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A fusion protein comprising an a-CD20 single chain variable fragment (scFv) antibody, a spacer
peptide, and human apolipoprotein (apo) A-l1 was constructed and expressed in Escherichia coli.
The lipid interaction properties intrinsic to apoA-I as well as the antigen recognition properties of
the scFv were retained by the chimera. scFveapoA-I was formulated into nanoscale reconstituted
high-density lipoprotein particles (termed nanodisks; ND) and incubated with cultured cells. a-
CD20 scFveapoA-1 ND bound to CD20-positive non-Hodgkins lymphoma (NHL) cells (Ramos
and Granta) but not to CD20-negative T lymphocytes (i.e., Jurkat). Binding to NHL cells was
partially inhibited by pre-incubation with rituximab, a monoclonal antibody directed against
CD20. Confocal fluorescence microscopy analysis of Granta cells following incubation with a-
CD20 scFveapoA-1 ND formulated with the intrinsically fluorescent hydrophobic polyphenol,
curcumin, revealed a-CD20 scFveapoA-1 localizes to the cell surface, while curcumin off-loads
and gains entry to the cell. Compared to control incubations, viability of cultured NHL cells was
decreased upon incubation with a-CD20 scFveapoA-I ND harboring curcumin. Thus, formulation
of curcumin ND with a-CD20 scFveapoA-I as the scaffold component confers cell targeting and
enhanced bioactive agent delivery, providing a strategy to minimize toxicity associated with
chemotherapeutic agents.
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Introduction

A subset of reconstituted high-density lipoproteins (rHDL) includes self-assembled disk-
shaped phospholipid bilayers, whose perimeter is stabilized by a protein scaffold. In recent
years rHDL have been repurposed for applications well beyond lipoprotein metabolism
(Ryan 2008). One such application involves the incorporation of small hydrophobic
bioactive agents (Ryan 2010). To distinguish rHDL enriched with an exogenous bioactive
agent from classical phospholipid-apolipoprotein assemblies, the term nanodisk (ND) is
used. Included among the small, hydrophobic bioactive agents that have been solubilized in
ND are the polyene antifungal, amphotericin B (Oda et al. 2006; Burgess et al. 2010), the
isoprenoid, all-trans retinoic acid (Redmond et al. 2007; Singh et al. 2010), the anti-oxidant
polyphenol, curcumin (Ghosh et al. 2011; Singh et al. 2011), and the cholesterol
biosynthesis inhibitor, simvastatin (Duivenvoorden et al. 2014).

A limitation of existing ND technology for anti-cancer applications relates to the risk of
nonspecific cytotoxic effects following systemic administration of a bioactive agent
containing ND. To confer cell/tissue specificity, it may be possible to engineer the protein
scaffold component of ND, usually a member of the class of exchangeable apolipoproteins
(apo). An example of this concept is the construction of an apolipoprotein-single chain
variable antibody fragment (scFv) chimera. An scFv is preferred over a Fab fragment or
intact antibody for this purpose, because an scFv is wholly encoded by a single nucleotide
sequence (Hagemeyer et al. 2009). In fact, experimental validation of this general concept
has been obtained by construction of a chimera composed of recombinant human apoA-I
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and an a-vimentin scFv (lovannisci et al. 2009). Building on this strategy, we sought to
employ an scFv that would target a unique surface antigen expressed on a cancer cell
population. Criteria for selection of the candidate cell surface antigen includes (i) well-
characterized tissue-specific distribution of the antigen,(ii) the therapeutic relevance of the
target cell population, and (iii) the need for improved therapy options.

Among cell surface antigen candidates considered, the choice to focus on CD20 was based
on the availability of an scFv clone with known CD20 antigen recognition properties (Shan
et al. 1999), the availability of a monoclonal antibody (mAb) that recognizes the same
antigen (i.e., rituximab; (Press et al. 1995; Maloney et al. 1997; Scott 1998), and the need
for new strategies to treat B cell lymphomas (Gordon et al. 2014). CD20 is a membrane-
spanning glycosylated phosphoprotein expressed on the surface of B-cells, but not T
lymphocytes (Tedder and Engel 1994). Indeed, CD20 is expressed on large B cell
lymphomas (BCL), mantle cell lymphoma (MCL), hairy cell leukemia, and B cell chronic
lymphocytic leukemia.

In the present study, construction and characterization of a novel recombinant a-CD20
scFveapoA-1 chimera is described. The purified fusion protein (a-CD20 scFveapoA-I) was
formulated with phospholipid and lipophilic bioactive agent (i.e., curcumin) to generate ND
(a-CD20 scFveapoA-1 ND) that target cells expressing CD20. When combined with the
inherent bioactive agent loading capacity of ND, a-CD20 scFveapoA-I ND provides a
means to enhance therapeutic efficacy by targeting cell/tissue-specific interactions. The
results reveal that curcumin-a-CD20 scFveapoA-I ND target CD20-positive lymphoma
cells, inducing cell death commensurate with curcumin delivery.

Materials and methods

Cell lines and reagents

Ramos (Burkitt’s B cell lymphoma) and Jurkat (T-cell lymphoma) cells were purchased
from ATCC,; Granta (Mantle cell lymphoma) cells were kindly provided by Dr. Steven
Bernstein (University of Rochester, New York, USA). FITC-goat anti-human apoA-I was
purchased from Abcam (Cambridge, Massachusetts, USA). Hoechst 33342 stain was
purchased from Life Technologies Corp. (Carlsbad, California, USA). Alexa Fluor 680
labeled anti-goat secondary antibody was purchased from Li-Cor Biosciences (Lincoln,
Nebraska, USA). Anti-fade mounting medium was from Vector Laboratories (Burlingame,
California, USA). SDS-PAGE gels (10%) were from Bio Rad (Hercules, California, USA).

Cell culture and incubations

Granta and Jurkat cells were cultured in RPMI-1640 containing 10% fetal bovine serum
(FBS) in the presence of glutamine. Ramos cells were cultured in RPMI-1640 containing
10% FBS and 1% sodium pyruvate, in the presence of glutamine. All cells were passaged
every 2-3 days. Cell viability was measured by trypan blue exclusion.
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cDNA construction

The a-CD20 scFveapoA-I cDNA construct was generated from an a-CD20 scFv cDNA
kindly provided by Dr. Oliver Press (University of Washington). A polylinker was
introduced at the 3’ terminus, in addition to two restriction sites to allow joining of the scFv
cDNA to a cDNA encoding human apoA-I. A 3’ terminal His-tag encoding sequence was
introduced to facilitate downstream processing of the expressed fusion protein. Briefly, Ndel
and Clal restriction sites were introduced into the 5’ and 3’ terminal ends, respectively, of
the a-CD20 scFv nucleotide sequence by gene amplification. The reverse primer also
included nucleotide sequences encoding a glys)-ser-gly(4)-ser peptide linker to serve as a
spacer between the a-CD20 scFv and apoA-I components of the fusion protein. The
amplified a-CD20 scFv gene product was double digested with Ndel and Clal (New
England Biolabs) and ligated into the Ndel/Clal double digest cloning site located at the 5
terminus of a modified Bluescript KS(+) plasmid (Ryan, Forte, and Oda 2003). The
resulting a-CD20 scFveapoA-I cDNA was released from the plasmid vector by Ndel/HindllI
double digestion and ligated into the Ndel/HindllI polylinker region of pET41b(+)
expression vector (Novagen) containing an in-frame 3’ terminal His-tag. The final gene
construct encoded a chimeric protein containing the alkaline phosphatase A (PhoA) signal
peptide, a-CD20 scFv, gly4)-ser-gly(s)-ser peptide linker, apoA-I and His-tag as follows:
NH,-PhoAea-CD20 scFvelinkereapoA-leHis-tag-COOH, hereafter referred to as a-CD20
scFveapoA-1. Conditions established for culture, expression, and isolation of recombinant
human apoA-I from Escherichia coli (Ryan, Forte, and Oda 2003) were adapted for
production of the a-CD20 scFveapoA-I. Highly purified recombinant fusion protein was
produced with a yield of ~10 mg/L culture medium.

Preparation of ND

ND were formulated as previously described (Ryan 2008) using apoA-I or a-CD20
scFveapoA-1 as the scaffold component. Briefly, dimyristoylphosphatidylcholine (DMPC),
deposited as a thin film on the vessel wall by solvent evaporation under N, gas, was
dispersed with phosphate buffered saline (PBS) containing a scaffold component at a lipid/
protein (w/w) ratio of 2.5:1 (human apoA-1) or 2.5:2 (a-CD20 scFveapoA-I) and bath-
sonicated for 5 min or until the solution cleared. Where specified, curcumin-containing a-
CD20 scFveapoA-1 ND were formulated as described by Ghosh et al. (2011). In all cases,
ND were dialyzed against PBS and stored at 4 °C until use.

Electron microscopy

Negative stain (2% potassium phosphotungstate, pH 6.5) electron microscopy was
performed as previously described (Burgess et al. 2013). Grids were examined at 80 kV in a
JEM-1230 electron microscope (JEOL USA, Peabody, Massachusetts, USA). Particle size
measurements were made using an ocular micrometer and 100 particles per sample were
measured.

Flow cytometry of cells incubated with apoA-I ND and a-CD20 scFveapoA-I ND

The interaction of apoA-1 ND or a-CD20 scFveapoA-I ND with cell surfaces was examined
as described by Shan et al. (1999). Briefly, cell pellets from Ramos, Granta, and Jurkat cells

Biochem Cell Biol. Author manuscript; available in PMC 2015 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crosby et al.

Page 5

were re-suspended in RPMI + 5% FBS media. Cells (1 mL final volume) were incubated
with a specified ND at 50 pg a-CD20 scFveapoA-I protein/mL (a-CD20 scFveapoA-1 ND)
or 25 pg apoA-1 protein/ml (apoA-1 ND) for 1 h at 37 °C. Cells were washed twice (12 000g
for 3 min), re-suspended in media (1 mL) prior to incubation with FITC-goat anti-human
apoA-1 (5 pg) on ice for 30 min. Following incubation, the cells were washed and re-
suspended in 600 pL ice-cold media. Cell associated fluorescence was measured by flow
cytometry using BD Biosciences FacsCalibur. Markers were set using control incubations of
cells with PBS to designate FITC-goat a-apoA-I-negative cells (M1) and FITC-goat a-
apoA-I-positive cells (M2). The percentage of FITC-goat a-apoA-I positive cells is reported
as the percentage of cells in M2.

Cell incubations with rituximab

Granta and Ramos cells were pelleted and re-suspended in RPMI media + 5% FBS. The
cells (1 mL final volume) were incubated in the presence or absence of a 10-fold molar
excess of rituximab over a-CD20 scFveapoA-I for 45 min at 4 °C. Following incubation, the
cells were washed to remove unbound a-CD20 scFveapoA-1 ND and rituximab. FITC-goat
anti-human apoA-I (5 pg) was added, and the cells were incubated for 30 min on ice. After
two washes, the cells were re-suspended in 600 UL ice-cold media and cell-associated
fluorescence was measured by flow cytometry.

Confocal fluorescence microscopy studies

Granta cells (2 x 10°) were incubated with 20 pmol/L curcumin-loaded a-CD20 scFveapoA-
I ND for 1 h at 37 °C. After incubation, the cells were washed with PBS to remove excess
unbound curcumin-a-CD20 scFveapoA-lI ND and fixed with 4% paraformaldehyde
(prepared in PBS containing 0.03 mol/L sucrose) for 10 min at 4 °C. To visualize the a-
CD20 scFveapoA-I fusion protein, fixed cells were permeabilized with 0.2% saponin in PBS
+ 0.03 mol/L sucrose + 1% BSA (bovine serum albumin) for 5 min at room temperature
followed by 2 h incubation with goat anti-apoA-1 primary (1:150 dilution) and a1 h
incubation with Alexa Fluor 680 labeled anti-goat secondary antibody (1:100 dilution).
Curcumin localization was determined by excitation of the argon-ion laser at 488 nm with
emission recorded in the green spectral region (493-630 nm). Hoechst 33342 was employed
as a nuclear stain. Cells were deposited onto a glass slide, covered with a glass coverslip,
sealed with nail polish, and visualized at 63x with the Zeiss LSM710 confocal microscope.

Effect of curcumin-loaded a-CD20 scFveapoA-I ND on cell viability of B cell ymphoma

Cells were plated in 96-well culture plates (25 000 cells per 100 pL per well), and after 24 h,
empty a-CD20 scFveapoA-1 ND (0 umol/L curcumin) or loaded curcumin-a-CD20
scFveapoA-1 ND were added to the wells (5 and 20 umol/L curcumin). After 48 h
incubation, a CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay (Promega,
Madison, Wisconsin, USA) was performed. Briefly, cells were incubated with MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) for 2 h at 37 °C, followed by the
addition of solubilization buffer for 1 h. Subsequently, well contents were mixed and 100 L
transferred to a fresh plate. Absorbance was read at 570 nm. Values expressed are the mean
+ SEM (n = 4) percent cell viability relative to untreated cells.
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Statistical analysis

Statistical analyses were performed using the Student’s t-test (GraphPad Prism version 6.0,
San Diego, California, USA). Data are shown as mean + SEM.

Results

Construction and characterization of a-CD20 scFveapoA-| fusion protein

To confer a targeting feature to ND, the scaffold component was engineered as an a-CD20
scFveapoA-I1 fusion protein using recombinant DNA technology. The a-CD20 scFv selected
for study was originally generated from a monoclonal antibody directed against the CD20
antigen on B lymphocytes, and its specificity has been established (Shan et al. 1999). The
schematic in Fig. 1 (left) depicts the design strategy employed, wherein the N terminus of
the fusion protein contains the cleavable PhoA sequence adjacent to the a-CD20 scFv, a 10
amino acid spacer followed by human apoA-1 and a C-terminal His-Tag sequence. The
expectation is that the chimera will not only possess the antigen recognition properties of the
scFv but also the ND formation activity of apoA-I. A model depicting the organization of
components of a-CD20 scFveapoA-1 ND is presented in Fig. 1. SDS-PAGE immunoblot
analysis provided evidence of fusion protein expression in E. coli (Fig. 1 right). Whereas
recombinant apoA-I has the expected MW of ~28 kDa, the a-CD20 scFveapoA-I fusion
protein has a MW of 54 KDa.

A characteristic property of apoA-I is its intrinsic ability to solubilize certain phospholipid
dispersions, converting them into nanoscale disk-shaped lipid bilayers (Ryan 2008). In a
similar manner, a-CD20 scFveapoA-I fusion protein efficiently solubilized an aqueous
dispersion of DMPC, as seen by negative stain electron microscopy (Fig. 2A). The empty
ND (no drug) consisted of discoidal particles that are seen “on edge” as stacked discs or “en
face” as round particles (mean particle diameter 28 + 7 nm, n = 100). Curcumin-loaded a-
CD20 scFveapoA-1 ND (Fig. 2b) consisted of larger particles having a mean particle
diameter of 59 £ 11 nm (n = 100).

FACS Analysis of a-CD20 scFveapoA-I ND cell interactions

Having shown that a-CD20 scFveapoA-1 fusion protein possesses nanodisk-forming
activity, the ability of a-CD20 scFveapoA-I ND to recognize and bind cell-associated CD20
antigen was investigated. Experiments were conducted with three cell lines, Ramos, Granta,
and Jurkat. The former two lines represent NHLs that are known to express CD20 at their
cell surface. The latter (Jurkat) is a T lymphocyte cell line that does not express CD20. The
interaction of a-CD20 scFveapoA-1 ND with each of these cells lines was measured by
FACS using a fluorescent-tagged antibody directed against the apoA-I component of the
fusion protein (Fig. 3). The data show that treatment of Ramos cells with PBS or apoA-1 ND
failed to enhance cell associated fluorescence. By contrast, a prominent increase in cell-
associated fluorescence occurred upon incubation of Ramos or Granta cells with a-CD20
scFveapoA-1 ND [86 + 10% for Ramos (n = 3); 98 £ 1% for Granta (n = 2)]. By contrast,
little binding was detected with Jurkat cells (6 + 3%; n = 3), confirming the absence of
CD20 on these cells. These data provide evidence that ND binding to Ramos and Granta
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cells is not due to the apoA-I component of a-CD20 scFveapoA-1 fusion protein, but rather
requires the a-CD20 scFv moiety.

Competition studies with rituximab

The monoclonal antibody, rituximab, recognizes CD20 and is widely used as a therapeutic
agent in treatment of lymphoma (Scott 1998). When Ramos or Granta cells were pre-
incubated with rituximab, decreased binding of a-CD20 scFveapoA-l ND was observed
(Fig. 4). As seen in the histogram, rituximab induced a 33% (p < 0.001) reduction in a-
CD20 scFveapoA-1 ND binding to Ramos cells and 24% (p < 0.014) reduction in binding to
Granta cells. The lack of complete inhibition is likely due to differences in epitope
recognition by the a-CD20 scFv versus rituximab (Polyak and Deans 2002). Taken together,
the results support the conclusion that a-CD20 scFveapoA-I ND recognize and interact with
the CD20 antigen on NHL cells.

Confocal fluorescence microscopy of a-CD20 scFveapoA-I ND interaction with target cells

To examine the nature of a-CD20 scFveapoA-I ND interaction with cells as well as the
potential utility of these particles to serve as a vehicle for drug delivery, aCD20 scFveapoA-
I ND were formulated with the hydrophobic polyphenol, curcumin. Curcumin is an
intrinsically fluorescent molecule that is postulated to intercalate between phospholipids in
the bilayer of ND particles, as depicted in Fig. 1. Among numerous biological properties
attributed to curcumin (Gupta et al. 2011) is a pro-apoptotic effect on cultured lymphoma
cells (Singh et al. 2011), (Teeling et al. 2006). When Granta cells were incubated with
curcumin-a-CD20 scFveapoA-I ND for 1 h at 37 °C, confocal fluorescence microscopy was
performed to examine the cellular location of the a-CD20scFveapoA-1 scaffold component
and the bioactive agent, curcumin (Fig. 5). Whereas curcumin fluorescence showed a diffuse
cytoplasmic distribution (Fig. 5a, green fluorescence), the a-CD20 scFveapoA-1 component
was largely retained at the cell surface (Fig. 5b, red fluorescence). The images suggest that
a-CD20 scFveapoA-1 ND binding to CD20 at the cell surface promotes curcumin
dissociation and entry into these cells. A merged image (Fig. 5¢) reveals that a small portion
of the curcumin payload remains at the cell surface along with the bulk of the a-CD20
scFveapoA-I1 fusion protein (yellow fluorescence). This finding is consistent with the fact
that CD20, unlike many other surface antigens and receptors, is not internalized (Gordon et
al. 2014). In control experiments with CD20-negative Jurkat cells, no a-CD20 scFveapoA-I
ND binding or internalized curcumin fluorescence was detected (Fig. 5d).

Effect of curcumin-a-CD20 scFveapoA-I ND on cell viability

The effect of curcumin-a-CD20 scFveapoA-I ND on cultured B cell lymphoma viability was
investigated in Granta cells and Ramos cells. When treated for 48 h with a-CD20
scFveapoA-1 ND lacking curcumin, both Granta and Ramos cells showed modest reductions
(~30%) in cell viability compared to cells treated with PBS (Fig. 6). At 5 pmol/L curcumin,
a significant decline (65 + 10%, p < 0.001) in cell viability, compared to empty a-CD20
scFveapoA-1 ND, was observed in Ramos, but not Granta, cells. At 20 pmol/L curcumin,
Ramos cells were highly responsive, with a >90% reduction in cell viability. Granta cells, on
the other hand, displayed less cell death (51 + 4%, p < 0.001) at this curcumin concentration.
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The data suggest that a-CD20 scFveapoA-1 ND solubilize curcumin and promote its cellular
uptake via interaction with CD20. The observation that the two cell lines investigated show
differential sensitivity to the drug, in terms of its effect on cell viability, is likely due to cell-
specific effects of curcumin. Furthermore, the apparent ~30% cytotoxicity observed in
control experiments with empty a-CD20 scFveapoA-1 ND suggests that scFv binding to the
CD20 antigen alone elicits an effect.

Discussion

The present study demonstrates the feasibility of using recombinant a-CD20 scFveapoA-I
fusion protein to produce a ND that promotes bioactive agent delivery to CD20-positive
NHL cells. This study builds on previous work showing that a-CD20 scFv recognizes the
CD20 antigen on the surface of B lymphocytes (Shan et al. 1999). The potential application
of this binding interaction for targeted delivery of drugs to tumor cells is attractive, because
it is anticipated to reduce or eliminate non-specific cell toxicity. A recent study analyzing
the effect of nanoparticle morphology on the efficiency of drug delivery in cultured
epithelial cells concluded that nanorods are less potent in drug delivery than nanodisks,
while both these morphologies are superior to nanospheres (Agarwal et al. 2013). Taking
advantage of this feature, a-CD20 scFveapoA-I fusion protein was formulated into disk-
shaped nanoparticles (i.e., ND). The a-CD20 scFveapoA-I component of the product ND
functions as a scaffold that circumscribes the perimeter of a disk-shaped phospholipid
bilayer. This structural matrix provides an environment into which hydrophobic bioactive
agents can be intercalated (Ryan 2008). In the present formulation, it is envisioned that the
apoA-I portion of the fusion protein contacts the edge of the ND bilayer, while the a-CD20
scFv portion is exposed to the aqueous environment (see Fig. 1). As such, the scFv will be
exposed to the aqueous milieu while adopting a functional conformation capable of antigen
recognition.

FACS analysis demonstrated that a-CD20 scFveapoA-I ND display binding specificity for
CD20 on both MCL (Granta) and BCL (Ramos) cells in culture, whereas CD20-negative
Jurkat cells showed no binding. The latter observation suggests that discoidal morphology
alone is insufficient to support cell binding in the absence of CD20. Flow cytometry studies
also revealed that the a-CD20 scFv component of the fusion protein is required for cell
surface CD20 recognition. On the other hand, ND formulated with apoA-I showed virtually
no binding to Jurkat cells, reinforcing the conclusion that binding is specific for the a-CD20
scFv moiety.

Discovery that the a-CD20 mADb, rituximab, is efficacious in treatment of NHL (Maloney et
al. 1997) raised awareness of the potential utility of targeted anti-cancer therapy.
Investigations with antibody-drug conjugates (ADC) have led to the concept that combining
mAbs with small molecule chemotherapeutic drugs has potential for synergy (Gerber et al.
2013; Lianos et al. 2014). Although ADC provides an important means of delivering drugs
to tumor cells, only a limited number of drug molecules can be conjugated to a given mAb.

Curcumin is a natural occurring polyphenol that has been shown in cell studies to be
beneficial in treating hematological cancers (Singh et al. 2011; Shishodia et al. 2005;
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Hussain et al. 2008) as well as other cancers (Shankar et al. 2007; Ghosh and Ryan 2014). It
is informative that, whereas curcumin was taken up by CD20-positive cells, the ND scaffold
component remained at the cell surface, presumably via interaction with CD20. Indeed, 30
or more molecules of curcumin can be incorporated into each ~60 nm a-CD20 scFveapoA-I
ND, making this an attractive bioactive agent delivery vehicle. One can speculate, that when
the curcumin-a-CD20 scFveapoA-1 ND binds to CD20 on the surface of a target cell, close
proximity of the particle to the cell membrane promotes bioactive agent interaction with the
membrane lipids, with subsequent transit into the cytoplasmic compartment. Indeed, it has
been demonstrated that exposure of CD20 to rituximab correlates with translocation of the
protein to detergent insoluble lipid rafts (Deans et al. 2002; Cragg et al. 2003). Such an
itinerary can favor diffusion of hydrophobic bioactive agents into the cell. Consistent with
this interpretation, confocal microscopy studies with curcumin-loaded a-CD20 scFveapoA-I
ND revealed that the fusion protein component of the ND remains at the cell surface. Thus,
curcumin-a-CD20 scFveapoA-I ND facilitates intracellular delivery of curcumin. At the
same time, it is recognized that uptake of curcumin in this cultured cell system is not solely
dependent upon CD20 binding. Indeed, apoA-I curcumin ND have been shown to be
cytotoxic to lymphoma cells in culture (Singh et al. 2011) and “free” curcumin is taken up
by cultured glioblastoma multiforme cells (Ghosh and Ryan 2014). As such, it is
conceivable that one or more alternate receptors, such as the scavenger receptor class B type
I (Shen et al. 2014), contribute to the observed uptake/cytotoxicity in this system. Thus,
although binding to CD20 has been achieved with a-CD20 scFveapoA-I ND, the
contribution of this interaction to cellular uptake of curcumin, compared to other potential
mechanisms, remains to be fully elucidated.

In summary, we show the feasibility of formulating targeted scFveapoA-1 ND that have the
ability to deliver a hydrophobic bioactive agent to a-CD20-positive tumor cells. Whereas we
took advantage of the intrinsic fluorescence properties of curcumin to evaluate cellular
uptake in the present study, it is likely that incorporating more potent drugs into targeted ND
would produce more significant cytotoxic effects. It is also anticipated that ND can be
formulated to target other tumor-specific cell surface proteins and (or) receptors, wherein the
drug load is tailored to specific dysfunctional molecular pathways that lead to tumor
proliferation.
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Fig. 1.
aCD20 scFveapoA-I design, construction, expression and characterization. (Left) Schematic

depicting aCD20 scFveapoA-1 chimera cDNA and protein. Also depicted is the fusion
protein as the scaffold component of a ND (the black circles represent curcumin embedded
in the phospholipid bilayer). (Right) SDS-PAGE immunoblot analysis of aCD20
scFveapoA-1 fusion protein. Samples were electrophoresed on a 4%-20% acrylamide
gradient SDS slab gel under reducing conditions, transferred to PVDF membrane, and
probed with anti-apoA-I. Left lane, molecular weight standards; center lanes, recombinant
human apoA-I; right lanes, recombinant aCD20scFveapoA-I fusion protein. Protein load (ng
per well) are indicated.

Biochem Cell Biol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Crosby et al. Page 13

Fig. 2.
aCD20 scFveapoA-I ND morphology with and without curcumin determined by negative

stain electron microscopy. (a) aCD20 scFveapoA-I ND without curcumin. (b) aCD20
scFveapoA-1 ND with curcumin. Bars represent 100 nm in each case.
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Fig. 3.

Sp?ecificity of aCD20 scFveapoA-1 ND binding to cells. ApoA-1 ND or aCD20 scFveapoA-I
ND were incubated with Ramos (CD20-positive), Granta (CD20-positive), and Jurkat
(CD20-negative) cells for 1 h at 37 °C and compared to control cells (PBS only). Binding
was measured by FACS analysis using FITC-anti-apoA-I to detect the fusion protein.
Representative scans are shown for Ramos (n = 3), Granta (n = 2), and Jurkat (n = 3) cells.
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Fig. 4.

scFveapoA-I ND

scFveapoA-I ND + Rituximab

Effect of rituximab on aCD20 scFveapoA-I ND binding to B lymphoma cells in culture.
Ramos and Granta cells were incubated in the presence or absence of rituximab for 45 min
at 4 °C. After washing to remove unbound rituximab, the cells were incubated with aCD20
scFveapoA-1 ND. Cell-associated scFveapoA-1 was detected by FACS after incubation with
a FITC labeled anti-apoA-1. Scans for each cell line are representative of 3 experiments.
Incubation of aCD20 scFveapoA-1 ND without rituximab treatment is shown as broad black
line. Histograms show the percent change in cell binding after rituximab treatment.

Significance between rituximab treated and untreated cells is indicated.
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Fig. 5.

(CgO|OUI’ online) Confocal fluorescence microscopy of Granta cells following incubation with
curcumin-loaded scFveapoA-I ND. Curcumin was selected because its intrinsic fluorescence
recorded between 493-630 nm following excitation at 488 nm expedites cellular
localization. On the other hand, Alexa Fluor 680 labeled secondary antibody that recognizes
the fusion protein was used to report on fusion protein distribution. Granta cells were
incubated with 20 pmol/L curcumin-scFveapoA-1 ND for 1 h at 37 °C and washed to remove
unbound scFveapoA-I ND. (a) Curcumin fluorescence was detected in the green spectral
region and is observed in the cytoplasm. (b) scFveapoA-1 ND protein moiety was detected
with goat anti-apoA-I antibody and an Alexa Fluor 680 labeled anti-goat secondary antibody
that fluoresces in the red spectral region. The fusion protein localizes to the cell surface.
Panel (c) is a merged image for the Granta cells; the image suggests that some curcumin
remains on the surface together with the protein (yellow fluorescence). (d) A merged image
for CD20-negative Jurkat cells treated with curcumin-scFveapoA-I ND included as a
negative control. Hoechst 33342 was used to stain the cell nuclei. Scale bar: 10 um.
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Fig. 6.

Ef?‘ect of curcumin-loaded scFveapoA-1 ND on the viability of cultured B lymphoma cells.
Ramos and Granta cells were incubated with empty scFveapoA-1 ND (0 umol/L curcumin)
and curcumin-scFveapoA-1 ND (5 and 20 pmol/L curcumin) for 48 h. Cell viability was
determined using the MTT assay according to manufacturer’s instructions. Values are mean
+ SEM (n = 4). ***P < 0.001, n.s. = not significant, compared to cells without curcumin.
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