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Improved Outcome When B-Cell Lymphoma Is Treated with
Combinations of Immunoliposomal Anticancer Drugs
Targeted to Both the CD19 and CD20 Epitopes
Puja Sapra, and Theresa M. Allen
Department of Pharmacology, University of Alberta, Edmonton,
Alberta, Canada

ABSTRACT
Purpose: We have reported previously that successful
immunoliposomal drug therapy with liposomal doxorubicin
(DXR) against xenograft B-lymphoma models required
targeting against an internalizing B-cell antigen, CD19
(P. Sapra and T. M. Allen. Cancer Res 2002;62:7190 – 4.).
Here we compare targeting of immunoliposomal formulations of DXR with vincristine (VCR) targeted against CD19
versus a noninternalizing (CD20) epitope. We also examine
the effect of targeting immunoliposomes with antibody combinations in an attempt to increase the total number of
binding sites (apparent antigen density) at the target cell
surface.
Experimental Design: Cell association of immunoliposomes (CD19-targeted, CD20-targeted, or combinations of
the two) with human B-cell lymphoma (Namalwa) cells were
studied using radiolabeled liposomes. Therapeutic efficacy
of the same formulations was determined in a severe combined immunodeficient murine model.
Results: Therapeutic results in severe combined immunodeficient mice bearing Namalwa cells administered antiCD20-targeted liposomal DXR were barely improved over
those found for nontargeted liposomal DXR or free DXR
but, surprisingly, administration of anti-CD20-targeted liposomal VCR resulted in a significantly improved therapeutic outcome compared with nontargeted liposomal VCR,
free VCR, or anti-CD20-targeted liposomal DXR.
Treatment of murine B lymphoma with single injections of combinations of anti-CD19- and anti-CD20-targeted
liposomal VCR led to cures in 70% of mice. However, mice
injected with similar combinations of liposomal DXR did not
have improved survival rates over anti-CD19-targeted liposomal DXR by itself.
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Conclusions: The success of immunoliposomal therapy
in combination regimens varies with the type of encapsulated drug and the nature of the target epitopes.

INTRODUCTION
Ligand-mediated targeting of liposomal anticancer drugs to
antigens that are either expressed selectively, or are overexpressed, on the surface of tumor cells is increasingly being
recognized as an effective strategy for increasing the therapeutic
effectiveness of anticancer drugs (1–7). However, low antigen
density and/or heterogeneous expression of the target antigen at
the cell surface may limit the effectiveness of targeted therapeutics (7–10).
Evidence has been presented that high antigen density on
target cells improves the therapeutic effectiveness of targeted,
relative to nontargeted, liposomal drugs by increasing the
amount of drug delivered to the target cells (5). In addition, for
antibody-targeted liposomal (immunoliposomal) drugs, antibodies are presented in a multivalent fashion at the liposome surface, and high antigen densities may facilitate the simultaneous
engagement of multiple antigenic sites, which can initiate signal
transduction mechanisms and lead to increased cell killing.
Because increasing the density of a single population of receptors at the cell surface is impractical for in vivo applications, a
possible approach to increasing the total targeted population of
receptors at the cell surface would be to use a mixture of
immunoliposomal drugs, with the immunoliposomes in the mixture being targeted against different populations of receptors.
We hypothesize that combinations of immunoliposomal drugs,
targeted against different populations of cell surface antigens,
will lead to a higher apparent antigen density on the target cells,
the delivery of more drug to the cells, and greater cell killing.
Antibody-based therapies, including immunoliposomes,
target and kill individual cells that express specific cell-surface
antigens; tumor cells that have little or no target antigen may be
killed by a bystander effect or may escape cytotoxic effects (7).
The antigen-negative cells can result in emergence of resistant
cell populations and disease relapse (11). Using mixtures of
immunoliposomes should facilitate delivery of drugs to a higher
percentage of tumor cells in populations of cells that have
heterogeneous expression of receptors. Several studies have
shown significantly improved therapeutic responses when using
combinations of immunotoxins compared with single immunotoxin therapy in animal cancer models (12–17).
Immunoliposomal therapy has, to date, only targeted individual antigens on tumor cells surfaces; combination immunoliposomal therapy has yet to evaluated. In this study, we examined the therapeutic efficacy, in xenograft models of human B
lymphoma, of combination regimens of immunoliposomes,
loaded with either doxorubicin (DXR) or vincristine (VCR),
targeted to two different epitopes, CD19 (internalizing) and
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CD20 (noninternalizing or very slow internalizing; Refs. 1, 18,
19). We show that this strategy resulted in an improved therapeutic outcome for VCR-loaded liposomes relative to DXRloaded liposomes.
Internalization of the liposome-drug package is generally
accepted to be a requirement for successful immunoliposomal
drug therapy (1, 20, 21). It has been shown recently that DXRloaded immunoliposomes required internalization into Namalwa
cells to improve the therapeutic responses over those obtained
with nontargeted liposomes (1). Here we report, in the same
animal model, the unexpected finding that mice injected with
VCR-loaded immunoliposomes targeted via anti-CD20 (Rituxan; mouse:human chimeric IgG1 anti-CD20 antibody;
␣CD20), had significantly increased survival rates relative to
nontargeted liposomes. Indeed, survival rates for ␣CD20-targeted immunoliposomal VCR were comparable with those
found in mice injected with anti-CD19 (anti-CD19 murine
monoclonal antibody IgG2a; ␣CD19)-targeted immunoliposomal VCR.

MATERIALS AND METHODS
Materials. Egg sphingomyelin (SM) and cholesterol
(Chol) were purchased from Avanti Polar Lipids (Alabaster,
AL). Hydrogenated soy phosphatidylcholine (HSPC) and methoxypolyethylene glycol (molecular weight 2000), covalently
linked via a carbamate bond to distearoylphosphatidylethanolamine (mPEG-DSPE; Ref. 22), were generous gifts from
ALZA Pharmaceuticals, Inc. (Mountain View, CA). Maleimidederivatized PEG2000-DSPE (Mal-PEG-DSPE) was custom synthesized by Shearwater Polymers, Inc. (Huntsville, AL), according to a protocol described previously (23). Nuclepore
polycarbonate membranes (pore sizes: 0.2, 0.1, and 0.08 m)
were purchased from Northern Lipids (Vancouver, British Columbia, Canada). 2-Iminothiolane (Traut’s reagent) and 3-(4,5dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide were
purchased from Sigma Chemical Co. (St. Louis, MO). RPMI
1640 (without phenol red), penicillin-streptomycin, and fetal
bovine serum were obtained from Life Technologies, Inc. (Burlington, Ontario, Canada). Bio-Rad Protein Assay Reagent was
purchased from Bio-Rad Laboratories (Mississauga, Ontario,
Canada). Sephadex G-50, Sepharose CL-4B, and aqueous
counting scintillant were purchased from Amersham Pharmacia
Biotech (Baie d’Urfe, Quebec, Canada). Cholesterol-[1,2-3H(N)]-hexadecyl ether ([3H]CHE), 1.48 –2.22 TBq/mmol, and
125
I-NaI (185 MBq) were purchased from Mandel Scientific
(Mississauga, Ontario, Canada). Centrisart concentrators (molecular weight cutoff of 100,000) were obtained from Sartorius
(Goettingen, Germany). All of the other chemicals were of
analytical grade purity.
Animals, Antibodies, and Cell Lines. Six-to-8-weekold female CB17 severe compromised immunodeficient mice
were purchased from Taconic Farms (Germantown, NY) and
housed in the virus antigen-free unit of the Health Sciences
Laboratory Animal Services, University of Alberta. All of the
experiments were approved by the Health Sciences Animal
Policy and Welfare Committee of the University of Alberta.
The murine monoclonal antibody (mAb) ␣CD19 (IgG2a)
was produced from the FMC63 murine hybridoma (24) and

purified as described previously (25). Rituxan, a chimeric whole
mAb (IgG1) used as a source of ␣CD20, was purchased from
the University of Alberta Hospital Pharmacy. The human Burkitt’s lymphoma cell line, Namalwa (American Type Culture
Collection CRL 1432), was purchased from American Type
Culture Collection (Rockville, MD) and cultured in suspension
in a humidified 37°C incubator with a 5% CO2 atmosphere in
RPMI 1640 supplemented with 10% (v/v) fetal bovine serum,
penicillin G (50 units/ml), and streptomycin sulfate (50 g/ml).
Only cells in the exponential phase of cell growth were used for
experiments.
Preparation of Liposomes. Nontargeted Stealth liposomes (SL), to be loaded with DXR for therapeutic studies or
radiolabeled with [3H]CHE for cell association studies, were
composed of HSPC:Chol:mPEG-DSPE at a 2:1:0.1 molar ratio
(HSPC-SL) and targeted Stealth immunoliposomes (SIL) were
composed of HSPC:Chol:mPEG-DSPE:Mal-PEG-DSPE at a
2:1:0.08:0.02 molar ratio (HSPC-SIL). Liposomes were prepared by hydration of thin films, as described previously, and
were extruded to mean diameters in the range of 100 ⫾ 10 nm
(2). DXR was loaded into liposomes using the ammonium
sulfate loading method (26).
Nontargeted liposomes, to be loaded with VCR for therapeutic studies or radiolabeled with [3H]CHE for cell association
studies, were composed of SM:Chol:mPEG-DSPE at a 55:40:5
molar ratio (SM-SL), and targeted liposomes were composed of
SM:Chol:mPEG-DSPE:Mal-PEG-DSPE at a 55:40:4:1 molar
ratio (SM-SIL). Liposomes were prepared by hydration of a
lipid film in 300 mM citrate buffer (pH 4.0) as described previously (27) and were extruded to a mean diameter of 120 ⫾ 10
nm. VCR was loaded using the transmembrane pH gradientdependent procedure (28).
Liposomes for the in vitro cell association studies were
radiolabeled with [3H]CHE], a nonmetabolizable, nonexchangeable radioactive tracer, and were prepared by hydrating the lipid
films in HEPES-buffered saline [25 mM 4-(2-hydroxyethyl)-1piperazine ethanesulphonic acid and 140 mM NaCl (pH 7.4)]
followed by extrusion, as above.
Coupling of mAbs to Liposomes. ␣CD19 or ␣CD20
mAbs were coupled to the terminus of the Mal-PEG-DSPE
included in HSPC-SIL or SM-SIL at 2000:1 (lipid:protein)
molar ratios, using a coupling procedure described previously
(23). Briefly, mAb (10 mg/ml) was incubated with 2-iminothiolane in O2-free HEPES-buffered saline (pH 8.0) at a ratio of
20:1 (mol/mol) for 1 h at room temperature to thiolate the amino
groups. At the end of the incubation, the excess reagent was
removed by chromatography on a Sephadex G-50 column,
equilibrated with O2-free HEPES-buffered saline (pH 7.4), and
the thiolated mAb was immediately incubated overnight with
liposomes in an O2-free environment with continuous stirring.
The SIL were separated from any uncoupled mAb over a Sephadex CL-4B column equilibrated with HEPES-buffered saline
(pH 7.4). To assess coupling efficiency of the mAbs, a trace
amount of 125I-labeled ␣CD19 or ␣CD20 was added to the
unlabeled mAb before thiolation. Antibody coupling is expressed as g mAb/mol phospholipid (PL). A coupling efficiency of 80 –90% for either antibody could routinely be
achieved by this procedure, and particular attention was taken to
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Table 1 Survival times of SCID mice after immunoliposomal DXRa treatments
SCID mice (5–7/group) were injected i.v. with 5 million Namalwa cells in 0.2 ml PBS. After 24 h they were injected i.v. in the tail vein with
a single bolus dose of 3 mg/kg as free DXR or liposomal DXR. Liposomes were composed of HSPC:Chol:mPEG-DSPE (2:1:0.1) or HSPC:Chol:
mPEG-DSPE:Mal-PEG-DSPE (2:1:0.08:0.02). DXR-loaded liposomes targeted with mAbs had 76 g ␣CD19/mol PL (40 molecules of ␣CD19/
liposome) or 70 g ␣CD20/mol PL (37 molecules of ␣CD20/liposome), respectively. Free mAbs were dosed at 15 g of ␣CD19 or 13 g of ␣CD20
per mouse, which corresponds to the total amount of mAb received on immunoliposomes. Empty liposomes had 36 molecules of ␣CD19/liposome
or 33 molecules of ␣CD20/liposome. The combination groups of free mAbs, empty or DXR-loaded liposomes had both components in equal parts.
The combination of DXR-loaded ␣CD19 and ␣CD20-targeted liposomes was dosed at a total DXR dose of 3 mg/kg, and a total dose of 14 g free
mAbs per mouse.
Group

Mean survival time
⫾ SD (days)

Percentage increase
life span

Long-term survivors
(⬎150 days)

Control (saline)
free DXR
DXR-HSPC-SL
HSPC-SIL (␣CD20)
HSPC-SIL (␣CD19)
HSPC-SIL (␣CD20) ⫹ HSPC-SIL (␣CD19)
␣CD20
␣CD19
␣CD20 ⫹ ␣CD19
DXR-HSPC-SL ⫹ ␣CD20
DXR-HSPC-SL ⫹ ␣CD19
DXR-HSPC-SIL (␣CD20)
DXR-HSPC-SIL (␣CD19)
DXR-HSPC-SIL (␣CD20) ⫹ DXR-HSPC-SIL (␣CD19)

27.6 ⫾ 0.5
31.3 ⫾ 2.7
28.6 ⫾ 1.0
30.5 ⫾ 1.0
31.5 ⫾ 2.4
33.2 ⫾ 2.0
34.3 ⫾ 1.1
34.8 ⫾ 1.0
40.7 ⫾ 2.0
33.0 ⫾ 1.3
39.5 ⫾ 1.0
34.3 ⫾ 4.2
45.7 ⫾ 4.7
48.6 ⫾ 4.4

13
4
11
14
20
24
26
47
20
43
24
66
76

0/5
0/5
0/5
0/6
0/6
0/6
0/6
0/6
0/6
0/6
0/6
0/7
0/7
0/7

a
DXR, doxorubicin; HSPC, hydrogenated soy phosphatidylcholine; Chol, cholesterol; mPEG-DSPE, methoxy (polyethylene glycol)2000
distearoylphosphatidylethanolamine; Mal-PEG-DSPE, maleimide-derivatized PEG2000-DSPE; mAb, monoclonal antibody; PL, phospholipid; SIL,
Stealth immunoliposomes; SL, Stealth liposomes.

ensure that similar antibody densities (within ⫾10%) occurred
at the surface of either type of immunoliposome.
Cell Association of Immunoliposomes. In vitro cell
association of immunoliposomes labeled with [3H]CHE was
determined, as described previously, at both 37°C and 4°C,
i.e., permissive and nonpermissive temperatures for endocytosis, respectively (29). Briefly, liposomes {SM-SL, HSPC-SL,
SIL composed of SM:Chol:mPEG-DSPE:Mal-PEG-DSPE conjugated to ␣CD19 [SM-SIL(␣CD19)], SIL composed of HSPC:
Chol:mPEG-DSPE:Mal-PEG-DSPE conjugated to ␣CD19
[HSPC-SIL(␣CD19)], SIL composed of SM:Chol:mPEG-DSPE:
Mal-PEG-DSPE conjugated to ␣CD20 [SM-SIL(␣CD20)], or
SIL composed of HSPC:Chol:mPEG-DSPE:Mal-PEG-DSPE
conjugated to ␣CD20 [HSPC-SIL(␣CD20)]} were radiolabeled
with [3H]CHE and incubated in sterile tubes with 1 million
Namalwa cells at PL concentrations ranging from 0.1 mM to 1.6
mM PL (in triplicate) for 1 h. For evaluating cell association of
combinations of immunoliposomes, HSPC-SIL(␣CD19) and
HSPC-SIL(␣CD20) or SM-SIL(␣CD19) and SM-SIL(␣CD20)
were mixed at a 1:1 ratio before incubation with the Namalwa
cells. Cells were then washed twice with cold PBS to remove
unbound liposomes, and the amount of [3H]CHE counts associated with cells was determined by scintillation counting
(Beckman LS-6800 Scintillation Counter). These data were
transformed into pmol PL uptake per 106 cells (cell association)
using the specific activity of the liposomes. Specific cell association of either SIL[␣CD19] or SIL[␣CD20] was determined
by subtracting cell association for nontargeted liposomes (nonspecific association) from the total cell association of the respective immunoliposome.
In Vivo Survival Experiments. Severe compromised
immunodeficient mice (5–7/group) were injected i.v. via the tail

vein with 5 million Namalwa cells in 0.2 ml PBS. After 24 h,
mice received a single bolus i.v. dose of 3 mg DXR/kg as free
DXR or DXR-loaded liposomes [DXR-HSPC-SL, DXR-HSPCSIL(␣CD19), or DXR-HSPC-SIL(␣CD20)]. Alternatively, mice
were injected with 0.66 mg VCR/kg as free VCR or VCRloaded liposomes [VCR-SM-SL, VCR-SM-SIL(␣CD19), or
VCR-SM-SIL(␣CD20)]. The antibody density on drug-loaded
immunoliposomes was used to calculate appropriate doses of
either free mAb or empty (no drug) immunoliposomes that were
used as experimental controls. Where combinations of two
drug-loaded immunoliposomal formulations, two free mAbs, or
two empty immunoliposomal formulations were administered,
the total dose was composed of equal parts of each therapy.
Mice were monitored daily for up to 150 days and were euthanized when they developed hind leg paralysis. Mice surviving to
150 days were determined to be long-term survivors and were
subsequently sacrificed and subjected to gross pathological examination.
Statistical Analysis. Comparisons of cell association and
survival studies reported in Table 1 were done using one-way
ANOVA with InStat software (Version 3.0; GraphPad, San
Diego, CA). The Tukey post-test was used to compare means.
Survival studies reported in Table 2 were analyzed using
Kaplan-Meier plots with GraphPad Prism software. Differences
were considered significant at a P ⬍ 0.05.

RESULTS AND DISCUSSION
In Vitro Cell Association
In vitro cell association studies were performed on Namalwa
cells with either SIL(␣CD19) or SIL(␣CD20). The term cell association reflects a combination of three processes: (a) specific bind-
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Table 2 Survival times of SCID mice after immunoliposomal VCRa treatments
SCID mice (6 –7/group) were injected i.v. with 5 million Namalwa cells in 0.2 ml PBS. After 24 h they were injected i.v. in the tail vein with
a single bolus dose of 0.66 mg/kg as free VCR or liposomal VCR. Liposomes were composed of SM:Chol:mPEG-DSPE (55:40:5) or SM:Chol:
mPEG-DSPE:Mal-PEG-DSPE (55:40:4:1). Liposomes targeted with mAbs had 66 g ␣CD19/mol PL (34 molecules of ␣CD19/liposome) or 52 g
␣CD20/mol PL (27 molecules of ␣CD20/liposome, respectively). The combination group had VCR-SM-SIL (␣CD19) and VCR-SM-SIL (␣CD20;
total dose ⫽ 0.66 mg/kg) in equal parts.
Group

Mean survival time
⫾ SD (days)

Percentage increase
life span

Long-term survivors
(⬎150 days)

Control (saline)
Free VCR
VCR-SM-SL
VCR-SM-SL ⫹ ␣CD20
VCR-SM-SL ⫹ ␣CD19
VCR-SM-SIL (␣CD20)
VCR-SM-SIL (␣CD19)
VCR-SM-SIL (␣CD20) ⫹ VCR-SM-SIL (␣CD19)

25.4 ⫾ 0.5
38.7 ⫾ 4.0
31.9 ⫾ 3.0
44.7 ⫾ 5.9
62.3 ⫾ 8.8
49.0 ⫾ 4.6
66.0 ⫾ 13.1
77.0, 91.0

53
26
76
145
93
160
203, 258

0/6
0/6
0/7
0/6
0/6
2/7
3/7
5/7

a
VCR, vincristine; SM, egg sphingomyelin; Chol, cholesterol; mPEG-DSPE, distearoyl phosphatidyl; Mal-PEG-DSPE, maleimide-derivatized
PEG2000-DSPE; mAb, monoclonal antibody; PL, phospholipid; SIL, Stealth immunoliposomes.

ing of SIL to the CD19 or CD20 cell surface antigens; (b) internalization (if any) of the SIL into the cell interior and recycling of
the antigen back to the cell surface with possible repetition of the
process; and (c) nonspecific binding of the immunoliposomes to
the cell surface.
The levels of cell association of either SIL(␣CD19) or
SIL(␣CD20) with Namalwa cells were significantly higher than

seen for nontargeted SLs at either 37°C or 4°C (Fig. 1A) at all
of the phospholipid concentrations. In addition, the levels of cell
association of SIL(␣CD19) with cells were significantly higher
at 37°C than at 4°C (nonpermissive for endocytosis; Fig. 1A).
This was likely due to the binding of SIL to Namalwa cells via
the pan B-cell differentiation antigen, CD19, followed by receptor-mediated endocytosis and recycling of the epitope back

Fig. 1 In vitro cell association of liposomes with Namalwa cells as a function of concentration at 37°C (1 and 3) or 4°C (2 and 4). Nontargeted Stealth
liposomes (F); SIL(␣CD19) (Œ); SIL(␣CD20) (f); Targeted combination of SIL(␣CD19) ⫹ SIL(␣CD20) (〫). 1 and 2, liposomes were composed
of Hydrogenated soy phosphatidylcholine (HSPC):cholesterol (Chol):distearoylphosphatidylethanolamine (mPEG-DSPE):maleimide-derivatized
PEG2000-DSPE (Mal-PEG-DSPE; 2:1:0.1) or HSPC:Chol:mPEG-DSPE:Mal-PEG-DSPE (2:1:0.08:0.02). 3 and 4, liposomes were composed of egg
sphingomyelin (SM):Chol:mPEG-DSPE (55:40:5) or SM:Chol:mPEG-DSPE:Mal-PEG-DSPE (55:40:4:1). Liposomes were labeled with [3H]CHE
and incubated with 1 million Namalwa cells for 1 h after which the cells were washed with cold PBS to remove the unbound liposomes. The
concentration of monoclonal antibodies on HSPC-SILs was 64 g ␣CD19/mol phospholipid (PL) or 54 g ␣CD20/mol PL and that on SM-SILs
was 59 g ␣CD19/mol PL or 56 g ␣CD20/mol PL. Data are expressed as pmol PL/1 million cells. Each point is an average of three replicates
from one representative experiment; bars, ⫾ SD.
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Fig. 2 Specific cell association of
immunoliposomes with Namalwa
cells as a function of concentration
at 37°C (1 and 3) or 4°C (2 and 4).
SIL(␣CD19) (Œ); SIL(␣CD20) (f);
Targeted combination of SIL(␣CD19)
⫹ SIL(␣CD20) (〫). ⴱ, calculated sum
of cell association of SIL(␣CD19) and
SIL(␣CD20). 1 and 2, liposomes were
composed of hydrogenated soy phosphatidylcholine:cholesterol (Chol):
distearoylphosphatidylethanolamine
(mPEG-DSPE; 2:1:0.1) or hydrogenated soy phosphatidylcholine:Chol:
mPEG-DSPE:maleimide-derivatized
PEG2000-DSPE (2:1:0.08:0.02). 3 and 4,
liposomes were composed of SM:Chol:
mPEG-DSPE (55:40:5) or SM:Chol:
mPEG-DSPE:maleimide-derivatized
PEG2000-DSPE (55:40:4:1). Data are
expressed as pmol phospholipid/1 million cells. Each point is an average of
three replicates from one representative
experiment; bars, ⫾ SD.

to the cell surface where it is available to participate in additional binding and internalization events (2, 18, 30, 31). No
significant differences were observed in the levels of cell association of SIL(␣CD20) with cells at 37°C versus 4°C, which is
consistent with its poor ability to internalize immunoliposomes
(1). Also, using confocal fluorescence microscopy, we have
shown previously that SIL(␣CD19) were rapidly internalized
into Namalwa cells at 37°C whereas SIL(␣CD20) were not
internalized at this temperature. At 4°C, both SIL(␣CD19) and
SIL(␣CD20) were largely found on the cell surface consistent
with the poor ability of CD20 epitope to internalize (1, 18, 19).
Specific cell association (targeted minus nontargeted) is
given in Fig. 1B. As expected, the levels of cell association of
1:1 combinations of SIL(␣CD19) and SIL(␣CD20) were higher
than those seen for either of the individual immunoliposome
formulations at all of the PL concentrations and appeared to be
additive. This was observed for both SM and HSPC liposomes
at either 37°C or 4°C (Fig. 2). Only at one concentration (1.6
mM PL), at 37°C, did the cell association of the combination of
HSPC-SIL(␣CD19) and HSPC-SIL(␣CD20) appear to be
subadditive.
In Vivo Survival Studies
DXR-Containing Liposomes. The therapeutic effectiveness of DXR-loaded immunoliposomes targeted via either
␣CD19 or ␣CD20 was evaluated individually or in combination
in severe compromised immunodeficient mice bearing Namalwa cells (Table 1). Mice treated with DXR-containing liposomes targeted via either ␣CD19 or ␣CD20 had significantly
longer survival times than mice that received no treatment
(control; P ⬍ 0.01). DXR-HSPC-SL or free DXR were not
therapeutically better than control groups (P ⬎ 0.05). These

results confirm previous observations that antibody-mediated
delivery of liposomal drugs to antigens expressed on the surface
of B cells can increase the therapeutic effectiveness of anticancer drugs.
A single injection of free DXR was not an effective treatment, in part because the drug has large volume of distribution,
leading to low plasma drug levels. The release rate of DXR from
liposomes is slow, so nontargeted liposomal DXR maintains
high levels of entrapped (i.e., nonbioavailable) drug in circulation for long periods of time (32). However, the entrapped drug
is not delivered efficiently to B cells, because nontargeted
liposomes are not bound to and internalized by these cells. This
makes it unlikely that therapeutically relevant intracellular concentrations of drug are achieved for the nontargeted liposomes,
explaining their lack of significant therapeutic effects.
As seen in Table 1, treatment of tumor-bearing mice with
DXR-HSPC-SIL(␣CD19) significantly increased their survival
relative to DXR-HSPC-SIL(␣CD20; P ⬍ 0.001), DXRHSPC-SL (P ⬍ 0.001), or free DXR (P ⬍ 0.001). No significant
difference was observed between mice treated with DXRHSPC-SIL(␣CD20) and free DXR (P ⬎ 0.05). Mice treated
with DXR-HSPC-SIL(␣CD20) had survival times that were
marginally better than DXR-HSPC-SL (P ⬍ 0.05).
As reported previously, immunoliposomes targeted via
␣CD19 are rapidly internalized into Namalwa cells in contrast
to immunoliposomes targeted via ␣CD20, which are not internalized or are internalized very slowly (1). Internalization of the
␣CD19-targeted formulations is the likely explanation of the
improved results seen for DXR-HSPC-SIL(␣CD19) relative to
DXR-HSPC-SIL(␣CD20). Receptor-mediated intracellular delivery of DXR-HSPC-SIL(␣CD19) and subsequent release of
drugs inside the cells leads to high intracellular drug concentra-
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tions. We have published previously evidence that breakdown of
the drug-liposome package by lysosomal and endosomal enzymes, followed by release of drug into the cytoplasm, is
responsible for cytotoxic effects of DXR-HSPC-SIL(␣CD19;
Refs. 33–35). In contrast, DXR-HSPC-SIL(␣CD20) will bind to
the surface of target cells and, over time, release drug to the
extracellular medium. The processes of diffusion and redistribution of the drug away from the cell surface in vivo competes
with entry of the drug into the cell by passive diffusion and
leads, we hypothesize, to low intracellular drug concentrations
and inferior therapeutic results.
Another explanation for improved results seen with DXRHSPC-SIL(␣CD19) over DXR-HSPC-SIL(␣CD20) may lie in
the more homogeneous distribution of the CD19 epitope in
Namalwa cell populations compared with the CD20 epitope
(coefficient of variation for CD20 ⫽ 78, CD19 ⫽ 45, unstained
cells ⫽ 44; Ref. 1). A more homogeneous expression of the
CD19 epitope on the target cells would lead to a higher overall
level of cell killing for the DXR-HSPC-SIL(␣CD19) relative to
DXR-HSPC-SIL(␣CD20), which would not be expected to be
effective against cells that had low or no expression of CD20.
In this study, the combination of DXR-HSPC-SIL(␣CD19)
and DXR-HSPC-SIL(␣CD20) did not significantly improve the
therapeutic effectiveness over that seen with DXR-HSPCSIL(␣CD19) alone (P ⬎ 0.05; Table 1). Not surprisingly, because DXR-HSPC-SIL(␣CD20) alone had little or no therapeutic effect, this combination was more effective than DXRHSPC-SIL(␣CD20) alone (P ⬍ 0.0005). Mice injected with a
combination of DXR-HSPC-SIL(␣CD19) and DXR-HSPCSIL(␣CD19) had significantly improved survival time over
mice injected with a combination of free mAbs (P ⬍ 0.005) or
a combination of drug-free immunoliposomes (P ⬍ 0.0005).
Mice injected with either free ␣CD19 or ␣CD20 had significantly longer survival times than untreated controls (P ⬍
0.01; Table 1). It was interesting to observe that free ␣CD19 and
free ␣CD20 given in combination were significantly better than
individual mAbs (P ⬍ 0.0001); this could be due to the higher
total binding of the two populations of mAbs on the cell surface,
i.e., higher apparent antigen density, possibly leading to increases in signal transduction mechanisms.
Unlike treatments with comparable amounts of free ␣CD19
or ␣CD20, injection of mice with drug-free liposomes, conjugated to either ␣CD19 or ␣CD20, did not improve the survival
times of mice compared with untreated controls (Table 1).
Drug-free immunoliposomes, despite the multivalent display of
mAbs at the liposome surface, may be less effective than similar
concentration of free mAbs, because the orientation of the
bound antibodies with respect to the liposome surface might
shield the Fc segment and hinder cell killing via mechanisms
involving complement-dependent cytotoxicity and/or antibodydependent cell-mediated cytotoxicity. Alternatively, different
cellular processing pathways for the free mAbs versus the
immunoliposomes may account for the different effects of each.
Free ␣CD19, but not free ␣CD20, improved the anticancer
effect of nontargeted liposomal DXR (Table 1). The DXRHSPC-SL ⫹ free ␣CD19 combination was therapeutically more
effective than control treatments, free DXR, free ␣CD19, or
DXR-HSPC-SL (P ⬍ 0.001). However, targeting the liposomes
via ␣CD19 [DXR-HSPC-SIL(␣CD19)] was significantly more

effective than giving nontargeted liposomes plus free antibody
(P ⬍ 0.01). The combination of DXR-HSPC-SL and free
␣CD20 was not therapeutically better than control treatments,
free DXR, or DXR-HSPC-SL (P ⬎ 0.05). DXR-HSPCSIL(␣CD20) was also not better than the combination of DXRHSPC-SL and free ␣CD20 (P ⬍ 0.05).
VCR-Containing Liposomes. We performed a separate
study to evaluate the therapeutic effects of VCR-containing
liposomes conjugated to either ␣CD19 or ␣CD20, used individually or in combination (Table 2). An unexpected observation
was that treatment with VCR-SM-SIL(␣CD20) increased the
survival of mice to a significantly greater extent than either
VCR-SM-SL or free VCR (P ⬍ 0.005) and was not significantly
different from VCR-SM-SIL(␣CD19; P ⬎ 0.05). In this study,
there was a tendency for a higher cure rate in mice treated with
a combination of VCR-SM-SIL(␣CD19) and VCR-SMSIL(␣CD20), relative to either treatment alone, although this did
not reach statistical significance (P ⬎ 0.05). Five of 7 mice
injected with the combination were long-term survivors (⬎150
days), with no evidence of tumor on gross pathological examination, and the remaining 2 mice had significantly improved
life spans. The high cure rate was probably due to an additive
effect of the individual therapies (Table 2).
An explanation for the improved therapeutics of VCR-SMSIL(␣CD20), relative to DXR-HSPC-SIL(␣CD20), may lie in
the faster rate of release from liposomes of VCR relative to
DXR (32). Because free VCR has better therapeutic activity
than free DXR in this therapeutic model (P ⬍ 0.005; Table 1
versus Table 2), the faster release of VCR from VCR-SMSIL(␣CD20) may lead to higher extracellular concentrations of
drug at the cell surface and higher cytotoxic levels of drug being
delivered internally to the cells, relative to DXR-HSPCSIL(␣CD20).
As observed for DXR-containing liposomes, VCR-containing liposomes had increased cytotoxic effects when combined
with either free ␣CD19 or ␣CD20 mAbs (Table 2). Therapy
with the combination of nontargeted liposomal VCR and either
free ␣CD20 or free ␣CD19 was significantly better than controls (P ⬍ 0.005), therapy with free VCR (P ⬍ 0.05), or with
VCR-SM-SL (P ⬍ 0.005). Targeting the immunoliposomal
VCR via either ␣CD20 or ␣CD19 [i.e., VCR-SM-SIL(␣CD19)
or VCR-SM-SIL(␣CD20)] was significantly better than the
combination of nontargeted liposomal VCR and free antibodies
(P ⬍ 0.01).
Previous studies have reported that Vinca alkaloid-containing immunoconjugates do not require internalization for therapeutic activity (36, 37). The authors proposed that cytotoxicity
of these immunoconjugates might be due to the release of free
drug from the conjugate at tumor cell periphery, followed by
intracellular transport. On the other hand, studies have shown
that Adriamycin conjugates linked to internalizing antibodies
have significantly improved therapeutics over Adriamycin conjugates linked to noninternalizing antibodies (␣CD20; 38),
which is in accordance with our previous observations for
DXR-containing immunoliposomes (1). In another study, antibody-drug conjugates composed of ␣CD20 (Rituxan) and the
drug monomethyl auristatin demonstrated significantly improved therapeutic outcomes over conjugates made from DXR
and Rituxan (39). Monomethyl auristatin is a derivative of
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synthetic analog of dolastatin 10, which belongs to the antimitotic class of chemotherapeutics. Clearly, important differences
exist between antimitotic drugs and schedule-independent drugs
such as DXR in their therapeutic effects in ligand-targeted
systems. Anti-mitotic agents such as the Vinca alkaloids, the
taxanes, and the dolastatins act by interfering with the polymerization and depolymerization of microtubules, an intracellular transport apparatus which facilitates the endocytosis of
macromolecules (40). Agents like nocodazole, which promote
the disassembly of microtubules, have been reported to increase
the endocytosis of transferrin in CV-1 cells; by contrast, paclitaxel, which promotes the assembly of microtubules, had the
opposite effect (40). It is possible that the initial entry of the
microtubule disassembly agent VCR into the target cells in
the free form (after its partial release from liposomes) may
subsequently increase the rate of intracellular trafficking of
CD20 and promote an increased uptake of liposomal VCR into
the cells.
This study demonstrates for the first time that immunoliposomal anticancer drugs used in combination can result in
improved therapeutics, when the appropriate antigens, drugs,
and drug release rates are chosen. Additional studies, using
combinations of immunoliposomal drugs, are, hence, warranted.

ACKNOWLEDGMENTS
We thank Elaine Moase for expert technical assistance. We also
thank Susan Cubit for the production of anti-CD19 mAb.

REFERENCES
1. Sapra P, Allen TM. Internalizing antibodies are necessary for improved therapeutic efficacy of antibody-targeted liposomal drugs. Cancer Res 2002;62:7190 – 4.
2. Lopes de Menezes DE, Pilarski LM, Allen TM. In vitro and in vivo
targeting of immunoliposomal doxorubicin to human B-cell lymphoma.
Cancer Res 1998;58:3320 –30.
3. Pagnan G, Montaldo PG, Pastorino F, et al. GD2 -mediated melanoma cell targeting and cytotoxicity of liposome-entrapped fenretinide.
Int J Cancer 1999;81:268 –74.
4. Sugano M, Egilmez NK, Yokota SJ, et al. Antibody targeting of
doxorubicin-loaded liposomes suppresses the growth and metastatic
spread of established human lung tumor xenografts in severe combined
immunodeficient mice. Cancer Res 2000;60:6942–9.
5. Park JW, Hong K, Kirpotin DB, et al. Anti-HER2 immunoliposomes:
Enhanced efficacy attributable to targeted delivery. Clin Cancer Res
2002;8:1172– 81.
6. Pastorino F, Brignole C, Marimpietri D, et al. Doxorubicin-loaded
Fab’ fragments of anti-disialoganglioside immunoliposomes selectively
inhibit the growth and dissemination of human neuroblastoma in nude
mice. Cancer Res 2003;63:86 –92.
7. Allen TM. Ligand-targeted therapeutics in anticancer therapy. Nature
Reviews Cancer 2002;2:750 – 63.
8. Mastrobattista E, Koning G, Storm G. Immunoliposomes for the
targeted delivery of antitumor drugs. Adv Drug Delivery Reviews
1999;40:103–27.
9. Scheinberg DA, Sgouros G, Junghans RP. Antibody-based immunotherapies for cancer. In: Chabner BA, Longo DL, editors. Cancer chemotherapy and biotherapy, 3 edition. Philadelphia: Lippincott Williams
and Wilkins; 2001. p. 850 – 890.
10. Milenic DE. Monoclonal antibody-based therapy strategies: providing options for the cancer patient. Curr Pharm Des 2002;8:1749 – 64.
11. Levy R, Miller RA. Therapy of lymphoma directed at idiotypes.
J Natl Cancer Inst Monogr 1990;10.

12. Engert A, Gottstein C, Bohlen H, et al. Cocktails of Ricin A-chain
immunotoxins against different antigens on hodgkin and sternberg-reed
calls have superior antitumor effects against H-RS cells in vitro and
solid hodgkin tumors in mice. Int J Cancer 1995;63:304 –9.
13. Flavell DJ, Boehm DA, Emery L, Noss A, Ramsay A, Flavell SU.
Therapy of human B-cell lymphoma bearing SCID mice is more effective with anti-CD19- and anti-CD38-saporin immunotoxins used in
combination than with either immunotoxin used alone. Int J Cancer
1995;62:337– 44.
14. Flavell DJ, Noss A, Pulford KAF, Ling N, Flavell SU. Systemic
therapy with 3BIT, a triple combination cocktail of anti-CD19, -CD22,
and -CD38-saporin immunotoxins, is curative of human B-cell lymphoma in severe combined immunodeficient mice. Cancer Res 1997;
57:4824 –9.
15. Flavell DJ, Boehm DA, Noss A, Warnes SL, Flavell SU. Therapy of
human T-cell acute lymphoblastic leukaemia with a combination of
anti-CD7 and anti-CD38-saporin immunotoxins is significantly better
than therapy with each individual immunotoxin. Br J Cancer 2001;84:
571– 8.
16. Ghetie M-A, Tucker K, Richardson J, Uhr JW, Vitetta ES. Eradication of minimal disease in SCID mice with disseminated Daudi
Lymhoma using chemotherapy and an immunotoxin cocktail. Blood
1994;84:702–7.
17. Ghetie M-A, Podar EM, Gordan BE, Pantazis P, Uhr JW, Vitetta
ES. Combination immunotoxin treatment and chemotherapy in SCID
mice with advanced, disseminated daudi lymhoma. Int J Cancer 1996;
68:93– 6.
18. Press OW, Farr AG, Borroz KI, Andersen SK, Martin PJ. Endocytosis and degradation of monoclonal antibodies targeting human B-cell
malignancies. Cancer Res 1989;49:4906 –12.
19. Vangeepuram N, Ong GL, Mattes MJ. Processing of antibodies
bound to B-cell lymphomas and lymphoblastoid cell lines. Cancer
1997;80:2425–30.
20. Goren D, Horowitz AT, Zalipsky S, Woodle MC, Yarden Y,
Gabizon A. Targeting of stealth liposomes to erB-2 (Her/2) receptor: in
vitro and in vivo studies. Br J Cancer 1996;74:1749 –56.
21. Vingerhoeds MH, Steerenberg PA, Hendriks JJGW, et al. Immunoliposome-mediated targeting of doxorubicin to human ovarian carcinoma in vitro and in vivo. Br J Cancer 1996;74:1023–9.
22. Allen TM, Hansen CB, Martin F, Redemann C, Yau-Young A.
Liposomes containing synthetic lipid derivatives of poly(ethylene glycol) show prolonged circulation half-lives in vivo. Biochim Biophys
Acta 1991;1066:29 –36.
23. Kirpotin D, Park JW, Hong K, et al. Sterically stabilized anti-HER2
immunoliposomes: design and targeting to human breast cancer cells
in vitro. Biochemistry 1997;36:66 –75.
24. Zola H, Macardle PJ, Bradford T, Weedon H, Yasui H, Kurosawa
Y. Preparation and characterization of a chimeric CD19 monoclonal
antibody. Immunol Cell Biol 1991;69:411–22.
25. Iden DL, Allen TM. In vitro and in vivo comparison of immunoliposomes made by conventional coupling techniques with those made
by a new post-insertion technique. Biochim Biophys Acta 2001;1513:
207–16.
26. Bolotin EM, Cohen R, Bar LK, Emanuel SN, Lasic DD, Barenholz Y.
Ammonium sulphate gradients for efficient and stable remote loading of
amphipathic weak bases into liposomes and ligandosomes. J Liposome Res
1994;4:455–79.
27. Boman NL, Masin D, Mayer LD, Cullis PR, Bally MB. Liposomal
vincristine which exhibits increased drug retention and increased circulation longevity cures mice bearing P388 tumors. Cancer Res 1994;54:
2830 –3.
28. Mayer LD, Bally MB, Loughrey H, Masin D, Cullis PR. Liposomal
vincristine preparations which exhibit decreased drug toxicity and increased activity against murine L1210 and P388 tumors. Cancer Res
1990;50:575–9.
29. Abrahamson DR, Fearon DT. Endocytosis of the C3b receptor of
complement within coated pits in human polymorphonuclear leukocytes
and monocytes. Lab Investig 1983;48:162– 8.

Downloaded from clincancerres.aacrjournals.org on April 12, 2021. © 2004 American Association for Cancer
Research.

Clinical Cancer Research 2537

30. Uckun FM, Jaszcz W, Ambrus JL, et al. Detailed studies on expression and function of CD19 surface determinant by using B43
monoclonal antibody and the clinical potential of anti-CD19 immunotoxins. Blood 1988;71:13–29.
31. van Oosterhout YVJM, van den Herik-Oudijk IE, Wessels HMC,
de Witte T, van de Winkel JGJ, Preijers, FWMB. Effect of isotype on
internalization and cytotoxicity of CD19-ricin A immunotoxins. Cancer
Res 1994;54:3527–32.
32. Sapra P, Moase EH, Ma J, Allen TM. Improved therapeutic responses in a xenograft model of human B-lymphoma (Namalwa) for
liposomal vincristine versus liposomal doxorubicin targeted via antiCD19 IgG2a or Fab’ fragments. Clin Cancer Res. 2004;10:1100 –1111.
33. Lopes de Menezes DE, Kirchmeier MJ, Gagne J-F, Pilarski LM,
Allen TM. Cellular trafficking and cytotoxicity of anti-CD19-targeted
liposomal doxorubicin in B lymphoma cells. J Liposome Res 1999;9:
199 –228.
34. Ishida T, Kirchmeier MJ, Moase EH, Zalipsky S, Allen TM. Targeted delivery and triggered release of liposomal doxorubicin enhances
cytotoxicity against human B lymphoma cells. Biochim Biophys Acta
2001;1515:144 –58.
35. Kirchmeier MJ, Ishida T, Chevrette J, Allen TM. Correlations
between the rate of intracellular release of endocytosed liposomal doxo-

rubicin and cytotoxicity as determined by a new assay. J Liposome Res
2001;11:15–29.
36. Starling JJ, Hinson NA, Marder P, Maciak RS, Laguzza BC. Rapid
internalization of antigen-immunoconjugate complexes is not required
for anti-tumor activity of monoclonal antibody-drug conjugates. Antibody, Immunoconjugates and Radiopharmaceuticals 1988;1:311–24.
37. Starling JJ, Maciak RS, Law KL, et al. In vivo antitumor activity of
monoclonal antibody-vinca alkaloid immunoconjugate directed against
a solid tumor membrane antigen characterized by heterogenous expression and noninternalization of antibody-antigen complexes Cancer Res
1991;51:2965–72.
38. Braslawsky GS, Kadow K, Knipe J, McGoff K, Edson M, Kaneko
T. Adriamycin(hydrazone)-antibody conjugates require internalization
and intracellular acid hydrolysis for antitumor activity. Cancer Immunol. Immunother 1991;33:367–74.
39. Wahl AF, Cerveny CG, Klussman K, et al. Anti-cancer activity of
high-potency anti-CD20 antibody-drug conjugates. Proc Am Assoc
Cancer Res 2003;44:175– 6.
40. Hamm-Alvarez SF, Sonee M, Loran-Goss K, Shen WC. Paclitaxel
and nocodazole differentially alter endocytosis in cultured cells. Pharm
Res 1996;13:1647–56.

Downloaded from clincancerres.aacrjournals.org on April 12, 2021. © 2004 American Association for Cancer
Research.

Improved Outcome When B-Cell Lymphoma Is Treated with
Combinations of Immunoliposomal Anticancer Drugs
Targeted to Both the CD19 and CD20 Epitopes
Puja Sapra and Theresa M. Allen
Clin Cancer Res 2004;10:2530-2537.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://clincancerres.aacrjournals.org/content/10/7/2530

This article cites 35 articles, 14 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/10/7/2530.full#ref-list-1
This article has been cited by 6 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/10/7/2530.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/10/7/2530.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on April 12, 2021. © 2004 American Association for Cancer
Research.

