells/well and incubated overnight at 37°C.
After 24 h, cells were treated with different concentrations of
HER2-targeted and HER2xCD3 dual-targeted liposomes.
Concentrations of 0.2 and 0.4 μM total protein (correspond-
ing to 100 and 200 nmol/mL of phospholipid) were used.
Cells with no treatment and cells treated with equivalent con-
centrations of non-targeted DiIC18(5)-DS liposomes were
used as controls. Cells were incubated with the liposome for-
mulations at 37°C for 1 h, at which time the liposome-
containing media was aspirated and the cells were washed at
least three times with PBS to remove any unbound liposomes.
Cells were then trypsinized until detached, neutralized with an
equal volume of PBS + 5% FBS, and stored on ice until flow
cytometry analysis.

CD3 Receptor Binding/Internalization

Jurkat cells were plated at a density of 1 × 106 cells per well in
6-well plates and treated immediately after plating with total
liposome protein concentrations of 1.3 and 2.6 μM.
Untreated cells and cells treated with equivalent concentra-
tions of non-targeted DiIC18(5)-DS liposomes were used as
controls. Cells were incubated at 37°C for 4 h, at which time
the cells were centrifuged at 360 g for 8 min, washed three
times with PBS to remove unbound liposomes, then re-
suspended in PBS + 5% FBS and stored on ice until analysis.

In Vitro Cytotoxicity

For all cytotoxicity experiments, BT474 cells were seeded in
96-well tissue culture plates (Thermo Fisher Scientific, Grand
Island, NY), at a density of 8 × 103 cells/200 μL and allowed
to adhere for 24 h. The IC50 (50% inhibitory concentration)
for inhibition of proliferation was determined by exposing
cells to varying concentrations of each formulation for 72–
96 h. Cell viability was measured using the colorimetric
sulforhodamine B (SRB) assay (30). The treatment arms were:

1. DOX-containing formulations that included free DOX, and
DOX-containing liposomes that were non-targeted-,
HER2-targeted-, and HER2xCD3 dual-targeted. Cells
were exposed either short-term (1 h) or long term (72 h)
to a range of 0.01–100 μM DOX. Cell proliferation was
measured using the SRB assay. For the short-term expo-
sure, the drug-containing media was removed, cells were
washed thrice with PBS, fresh medium was added, and
the cells were incubated for 72 h. Viability of treated cells
was normalized to no-treatment control wells.

2. DOX-free formulations that included free TmAb, free
OKT3, HER2-targeted DOX-free liposomes, and

HER2xCD3 dual-targeted DOX-free liposomes. Cells
were exposed to a range of 0.001–1000 nM total antibody
for 96 h. Viability of treated cells at the end of the incu-
bation period was normalized to no-treatment control
wells.

3. Cellular cytotoxicity with PBMCs: target cells were incubated
with DOX-containing formulations at a concentration
above their IC50 (2 μMDOX) or with DOX-free formu-
lations at an equivalent total protein concentration
(15 nM). Cells were co-cultured with PBMCs for 24, 48,
72 and 96 h at an effector:target cell ratio (E:T) of 25:1.
Cytotoxicity was calculated using the following formula:

Cytotoxicity %ð Þ ¼ Abs controlð Þ−Abs sampleð Þ
Abs controlð Þ−Abs PBMCsð Þ

� �
x 100

where (control) and (sample) refers to target cells incubated
with PBMCs without- and with drug, respectively, and
(PBMCs) refers to PBMCs incubated alone without drug or
target cells.

To investigate specificity of the treatments for target- vs.
non-target cells, varying concentrations of all formulations
were incubated for 72 h with BT474 target cells in the pres-
ence and absence of PBMCs at E:T ratios of 10:1 and 25:1.
Non-target HER2-deficient MCF7 cells were also treated for
72 h with the same range of concentrations of TmAb,
HER2xCD3 dual-targeted DOX-free liposomes, free DOX,
and HER2xCD3 dual-targeted DOX liposomes.

Data Analysis

An inhibitory Hill function (31) was used to determine IC50

using ADAPT5 software (32):

R ¼ R0 1−
Imax:C γ

IC50γ þ C γ

� �

where R is the response to treatment (%cell viability), R0 is the
baseline response (%viability under no-treatment conditions),
Imax is the fractional maximal response, C is the drug con-
centration, IC50 is the concentration corresponding to half-
maximal effect, and γ is the Hill coefficient. A naïve-pooled
data analysis approach was used, in which all data were
modeled in ADAPT5 using the maximum likelihood estima-
tor. The variance model was:

Vari ¼ σ1 þ σ2∙Y θ; tið Þð Þ2

with σ1 and σ2 as the variancemodel parameters, and Y(θ, ti) as
the ith predicted value from the above model.
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RESULTS

Liposome Preparation and Characterization

Drug-free non-targeted control liposomes had a particle size
of 125.9 nm (polydispersity index (PDI) 0.12) as measured by
DLS. DOX-loaded liposomes had a loading efficiency of
>90% and a drug:lipid ratio of approximately 0.21 mol:mol.
All immunoliposome formulations had protein:phospholipid
ratios of ~100–130 μg protein/μmol phospholipid. The par-
ticle size was 152.15 nm (PDI 0.162) for HER2-targeted
immunoliposomes and 155.75 nm (PDI 0.211) for
HER2xCD3 dual-targeted immunoliposomes. The particle
size for DOX-loaded non-targeted liposomes was
119.86 nm (PDI 0.059), that for DOX-loadedHER2-targeted
liposomes was 127.53 nm (PDI 0.078), and for DOX-loaded
HER2xCD3 dual-targeted liposomes was 149.3 nm (PDI
0.091). All formulations were inspected for signs of aggrega-
tion and/or precipitation and were stable at 4°C from the
time of preparation until the completion of all experiments.

HER2 and CD3 Receptor Binding Characterization
by Flow Cytometry

HER2-positive BT474 cells that were untreated or treated with
non-targeted fluorescent formulations showed minimal fluores-
cence intensity when analyzed by flow cytometry (Fig. 1), but
showed at least 10-fold higher fluorescence intensities when

treated with HER2-targeted- or HER2xCD3-dual-targeted
immunoliposomes. Similarly, CD3-positive Jurkat cells showed
approximately 10-fold higher fluorescence intensities when
treated with CD3-targeted- and HER2xCD3-dual-targeted
immunoliposomes compared to controls (Fig. 2).

Concentration-Response Relationships
for DOX-Containing Formulations

Long Term Exposure (72 h)

The concentration-response relationships for free DOX and
DOX-loaded formulations (non-targeted-, HER2-targeted-,
and HER2xCD3 dual-targeted liposomes) on HER2-
positive BT474 target cells are shown in Fig. 3, and the fitted
IC50 values for all formulations are summarized in Table I.
Free DOX (Fig. 3a) exhibited the lowest IC50 value, whereas
non-targeted DOX liposomes (Fig. 3b) exhibited the highest.
This finding is expected because free DOX is readily available
for cellular uptake and initiates an immediate cytotoxic effect,
whereas drug encapsulated in intact, sterically-stabilized lipo-
somes is not bioavailable. These liposomes interact poorly
with cells because of their polyethylene glycol surface coating;
only a small fraction of such liposomes are endocytosed by the
cells, releasing drug intracellularly, and the rate of drug re-
lease from extracellular liposomes, is quite slow. In the case of
HER2-targeted immunoliposomes (Fig. 3c) and HER2xCD3-
dual-targeted liposomes (Fig. 3d), their internalization occurs

Fig. 1 Binding of HER2-targeted-
and dual-targeted liposomes to
BT474 cells. (a) – binding of HER2-
targeted liposomes to BT474 cells
at 0.2 μM and 0.4 μM antibody
concentrations. (b) – binding of
HER2xCD3 dual-targeted
liposomes to BT474 cells at 0.2 μM
and 0.4 μM total antibody
concentrations. Green histograms
represent non-treated cells, purple
solid histograms represent cells
treated with non-targeted
liposomes, and pink open
histograms represent cells treated
with targeted liposomes.
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via receptor-mediated endocytosis, with subsequent intracel-
lular release of drug. The IC50 for these formulations is slightly
lower than for non-targeted liposomes because of their higher
endocytosis rate, but the delay in intracellular drug release
results in an IC50 that is higher than for free DOX.

Short Term Exposure (1 h)

Short-term exposure accentuates the advantage in vitro, of
ligand-targeted formulations over non-targeted formulations,
which bind in low amounts and with low affinity, and better

Fig. 2 Binding of CD3-targeted-
and dual-targeted liposomes to
Jurkat cells. (a) – binding of CD3-
targeted liposomes to Jurkat cells at
1.3 μM and 2.6 μM antibody
concentrations. (b) – binding of
HER2xCD3 dual-targeted
liposomes to Jurkat cells at 1.3 μM
total antibody concentration. Green
histograms represent non-treated
cells, purple solid histograms
represent cells treated with non-
targeted liposomes, and pink open
histograms represent cells treated
with targeted liposomes.

Fig. 3 Concentration-response curves for 72 h of exposure of BT474 cells to free DOX and DOX formulations. (a) – free DOX, (b) – non-targeted DOX
liposomes, (c) – HER2-targeted DOX liposomes, (d) – Dual-targeted DOX liposomes. Data are mean± SEM, n= 3.
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approximates transient exposures occurring in vivo. Figure 4
shows the anti-proliferative effects of free DOX, non-targeted
DOX-loaded liposomes, and HER2-targeted DOX-loaded
liposomes. Free DOX exhibited the greatest anti-
proliferative effect compared to the liposomal formulations,
as it enters cells rapidly and binds avidly in the nucleus.
HER2-targeted DOX-loaded formulations showed greater
effects than the non-targeted formulation because of their per-
sistent binding to HER2 on BT474 cells through the one-hour
exposure and subsequent washing, resulting in cell-killing ef-
fects that continued after replacement of the media. Non-
targeted DOX-loaded liposomes showed very little anti-
proliferative activity, affirming their low binding to cells.

Concentration-Response Relationships for DOX-Free
Formulations

The anti-proliferative effects of free TmAb, DOX-free
HER2-targeted liposomes, and DOX-free HER2xCD3
dual-targeted liposomes were investigated to determine the
contribution of DOX to their observed in vitro activity
(Fig. 5). Free TmAb inhibited cell proliferation to some extent
up to 96 h of exposure, consistent with reported findings
(10,33). The Imax (maximal cell growth inhibition effect) was

50% and was achieved with antibody concentrations ≥1 nM.
The two antibody-bearing formulations showed minimal cy-
tostatic activity at 10–1000-fold higher concentrations,
confirming the predominant role of encapsulated DOX in
their anti-proliferative activity, and that TmAb functions pri-
marily as a targeting moiety. Antibody-dependent cellular cy-
totoxicity (ADCC) plays a major role in the cytotoxic effects of
TmAb (34), but cytotoxic effects were limited for both the
free- and nanoparticle-bound antibody in the absence of ef-
fector cells such as natural killer cells, macrophages, or den-
dritic cells expressing Fcγ receptors and activated to kill target
cells upon TmAb binding.

Cytotoxicity of Formulations in the Presence
of Immune Effector Cells

Time-Dependent Effects

Immune effector cells contribute significantly to the activity of
TmAb, and therefore the cytotoxicity to BT474 cells was in-
vestigated as a function of exposure time to DOX-containing-
and DOX-free formulations, with and without TmAb- and
CD3-targeting. A concentration of 2 μM DOX was used,
which was slightly above the IC50 of the DOX-containing
formulations, and 15 nM antibody, equivalent to the concen-
tration present with targeted DOX-containing formulations,
was used for all DOX-free targeted formulations. The
effector:target cell ratio was 25:1.

Figure 6a shows that in the presence of PBMC effector
cells, non-targeted DOX liposomes exerted the lowest cyto-
toxic effect of any nanoparticle formulation. HER2-targeted
DOX liposomes were approximately equivalent to free DOX
as exposure time was increased, reflecting the killing contribu-
tion of the slow but progressive intracellular release of DOX
in target cells, whereas HER2xCD3-targeted DOX liposomes
reached their maximal cell-kill effect in the presence of
PBMCs most rapidly. The time course of cytotoxicity reveals
that the mechanisms of action of these formulations differ.
Whereas free DOX is immediately available to exert cytotoxic
effects, the liposomal formulations (particularly the non-
targeted DOX liposomes) require time to establish substantial
effects. Within 48 h, the HER2xCD3-targeted DOX

Table I Model parameters for
characterizing concentration-
response curves

Formulation R0 (%) IC50 (μM) γ Imax
(CV %) (CV %) (CV %) (CV %)

DOX 109.5 (6.29) 0.88 (26.77) 0.65 (12.59) 0.99 (1.74)

DOX-liposomes 99.12 (2.90) 1.56 (9.7) 1.31 (6.5) 0.92 (0.52)

HER2-targeted

DOX-liposomes

106.1 (4.63) 1.04 (16.65) 1.07 (9.54) 0.94 (0.74)

HER2xCD3-targeted

DOX-liposomes

95.49 (6.76) 1.12 (24.44) 1.20 (15.93) 0.92 (1.47)

Fig. 4 Short-term exposure of BT474 cells to free DOX and DOX formu-
lations. Black lines/symbols – non-targeted DOX liposomes. Red lines/
symbols – HER2-targeted liposomes. Blue lines/symbols – free DOX. Data
are mean± SEM, n= 4.
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liposomes established 85% of their maximal cytotoxicity in the
presence of immune effector cells, and exceeded the efficacy of

free DOX at several time points. By 72 h, the HER2xCD3-
targeted DOX liposomes reached almost 100% cell kill,

Fig. 5 Concentration-response curves for 96 h of exposure of BT474 cells to Trastuzumab and DOX-free formulations. (a) – Trastuzumab, (b) – HER2-
targeted liposomes, C – HER2xCD3 dual-targeted liposomes. Data are mean± SEM, n= 3.

Fig. 6 Cytotoxicity-time profile comparison of all formulations to BT474 cells in the presence of PBMCs. (a)–freeDOX (green solid bars), DOX liposomes (blue
solid bars), HER2-targeted DOX liposomes (grey solid bars) and HER2xCD3 dual-targeted DOX liposomes (red solid bars), DOX concentration used was
2 μM. (b) – Cytotoxicity of Trastuzumab (black open bars), HER2-targeted DOX-free liposomes (grey open bars), HER2xCD3 dual-targeted DOX-free
liposomes (red open bars) and OKT3 (blue open bars). The total antibody concentration used was 15 nM. Data are mean± SEM, n= 4. Statistical analysis
was done by one-way ANOVA followed by Dunnett’s multiple comparisons test to determine statistical significance between HER2xCD3-targeted liposomes and other
groups, α=0.05.
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followed closely by free DOX and HER2-targeted DOX
formulations.

DOX-free formulations were investigated in order to de-
termine the contribution of the HER2 and CD3 antibodies to
the target cell toxicity of the nanoparticle formulations. The
dual-targeted HER2xCD3 liposomes showed maximum cy-
totoxic effects in the presence of PBMCs because of their
activation of accessory cells and T lymphocytes, and achieved
80% of their maximum effect within 48 h (Fig. 6b). Free
TmAb and TmAb-targeted liposomes were similar to each
other in cytotoxicity, but were less effective than
HER2xCD3 dual-targeted liposomes because of their inabil-
ity to activate T lymphocytes via the CD3 receptor. At times
≥48 h, the dual-targeted HER2xCD3 liposomes were the
most potent of all formulations, and mediated nearly 100%
cytotoxicity when PBMC effector cells were present.

Cytotoxicity of Formulations in the Presence
and Absence of Immune Effector Cells

DOX and DOX-Loaded Liposomes

The effect of DOX upon the antitumor activity of targeted
and control formulations was investigated with varying E:T
ratios. The cytotoxicity of free DOX on BT474 cells was un-
affected by the absence or presence of PBMCs (Fig. 7a).

The presence of PBMCs increased cytotoxicity of all
DOX-loaded liposome formulations. Enhanced cytotoxicity
of non-targeted DOX-loaded liposomes was observed at
≤1 μM DOX when immune effector cells were present (Fig.
7b), suggesting that the immune response heightened the re-
sponse to low drug concentrations (35). NK cells and T lym-
phocytes release cytolytic granules such as perforins and
granzymes, which penetrate cell membranes and cause apo-
ptosis (36), and there exists a possibility that perforin and
granzyme release by effector cells also leads to drug release
from the liposomes. For the targeted liposomes, PBMC effec-
tor cells enhanced cytotoxicity markedly. For HER-2 targeted
liposomes (Fig. 7c), the IC50 decreased nearly 10-fold in the
presence of PBMCs, and the Imax increased from 0.75 to 1.0.
The effect was even greater for HER2xCD3 dual-targeted
liposomes (Fig. 7d); in the absence of effector cells, the Imax

was just over 0.5 and the IC50 was approximately 4 μM,
whereas in the presence of PBMCs, the IC50 decreased more
than10-fold, to 0.3 μM, and the Imax doubled to 1.0.

DOX-Free Liposomes

The free antibodies and DOX-free formulations were investi-
gated to determine their contribution to overall cytotoxicity in
the presence of PBMCs. Free TmAb exerted some cytotoxic-
ity, and an E:T ratio of 10:1 did not increase it (Fig. 8a).
Cytotoxicity increased with an E:T ratio of 25:1, but the

Imax was only approximately 0.6. The anti-CD3 antibody,
which has no target on BT474 cells, had no cytotoxicity of
its own, and the presence of effector cells had little additional
effect (Fig. 8b). In the absence of PBMCs, the HER2-targeted
liposomes exerted some cytotoxicity (Fig. 8c), but were not as
active as free TmAb (Fig. 8a). PBMCs increased the cytotox-
icity of DOX-free HER2-targeted liposomes in a cell dose-
dependent fashion, but even with an E:T ratio of 25:1, the
Imax was only approximately 0.75 at concentrations of 50–
100 nM antibody (Fig. 8c). Dual-targeted DOX-free
HER2xCD3 liposomes were low in cytotoxicity in the absence
of PBMCs (Fig. 8d), and cytotoxicity increased as the
effector:target cell ratio increased. An Imax of 1.0 was attained
at just 20 nM total antibody and a 25:1 E:T ratio, demon-
strating the greater potency achieved by dual-targeted
liposomes.

CYTOTOXICITYOF FORMULATIONSONMCF7
CELLS

Specificity of the targeted formulations was investigated with
the MCF7 cell line, which has little or no cell surface expres-
sion of the HER2 receptor (37). As expected, TmAb had no
cytotoxicity to MCF7 cells in the absence or presence of
PBMCs (Fig. 9a). MCF7 cells had approximately the same
sensitivity to free DOX (Fig. 9b) as the BT474 cell line (Fig.
7a) in the presence and absence of PBMCs. DOX-free
HER2xCD3 dual-targeted liposomes had no effect on
MCF7 cells in the absence of PBMCs, but did have some
cytotoxicity in their presence, and the Imax was approx. 0.6
(Fig. 9c). HER2xCD3 dual-targeted DOX liposomes (Fig. 9d)
had some cytotoxicity in the absence of PBMCs, and greater
cytotoxicity, which reached an Imax of 1.0, in the presence of
PBMCs. The cytotoxicity of dual-targeted liposomes to
MCF7 cells in the presence of PBMCs may result from the
fact that despite very weak expression of HER2 receptors on
the cell surface, the multivalent liposomes efficiently bind
sparse HER2 receptors and are able to cross-link target cells
to immune cells.

DISCUSSION

Here we have developed and evaluated a new tri-functional
immunoliposome drug delivery system that targets both the
HER2 receptor on breast cancer cells and the CD3 receptor
on T lymphocytes, and encapsulates the cytotoxic agent
DOX. The objective of creating such a formulation was to
enhance cytotoxic activity against HER2-positive breast can-
cer cells and minimize side effects, particularly cardiotoxicity,
which are known to occur with the combination of TmAb
with DOX (17,38), a standard-of-care combination therapy
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for HER2-positive breast cancer (13,15). A micelle-transfer
insertion method (27) was used to transfer the antibody, cova-
lently linked to a diacyl phospholipid anchor via a PEG spac-
er, from antibody-micelle conjugates into pre-formed lipo-
somes. These TFIL demonstrated a relatively high antibody-
liposome conjugation ratio (100–130 μg protein/μmol phos-
pholipid), high efficiency of DOX loading (>90%), a desirable
particle size (~150 nm), and stability for up to 3 months at
4°C. One of the main advantages of this approach is that
antibody-micelle conjugates can be post-inserted into pre-
formed, marketed liposomal formulations such as Doxil®/
Caelyx® or Onivyde®, thus reducing the steps and resources
involved in the formulation process. A disadvantage of the
chemical coupling method used in this proof-of-concept study
is that it did not control antibody orientation. However, this
issue can be overcome by other conjugation chemistries, such
as those utilizing endogenous antibody sulfhydryl groups (39).

Flow cytometry analysis of the HER2-positive BT474 cell
line and the CD3-positive Jurkat cell line demonstrated suc-
cessful binding and/or internalization of HER2-, CD3-, and

HER2xCD3 dual-targeted liposomes with their respective re-
ceptors. This finding represents a functional correlate of suc-
cessful antibody conjugation to liposomes by the micelle-
transfer technique, a method that has been used previously
to analyze EGFR-targeted immunoliposomes (40).
Interestingly, we observed two distinct peaks in the histogram
when the CD3-positive T cell leukemia cell line, Jurkat, was
treated with CD3-targeted and dual-targeted formulations. A
possible explanation for this could be that, after ligand binding
and activation of T cells, down-modulation of the T cell re-
ceptor (TCR) takes place at the cell-surface due to increase in
endocytosis and decrease in recycling of TCR to the surface
(41). The two peaks could represent the following - a popula-
tion of cells that are down-modulated (first peak) and another
population of cells that are non-down-modulated (second
peak), which is consistent with literature findings for Jurkat
cells treated with immobilized anti-CD3 antibody (42).
Furthermore, upon comparison of the peaks for CD3-
targeted liposomes (Fig. 2a) and HER2xCD3-dual-targeted
liposomes (Fig. 2b), we observe that the second peak is more

Fig. 7 Comparison of cytotoxicity to BT474 cells for DOX-containing formulations in the absence and presence of PBMCs over 72 h of exposure. (a) – free
DOX, (b) – non-targeted DOX liposomes, (c) – HER2-targeted DOX liposomes, (d) – HER2xCD3 dual-targeted DOX liposomes. Red lines/symbols
represent effector:target cell ratio of 25:1, blue lines/symbols represent effector:target ratio of 10:1 and black lines/symbols represent the absence of effector
cells. Data are mean± SEM, n= 4–6.
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intense for the latter, because the concentration of the anti-
CD3 antibody in the dual targeted formulation is half that of
the single targeted formulation. This results in different peak
intensities for the two formulations at the same concentration
of total antibody of 1.3 μM.

In vitro cytotoxicity experiments, conducted with and with-
out supplementary PBMCs as effector cells, show that free
TmAb and DOX-free HER2-targeted liposome formulations
have cytolytic effects only in the presence of PBMCs. This is
an expected result because the primary mechanism of action
of TmAb is via ADCC (34) resulting from recruitment of
NK cells and T lymphocytes from the PBMC cell preparation.
For the DOX-free HER2-targeted liposomes, the likely main
mechanism of action is also via direct targeting of the HER2
receptor, supplemented by ADCC that is driven by exposed
Fc domains of randomly-oriented TmAb molecules on the
liposome surface. This effect also necessitates the presence of
PBMC effector immune cells to enable crosslinking with target
cancer cells.

A time-course study of DOX-containing formulations in
the presence of PBMCs investigated cancer cell killing as a
pharmacodynamic endpoint. At a 25:1 effector:target cell ra-
tio, HER2xCD3 dual-targeted DOX-loaded liposomes

showed the greatest cytotoxicity, followed by (in order of de-
scending potency) free DOX, HER2-targeted DOX lipo-
somes, and non-targeted DOX liposomes. Similar experi-
ments with DOX-free formulations at equivalent antibody
concentrations (15 nMprotein) demonstrated higher cytotoxic
effects for the HER2xCD3 dual-targeted DOX-free lipo-
somes compared to the other DOX-free formulations. These
two sets of experiments provide evidence that differences in
the cytotoxicity of liposomal formulations results from
targeting of the HER2-receptor on cancer cells, and demon-
strates the role of accessory- and T effector cell recruitment, as
well as DOX toxicity, for the destruction of tumor cells.

Multiple effector:target cell ratios (E:T of 25:1 and 10:1)
were also investigated for the formulations. It was observed that
the HER2xCD3 dual-targeted formulations performed better
than all others. Various mechanisms are likely to contribute to
this result, including: (i) HER2-receptor targeted activation of
accessory cells by the Fc domains of antibodies exposed on the
surface of the liposomes, (ii) activation and recruitment of T
cells via binding of the anti-CD3 on the surface of the TFILs to
their cognate CD3 receptors on the surface of T cells and, (iii)
slow release of DOX from the dual-targeted DOX-loaded li-
posomes. A comparison of concentration-cytotoxicity

Fig. 8 Comparison of cytotoxicity to BT474 cells for DOX-free formulations in the absence and presence of PBMCs over 72 h of exposure. (a) – TmAb, (b) –
OKT3 antibody, (c) – HER2-targeted DOX-free liposomes, (d) – HER2xCD3 dual-targeted DOX-free liposomes. Red lines/symbols represent effector:target
cell ratio of 25:1, blue lines/symbols represent effector:target ratio of 10:1 and black lines/symbols represent the absence of effector cells. Data are mean± SEM,
n= 4–6.
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relationships in the absence and presence of PBMCs for all
formulations helped resolve the contribution to cytotoxic effects
of the drug vs. effector cells. The dual-targeted formulations
were found to be superior to other formulations in the presence
of immune effector cells. It should be noted that the kinetics of
T cell activation are considerably more rapid than the kinetics
of DOX release from the highly-stable, starically-stabilized li-
posomes (43,44). As a result, it is very unlikely that the DOX
within the dual-targeted DOX-loaded liposomes would kill the
immune effector cells before they initiated cytotoxicity toward
the cancer cells.

We also investigated effects of the various formulations on
the HER2-deficient MCF7 cell line. Somewhat surprisingly,
the presence of PBMCs enhanced the activity of HER2xCD3
dual-targeted liposomes on these HER2-deficient cells. This
cytotoxic activity may result either from efficient recruitment
and cross-linking of effector cells despite the weak expression
of the HER2 receptor on MCF7 cells, or a generalized acti-
vation and recruitment of T lymphocytes, in the presence of
anti-CD3 antibody and accessory cells, regardless of the target

cancer cell line. We gravitate towards the explanation that in
the dual-targeted formulation, the binding affinity of
Trastuzumab for its receptor is more dominant than the num-
ber of HER2 receptors in inducing cytotoxicity toMCF7 cells.
If this hypothesis is supported by additional investigations,
then such dual-targeted formulations might be able to over-
come Trastuzumab resistance that arises from molecular
events such as the shedding of the HER2 receptor or other
compensatory intracellular signaling pathways ormutations in
intracellular signaling proteins (18).

CONCLUSIONS

Here we successfully developed and evaluated the efficacy of a
novel tri-functional drug delivery system that targets the
HER2-receptor on breast cancer cells and the CD3-receptor
on T lymphocytes, and encapsulates DOXwithin its core. The
dual-targeted formulation demonstrated good cytotoxic activi-
ty, especially in the presence of effector cells, and performed

Fig. 9 Comparison of cytotoxicity to MCF7 cells in the presence and absence of PBMCs. (a) – TmAb, (b) – free DOX, (c) –HER2xCD3 dual-targeted DOX-
free liposomes, (d) –HER2xCD3DOX liposomes. Red lines/symbols represent effector:target ratio of 10:1 and black lines/symbols represent absence of effector
cells. Data are mean± SEM, n= 4.
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better than all other formulations including free drugs (i.e.
TmAb and DOX). The postulated mechanisms of action of
the formulation appear to include: 1) binding of liposomes,
mediated by surface-conjugated anti-HER2 antibody TmAb,
to the HER2-receptors on breast cancer cells, leading to
cytostasis/cytolysis; 2), activation and recruitment of T lympho-
cytes by the liposome-conjugated anti-CD3 antibody, OKT3
to recognize and kill cancer cells; 3) activation of Fcγ receptor-
positive accessory cells for ADCC by exposed Fc domains of
randomly-oriented TmAb on the liposome surface; 4) slow
release of the encapsulated cytotoxic agent DOX from either
cell surface-bound liposomes or from endocytosed liposomes,
augmenting the target cell toxicity that is mediated by immune
effector cells. The combined synergistic effect of multiple mech-
anisms of action of this drug delivery system suggests that en-
hanced anti-tumor activity may be elicited clinically, while si-
multaneously reducing the cardiotoxicity that is mediated by
anthracyclines and HER2-based therapy. With proof-of-
concept established for these tri-functional, HER2/CD3-
targeted nanoparticles that engage both cancer cell and im-
mune cell targets, in vivo analysis will provide further insights
into potential translational/clinical applicability of this drug
delivery and immune activation strategy.
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