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Abstract
B-precursor acute lymphoblastic leukemia (B-ALL) lymphoblast (blast) internalization of anti-
cytokine receptor-like factor 2 (CRLF2) antibody-armored biodegradable nanoparticles (AbBNPs)
are investigated. First, AbBNPsaere synthesized by adsorbing anti-CRLF2 antibodies to poly(D,L-
lactide- co -glycolide) (PLGA) nanoparticles of various sizes and antibody surface density (Ab/
BNP) ratios. Second, AbBNPs are incubated with CRLF2-overexpressing (CRLF2+) or control
blasts. Third, internalization of AbBNPs by blasts is evaluated by multicolor flow cytometry as a
function of receptor expression, AbBNP size, and Ab/BNP ratio. Results from these experiments
are con-firmed by electron microscopy, fluorescence microscopy, and Western blotting. The
optimal size and Ab/BNP for internalization of AbBNPs by CRLF2+ blasts is 50 nm with 10 Ab/
BNP and 100 nm with 25 Ab/BNP. These studies show that internalization of AbBNPs in
childhood B-ALL blasts is AbBNP size-and Ab/BNP ratio-dependent. All AbBNP combinations
are non-cytotoxic. It is also shown that CD47 is very slightly up-regulated by blasts exposed to
AbBNPs. CD47 is “the marker of self” overexpressed by blasts to escape phagocytosis, or
“cellular devouring”, by beneficial macrophages. The results indicate that precise engineering of
AbBNPs by size and Ab/BNP ratio may improve the internalization and selectivity of future
biodegradable nanoparticles for the treatment of leukemia patients, including drug-resistant
minority children and Down’s syndrome patients with CRLF2+B-ALL.

1. Introduction
Acute lymphoblastic leukemia (ALL), despite an ≈ 85% cure rate, remains the second most
common cause of cancer-related mortality in children in the U.S.[1] Unfortunately, minority
children with ALL have an increased incidence of ALL[2,3] and among the poorest
outcome,[4–6] a well-known and significant cancer health disparity. The U.S. Census Bureau
predicts that minority children will comprise 62% (vs. 44% in 2008) of the U.S. population
by 2050. Given these projections, the potential impact of novel drugs for minority children
is profound.

Recent studies show that childhood cancer health disparities are due to both socioeconomic
and biological differences. In 2000, Pollock et al. showed that the 5-year relapse-free
survival (RFS) rates were 81.9% ± 0.6%, 68.6% ± 2.1%, and 74.9% ± 2.0% for non-
Hispanic/ Latino White, African-American, and Hispanic/Latino children.[5] Adjusting for
age, lymphoblast (blast) count, sex, era of treatment, and blast ploidy, African American
children had a 42% excess mortality rate and Hispanic/ Latino children had a 33% excess
mortality rate compared to non-Hispanic/Latino White children. More recent studies are in
excellent agreement with this work.[4,6] For example, Batia et al. showed that 5-year RFS
rates were the following among patients with high-risk features (age <1 or >10; blast count
> 50,000): Asian, 75.1% ± 3.5%; non-Hispanic/ Latino White, 72.8% ± 0.6%; Hispanic/
Latino, 65.9% ± 1.5%; and African American, 61.5% ± 2.2%.[6] Adjusting for the same
factors as above, Hispanic/Latino children had the worst outcome with a 40% excess
mortality rate. In 2009, Willman et al. described a 38-transcript expression classifier
predictive of RFS for high-risk B-precursor ALL (B-ALL), where 25% of the 207 residual
pre-treatment specimens obtained from Children’s Oncology Group (COG) clinical trial
P9906 were from Hispanic/Latino children.[4] Significantly, 13 of these 46 Hispanic/ Latino
children (28%) were classified to the highest risk group 8 (29% RFS) by the transcriptomics
classifier and flow cytometry measures of minimal residual disease at end-induction day 29.
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The hazard ratio association of RFS for Hispanic/Latino children (1.6) was second only to
that of minimal residual disease (2.8).

Cytokine receptor-like factor 2 (CRLF2), also known as the thymic stromal lymphopoietin
receptor, is the most significant cell surface protein in the 38 transcript classifier described
above. The CRLF2 receptor is a heterodimeric type I receptor complex for thymic stromal
lymphopoietin (TSLP), comprised of CRLF2 and interleukin-7 receptor alpha (IL-7Rα),
where the latter is shared with the cytokine receptor common chain γc to form the
heterodimeric IL-7 receptor complex for IL-7.[7] Both CRLF2 and IL-7 can activate the
transcription factor STAT5, where IL-7Rα binds to JAK1 and the γc binds to JAK3 upon
addition of IL-7. Recently, JAK2 has been demonstrated to be involved in STAT5 activation
following binding of TSLP to the CRLF2 receptor complex.[7], [8–11]

More than 25% of CRLF2-overexpressing B-ALL patients (CRLF2+B-ALL), particularly
minority children, are classified as high-risk for combination chemotherapy treatment
failure.[12] High-risk B-ALL is largely defined by pretreatment clinical characteristics (age >
10 years and presenting blast count >50 000/µL) and the absence of genetic abnormalities
associated with “low risk” disease [hyperdiploidy, t(12;21)(ETV6-RUNX1)] or “very high
risk” disease [hypodiploidy, t(9;22)(BCR-ABL1) (the Philadelphia chromosome)].[4]

Strikingly, CRLF2 alterations, including IGH-CRLF2 and P2RY8-CRLF2 fusions, occur in
5–15% of childhood and adult B-ALL patients and in 50–60% of Down’s syndrome B-ALL
patients. These patients often harbor “BCR-ABL-like” cytotoxic drug-resistant point
mutations/gene expression profiles, activating JAK mutations, and lymphoid transcription
factor IKAROS deletions/mutations. Small molecule inhibitors, including the JAK inhibitor
INCB018424 (Incyte)[13] and the HSP90 inhibitor AUY922 (Novartis),[14] focus on
blocking the stimulation of signaling pathways believed to confer proliferation and survival
advantages.[15] However, 225+phosphorylation sites have been discovered in the TSLP
signaling pathway,[16] suggesting numerous drug resistance mechanisms for CRLF2+blasts.

Biodegradable nanoparticles, multifunctional particles with sub-micrometer dimensions
conjugated to biomolecules such as antibodies and/or drugs, often exhibit beneficial
properties that differ from traditional drugs. For example, the therapeutic index of
doxorubicin-loaded, polyethylene glycol-armored, liposomes was dramatically improved
over doxorubicin, by increasing intracellular concentrations and preventing cytotoxic drug
expulsion by the multi-drug resistance transporter P glycoprotein.[17] In another example,
the circulation half-life of L-asparaginase-loaded liposomes was dramatically improved over
L-asparaginase, while reducing resistance due to the production of anti-L-asparaginase-
antibodies.[18–20] Unlike liposomes, polymeric nanoparticles can be precisely tuned for
sustained drug release and other properties because the biodegradation rate depends upon
several well-characterized factors, including the ratio of monomers and/or the molecular
weight of the polymer.[21–26] For example, poly (D,L-lactide- co -glycolide)-
polyethylenimine (PLGA-PEI) with a lactide-to-glycolide ratio of 50:50 and molecular
weight of ≈40 000 has been shown to improve the endosomal escape and loading efficiency
of small interfering RNA.[27] Akin to antibody-drug conjugates, the therapeutic index can be
improved by conjugating to antibodies that selectively target overexpressed cell surface
receptors, including: CD20, CD19, CD22 and CD47. Previous work suggests that
internalization of antibody-conjugated nanoparticles by receptor-mediated endocytosis and
other mechanisms can be receptor expression-, size-, antibody surface density ratio-, and/or
time-dependent.[28–33]

CD47, “the marker of self”, is overexpressed by blasts to escape phagocytosis, or “cellular
devouring”, by beneficial macrophages (MΦs).[34–42] Chao, Majeti, Weissman et al. showed
an ≈ 200% increase in the relative expression of CD47 by blasts and a strong hazard ratio
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association of RFS for CD47 (1.8) in ALL patients.[43] They exploited this phenomenon to
non-selectively accelerate blast phagocytosis by MΦs with anti-CD47 antibodies.
Acceleration was FcR-independent and synergized with FcR-dependent acceleration with
anti-CD20 antibodies.[44] While these pioneering studies with antibodies are very promising,
potential problems with therapeutic index, resistance and toxicity remain. For example,
relatively large and frequent doses, particularly difficult for childhood patients, may be
needed to overcome ubiquitous CD47 expression in a variety of cell types, including hemat-
opoietic stem cells and red blood cells. This may explain why incomplete elimination of
ALL in xenotransplant models with bone marrow burden beyond 70% involvement was
observed.[43]

Biodegradable nanoparticles might improve outcome for leukemia patients, particularly
drug-resistant minority children and Down’s syndrome patients with CRLF2-overexpressing
B-ALL. Therefore, we investigated B-ALL blast internalization of anti-CRLF2 antibody-
armored biodegradable nanoparticles (AbBNPs). First, AbBNPs were synthesized by
adsorbing anti-CRLF2 antibodies to PLGA nanoparticles of various sizes and antibody
surface density (Ab/BNP) ratios. Second, AbBNPs were incubated with CRLF2+ or control
blasts. Third, internalization was evaluated by multicolor flow cytometry as a function of
receptor expression, AbBNP size, and the Ab/BNP ratio. Results from these experiments
were confirmed by electron microscopy, fluorescence microscopy and Western blotting.

2. Materials and Methods
2.1. AbBNP Synthesis

AbBNPs were synthesized by adsorbing mouse anti-human CRLF2 monoclonal antibodies
(LS-C40791, LifeSpan Biosciences) at 4 °C for 24 h to non-cytotoxic FITC-loaded, 50:50
PLGA nanoparticles of two sizes (50–100 nm) (LGFG100, LGFG50; Phosphorex INC.) and
six Ab/BNP ratios (0–200).[30,45] BNPs were dispersed in PBS (pH 7.4) for reactions with
7.34 × 1011 BNPs/mL. AbBNPs were separated from free antibody by centrifugation at 10
000 rpm for 15 min (Eppendorf Centrifuge 5415). The sediment containing purified
AbBNPs was washed and re-dispersed with 1 mL of phosphate buffered saline (PBS) prior
to storage at 4 °C and characterization.

2.2. Transmission Electron Microscopy
Transmission electron microscopy (TEM) of 50 nm diameter AbBNPs with 10 or 100 Ab/
BNP was in manner similar to that described previously.[46] AbBNPs were incubated with 6
nm gold rabbit anti-mouse secondary antibody conjugates (gold conjugates) (Cat: 25104;
Electron Microscopy Sciences), where 100 µL of AbBNP (corresponding to 1.8 µg of 10Ab/
BNP and 18.8 µg 100Ab/BNP) was incubated 1:1 with 9 × 1010 and 9 × 1011 gold
conjugates, respectively, for 1 h. These were washed 2× with PBS for 5 min after
centrifugation at 10 000rpm for 10 min.[47] Next, 10 µL of AbBNP-gold conjugates were
deposited on holey carbon film 300 mesh copper grids (HC300-Cu; Electron Microscopy
Sciences). High-resolution TEM (HRTEM) characterization was performed with JEOL
2010F operated at an accelerating voltage of 200 kV, to confirm the size distribution of
AbBNPs and number of gold conjugates that correspond to various Ab/BNP ratios.

2.3. Western Blotting
A 20 µL aliquot of each AbBNP was resolved on a non-denaturing 4–20% SDS-PAGE gel
(161–1159; BIO-RAD) at 90 V for 2 h prior to transfer to a nitrocellulose membrane (162–
0095; BIO-RAD) at 90 V for 4 h at 4 °C. After blocking with 5% nonfat dry milk and 3
washes in PBS, blots were incubated with 1:4000 dilution of secondary anti-mouse-HRP
antibody (sc-2005; Santa Cruz Biotechnologies) for 1 h. After 3 washes with PBS, blots
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were developed for chemiluminescence imaging (sc-2048, Santa Cruz Biotechnologies). A
64bit image was obtained (Typhoon, BioRad) for densitometry analysis using the
photoanalyzer tool in Image J (NIH) to estimate the yield of AbBNP synthesis for each Ab/
BNP ratio.

2.4. Blast Culture
Commercial childhood B-ALL blasts lines were employed for these studies, including
CRLF2-overexpressng (CRLF2+) MHH-CALL4[48] (DSMZ, Braunschweig, Germany) and
control GM04154 (Corielle Cell Repositories, New Jersey) cell lines.[49,50] Blasts were
grown in RPMI1640 medium (ATCC) with 20% FBS (GibCo)/5% Penicillin-Streptomycin
(MPBiomedicals) in 75 cm2 T- flasks at 37 °C, 5psi CO 2 and doubling times of 4 and 2
days, respectively. AbBNPs were incubated with 5 × 106 blasts at 0.1 µg antibody
equivalents for a range of times (5 min to 24 h) at 37 °C.

2.5. Fluorescence Microscopy
Laser confocal microscopy was performed on blasts incubated with 100 nm diameter
AbBNPs with 10 or 100 Ab/BNP for 24 h at 37 °C in glass microscope chamber slides with
a poly-L-lysine mimetic (Labtek) to adhere suspended blasts. After 2 washes with PBS,
blasts were fixed with 4% paraformalde-hyde. Primary polyclonal anti-CRLF2 antibodies
(sc83871, Santa Cruz) and secondary FITC-labeled anti-CRLF2 antibodies were used to
stain blasts not incubated with AbBNPs (but not blasts incubated with AbBNPs since they
are FITC-loaded). Mounting media containing DAPI (sc-24941) was added before sealing
the slides. Fluorescence images were collected with a laser confocal microscope (Zeiss
LSM-510) and voxels were analyzed (Imaris) for co-localization of green FITC-loaded
AbBNPs and blue DAPI-stained nuclei to estimate blast internalization of AbBNPs.

2.6. Flow Cytometry
Receptor expression, internalization and cytotoxicity were evaluated simultaneously by
multicolor flow cytometry in co-cultures of MHH-CALL4 and GM04154 blasts mixed 1:1
by cell count (5 × 106 /mL). Single cell suspensions of blasts incubated with AbBNPs were
first blocked with human Fc Blocker (16–9161–73, BD Pharmingen) on ice before washing
twice with PBS and staining with 0.5–1.0 µg of fluorescent-dye-labeled antibodies for
CRLF2, CD19 and CD47 for 45 min [(PerCP, 46–5499, eBiosciences); (Alexa Fluor 700,
561031, BD-Pharmingen); (V405, 561594, BD-Pharmingen)]. After surface staining,
apoptosis was measured by staining with PE-Annexin V (5165875X, BD-Pharmingen) and
7AAD (51–68981, BD Pharmingen) for 30 min. After adjusting the samples to a final
volume of 400 µL in flow buffer (ddPBS), analysis was performed with a flow cytometer
(FACSAria II, BD Biosciences) set to collect 20 000 events. Receptor expression,
internalization and cytotoxicity were calculated from mean fluorescence intensities
according to the following equations (1–4, respectively).[51] The number of blasts in the
parent population (P) and autofluorescence from unstained controls were also accounted for.

(1)

(2)

(3)

Raghunathan et al. Page 5

Part Part Syst Charact. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(4)

3. Results and Discussion
3.1. Synthesis and Characterization of AbBNPs with Various Sizes and Antibody Surface
Density (Ab/BNP) Ratios

AbBNPs were synthesized by adsorbing anti-CRLF2 antibodies to PLGA nanoparticles of
various sizes and antibody surface density (Ab/BNP) ratios. Shown in Figure 1 shows TEM
images of 50 nm diameter AbBNPs with antibody surface density (Ab/BNP) ratios of 10 (A)
or 100 (B), respectively. A circle was superimposed on these images to show the relative
size of the naked nanoparticles. We observed a clear difference in the Ab/ BNP ratio,
confirming a ten-fold change in antibody equivalents during AbBNP synthesis. Western
blotting provided additional evidence for the synthesis of all AbBNP combinations,
including two different AbBNP sizes (50 and 100 nm diameter) and six Ab/BNP ratios (0–
200) (Supporting Information Figure 1).

3.2. Internalization of AbBNPs by Blasts is Size- and Ab/BNP Ratio-Dependent
AbBNPs were incubated with CRLF2+ or control blasts. Shown in Figure 2 are fluorescence
microscopy images of CRLF2-overexpressing (CRLF2+) (A–D) or control (E–H) B-ALL
blasts incubated with 100 nm diameter AbBNPs with Ab/BNP ratios of 10 or 100. AbBNPs
(FITC-loaded) co-localized with DAPI-stained nuclei (blue) (A, B, E, F). Three-dimensional
co-localization analysis of these images, as performed in this work, is a semi-quantitative
method for studying internalization and receptor expression by the non-adherent blasts
studied herein. The percent of FITC signals that co-localized with DAPI signals were: 6%
(A); 34% (B); 0% (C); 41% (D); 48% (E); 67% (F); 0% (G); 61% (H). Blasts incubated with
100 nm diameter AbBNPs with Ab/BNP ratios of 10 (A,E) or 100 (B,F) clearly show that
both CRLF2+ and control blasts internalized AbBNPs. AbBNPs of 100 nm with 100 Ab/
BNP were internalized by CRLF2+ and control blasts (B,F) more than those with 10 Ab/
BNP (A,E). Controls included blasts that were not incubated with AbBNPs but stained with
FITC-labeled anti-CRLF2 secondary antibodies (D,H) and DAPI-stained nuclei of blasts
alone (C,G).

Internalization of AbBNPs by blasts was quantified by multicolor flow cytometry as a
function of receptor expression, AbBNP size, and Ab/BNP ratio. Shown in Figure 3 are flow
cytometry plots of receptor expression for co-cultures of CRLF2+ (P2) and control (P1)
blasts. The relative expression for CRLF2 (B), CD19 (C), and CD47 (D) by CRLF2+ blasts,
compared to control blasts, was 14.6 ± 0.8, 1.0 ± 0.7, and 2.2 ± 0.5, respectively. These
values were calculated from mean fluorescence intensities as described in the methods
section. The number of blasts in the parent population (P) and autofluores-cence from
unstained controls were also accounted for. In other words, CRLF2+ blasts express more
CRLF2 and CD47 than control blasts, as expected. These results are in excellent agreement
with previous studies.[52]

Shown in Figure 4 is blast internalization of AbBNPs as a function of AbBNP size (· = 50
nm; ο = 100 nm) and Ab/BNP ratio (Ab/BNP = 0–200) for CRLF2+ (A,B) and control
(C,D) blasts (n = 7). The optimal AbBNP sizes and Ab/BNP ratios for internalization by
CRLF2+ blasts was 50 nm with 10 Ab/BNP (A) and 100 nm with 25 Ab/BNP (B), and this
was reached in less than 1 h (Supporting Information Figure 2). The optimal AbBNP sizes
and Ab/BNP ratios for internalization by control blasts were similar (C,D). Representative
flow cytometry plots are shown for optimal AbBNP sizes and Ab/BNP ratios. These
measurements by fluorescence microscopy and flow cytometry strongly suggest
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internalization of AbBNPs by blasts is size- and Ab/BNP ratio-dependent. First, we
discovered that CRLF2+ blasts most efficiently internalized 50 nm AbBNPs with 10 Ab/
BNP and 100 nm AbBNPs with 25 Ab/ BNP. This is in excellent agreement with the 34
anti-trans-ferrin receptor antibodies (Ox26) per conjugated 100 nm diameter polymersome
that were most efficiently internalized.[53] Ab/BNP ratio effects on internalization, albeit
subtle, were also observed for anti-JC virus T-antigen antibodies conjugated to iron oxide
nanoparticles, where a narrow range of 2 to 8 Ab/NP was investigated due to aggregation
problems.[54] Second, we discovered that CRLF2+ blasts internalized 50 nm AbBNPs more
efficiently than 100 nm AbBNPs is in excellent agreement with previous work showing that
25–50 nm anti-human epidermal growth factor receptor 2 (HER2) antibody-conjugated
colloidal gold nanoparticles were most efficiently internalized.[32]

3.3. Factors Contributing to Selective Internalization of AbBNPs
Selectivity is the ratio of internalization of AbBNPs by CRLF2+ blasts to that by control
blasts. Differences in AbBNP sizes and Ab/BNP ratios can lead to seemingly
counterintuitive differences in selectivity. We observed striking changes in selectivity for
different combinations of AbBNP sizes and Ab/BNP ratios. For example, Figure 4 shows
that 50 nm AbBNPs with 10 Ab/ BNP were internalized more by CRLF2+ blasts (A) than
control blasts (C). In contrast, 100 nm AbBNPs with 25 Ab/BNP were internalized less by
CRLF2+ blasts (B) than control blasts (D). The relative expression of CRLF2 is greater in
CRLF2+ blasts than control blasts. Therefore, selectivity is not necessarily dependent on
receptor expression. CRLF2+ blasts are also significantly smaller than control blasts (Figure
2). This suggests that internalization of AbBNPs may be blast size-dependent, in addition to
being AbBNP size- and Ab/BNP ratio-dependent. Another explanation may be that non-
selective internalization by receptor mediated endocytosis through Fc receptors, instead of
CRLF2, is less pronounced in CRLF2+ blasts than control blasts. These conclusions are in
excellent agreement with previous work with anti-CD22 and anti-CD33 antibody drug
conjugates, where cell- and receptor specific-differences for saturation of receptors,
internalization and receptor recycling were observed.[55]

3.4. All AbBNP Combinations are Non-Cytotoxic
Flow cytometry measurements of apoptosis show that all AbBNP combinations are non-
cytotoxic irrespective of AbBNP size or Ab/BNP ratio. Shown in Figure 5 is apoptosis as a
function of AbBNP size (· = 50 nm; o = 100 nm) and antibody surface density ratio (Ab/
BNP = 0–200) for CRLF2+ (top) and control (bottom) blasts ( n = 3). Cytotoxicity was less
than ≈1% for all AbBNP combinations. Representative flow cytometry plots are shown for
optimal AbBNP sizes and Ab/BNP ratios. This confirms previous reports establishing
PLGA as a FDA-approved non-cytotoxic biodegradable material for a variety of medical
devices.

3.5. AbBNPs Very Slightly Up-Regulate CD47 Expression by Blasts
While up-regulation of CD47 by blasts to escape phagocytosis by macrophages (MOs) has
been previously reported,[34–42] this study shows that AbBNPs very slightly up-regulate
CD47 expression by blasts (Figure 6). Up-regulation of CD47 expression by CRLF2+ blasts
incubated with AbBNPs was 4.8% ± 0.3% (P = 0.011; · = 50 nm; 10 Ab/BNP) and 2.8% ±
0.5% (P = 0.096; o = 100 nm; 25 Ab/BNP). Likewise, up-regulation of CD47 expression by
control blasts incubated with AbBNPs was 2.7% ± 0.4% (P = 0.036; · = 50 nm; 10Ab/BNP)
and 1.3% ± 0.3% (P = 0.018; ο = 100 nm; 25 Ab/BNP). In contrast, up-regulation of CD47
expression in CRLF2+ or control blasts not incubated with AbBNPs was only 0.27 % ±
0.0% (asterisk). Representative flow cytometry plots are shown for optimal AbBNP sizes
and Ab/BNP ratios. Akin to the selective internalization of AbBNPs by blasts, up-regulation
of CD47 by blasts incubated with AbBNPs is AbBNP size- and Ab/BNP ratio-dependent.
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The relative up-regulation of CD47 expression by CRLF2+blasts, compared to control
blasts, was ≈ 2.0 for both combinations of AbBNPs (1.8 (= 4.8%/2.7%) for · =50 nm; 10
Ab/BNP) and 2.2 (= 2.8%/1.3%) for ο =100 nm; 25 Ab/ BNP)). The reason for this is
unknown. We posit that up-regulation of CD47 expression by blasts incubated with AbBNPs
may also be affected by cell-specific-differences in the saturation of receptors,
internalization and receptor recycling.[55] Nonetheless, our protein expression results are in
agreement with previous studies by Weinstock et al. where up-regulation of CD47
messenger RNA by CRLF2+ blasts exposed to JAK/ HSP90 inhibitors was ≈280%
compared to controls (Supporting Information).[56]

3.6. Future Work
We propose that precise engineering of AbBNPs by size and Ab/BNP ratio may improve the
internalization and selectivity of future biodegradable nanoparticles for the treatment of
leukemia patients, including drug-resistant minority children and Down’s syndrome patients
with CRLF2+B-ALL. For example, since AbBNPs very slightly up-regulate CD47
expression, nanoparticles might be engineered to render CRLF2+ blasts more susceptible to
non-selective acceleration of phagocytosis by MΦs with anti-CD47 antibodies; albeit
“stealth” modification of nanoparticles with methoxypolyethylene glycol (mPEG) may be
necessary to block their phagocytosis by MΦs and improve circulation half-life.[57] Finally,
the successes of doxorubicin- and L-asparaginase-loaded liposomes suggest that drug-loaded
AbBNPs may help overcome potential problems with therapeutic index, resistance and
toxicity.

4. Conclusions
This study shows that internalization of AbBNPs in childhood B-ALL blasts is AbBNP size-
and Ab/BNP ratio-dependent. All combinations of AbBNPs were non-cytotoxic. We also
show that CD47 is very slightly up-regulated by blasts exposed to AbBNPs. CD47 is the
marker of self overexpressed by blasts to escape phagocytosis, or cellular devouring, by
MΦs. Based on our results, we propose that precise engineering of AbBNPs by size and Ab/
BNP ratio may improve the internalization and selectivity of future biodegradable
nanoparticles for the treatment of leukemia patients, including drug-resistant minority
children and Down’s syndrome patients with CRLF2+B-ALL.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TEM images of 50 nm diameter AbBNPs with antibody surface density (Ab/BNP) ratios of
10 (A) or 100 (B), respectively. A circle was superimposed on these images to show the
relative size of the naked nanoparticles. The scale bar is 20 nm.
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Figure 2.
Fluorescence microscopy images of CRLF2-overexpressing (CRLF2+) (A–D) or control (E–
H) B-ALL lymphoblasts (blasts) incubated with 100 nm diameter AbBNPs with Ab/BNP
ratios of 10 or 100. AbBNPs (FITC-loaded) co-localized with DAPI-stained nuclei (blue)
(A,B,E,F). 3D co-localization analysis of FITC and DAPI in these images, as performed
here, is a semiquantitative method for studying internalization and CLRF2 expression in
non-adherent blasts. Co-localization values were: 6% (A); 34% (B); 0% (C); 41% (D); 48%
(E); 67% (F); 0% (G); 61% (H). Blasts incubated with 100 nm diameter AbBNPs with Ab/
BNP ratios of 10 (A,E) or 100 (B,F) show that both CRLF2+ and control blasts internalized
AbBNPs. Controls included blasts that were not incubated with AbBNPs but stained with
FITC-labeled anti-CRLF2 secondary antibodies (D,H) and DAPI-stained nuclei of blasts
alone (C,G). The scale bar is 15 µm.
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Figure 3.
Flow cytometry plots of receptor expression for co-cultures of CRLF2+ (P2) and control
(P1) blasts (A). The relative expression for CRLF2 (B), CD19 (C), and CD47 (D) by
CRLF2+ blasts, compared to controls, was 14.6 ± 0.8, 1.0 ± 0.7, and 2.2 ± 0.5, respectively.
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Figure 4.
Blast internalization of AbBNPs as a function of AbBNP size (· = 50 nm; ο = 100 nm) and
antibody surface density ratio (Ab/BNP = 0–200) for CRLF2+ (A,B) and control (C,D)
blasts ( n = 7). The optimal AbBNP sizes and Ab/BNP ratios for internalization by CRLF2+
blasts was 50 nm with 10 Ab/BNP (A) and 100 nm with 25 Ab/BNP (B), and this was
reached in less than 1 h (Supporting Information Figure 2). The optimal AbBNP sizes and
Ab/BNP ratios for internalization by control blasts were similar (C,D). Representative flow
cytometry plots are shown for optimal AbBNP sizes and Ab/BNP ratios.
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Figure 5.
Apoptosis as a function of AbBNP size (· = 50 nm; ο = 100 nm) and antibody surface
density ratio (Ab/BNP = 0–200) for CRLF2+ (top) and control (bottom) blasts (n = 3).
Cytotoxicity was less than ≈ 1% for all AbBNP combinations. Representative flow
cytometry plots are shown for optimal AbBNP sizes and Ab/BNP ratios.
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Figure 6.
CD47 expression is very slightly up-regulated by CRLF2+ (dashed lines) and control (solid
lines) blasts incubated with AbBNPs, respectively (n = 4). Up-regulation of CD47
expression by CRLF2+ blasts incubated with AbBNPs was 4.8% ± 0.3% (P = 0.011 ; · = 50
nm; 10 Ab/BNP) and 2.8% ± 0.5% (P = 0.09 6; ο = 100 nm; 25 Ab/BNP). Likewise, up-
regulation of CD47 expression by control blasts incubated with AbBNPs was 2.7% ± 0.4%
(P = 0.036 ; · = 50 nm; 10Ab/BNP) and 1.3% ± 0.3% (P = 0.018; ο = 100 nm; 25 Ab/BNP).
In contrast, up-regulation of CD47 expression in CRLF2+ or control blasts not incubated
with AbBNPs was only 0.27 % ± 0.0% (asterisk). Representative flow cytometry plots are
shown for optimal AbBNP sizes and Ab/BNP ratios.
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