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Abstract
The CD22 antigen is a viable target for therapeutic intervention for B-cell lymphomas. Several
therapeutic anti-CD22 antibodies as well as an anti-CD22-based immunotoxin (HA22) are currently
under investigation in clinical settings. Coupling of anti-CD22 reagents with a nano-drug delivery
vehicle is projected to significantly improve treatment efficacies. Therefore, we generated a mutant
of the targeting segment of HA22 (a CD22 scFv) to increase its soluble expression (mut-HA22), and
conjugated it to the surface of sonicated liposomes to generate immunoliposomes (mut-HA22-
liposomes). We examined liposome binding and uptake by CD22+ B-lymphocytes (BJAB) by using
calcein and/or rhodamine PE-labeled liposomes. We also tested the effect of targeting on cellular
toxicity with doxorubicin-loaded liposomes. We report that: (i) Binding of mut-HA22-liposomes to
BJAB cells was significantly greater than liposomes not conjugated with mut-HA22 (control
liposomes), and mut-HA22-liposomes bind to and are taken in by BJAB cells in a dose and
temperature-dependent manner, respectively; (ii) This binding occurred via the interaction with the
cellular CD22 as pre-incubation of the cells with mut-HA22 blocked subsequent liposome binding;
(iii) Intracellular localization of mut-HA22-liposomes at 37°C but not at 4°C indicated that our
targeted liposomes were taken up through an energy dependent process via receptor-mediated
endocytosis; and (iv) Mut-HA22-liposomes loaded with doxorubicin exhibited at least 2-3 fold more
accumulation of doxorubicin in BJAB cells as compared to control liposomes. Moreover, these
liposomes showed at least a 2-4 fold enhanced killing of BJAB or Raji cells (CD22+), but not SUP-
T1 cells (CD22-). Taken together these data suggest that these 2nd-generation liposomes may serve
as promising carriers for targeted drug delivery to treat patients suffering from B-cell lymphoma.

Keywords
Liposomes; targeting; B-cell Lymphoma; anti-CD22 ScFv; drug delivery

*Correspondence to: Anu Puri Bldg 469/Rm 216A, P.O. Box B, Miller Drive CCR Nanobiology Program, National Cancer Institute
at Frederick National Institutes of Health, Frederick, MD 21702-1201 Phone 301-846-5069; Fax: 301-846-6210 apuri@helix.nih.gov
Xiaodong Xiao Bldg 469/Rm 139, P.O. Box B, Miller Drive CCR Nanobiology Program National Cancer Institute at Frederick National
Institutes of Health Frederick, MD 21702-1201 Phone: 301-846-5628; Fax: 301-846-6189 xiaox@mail.ncifcrf.gov.
#Current address Center of Excellence for Infectious Disease Texas Tech University Health Sciences Center 5001 El Paso Dr El Paso
TX 79905
&Department of Biomedical Engineering at Georgia Tech and Emory University Georgia Institute of Technology, Atlanta, Georgia
30332
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Mol Pathol. Author manuscript; available in PMC 2011 April 1.

Published in final edited form as:
Exp Mol Pathol. 2010 April ; 88(2): 238–249. doi:10.1016/j.yexmp.2010.01.006.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
CD22, a B-cell specific surface molecule is a member of the Ig super-family (1-3), and is known
to be upregulated in non-Hodgkin's lymphoma (NHL) and other types of B-cell lymphomas
(4;5). The transmembrane protein CD22 is a well-characterized molecule that rapidly
internalizes upon antibody binding; the structure-function relationship of CD22 with the BCR
complex has been investigated in detail (2;6). To treat B-cell lymphomas/malignancies,
multiple approaches including CD22-specific antibodies alone (7-14), or as bioconjugates
(15;16), as well as combination-immunotherapy have been developed (17-19). Among these,
recombinant humanized anti-CD22 monoclonal antibodies, epratuzumab, inotuzumab and
ozogamicin (18) have been extensively studied, and epratuzumab is currently under clinical
trials for NHL. Another promising treatment approach includes use of a recombinant
immunotoxin containing an anti-CD22 (Fv) fused to truncated Pseudomonas exotoxin A
(HA22) (20-23). We aimed at improving the efficacy of an anti-CD22 targeted therapy by
conjugating a novel CD22 specific scFv to a nano-drug delivery carrier.

Antibody-coated liposomes (immunoliposomes) have been explored for site-specific targeting
of drugs and therapeutics for cancer treatment (24;25). However, in vivo success of
immunoliposomes is subject to the availability of suitable targeting antibody molecules (that
will trigger rapid receptor internalization) as well as formulations amenable to tunable drug
release for cytosolic or intratumoral delivery. Various antibodies (mainly mAb-IgG) and
antibody fragments (including F(ab’)2, Fab or scFvs) have been investigated for
immunoliposome studies (for a detailed review, see (24)). For example, liposomes conjugated
with CD19 and CD20 mAbs have been examined for B-cell targeting (26;27). Among antibody
fragments, scFvs (being small in size) bear promise as targeting ligands for developing 2nd

generation immunoliposomes. To date, HER2 scFv (28;29)-conjugated liposomes for drug
delivery, and anti-TfR scFv-lipoplexes for gene delivery have been successfully developed
(30;31).

Besides the use of antibodies and/or their fragments, selected cytokines (e.g. the B cell
activating factor belonging to the TNF family, mBAFF) have also been used as ligands for
delivery of liposomal drugs to B-cell lymphomas (32). A recent study by O'Donnell and
colleagues demonstrated that immunoliposomes bearing an anti-CD22 mAb (HB22.7) resulted
in significantly enhanced cytotoxicity of CD22+ cells by liposome-entrapped doxorubicin, an
anti-cancer drug (33). Although, mAb-coated immunoliposomes may serve as suitable vehicles
for delivery of cancer therapeutics, the Fc domain-mediated immune responses may limit their
future clinical applications (34;35). Therefore, immunoliposomes coated with anti-HER2
scFvs have been developed as 2nd-generation immunoliposomes (28;29;36). Previous studies
by de,Kruiff and colleagues have reported immunoliposomes to target B-cell lymphoma (37),
and the biosynthetically lipid-tagged CD22 ScFv was generated using a semi-synthetic human
library with potentially high affinity (38). This lipidated ScFv was incorporated into the
liposomes by a detergent solubilization protocol. Since detergent solubilization method poses
limitations to encapsulate payload of anticancer agents in the aqueous compartment of
liposomes, alternate approaches are warranted to develop immunoliposomes for B-cell
targeting.

This study was designed to generate immunoliposomes bearing high affinity anti-CD22 scFv
for targeted drug delivery to B-cell lymphomas. An improved anti-CD22 scFv molecule (mut-
HA22, M.W. 34 kDa) was developed and cysteine residues were introduced at the C-terminus
for coupling to liposomes. Mut-HA22 bears the advantage as its parental form (HA22) has
been well-studied and has been examined in clinical trials in the format of immunotoxin, where
no inhibitory immune responses were reported (8). Mut-HA22 conjugation to the surface of
preformed liposomes (loaded with calcein (as a model solute), or an anticancer drug,
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doxorubicin (DOX) in the aqueous compartment) is attained by malemide-cysteine chemistry,
rendering such formulations suitable for future in vivo applications.

The observation that mut-HA22 specifically binds to cell-surface expressed CD22 renders it a
suitable targeting ligand. Mut-HA22-liposomes bound to CD22+ BJAB cells in a dose-
dependent manner, and were accumulated in these cells at 37°C. Our results on target-specific
delivery of DOX by mut-HA22 liposomes, and their improved cytotoxicity further provide
evidence for their projected application as drug carriers.

Methods
Reagents and Cell Lines

Tributylphosphine and Biogel A-0.5m were from Bio-Rad (Hercules, CA); all other reagents
were from Sigma-Aldrich Inc. (St. Louis, MO) and of analytical grade. The CD22+ human B-
lymphocyte cell line, BJAB (ATCC# HB-136) and CD22- human T-lymphocyte cell lines
Jurkat (ATCC# CRL-10915) and SUP-T1, (ATCC# CRL-1942) were maintained in RPMI
1640 media supplemented with 10% heat-inactivated fetal bovine serum (FBS) and antibiotics
(Invitrogen, Carlsbad, CA). Doxorubicin-hydrochloride (DOX-HCl) (Bedford Laboratories,
Bedford, OH) and Doxil (Ben Venue Laboratories, Bedford, OH) were obtained through the
NIH Pharmacy, Clinical Center, Bethesda, MD.

Lipids
1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC), 1,2-Distearoyl-sn-Glycero-3-
Phosphoethanolamine-N-[Maleimide(Polyethylene Glycol)2000] (DSPE-PEG2000-
Maleimide), and 1,2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine-N-(Lissamine Rhodamine
B Sulfonyl) (Lissamine Rhodamine PE) (ex/em 557/571) were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL). Lipid purity was routinely verified by thin layer chromatography
with a silica gel stationary phase and a 65:25:4 chloroform:methanol:water (by volume) mobile
phase (39). Molybdenum Blue Spray was used to visualize phospholipids (40) and other
possible organic contaminants were visualized by placing developed TLC plates in an iodine
chamber.

Mutated HA22 scFv (mut-HA22)
HA22 is an improved version of the immunotoxin BL22 with an improved affinity of the CD22
targeting moiety, the scFv portion (Xiao and Dimitrov, unpublished). In an attempt to further
increase the affinity, we generated a mutational phage library based on HA22 scFv. In this
library, each clone carried totally random residues on two adjacent positions in the CDR3
region. This phage library was used for panning against purified CD22-Fc (kindly provided by
Ira Pastan). For conjugation purposes, site-directed mutagenesis was performed using the
QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) to introduce a cysteine
residue immediately before the stop codon of the selected HA22 scFv mutant.

Mut-HA22 binding to CD22+ cells by FACS Analysis
CD22 expression was confirmed by indirect immunostaining using the mut-HA22 and a
commercially available anti-CD22 mouse IgG (MYG13 (raised against Raji cells of human
origin, Santa Cruz Biotechnology, Inc, Santa Cruz, CA). BJAB (CD22+), SUP-T1 (CD22-), or
Jurkat (CD22-) cells were incubated for 15 minutes at room temperature in PBS (containing
5% each of mouse serum, fetal bovine serum, goat serum, and human serum) to block
nonspecific binding sites on the cell surface. The cells were resuspended to 107 cells/mL PBS
supplemented with 5% FBS (PBS-FBS).
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To stain CD22 using mut-HA22, 2 μg of the scFv was added to cells and incubated for 30
minutes in the dark at 4°C. The cells were then washed twice with cold PBS supplemented
with 1% BSA (PBS-BSA), resuspended to 107 cells/mL PBS-FBS, and incubated with 1 μg
mouse anti-penta-histidine IgG (QIAGEN, Valencia, CA) for 30 minutes in the dark at 4°C.
The cells were then washed twice with cold PBS-BSA, resuspended to 107 cells/mL PBS-FBS,
and incubated with a 1:32 dilution of FITC-anti-mouse IgG (Sigma, Saint Louis, MO) for 30
minutes in the dark at 4°C.

To stain using MYG13, 2 μg of the IgG was added to the cells and incubated for 30 minutes
in the dark at 4°C. The cells were then washed twice with cold PBS-BSA, resuspended to
107cells/mL PBS-FBS, and incubated with a 1:32 dilution of the FITC-anti-mouse IgG for 30
minutes in the dark at 4°C. All cells were washed twice with cold PBS-BSA. Fluorescence of
the samples was analyzed using a FACS caliber flow cytometer (Becton Dickinson, San Jose,
CA), analyzing 10,000 viable cells per sample.

Preparation of Sonicated Unilamellar Liposomes
Liposomes were prepared by probe sonication as described (41). Lipids (in chloroform) were
mixed at desired molar ratios according to Table 1 in a glass tube, dried under streaming
nitrogen to create a film, then placed in a vacuum desiccator overnight. In some preparations,
rhodamine-PE (0.1mol %) was also included to monitor binding to the cells (see below).

For calcein loaded liposomes, lipid films were reconstituted in HBSE buffer (10mM HEPES,
150mM NaCl, 9.1 mM EDTA, pH 7.4) containing 50 mM calcein by vortexing and heating at
42°C. Multilamellar vesicles (MLVs) were sonicated in a room temperature water bath with a
probe sonicator (W-373 Heat Systems-Ultrasonics, NY) for 6 cycles of 1 minute of sonication
followed by 1 minute of rest. Titanium particles were removed by centrifugation (2000 xg, 5
minutes). Un-encapsulated calcein was removed from liposome-entrapped calcein on
Sepharose CL-6B column (41). Liposome-rich fractions were pooled together and used for
conjugation with mut-HA22. Inorganic phosphorus determination was used to determine the
concentration of phospholipids in the liposomes (42).

For DOX-loaded liposomes, the ammonium sulfate gradient loading method was used, as
previously described (43). Briefly, lipid films were reconstituted in 300 mM ammonium sulfate
buffer at pH 7.4 with alternating periods of vortexing and incubation at 41°C. Sonicated
liposomes were prepared as above, and were run on a PD-10 column, (GE Healthcare Life
Sciences, Piscataway, NJ), pre-equilibrated with HBS pH 7.4, to exchange the external buffer.
Liposome-rich fractions were pooled, immediately incubated with DOX at the ratio of 20mg
liposomal lipids to 0.5 mg DOX, and incubated for 12-16 hours at room temperature to allow
for DOX encapsulation. The DOX-loaded liposomes were separated from un-encapsulated
drug by elution on a PD-10 column equilibrated with HBSE (pH 7.4). Fractions containing
liposomes were pooled together and used for conjugation with the mut-HA22 scFv. Lipid
content was determined as above. Extent of DOX loading was assayed by monitoring DOX
fluorescence (in the presence of 0.5% Triton X-100 w/v) at 485/585 nm (ex/em) using a 96-
well plate reader (SpectraMax M2e, Molecular Devices, Sunnyvale, CA). Known
concentrations of DOX or Doxil (in a range of 0.2-2.0 μg per well) using 0.2 mL total volume
were used to generate a calibration curve using the PBS+Triton X-100. Liposomal DOX was
quantitated using the DOXIL standard curve.

Conjugation of mut-HA22 to the liposome surface (mut-HA22-liposomes)
The mut-HA22 scFv was reduced by incubation with tributylphosphine (2mM in HBSE buffer)
under flowing argon for 4 hours. The reduced antibody was immediately added to either calcein
or DOX-loaded sonicated liposomes from above. Typically, we used a ratio of 200 μg scFv
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for 10-20mg of phospholipids. The scFv-liposome mixture was incubated in the dark for
approximately 16 hours at room temperature, sealed under argon. To block free maleimide
groups, liposomes were then incubated with L-cysteine (1 mM final concentration) for 15
minutes. The resulting mut-HA22 liposomes were separated from any unconjugated antibody
and L-cysteine using size exclusion chromatography (Sepharose CL-6B, GE Healthcare Life
Sciences, Piscataway, NJ ), pre-equilibrated with HBSE buffer (pH 7.4). Liposome-rich
fractions, detected continuously by a UV detector, were pooled, and concentrated with
Centriplus Centrifugal Filter Devices (regenerated cellulose filter, MWCO 30 kDa, Millipore,
Bedford, MA). Antibody conjugation to the liposomes was confirmed by gel electrophoresis.
Samples were loaded in a 4-12% Bis-Tris gel (NuPage) and allowed to run in MES/SDS
running buffer at 200V for 35 minutes under reducing conditions. To visualize the DSPE-
PEG2000-maleimide-mut-HA22 conjugate, the gel was stained with Microwave Blue (Protiga,
Frederick, MD). To quantify conjugated mut-HA22, known concentrations of reduced free
mut-HA22 were run on the same gel and stained to create a calibration curve. Odyssey infrared
imaging system software (LI-COR Biosciences, Lincoln, NE) was used to calculate the amount
of protein based on infrared intensity using a reciprocal fit curve. The distribution of liposomal
hydrodynamic size was determined by dynamic light scattering measurements (Zetasizer,
MALVERN Instruments, Worcestershire, UK) (41).

Calcein leakage from liposomes was determined by incubation of liposomes in PBS
supplemented with 0, 10 or 50% heat-inactivated FBS as described (41). Briefly, liposomes
were diluted in the buffer at 1:10 ratios and incubated at 37°C for 0-24 hours. Calcein leakage
was determined as described (41).

Analysis of the number of mut-HA22 Molecules bound to Liposomes
The following parameters were used to calculate the average number of mut-HA22 molecules
per liposome (equation below): (a) mut-HA22/mL liposome solution (14.67 μg CD22/mL);
(b) Phospholipids/ mL liposome solution (0.317 mg phospholipids/mL); (c) Liposome
hydrodynamic diameter (110 nm) and (d) Number of phospholipids/liposome for
approximately 110 nm liposomes (9×104) (44).

(*The mut-HA22 molecules per liposome were calculated based on 100% DPPC). Therefore,
the average number of mut-HA22 molecules per liposome was 90. For 1 mole% DSPE-
PEG2000-MaL in the liposomes, the average number of mut-HA22 molecules per liposome
was 47.

Mut-HA22-Liposome/Cell Interaction Assays
Binding of fluorescently labeled mut-HA22 liposomes to BJAB or SUP-T1 cells was done as
follows: In a typical experiment, 107 cells/mL PBS-FBS were incubated with 0-2 μg of
liposome-conjugated mut-HA22 (or the equivalent amount of liposomal phospholipids for
control liposomes) for 20-40 minutes at 4°C or 37°C. The exact conditions for individual
experiments are described in figure legends. Cells were washed twice with cold PBS in 1%
bovine serum albumin (PBS-BSA) and were analyzed for immunofluorescence either by
microscopy or FACS analyzing 10,000 viable cells per sample.
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Fluorescence Microscopy
To observe binding/uptake of liposomes, liposome-bound cells were placed in microwells and
images were captured using a NIKON Eclipse TE200 (Melville, NJ) inverted microscope
supplied with a 40X oil lens (N.A. 1.30) and processed as described (45). To further assess the
uptake of liposomes, samples were analyzed using confocal microscopy. Z-stack images were
acquired with Olympus FV1000, IX81 inverted laser scanning confocal microscope (Olympus
America Inc., Center Valley, PA) equipped with a motorized XYZ stage (Olympus), multi
Argon laser (488 nm) for visualizing calcein loaded liposomes. High-resolution 12-bit images
(512 X 512 pixels) were acquired using a 60X oil immersion objective lens (Olympus PLAPON
NA 1.42) coupled with 4-5 optical zoom, resulting in a lateral resolution of 0.082 microns. We
captured 14-16 optical slices at 1.7 micron intervals. All optical sections were captured using
line-based Kalman filter available on the FV1000 microscope. Post acquisitions, the Z-stacks
were analyzed using Olympus Fluoview Viewer, version 1.6.a (Olympus America Inc.).

Cell Viability Assays
Cells (5 × 105/mL) were incubated in RPMI1640 phenol-red free media with various
concentrations of DOX-loaded liposomes for one hour at 37°C. Following incubation, cells
were washed with RPMI1640 and plated in triplicates in a 96 well, flat bottom polystyrene
plate in a total volume of 100 μL at 5 × 104 cells per well. The incubations were continued for
an additional 72 hours at 37°C, 5% CO2. In some samples, cells were incubated with equivalent
concentrations of free DOX or liposomes and the samples were incubated for 72 hours at 37°
C without removal of the drug. At the end of incubations, cytotoxicity was determined using
a cell viability kit (Cell Titer Blue assay kit, Promega, Madison, WI). Cell viability was
calculated as percentage of control cells without DOX or liposomal treatment. Empty
liposomes (DPPC:DSPE-PEG2000-Maleimide, 96:4) were also used as controls to determine
lipid-mediated non-specific toxicity. Using the previously determined phospholipid
concentrations of liposomal samples, equivalent amounts of empty liposomes were incubated
with cells in the same manner as described above for DOX-loaded liposomes.

We also determined accumulation of liposomal DOX in the cells following a published protocol
(46). Cells (105 per sample) were incubated with liposomes (0- 20 μg liposomal DOX per mL)
in eppendorf tubes for 1 hour at 37°C. The cells were washed with culture medium without
phenol red (0.5 mL×3). The pellets were resuspended in PBS (0.1 mL per sample), and
transferred to 96-well plates. DOX accumulation was determined as above, except the standard
curve was generated in the presence of untreated cells.

Results and Discussion
(i) Preparation and Characterization of mut-HA22

Previous studies have described immunoliposomes using a biosynthetically lipid-tagged CD22
ScFv, though further characterization of this ScFv (such as ligand-affinity and internalization
properties) has not been clearly documented. We aimed at developing a CD22 scFv mutant
from a well-characterized CD22 ScFv (HA22). From the mutational library based on HA22,
a mutant with two amino acid changes in the HA22 CDR3 was selected from phage panning
that showed slightly increased binding affinity but significantly increased soluble expression
(Xiao and Dimitrov, unpublished data and Figure 1A). A cysteine residue was introduced in
front of its stop codon and the resulting clone was named mut-HA22.

We have demonstrated that treatment of mut-HA22 dimers with TBP (a mild reducing agent)
or dithiothreitol (DTT) resulted in nearly complete reduction to monomers (see Figure 1A,
right panel). TBP-reduced mut-HA22 was used for liposome conjugation (41;47). We also
examined the effect of mutations in the CDR3 region of HA22 on its binding to cell-surface
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expressed CD22. Since mut-HA22 contains a His-tag, an anti-His mouse antibody (+FITC-
conjugated mouse Ab) was used to detect binding of mut-HA22 to cells. We show that
incubation of CD22-expressing BJAB cells with mut-HA22 resulted in CD22-specific binding
(Figure 1B, top panel, solid grey lines) as compared to incubations without mut-HA22 (i.e.
cells incubated only with mouse anti-His+FITC conjugated mouse Ab, Figure 1B, top panel,
broken grey lines). We also tested cell-surface expression of CD22 on BJAB cells by using a
commercial anti-CD22 mAb, MYG13. The results shown in Figure 1B indicate that mut-HA22
bound to CD22 with similar affinity to that of MYG13 (solid black lines MYG13; broken black
lines, FITC-conjugated anti-mouse Ab alone). The background binding with secondary
antibodies to various cells shown in Figure 1B is similar to the data supplied by the
manufacturer. Since we did not observe an increase in background fluorescence in CD22- cells
(SUP-T1 or Jurkat T lymphocytes) after incubations with mut-HA22 or MYG13, we conclude
that mut-HA22 binding to BJAB cells is CD22 antigen specific. Hence, mut-HA22 is likely to
serve as a suitable ligand for CD22 targeting.

(ii) Mut-HA22- Conjugated Liposomes
Various liposome formulations were prepared according to Table 1. DPPC was used as the
matrix lipid and a pegylated lipid (4 mol %) was included for future in vivo applications. DPPC
liposomes have been previously demonstrated to release their contents at ≈41°C due to the
phase-transition and therefore, are known to have thermosensitive properties (48). Calcein (λ
ex/em 494 nm/517 nm) was encapsulated in the liposomes (50 mM) and some preparations
also included a fluorescent lipid, rhodamine PE (λ ex/em 557nm/571nm). DSPE-PEG2000-
MaL was included to conjugate mut-HA22 via malemide-cysteine chemistry on the surface of
liposomes (mut-HA22-liposomes). Control liposomes (without mut-HA22 conjugation) were
prepared under identical conditions except DSPE-PEG2000 (instead of DSPE- PEG2000-
MaL) was included in the liposomes. The antibody conjugation to the liposome surface was
based on a chemical reaction between maleimide of the lipid with the thiol group on the C-
terminus of mut-HA22 (28;49). Conjugation of mut-HA22 to preformed DPPC/DSPE-
PEG2000-maleimide liposomes yielded immunoliposomes with 90 mut-HA22 per liposome
(41). Initially we examined antibody conjugation with liposomes containing either 1 mol % or
4 mol % DSPE-PEG2000-MaL. The liposomes containing 1 mol% DSPE-PEG2000-MaL also
contained 3 mol% DSPE-PEG2000 (Table 1). We used a molar ratio of 1:41 mut-HA22-
PEG2000-MaL for conjugation, considering the number of lipids only in the outer monolayer
of liposomes (see Methods section). Initial analysis of mut-HA22-liposome conjugation was
done by separation of unconjugated antibody from the mut-HA22 conjugated liposomes on a
size exclusion column, essentially as described (41).

To confirm mut-HA22 coupling to the liposomes, we examined a molecular weight shift of
mut-HA22 following conjugation with DSPE-PEG2000-MaL by gel electrophoresis. The data
are shown in Figure 2A. We observed a shift in molecular weight of mut-HA22 monomers
(Figure 2A, lane 1b) upon conjugation with liposomes (Fig. 2A, lane 2a). DTT pre-treatment
of the conjugated liposomes did not result in any change in the electrophoresis pattern (Fig.
2A, lane 2b), confirming that mut-HA22 was covalently coupled to the PEG lipid. We also
observed additional bands in the lanes 2a/b. Although the exact nature of additional bands
requires further characterization, it is likely that availability of additional SH- groups on the
mut-HA22 may have resulted in coupling of more than one PEG lipid. Control liposomes (lipid
compositions without maleimide functional group) did not show any antibody binding above
background levels under identical conditions confirming the specificity of this reaction (data
not shown).

To examine the effect of mut-HA22 conjugation on the physical properties of liposomes,
samples were characterized for their size distribution by dynamic light scattering
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measurements. Data presented in Figure 2B demonstrate that mut-HA22 conjugation to the
liposome surface did not have any significant effect on their size distribution. Our liposomes
exhibited an average size distribution of 80-100 nm, with an average 90 mut-HA22 molecules
per liposome.

(iii)Liposome Stability studies in Serum
For future medical applications, it is critical that physical properties of mut-HA22-liposomes
are not altered upon storage or upon interactions with plasma components prior to targeting to
permissive cells and/or tissues. Therefore, we examined stability of liposomes in the presence
of serum. Liposomes were incubated in PBS supplemented with 0-50% heat-inactivated serum
at 37°C for various time periods, and extent of calcein release was measured. Results are shown
in Figure 2C. An enhancement of calcein release from liposomes was observed with an increase
in incubation time and percent serum in the incubation medium. Typically, 5-10% calcein
leaked from mut-HA22-liposomes upon incubation in PBS containing 10% FBS for 1-24 hours.
Similarly, incubations in the presence of PBS containing 50% serum resulted in 10-30% calcein
leakage from mut-HA22 liposomes after 1-24 hour incubations (Figure 2C). Control liposomes
showed similar leakage data (Figure 2C). The results are representative of two independent
measurements form the same liposome batch. Liposomes could be stored at room temperature
in the dark for up to 5 weeks without any appreciable calcein release or change in their size
distribution (data not shown).

(iv) Interaction of mut-HA22-liposomes with Receptor Expressing Cells
The preceding section demonstrates that mut-HA22 conjugation to the liposomes occurred via
the chemical reaction between cysteines on the antibody and malemide groups on the PEG
lipid of the liposomes. The antibody conjugation had no significant effect on the physical
properties of liposomes. Therefore, our next set of experiments were designed to evaluate the
binding (and uptake) of these liposomes via mut-HA22 and CD22 interactions. We have used
BJAB (CD22+) and SUP-T1 (CD22-) cells for these studies. Liposome binding and/or
internalization via the CD22 was examined by fluorescence microscopy and by FACS analysis.

(a) Cellular association of mut-HA22-liposomes occurs via the interaction of
cell-surface expressed CD22—To investigate CD22-mediated binding of liposomes,
BJAB or SUP-T1 cells were incubated with 2 μg liposome-conjugated mut-HA22/106 cells at
37°C for 30 minutes, and liposome binding was determined by fluorescence measurements
either by (i) microscopy or (ii) FACS. The results are presented in Figure 3A (fluorescence
microscopy images) and Figure 3B-D (FACS). Mut-HA22-liposomes showed significant
binding to BJAB cells (Figure 3A, a-d) based on calcein and rhodamine fluorescence. On the
other hand, control liposomes showed only a low level of liposome binding. Interestingly, we
did not see any calcein with control liposomes, whereas there was background binding based
on rho-PE fluorescence. We attribute this discrepancy to calcein quenching within the
liposomes. Binding of liposomes with CD22- SUP-T1 cells is shown in Figure 3A (e-h). It is
clear that mut-HA22-liposomes did not show enhanced binding compared to control liposomes,
corroborating our interpretation that the mut-HA22 binds specifically to the CD22 on the cell
surface. Moreover, in our initial experiments, we also tested liposomes using the lipid
composition used for mut-HA22-liposomes but without any mut-HA22 conjugation. These
liposomes did not show any CD22-specific binding above background, confirming CD22-
specific interactions of mut-HA22-liposomes (data not shown). Next, we analyzed liposome
binding to cells by FACS analysis. The data presented in Figure 3B, clearly show that mut-
HA22-liposomes bind to BJAB cells with high affinity, as compared to that of control
liposomes (Fig. 3B, top panel). In contrast to the microscopy data, we observed a slight increase
in binding of mut-HA22-liposomes to SUP-T1 cells as compared to control liposomes (Figure
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3B, lower panel). Nevertheless, mut-HA22-liposome binding to BJAB cells was significantly
greater than that for SUP-T1 cells.

(b) Binding of mut-HA22-liposomes to BJAB cells is inhibited by free mut-HA22
—The results presented in preceding section(s) demonstrate that mut-HA22-liposomes interact
with the CD22-expressing cells. To further establish dependence of the liposome binding via
the CD22, we pre-incubated BJAB cells with varying concentrations of unconjugated mut-
HA22 (0-8 μg mut-HA22/106 cells) for 30 minutes. The incubations were performed at 4°C
to prevent internalization of mut-HA22. The unbound antibody was removed and the samples
were incubated with calcein-loaded mut-HA22-liposomes (1 μg/106 cells) for additional 30
minutes at 4°C. The liposome-associated cells were quantified by FACS. The results presented
in Figure 3C clearly demonstrate that pre-incubation of BJAB cells with free antibody blocked
the association with the liposomes. We conclude that binding of the mut-HA22 conjugated
liposomes occurs by specific interactions with cellular CD22.

(v)Effect of Liposomal mut-HA22 Density and Dose-dependence on mut-HA22-liposome-cell
binding

It has been shown earlier that immunoliposomes bear the advantage to present multivalent
ligand-receptor interactions, as compared to their monovalent counter-parts (50). Furthermore,
the average number of antibody molecules per liposome is likely to have a significant effect
on liposome binding and/or internalization by receptor-expressing cells (50). As demonstrated
in our previous sections, mut-HA22-liposomes interact with CD22-receptor expressing cells.
Our next experiments were designed to evaluate the optimal number of mut-HA22 molecules
per liposome and liposome to cell ratios for CD22-specific interactions.

(a) Liposome-cell association increases with an increase in mut-HA22 scFv
molecules per Liposome—In our initial experiments, we investigated the relationship
between amount of mut-HA22 conjugation to liposomes and the liposome binding to the target
receptor. We generated mut-HA22 scFv conjugated liposomes using either 1 mol% (Table 1,
Formulation II) or 4 mol% DSPE-PEG2000-MaL (Table 1, Formulation I). The conjugation
yields in the two formulations were 47 and 90 scFv molecules/liposome respectively.
Liposome-cell suspensions were incubated at 37°C for 30 minutes, and liposome binding was
observed by monitoring calcein fluorescence by FACS. Data are summarized in Figure 4A,
and the values are presented as mean fluorescence intensities. We observed an increase in cell-
associated fluorescence with an increasing dosage of liposomes (Formulations I, II) for CD22-
expressing BJAB cells. By comparison, a small increase in binding was observed above
background when SUP-T1 cells were used for incubations. It is also evident from the data
presented in Figure 4A that liposomes prepared using the 4 mol% DSPE-PEG2000-MaL lipid
(Table 1, Formulation I) exhibited an increase in CD22-dependent binding as compared to the
liposomes prepared using only 1 mol% DSPE-PEG2000-MaL lipid (Figure 4A). Since our
future objective is to develop these liposomes for treatment of B-cell lymphoma, we used
Formulation I (containing 90 scFv molecules per liposome) for further analysis.

(b) Dose-dependent binding of mut-HA22 liposomes—Since the degree of
association of mut-HA22-liposomes to BJAB cells was dependent both on the initial input and
the total (average) number of antibody molecules per liposome (Figure 4A), our next
experiments were designed to evaluate the amount of liposomes needed for optimal binding
to cellular CD22. Mut-HA22-liposomes (0-2 μg liposomal protein) were incubated with BJAB
cells at 37°C and the extent of liposome binding was monitored by FACS analysis of increased
cell fluorescence (Figure 4B). We observed that binding of liposomes increased up to a ratio
of 0-2 μg liposomal protein/106 cells Control liposomes on the other hand did not show any
significant increase in liposome binding (a. 0 μg, b. 0.1 μg, c. 0.5 μg, d. 1 μg, e. 2μg).
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(v) Intracellular Uptake of mut-HA22-liposomes
It has been proposed that internalization of targeted liposomes by the tumor or diseased cells
is important to achieve effective therapeutic index and delivery of payload of drugs (51).
Therefore, we examined interactions of liposome-BJAB cells, (i) by comparing liposome-cell
association at 4°C versus 37°C, and (b) by visualizing intracellular accumulation of calcein
loaded liposomes at 37°C by confocal microscopy. The results are presented in Figure 5.

Figure 5A shows that the incubation temperature affected binding of liposomes to the cells. It
is clear from the results that liposome binding was increased at 37°C (solid grey line, Fig. 5A)
as compared to that at 4°C (solid black line, Fig. 5A). We also observed similar increase at 37°
C when non-targeted (control) liposomes were used (dotted lines, black, 4°C, grey, 37°C).
However, the extent of mut-HA22-liposome binding to BJAB cells was significantly greater
than control liposomes at both temperatures.

Next, we examined intracellular uptake by confocal microscopy. The results presented in
Figure 5B clearly show that a major population of mut-HA22-liposomes was accumulated
intracellularly following incubations at 37°C for 20 minutes (Fig 5B, a. calcein, b. calcein/
phase overlay). In contrast, incubations of liposomes at 4°C up to 40 minutes showed majority
of liposomes only on the surface of cells (Fig 5B, c, calcein; d, calcein/phase overlay). To
obtain three-dimensional information on the cellular location of the fluorescence, a series of
optical sections were made through infected BJAB cells. The results further confirmed that in
BJAB cells incubated at 37°C with mut-HA22-liposomes, there were both surface and
intracellular foci of fluorescence corresponding to intracellular and extracellular liposomes
(data not shown).

(vi) DOX accumulation and DOX-mediated cytotoxicity
Immunoliposomes have long been studied as vehicles for site-specifc delivery of drugs and
pharmaceutics (24). Recently, anti-HER2 scFv-DOXIL (29) and anti-CD22 mAb-DOXIL
(33) have demonstrated improved DOX-mediated cell killing in vitro in comparison to DOXIL
alone (33), as well as in animal studies (29). As shown in preceding sections, we have
demonstrated that mut-HA22 liposomes are internalized by CD22+ cells via CD22-mut-HA22
interactions. To further confirm the potential of these formulations in the clinic, we
encapsulated DOX using the well-established ammonium sulfate remote loading protocol
(43), followed by conjugation of mut-HA22 on the surface of DOX-loaded liposomes (Table
I, formulations IV, DOX- mut-HA22 liposomes & V, DOX-control liposomes). DOX loading
was quantitated by measuring DOX in the samples in the presence of Triton X-100 (Figure
6A, left panel). Our liposomes typically had 150-200 ng DOX/nmol Pi. Unconjugated mut-
HA22 was separated from mut-HA22 liposomes by gel permeation column chromatography
on a Sepharose CL-6B column. DOX-mut-HA22 liposomes (peak I, Figure 2D) were eluted
in the void volume whereas unconjugated mut-HA22 (peak II, Figure 2D) was eluted in the
included volume. We did not observe any appreciable leakage of DOX from liposomes during
the conjugation step (Figure 2D, peak III). The ratios of DOX to the phospholipid lipid were
180 ng DOX/nmol inorganic phosphate (Pi) and 157 ng DOX /nmol Pi for control liposomes
(Formulation V, Table I) and mut-HA2 liposomes (Formulation IV, table I) respectively. The
effect of DOX loading and mut-HA22 conjugation on the average size distribution is shown
in Table I. A slight increase in average diameter upon DOX loading (110.5 ± 6.6 nm) and mut-
HA22 conjugation (123.0 ± 7.9 nm) was observed when compared with liposomes before DOX
loading (86.9 ± 4.0 nm).

Results on cellular interaction of DOX-loaded liposomes are shown in Figure 6. Our initial
experiments were aimed at determining effect of mut-HA22 conjugation on the uptake of
liposomes by CD22+ cells. Increasing amounts of DOX-loaded liposomes were incubated with

Loomis et al. Page 10

Exp Mol Pathol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Raji cells for 1 hour at 37°C. Subsequently, unbound liposomes were removed and cellular
DOX was quantitated in cell lysates (see Methods section). Data presented in Figure 6A (right
panel) clearly show that conjugation of mut-HA22 to the liposomes resulted in at least a 2 fold
increase in accumulation of DOX in the cells. Moreover, we observed a dose-dependent DOX
accumulation in these samples. In contrast, control liposomes did not show an increase in DOX
accumulation with increasing dose of the liposomes (Figure 6A). A standard curve for DOX
quantitation is also shown in Figure 6A (left panel).

Next, we examined the effect of liposomal DOX on cellular viability (Figure 6B&C). First,
DOX-mediated cell killing was determined in continuous presence of DOX-loaded liposomes
or free DOX. When DOX was encapsulated in liposomes, > 90 % cell killing was observed at
10 μg DOX/mL for all the cell lines tested (Figure 6B (a, BJAB, b, SUP-T1), circles, control
liposomes; diamonds, mut-HA22 liposomes). On the other hand, >90% cell killing was
observed at relatively lower DOX concentrations (1-2 μg free DOX /mL) for BJAB (solid
triangles, Figure 6B,) and Raji cells (squares, Figure 6B,c), consistent with previous studies
(33). The only exception was SUP-T1 cells, as those required very high concentrations of free
DOX to achieve maximum cytotoxicity (crosses, Figure 6B, c). It is likely that intracellular
DOX from SUP-T1 cells was pumped out of the cells by some membrane transport
mechanisms. We also examined non-specific effects mediated by liposomal lipids (unrelated
to DOX-mediated cytotoxicity) by incubating empty liposomes (not loaded with DOX) with
cells. We did not observe any cell killing at concentrations equivalent to the amounts of
liposomes used in our cytotoxicity experiments.

Although our initial results clearly demonstrated CD22-specific binding and uptake of mut-
HA22 liposomes by fluorescence (Figures 3-5) and liposomal DOX accumulation (Figure 6A),
the cell viability results (Figure 6B(a)) did not exhibit any selectivity by mut-HA22 liposomes.
We surmise that continuous incubations of liposomes in cell cultures for 72 hours superseded
the kinetics of mut-HA22 liposomes internalization. To mimic in vivo conditions of liposome
uptake by tumors and clearance by reticuloendothelial systems, we measured cell viability for
72 hours following removal of unbound liposomes after the first 60 minutes of incubation
(29;33). In the previous cell viability experiment (Figure 6B), we observed maximum cell
killing by liposomal DOX at a concentration of 10 μg DOX/mL. Therefore we tested
concentrations of DOX up to 25 μg/mL in these experiments. Enhanced cytotoxicity by mut-
HA22 liposomes (diamonds) versus control liposomes (circles) was observed for CD22+ cells
(Figure 6C(a), Raji and (b), BJAB), but not CD22- cells (Figure 6C(c), SUP-T1). The relative
increase in cellular toxicity (~50%) by mut-HA22 liposomes in comparison with control
liposomes is shown in Figure 6C(d) (diagonal bars, mut-HA22 liposomes; solid bars, control
liposomes). Our observations on DOX-mediated cytotoxicity of mut-HA22 liposomes to
CD22+ cells are consistent with previous reports on immunoliposomes (29;33). Taken together,
our fluorescence-based binding/uptake, DOX accumulation, and cytotoxicity data show that
mut-HA22 liposomes may serve as promising candidates for treatment of B-cell lymphoma.

Conclusions—Generation of high-affinity antibodies and antibody fragments is an
important parameter for their in vivo applications (52). The therapeutic index of these
biologicals can be further enhanced by conjugation to nanoparticles (such as
immunoliposomes) to promote multivalent interactions. In addition, these targeted
nanoparticles have the potential to deliver a payload of chemotherapeutics to the tumor site.
We have developed immunoliposomes by conjugation to a high affinity anti-CD22 scFv. The
newly designed mut-HA22-liposomes described herein may serve as viable carriers for
delivery of chemotherapeutic agents to treat B cell lymphoma. However, further experiments
are needed to demonstrate in vivo drug delivery potential of these targeted particles.
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Abbreviations

Mut-HA22 modified anti-CD22 scFv

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (16:0 PC)

Egg PC L-α-phosphatidyl choline

DSPE-PEG2000 1, 2-disteaoryl-sn-glycero-3-phosphatidylethanolamine-N-
[Methoxy(Polyethylene glycol)-2000](Ammonium Salt)

DSPE-PEG2000
MaL

1,2-disteaoryl-sn-glycero-3-phosphatidylethanolamine-N-
[Maleimide-(Polyethylene glycol)-2000](Ammonium Salt)

HBSE (10mM
HEPES

150mM NaCl, 9.1mM EDTA, pH 7.5)

PBS phosphate buffered saline

PBS-BSA phosphate buffered saline supplemented with 1% bovine serum
albumin

PBS-FBS phosphate buffered saline supplemented with 5% fetal bovine serum

DOX doxorubicin-hydrochloride
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Figure 1. Characterization of mut-HA22
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Figure 1A: Analysis of mut-HA22. Mut-HA22 was analyzed by gel electrophoresis. (Left
Panel), mutations to the CDR3 region of HA22 increased soluble expression of the scFv. (Right
Panel), verification of mut-HA22 reduction by gel electrophoresis: (a) mut-HA22, shown as a
monomer and dimer, (b) mut-HA22 reduced with tributylphosphine (TBP), and (c) mut-HA22
reduced with dithiothreitol (DTT).
Figure 1B: Mut-HA22 binds to CD22-expressing cells. To analyze specific binding of mut-
HA22 with CD22, BJAB cells were incubated with 2μg mut-HA22 followed by sequential
incubations with mouse anti-histidine IgG, and FITC-conjugated goat anti-mouse IgG. A
commercial anti-CD22 IgG MYG13 was used as positive control, and was stained with FITC-
conjugated goat anti-mouse IgG. SUP-T1 and Jurkat cells were used as negative controls.
Graphs representing corresponding cell types are indicated. Fluorescence distributions of
stained cells are: solid black curves, cells alone; black lines, immunostaining of mut-HA22;
grey lines, immunostaining of MYG13; black dotted lines, mut-HA22's secondary Abs (mouse
anti-his IgG and FITC conjugated goat anti-mouse IgG; dotted grey lines, MYG13's secondary
Abs (FITC-conjugated goat anti-mouse IgG). These results were reproducible from at least
three independent experiments. Bkg, background binding.
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Figure 2. Characterization of mut-HA22-liposomes
Figure 2A: Determination of mut-HA22 conjugation to liposomes. Concentrated liposomes
were prepared in sample buffer with or without DTT, and were loaded on a 4-12% Bis-Tris
gel (under non-reducing conditions). The gel was run in MES-SDS running buffer at 200V for
35 minutes and proteins were stained with Microwave Blue. Conjugation of mut-HA22 to
DSPE-PEG2000-Maleimide is verified by the molecular weight increase of free mut-HA22 to
liposomal mut-HA22 (indicated by the arrow).
Figure 2B: Hydrodynamic size distribution of liposomes before and after conjugation with
mut-HA22. Hydrodynamic size was measured by backlight scattering in phosphate buffered
saline with a Malvern Zetasizer Nano ZS instrument. The data are plotted as volume (top panel)
and intensity (bottom panel) weighted distributions.
Figure 2C: Stability of mut-HA22-liposomes in the presence of serum at 37°C. Calcein release
from liposomes was measured after liposome incubation at 37°C in PBS with 0, 10, or 50%
FBS for 0, 1, 4, or 24 hours before and after addition of Triton X-100 (TX100). Leakage is
expressed as a percent of total, where 100% calcein leakage was obtained by addition of 20
μl Triton-X100 (10 % w/v) and 0% calcein leakage was the background fluorescence value
before liposome incubation at 37°C. Error bars represent ± SD from at least three samples
within a single experiment.
Figure 2D: Elution profile of DOX-loaded, mut-HA22 liposomes on Sepharose CL-6B column
Top panel: mut-HA22 conjugated liposomes were separated from free, unconjugated mut-
HA22 scFv through size exclusion chromatography on a Sepharose CL-6B column (1x40cm).
1 mL fractions were collected at an elution rate of 0.37 mL/min. Absorbance at 280nm (as
measured by UV detector) is shown. Peak I: DOX-loaded, mut-HA22 conjugated liposomes;
Peak II: unconjugated mut-HA22 scFv; Peak III: Free DOX.
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Bottom panel: Samples in peak I were analyzed (see Fig 2A) to confirm mut-HA22 conjugation
to liposomes. (a): mut-HA22 scFv standard; (b): DOX-loaded, mut-HA22 conjugated
liposomes before and after Sepharose CL-6B column. The fractions in peak II were analyzed
for the presence of mut-HA22 by gel electrophoresis as described (see Methods section, data
not shown). Similarly, all fractions were also analyzed for DOX and peak III was assigned
accordingly (data not shown).
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Figure 3. Binding of mut-HA22-liposomes to CD22-expressing cells
Cells (107/mL in RPMI-1640, 10% serum) were incubated with fluorescently labeled mut-
HA22-liposomes (2 μg of mut-HA22/46μg of phospholipids) or control liposomes (0 μg of
mut-HA22/46 μg of phospholipids) for 40 minutes at 37°C. At the end of incubations, cells
were centrifuged and washed twice with PBS-BSA to remove unbound liposomes; cell-bound
fluorescence was examined by microscopy and FACS.
Figure 3A: Binding of mut-HA22-liposomes to CD22-receptor expressing cells.
Fluorescence images were captured using the Nikon Eclipse TE200 inverted microscope with
a 40X oil objective (N.A. 1.30). Images shown are for calcein and rhodamine fluorescence as
indicated ((a-d), BJAB cells, (e-h) SUP-T1 cells).
Figure 3B: Flow cytometry analysis of incubated cells. The data shown are for calcein
fluorescence.
Figure 3C: Pre-incubation of cells with free mut-HA22 inhibits subsequent binding of
liposomes.
BJAB cells were incubated with (b) 8, (c) 2, or (d) 0 μg of free mut-HA22 at 4°C for 30 minutes
in the dark, washed twice with cold PBS-BSA, and then incubated with fluorescently labeled
mut-HA22-liposomes (1μg/106 cells) at 4°C for 30 minutes ((a) cells only)).
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Figure 4.
A: Binding of mut-HA22--liposomes with 1% or 4% DSPE-PEG2000-Maleimide to CD22-
expressing cells.
Cells (107/mL in RPMI-1640, 10% serum) were incubated with various concentrations of
calcein-loaded mut-HA22-liposomes for 40 minutes at 37°C. At the end of incubations, cells
were centrifuged and washed twice with PBS-BSA to remove unbound liposomes; cell-bound
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fluorescence was examined by FACS. The graph represents mean fluorescence intensity values
(y-axis). Three liposome preparations (see Table 1) corresponding to either 0 mol% (=0 mut-
HA22/liposome), 1 mol% (=47 mut-HA22/liposome) or 4 mol% (=90 mut-HA22/liposome)
were used for incubations with either BJAB or SUP-T1 cells. The amounts of liposomal mut-
HA22 added are given in x-axis. Cell types are indicated at the end of each curve. The numbers
in parentheses indicate the average number of mut-HA22/liposome.
Figure 4B: Dose-dependent binding of mut-HA22-liposomes to BJAB cells.
BJAB cells were incubated with various concentrations of calcein-loaded liposomes for 40
minutes at 37°C. At the end of incubations, cells were washed and analyzed for calcein
fluorescence by FACS. Concentrations of liposome-conjugated mut-HA22 added to cells: (a)
cells alone, (b) 0.01 μg mut-HA22, (c) 0.05 μg mut-HA22 (d), 0.2 μg mut-HA22, (e) 0.5 μg
mut-HA22, and (f) 2 μg mut-HA22. Control liposomes contained the corresponding
phospholipid quantities without any mut-HA22.
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Figure 5. Uptake of mut-HA22-liposomes by BJAB cells at 37°C
BJAB cells (107/mL RPMI-1640) were incubated with liposomes at 37°C or 4°C. Cells were
then washed twice with cold PBS-BSA and kept on ice until analyzed.
Figure 5A: Temperature Dependent Binding/Uptake of mut-HA22-liposomes by BJAB cells.
Cells were incubated with 4 μg of liposome-conjugated mut-HA22 (or equivalent amount of
phospholipids for control liposomes) for 40 minutes at 37°C or 4°C (see methods section).
Cells were then washed and rhodamine fluorescence of cells was analyzed by FACS.
Figure 5B: Intracellular Localization of mut-HA22-scFv liposomes by BJAB Cells. Cells were
incubated with 0.2 μg of liposome-conjugated mut-HA22 (or equivalent amount of
phospholipids for control liposomes) for 20 or 40 minutes at 37 or 4°C. Z-stacks of 14-16
optical slices at 1.7 micron intervals were acquired. Calcein fluorescence of cells is shown in
a single slice of the acquired images.
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Figure 6.
A: Cellular accumulation of liposomal DOX by Raji cells
Cells (3×105 cells per sample) were incubated with 0.5 – 2 ug of liposomal DOX for one hour
at 37°C. The cells were then washed with phenol-red free culture medium (0.5mL×3) and
resuspended in 0.3 mL of PBS and transferred to a 96-well plate (0.1mL×3). Cellular
accumulation of DOX was determined using a standard curve of known DOX concentrations
in the presence of cell lysates without incubation with liposomes (left panel). Right panel:
accumulation of DOX in nanograms. Solid gray bars, control liposomes; black diagonal line
bars, mut-HA22 liposomes. Error bars represent ± SD of triplicate samples within a single
experiment.
Figure 6B: Cell viability in the continuous presence of liposomal DOX
Cells were plated in duplicates in a 96-well plate (105/0.1mL per well) and incubated with
0-7.5 ug of liposomal or free DOX for 72 hours at 37°C. Cell viability was calculated taking
control sample (without DOX) as 100%. Values represent an average of duplicate samples.
(a) and (b) Cytotoxicity by liposomal DOX: (a) BJAB (CD22+), (b) SUP-T1 (CD22-) mut-
HA22 liposomes (◆) and control liposomes (●).
(c) Cytotoxicity by free DOX: SUP-T1 (X), BJAB (▲), and Raji (■).
Figure 6C: Cell viability following pre-incubation with liposomes
Cells were incubated in triplicates with liposomal DOX for 1 hour, and any unbound liposomes
were washed off. Following an additional 72-hour incubation, cell viability was determined
(see Figure 6B).
(a) Raji (CD22+), (b) BJAB (CD22+), and (c) SUP-T1 (CD22-) mut-HA22 liposomes (◆) and
control liposomes (●)
(d) A snapshot of cell viability at a concentration of 10 ug/mL liposomal DOX is shown (Data
from the respective curves in Figure 6C (a-c)). In this graph, the total number of cells remaining
viable in the presence of control liposomes were taken as 100%. mut-HA22 liposomes
(diagonal line bars), control liposomes (gray bars)
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