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Abstract

Peptides featuring the LR(S/T) motif were identified that could specifically target CLL1. 

Nanomicelles conjugated to CCL1-targeting peptides were loaded with DiI or daunorubicin during 

synthesis. The resulting nanomicelles were approximately 15 nm in diameter, had high affinity for 

cells expressing CLL1 and could transport the DiI load to the interior of the cells, including the 

nucleus. The targeting nanomicelles delivered DiI to LSC isolated from 2 out of 3 clinical 

specimens, but did not bind to peripheral blood mononuclear cells and normal hematopoietic stem 

cells. The nanomicelles could be loaded with daunorubicin with up to 5 mg of drug per 20 mg of 

telodendrimer, a clinically useful degree of drug loading. In conclusion, CLL1-targeting 

nanomicelles have the potential to be used for targeted drug delivery to leukemia stem cells.
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INTRODUCTION

The concept of cancer stem cells has tremendous implications for the management of cancer 

[1,2]. Cancer stem cells have been identified in both hematological and solid malignancies, 

suggesting that existence of cancer stem cells may be a common feature of most 

malignancies. Cancer stem cells can self-renew and regenerate more cancer cells. Therefore, 

in order to cure cancer, cancer stem cells must be eradicated. However, cancer stem cells are 
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chemoresistant compared to their progeny cancer cells [3,4]. The goal of this study is to 

demonstrate the feasibility of using drug-loaded nanoparticles that are engineered to bind 

with high affinity and specificity to acute myeloid leukemia (AML) stem cells (LSC). 

Chemoresistance of LSC can be overcome with high-dose chemotherapy followed by bone 

marrow transplantation. However, high-dose chemotherapy is associated with severe 

toxicity and therapy-related mortality. Many patients are not eligible for this treatment 

because of co-morbidities. This is especially true for AML patients, who have a median age 

at diagnosis of 60 to 65 years. For bone marrow transplantation, autologous bone marrow or 

stem cells are usually not used because of contamination by LSC. Allogeneic hematopoietic 

stem cell transplantation is often associated with severe graft-versus-host disease, and is 

commonly not offered to elderly patients. Therefore, the development of chemotherapy that 

is specific for LSC is a critical unmet medical need.

Among cancer stem cells, AML LSC have been best characterized, and many of their cell 

surface molecules are known. For example, the C-type lectin-like molecule-1 (CLL1) is 

known to be preferentially expressed on most AML LSC. Even though it is normally 

expressed on CD38+ myeloid progenitors, itis not on CD34+ CD38- hematopoietic stem 

cells [5,6].

Recently, two of our co-authors (Drs. Luo and Lam) developed a novel biocompatible 

nanomicelle drug delivery system comprised of a unique amphiphilic polymers called 

telodendrimers [7]. Telodendrimers consist of cholic acid, lysine and polyethylene glycol 

(PEG) covalently conjugated together, which imparts the ability to self-assemble into a 

water-soluble spheroid with a hydrophobic core capable of sequestering many types of 

drugs. Cholic acid, a primary component of bile acid, possesses a facial amphiphilic 

structure: a rigid steroid scaffold with four hydrophilic groups on one surface, and 

hydrophobic methyl groups on the other surface of the scaffold. Lysine is a natural amino 

acid. PEG is inert and has been used to improve the pharmacokinetics of therapeutic drugs. 

This nanocarrier system has many attractive characteristics for drug delivery such as high 

drug loading capacity, narrow polydispersity, well-defined structure, easy chemical 

modification, physical and chemical stability, biocompatibility and biodegradability.

In this project, we used the phage-display library method and discovered a series of peptides 

that bind specifically to CLL1. One of these ligands, CLL1-L1, was used to decorate the 

surface of our nanoplatform to form a novel targeting nanomicelle that we named LSC-

targeting nanomicelle. Unlike solid tumors that primarily reside at the extravascular space 

and are accessible by nanotherapeutics mainly through enhanced permeability and retention 

effect, LSC and leukemic cells reside primarily inside blood vessels and bone marrow that 

are directly accessible by nanotherapeutics through intravenous administration. We report 

herein that targeting nanomicelles displaying CLL1-L1 not only can attach the nanomicelles 

to the surface of cells expressing CLL1, but, more importantly, can deliver the nanomicelles 

and their content into the target cells.
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MATERIAL AND METHODS

Identification of ligands targeting CLL1

The CLL1 cDNA expression vector was purchased from the American Type Culture 

Collection (Manassas, VA, USA) and was subcloned to a pcDNA3.1 expression vector. The 

C7C phage display peptide library was purchased from the New England Biolab (Ipswich, 

MA, USA). CLL1 was expressed in 5637 (bladder transitional cell carcinoma), A549 (non-

small cell lung cancer) and HTB38 (colon cancer) cells for sequential panning to identify 

peptides that bind to CLL1. At the time when this project was performed, there was no 

commercially available anti-CLL1 antibody to detect the expression of CLL1. Therefore, we 

constructed CLL1-RFP (red fluorescence protein) chimeric gene, and cloned into the 

pcDNA3.1 expression vector in which RFP replaced part of the intracellular domain of 

CLL1 to allow the monitoring of CLL1 expression. To eliminate any phage that may bind to 

the confounding cells in vivo, the C7C library was subtracted with whole blood, peripheral 

blood mononuclear cells (PBMC), normal healthy hematopoietic stem cells left over from 

allogeneic stem cell transplantation, human umbilical vascular endothelial cells (HUVEC), 

fibroblasts, 5637, A549 and HTB38 cells, for 4–6 hours with each cell type, before each 

round of panning (SI, S1). The subtracted phage library was then sequentially panned 

against 5637, A549 and HTB38 cells expressing CLL1-RFP per manufacturer’s protocol. 

The library was panned against three different cancer cell types in order to minimize the 

possibility the isolating artifactual peptides that bind to intrinsic surface molecules on these 

cells other than CLL1. Each round of panning was performed for only one hour to select 

those peptides with high affinity to CLL1. After three rounds of panning, 36 clones were 

selected, amplified and submitted for sequencing. The amino acid sequences were aligned 

for comparison (Table 1).

One peptide, CLL1-L1, with the sequence of CDLRSAAVC was synthesized for further 

analysis. To determine the binding specificity, cell lines were incubated with CLL1-L1 

conjugated to biotin and probed with streptavidin (SA)-phycoerythrin (PE) (excitation 480 

nm, emission 578 nm) (Figure 1, B). The following cell lines were purchased from the 

ATCC and used for this study: PC3N (prostate), HepG2 (liver), Skov-3 (ovarian), 5637 

(bladder), HCT116 (colon), RPMI8226 (myeloma), A549 (lung), A549 expressing CLL1, 

562 (leukemia), and K562 cells expressing CLL1. A bladder cancer–specific ligand, PLZ4, 

conjugated to biotin was used as the negative control.

Synthesis of targeting and non-targeting nanomicelles

The methodology that we used to synthesize CLL1-targeting peptides has been described 

before, and is detailed in the supplemental information (SI, S2) [8–10]. In brief, a 

(Alloc)lysine(Fmoc) was coupled onto Rink amide resin in order to introduce anchor groups 

for the post-cleavage coupling of CLL1 targeting peptides to the telodendrimer molecule. 

The peptides were synthesized on the lysine(Alloc)-Rink resin sequentially via Fmoc 

peptide chemistry [11]. After synthesis and cleavage of the lysine(Alloc)-peptide from the 

solid support, the crude peptide was treated with a buffer of air saturated 50 mM ammonium 

bicarbonate in the presence of active charcoal, which resulted in formation cyclized peptides 

via the oxidative coupling of the two cysteines located at the carboxy and amide termini of 
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the peptide. The charcoal was removed by filtration and the solution was lyophilized. Crude 

peptide was purified by reverse-phase HPLC to at least 95% purity. The molecular weight of 

separated fractions was characterized by MALDI-TOF MS to confirm the peptide sequence. 

The purity of the purified peptide was determined by analytical HPLC.

The details of synthesis of nanomicelles have been described before (SI, S3) [7]. In brief, a 

dendritic core of lysines was synthesized by Fmoc solid-phase chemistry and attached to 

eight cholic acid (CA) groups via NHS ester chemistry. The octamer, called CA8, was 

attached to azide-terminated PEG (~5 kD) using solution-phase condensation chemistry to 

generate a PEG5k-CA8 telodendrimar. To determine the completeness of the coupling, the 

Kaiser test was performed [12]. The final product was collected by ether precipitation and 

purified using the repeated dissolve-precipitate procedure in dichloromethane and cold ether 

to remove the coupling agents and impurities. The final telodendrimer, a white powder, was 

dissolved in pure water and dialyzed against a large volume of water (MWCO of 3500 

Dalton). The telodendrimer solution was then lyophilized to yield white powder. The 

polydispersity and molecular weight of the telodendrimer was characterized by Gel 

Permeation Chromatography (GPC) and MALDI-TOF Mass Spectrometry, and the chemical 

structure was characterized by nuclear magnetic resonance (NMR). The purity of the 

telodendrimer was measured by analytical HPLC.

Aqueous-phase Click chemistry between azido and alkyne groups, catalyzed by cuprous ion, 

was used for coupling the alkyne group of CLL1-targeting peptides onto the azide groups at 

the end of PEG on telodendrimer. The purity of the CLL1-targeting telodendrimer was 

analyzed using HPLC, and the molecular weight was measured by MALDI-TOF MS.

To load daunorubicin (DNR) or fluorescent dye DiI into nanomicelle, DNR/DiI and 

telodendrimer (20 mg), at different ratios, was dissolved in chloroform (5 mL) in a 10 mL-

flask. The chloroform was removed on a rotaevaporator under vacuum, and further dried 

under high vacuum for 30 min. One mL of USP saline was then added into the flask. The 

mixture was vortexed and sonicated for 30 min at room temperature. The final product was 

analyzed for drug loading capacity with HPLC, nanomicelle size and dispersity with a 

dynamic light scattering (DLS, Microtrac) particle sizer and transmission electron 

microscopy (TEM, Philips CM-120). It was filtered through a filter (0.22 µm) before 

injection into sterilized vials for further studies.

Uptake of drug-loaded nanomicelles by cells expressing CLL1

Since the cytoplasm of adherent cells spreads wider and has a narrower focal plane than that 

of suspension AML cells, we chose to use adherent A549 cells transfected with a CLL1 

expression vector as a model system for easy visualization of nanomicelle-mediated drug 

delivery. The expression vector was constructed so that the cytoplasmic domain of CLL1 

was replaced with green or red fluorescence protein (GFP or RFP) to monitor the expression 

of CLL1 by green or red fluorescence microscopy. To track the cellular uptake, 

nanomicelles were loaded with DiI, a red fluorescent dye (excitation: 549 nm, emission: 565 

nm). A549 cells transfected with GFP vector alone (control cells), or CLL1-GFP 

(experimental cells) were cultured in chamber slides overnight. Two types of DiI-loaded 

nanomicelles were used for this experiment: (1) non-targeting nanomicelles that were not 
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decorated with high-affinity peptides; and (2) targeting nanomicelles that were decorated 

with CLL1-targeting peptides. A549 expressing GFP and A549 expressing CLL1-GFP were 

incubated with these two types of nanomicelles for 10, 20, 30 and 60 minutes, and washed 

with complete culture medium three times to remove unbound nanomicelles. The cells were 

then examined by fluorescence microscopy.

To further demonstrate that the targeting nanomicelles penetrated into the CLL1-expressing 

cells, we performed high-resolution live cell imaging with a DeltaVision deconvolution 

imaging system (AppliedPrecision, WA). A549 expressing GFP and A549 expressing 

CLL1-GFP were cultured over night on glass bottom culture dishes (MatTek, MA), washed 

once with complete culture medium, and added with nontargeting or targeting nanomicelles 

(both were loaded with DiI dye, 0.4 mg/ml), respectively. Cells were incubated at 37°C for 

15 min, and washed three times with PBS buffer (pH 7.4). These dishes were then directly 

examined with the DeltaVision imaging system.

Targeting efficacy of clinical specimens

Peripheral blood specimens from AML patients were drawn for this study after informed 

consent was obtained. Leukemic cells together with some normal PBMC were isolated using 

Ficoll gradient. These isolated cells then passed through CD34+ MACS columns (Miltenyi, 

Bergisch Gladbach, Germany) to enrich CD34+ leukemic cells. Over 96% of the isolated 

cells were CD34+ cells (data not shown). Normal hematopoietic stem cells were obtained 

from leftover allogeneic stem cell transplantation specimens. To determine the targeting 

efficiency of nanomicelles coated with CLL1-targeting peptide, enriched CD34+ cells were 

incubated with different concentrations of nontargeting or targeting nanomicelles at 37°C for 

30 min. These cells were washed three times with PBS buffer (pH 7.4, 0.5% BSA), and the 

fluorescence density was detected by flow cytometry.

RESULTS

Development of ligands targeting CLL1

The strategy of panning the PhD C7C phage peptide display library is shown in Suppl. 

Information S1, Figure A). After panning, a total of 36 phage clones were sequenced. After 

alignment, two consensus sequences were identified: CXLR(S/T)AAVC and CXLRSSGPC 

(Table 1), in which “X” represents several amino acids that can be replaceable. Serine and 

threonine belong to the same hydrophilic class of amino acids with only one methyl group 

difference. Of these two major sequences, one common motif exists: “LR(S/T)”.

To confirm that these ligands indeed bind to CLL1, A549 cells were transfected with a 

CCL1-RFP expression vector or RFP (SI, Figure B). Expression of CLL1-RFP could be 

visualized by the appearance of red fluorescence. Since all these peptides contain the 

LR(S/T) motif, we randomly select the peptide CDLRSAAVC for subsequent in-depth 

analysis. The A549 cells expressing CCL1-RFP or RFP were incubated with phage 

displaying the CDLRSAAVC peptide, and probed with anti-M13 monoclonal antibody-

FITC conjugate. Phage expressing the CDLRSAAVC peptide were detected on the surface 
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of A549 cells expressing CLL1-RFP, but not on cells expressing RFP. This peptide is named 

CLL1-L1 and was used for all subsequent experiments.

We also performed flow cytometry studies to determine cell binding. CLL1-L1 was 

conjugated to biotin through the polyethylene glycol (PEG) linker. Cells were incubated 

with biotinylated CLL1-L1 and probed with streptavidin-PE. No significant binding of 

CLL1-L1 to PBMC and A549 control cells was observed while significant binding of CLL1-

L1 to A549 cells expressing CLL1-GFP was detected (Figure 1A).

To further determine the binding specificity, cell lines of various origins were probed with 

CLL1-L1 or a bladder cancer–specific ligand PLZ4 as a negative control. Specifically, 

CLL1-L1 bound to A549 and K562 cells that expressed recombinant CLL1, but not to the 

parental A549, K562, or other cell lines (Figure 1, B).

Development and characterization of nanoparticles targeting CLL1

Next, we determined if CLL-L1 could be used to develop targeting nanotherapeutics by 

displaying CLL-L1 on the surface of our recently developed nanomicelles (Figure 2A). The 

average size of the targeting nanomicelle was approximately 13.5 nm with a narrow size 

distribution (Figure 2B, left panel). This size distribution was confirmed with transmission 

electron microscopy (Figure 2B, right panel). The size of the nanomicelles is attractive for 

treating LSC since the particles are small enough to easily distribute though the vasculature 

and bone marrow, but are large enough to be highly loaded with daunorubicin (DNR). DNR 

is one of the only two first-line chemotherapeutic drugs (together with cytarabine) for AML. 

We determined the drug loading capacity, and found that up to 5 mg of DNR could be 

loaded in 20 mg of telodendrimer. Considering a typical clinical dose of DNR is 45 mg/m2, 

this is equivalent to a telodendrimer dose of 225 mg/m2. This dose of telodendrimer is well 

below the nontoxic level of telodendrimer at 1 mg/mL in cell culture,8 and less than one 

fourth of the telodendrimer dose used in our dog studies when the nanomicelles were loaded 

with paclitaxel, another chemotherapeutic drug (data not shown)‥ This suggests that the 

dose of telodendrimer of our targeting nanomicelle is within the tolerable range and that 

toxicity will be limited by the total dose of DNR. Further preclinical and clinical trials will 

be performed to determine the toxicity of DNR in the nanomicelle formulation.

Cellular uptake of CLL1-targetting nanomiceles

Next, we determined if CLL1-L1 could enable the drug-loaded nanomicelles to be taken up 

into cells expressing CLL1 and deliver the cytotoxic cargo across the cell membrane. This is 

a critical requirement in order for targeting nanomicelles to overcome the relatively high 

drug resistance of LSC. Since visualizing the binding and drug delivery of nanomicelles to 

LSC is technically demanding in suspension cells with little cytoplasm, we chose to work 

with adherent A549 cells transfected with GFP-CLL1 as a model system (SI, S4). A549 

cells transfected with GFP vector alone were used as the negative control. Nanomicelles 

were loaded with DiI, which exhibits intense red fluorescence, as a model for DNR for 

monitoring delivery and intracellular distribution. Within ten minutes of incubation, strong 

DiI fluorescence was visible in A549 cells that expressed GFP-CLL1, but not in control 
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A549 cells expressing GFP. However, these experiments lacked sufficient resolution to 

differentiate whether the DiI was on the surface or inside the cells.

To determine if the DiI-loaded targeting nanomicelles could penetrate into cells, high-

resolution 3-dimensional microscopy was performed with the DeltaVision system. The 

images were then deconvolved using a known optical transfer function and DeltaVision 

software algorithms per manufacturer’s protocol. To mimic the in vivo metabolism and 

clearance of nanomicelles, cells were incubated with the DiI-loaded targeting nanomicelles 

for 15 minutes and washed with PBS to remove any unbound nanomicelles. Red 

fluorescence (nanomicelle loaded with DiI) was not only localized on the cell membrane, 

but, strikingly, the DiI was transported to the cell interior, including nucleus, of the cells 

expressing GFP-CLL1 (Figure 3A, panel a), while no significant red fluorescence was 

observed in the control cells transfected with GFP vector only (Figure 3A, panel b). To 

quantify the DiI delivery, the same number of A549 cells, expressing GFP or CLL1-GFP, 

were treated with the same concentration of DiI-loaded nanomicelles, washed and lysed, and 

DiI was measured with the excitation wavelength of 549 nm and emission wavelength of 

565 nm. There was a dose-dependent and statistically significant difference in DiI delivery 

between the targeting and non-targeting nanomicelles (Figure 3B, B, upper panel, 

nanomicelles loaded with DiI; lower panel, nanomicelles loaded with DNR). These data 

suggest that drugs loaded into targeting nanomicelles can be delivered preferentially into 

cells that express CLL1.

Targeting nanomicelles coated with CLL1-L1 could target LSC from clinical specimens

Next, we determined if targeting nanomicelles decorated with CLL1-L1 could target clinical 

leukemia specimens from AML patients. First, we compared the drug delivery between 

leukemic cells, PBMC and normal hematopoietic stem cells. Significant DNR delivery was 

observed for leukemic cells while little delivery was observed with PBMC and normal 

hematopoietic stem cells (Figure 4).

Next, we determined if there existed a dose-dependent DiI delivery difference between non-

targeting and targeting nanomicelles to CD34+ leukemic cells (SI, S5). We first isolated 

CD34+ leukemic cells using affinity separation columns (Mitenyi, Bergisch Gladbach, 

Germany). After incubation with non-targeting or targeting nanomicelles at different 

concentration for 30 minutes, cells were washed with PBS and analyzed with flow 

cytometry. There was a dose-dependent difference in drug delivery of DiI between these two 

types of nanomicelles (SI S5, Figure A, nanomicelles loaded with DNR; Figure B, 

nanomicelles loaded with DiI). We tested leukemia specimens from four patients. The 

targeting nanomicelles could target three out of the four specimens, which is consistent with 

a previous report that not all LSCs express CLL1 [5].

Discussion

To our knowledge, this is the first report demonstrating the screening and synthesis of a 

peptide that binds with high affinity to cells expressing CLL1 and with low nonspecific 

binding to other cell types. The CLL1 molecule is expressed on LSC, but not on normal 

hematopoietic stem cells, which makes it an attractive cell surface target for LSC-seeking 
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nanotherapeutics. We also showed that nanomicelles decorated with CLL1-targeting 

peptides bind to cells expressing CLL1, but more importantly, deliver the drug load directly 

into the target cells.

The targeting nanomicelles developed in this project can potentially improve the treatment 

outcomes of AML through the following three mechanisms: (1) targeting LSC through 

direct drug delivery into the interior of LSC; (2) killing of leukemia cells throughout the 

body with chemotherapeutic drugs released from nanomicelles into blood circulation; and 

(3) formulation of chemotherapeutic drugs inside the nanoparticles allowing administration 

of high-dose chemotherapy without increasing the toxicity.

One major concern in targeting LSC is whether the targeting nanomicelles can deliver 

sufficient drug concentration to LSC to overcome the chemoresistance and improve the 

treatment outcomes of AML. Based on our calculation and available data described below, 

drug concentration should be sufficient to overcome the resistance. It has been shown that 

high-dose chemotherapy itself can improve treatment outcomes as demonstrated in the 

Eastern Cooperative Oncology Group (ECOG)1900 trial (DNR at 90 mg/m2 versus the 

standard dose of 45 mg/m2) [13–15]. Higher doses (135 mg/m2) of DNR in the liposomal 

formulation together with cytarabine could be delivered and induce complete remission in 

refractory or recurrent AML [16]. Paclitaxel could be loaded in our nanomicelle platform 

and administrated three times the free parental drug that significantly improved the 

treatment outcomes without increasing the toxicity [7]. This suggests that the nanomicelle 

itself can potentially improve the treatment outcomes of AML just by re-formulating 

daunorubicin in nanomicelles. The nanomicelles are covered with PEG rendering them 

“stealthy” with low non-specific uptake. Furthermore, we have recently demonstrated that 

by incorporating slightly negative charge residues to the surface of the nanoparticles, we can 

further lower the nonspecific particle uptake by normal organs such as liver and lung that 

may decrease toxicity (data not shown). This decreased toxicity itself will improve treatment 

outcomes since the 4-week mortality rate during the induction chemotherapy ranges from 

5% to 57% [17].

Our data support the feasibility of using targeting nanomicelles to deliver DNR or other 

drugs into LSCs as a means to overcome resistance mediated by cancer stem cells. When 

nanomicelles were decorated with CLL1-L1, consistently high concentrations of DNR were 

observed in cells expressing CLL1-L1 and in clinical leukemia specimens (Figures 3 and 4). 

Furthermore, the drug load was observed at the nucleus (Figure 3, B), suggesting the 

targeting nanomicelles were able to deliver the alkylating agent DNR proximally to its DNA 

target. In addition, the nanomicelle platform can allow us to simultaneously load different 

drugs into the same nanomicelles. For example, DNR can be loaded along with drugs 

targeting apoptosis, or combined with small interfering RNA to target antiapoptosis or other 

drug-resistant mechanisms, making them more efficacious. However, the in vivo 

antileukemia efficacy and toxicity of DNR-loaded targeting nanomicelles must be 

determined by clinical trials.

Targeting and killing LSC alone may not be sufficient in the treatment of AML. LSC 

account for a small population of all leukemia cells. Even if all LSC are eliminated, the 
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remaining leukemia cells and their progenitor cells can continue to cause symptoms. 

Furthermore, the progenitor cells may still have limited proliferation capacity and generate 

more leukemia cells, or may even de-differentiate back into LSC. This is supported by a 

clinical trial demonstrating that the anti-CD20 antibody rituximab as a single agent is not 

effective in multiple myeloma, even though myeloma stem cells express the CD20 cell 

surface molecules [18,19]. The advantage of our targeting nanomicelles is that not only are 

LSC targeted, but the loaded drugs will be released into systemic circulation and kill 

leukemia cells throughout the body.

So far, no molecule has been identified that is specific to cancer stem cells. CLL1 and 

CD123 are two molecules expressed on LSC, but not on normal hematopoietic stem cells. 

However, they are also expressed on some normal hematopoietic cells. Anti-CD123 therapy, 

either with neutralizing antibodies or immunotoxins, preferentially kills AML LSC with 

little effect on normal stem cells, and decreases the effectiveness of AML engraftment in 

NOD-SCID mice [20–22]. Similar anti-leukemia activity was also observed with an anti-

CLL1 antibody [23]. Nevertheless, the long half-life of antibody (weeks to months) will kill 

the newly regenerated hematopoietic cells and may affect the hematological recovery 

because both CD123 and CLL1 are also expressed on normal hematopoietic cells. The 

advantage of our targeting nanomicelles over antibody-based therapy is that its in vivo half-

life of less than 24 hours is relatively short (data not shown). Our targeting nanomicelles are 

expected to kill some normal hematopoietic cells as any other chemotherapeutic agents do, 

but he short half-life means that the subsequently newly regenerated hematopoietic cells will 

not be affected.

In conclusion, we have identified several peptides that target CLL1, a molecule that is 

expressed on LSC surface, but not on normal hematopoietic stem cells. Nanomicelles 

decorated with CLL1-targeting peptides allow delivery of the small molecule content 

directly into LSC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Binding of the CDLRSAAVC peptide to CLL1. (A) Biotinylated CDLRSAAVC peptide 

was synthesized and used to probe PBMCs, A549 cells transfected with vector alone, and 

A549 cells expressing CLL1. Specific binding was observed to A549 cells expressing 

CLL1, but minimal binding was observed with PBMCs or A549 cells transfected with 

vector alone, or when A549 cells expressing CLL1 were probed with a bladder cancer–

specific ligand PLZ4 (far right panel). Cells were probed with SA-FITC (upper panels) or 

with CLL1-targeting peptide and SA-FITC (lower panels). (B) Binding specificity of the 
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CDLRSAAVC peptide. Cells of various origins were incubated with the biotinylated CLL1-

targeting peptide (CL-biotin) or a bladder cancer–specific peptide, PLZ4, as a negative 

control, and probed with SA-PE.

Zhang et al. Page 13

Nanomedicine. Author manuscript; available in PMC 2015 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Characterization of targeting nanomicelles. (A) Schematic. (B) Size determination of 

nanomicelles with dynamic light scattering (left panel) and TEM (right panel). The median 

size of nanomicelles loaded with DNR and coated with CLL1-targeting peptide was about 

13.5 nm with narrow size distribution. Scale bar, 50 nm.
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Figure 3. 
Penetration of targeting nanomicelles to A549 cells expressing CLL1. (A) Tomography 

analysis to determine intracellular distribution of targeting nanomicelles. A549 cells 

expressing GFP-CLL1 (panel a) or GFP (panel b) were incubated with targeting 

nanomicelles loaded with DiI for 15 minutes before washing. (B) Preferential delivery of 

targeting nanomicelles to A549 cells expressing CLL1. A549 cells expressing CLL1 were 

incubated with nontargeting (NM) or targeting nanomicelles (T-NM) loaded with DiI (upper 

panel) or DNR (lower panel) for 30 minutes before washing. Because of nonspecific uptake 
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of nanomicelles by cells, there was no plateau of fluorescence intensity as the nanomicelle 

concentration increased. *P < 0.05; **P < 0.001.
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Figure 4. 
Targeting leukemic cells with nanomicelles decorated with CLL1-targeting peptides. 

PMBCs, normal hematopoietic stem cells (HPC), and leukemia cells were incubated with 

nontargeting (NM, upper panels) or targeting (T-NM, lower panels) nanomicelles loaded 

with DNR for 30 minutes, and analyzed with flow cytometry after washing. x-axis, DNR 

fluorescence intensity; y-axis, side gate for cell size.
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Table 1

Sequences and alignment of peptides from panning against cells expressing CLL1 (a motif of LR(S/T) was 

observed)

Sequences of
Amino acids

Number of clones
(total:36 clones)

11

7

3

1

1

1

5

3

2

1

1
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