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Abstract

Patients with acute myeloid leukemia have a very poor prognosis related to a high rate of relapse 

and drug-related toxicity. The ability of leukemia stem cells (LSCs) to survive chemotherapy is 

primarily responsible for relapse, and eliminating LSCs is ultimately essential for cure. We 

developed novel disulfide-crosslinked CLL1-targeting micelles (DC-CTM), which can deliver 

high concentrations of daunorubicin (DNR) into both bulk leukemia cells and LSCs. Compared to 

free DNR, DC-CTM-DNR had a longer half-life, increased DNR area under the curve 

concentration by 11-fold, and exhibited a superior toxicity profile. In patient-derived AML 

xenograft models, DC-CTM-DNR treatment led to significant decreases in AML engraftment and 

impairment of secondary transplantation compared to control groups. Collectively, we demonstrate 

superior anti-LSC/AML efficacy, and preferable pharmacokinetic and toxicity profiles of DC-

CTM-DNR compared to free DNR. DC-CTM-DNR has the potential to significantly improve 

treatment outcomes and reduce therapy-related morbidity and mortality for patients with AML.
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Leukemia stem cells (LSC) could repopulate the leukemia after chemotherapy resulting 

recurrence. CLL1 only expressed on LSC but not hematopoietic stem cells, and thus we developed 

CLL1 targeting micelles to deliver high dose of chemotherapeutic cells to eradicate LSC and bulk 

leukemia. This strategy cure leukemia from the root.
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Introduction:

Acute myeloid leukemia (AML) is a highly aggressive hematological malignancy. The 

standard “7+3” induction chemotherapy regimen of cytarabine and daunorubicin(DNR) 

leads to complete remissions in up to 70–80% of patients(1, 2). Unfortunately, treatment-

related mortality can approach 30% in some patient subpopulations and more than 50% of 

patients experience relapse(3). Leukemia stem cells (LSCs) are relatively resistant to and can 

survive conventional chemotherapy to cause relapse. Therefore, LSC serve as an attractive 

therapeutic target. Up to 70–92% of AML samples, including LSCs, express C-type lectin-

like molecule-1 (CLL1), whereas normal hematopoietic stem cells (HSCs) do not express 

CLL1(1). Monoclonal antibodies, bi-specific T cell engagers, and a peptide (amino acid 

sequence: CDLRSAAVC) targeting CLL1 have been developed with the goal of specifically 

targeting LSCs to eliminate the source of AML(2). Our group previously showed non-

crosslinked micelles (CTM) could only deliver minimal payload to CLL1+ cells and LSCs 

from patient samples(2). By decorating the surface of CTM loaded with DNR with a CLL1-

targeting peptide (CTM-DNR), we demonstrated delivery of DNR into LSCs, but not HSCs, 

ex vivo(2). Herein, we further modified CTM-DNR by introducing disulfide crosslinks (DC-

CTM-DNR) to improve stability and prevent premature drug release during circulation(4). 

Compared to free DNR, DC-CTM-DNR showed a superior in vivo anti-bulk AML and LSC 

efficacy and improved pharmacokinetic (PK) and toxicity profiles in patient-derived 

xenograft (PDX) models of AML.

Methods:

Synthesis of DC-CTM-DNR

Two types of telodendrimers, CLL1-peptide-PEG5K-CA8 and PEG5K-Cys4-L8-CA8 (Figure 

S1a,b) were synthesized as previously described and mixed with a 1:1 ratio(3, 4). After 

DNR loading, disulfide crosslinks were formed from cysteine residues under oxidative 

conditions and the properties of micelles and encapsulated efficiency were characterized 

(Supplementary Methods) (2–4).

Pharmacokinetic (PK) and toxicity studies

PK studies and toxicity studies were performed in rats and balb/c mice, respectively, as 

previously described (Supplementary Methods)(3).
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Anti-leukemia efficacy and secondary transplantation studies in PDX models of AML

Animal studies and collection of patient samples were approved (UC Davis IACUC protocol 

#18386 and IRB protocols #218204 and 1204087). PDX models were established from 

patient AML samples transplanted into immunodeficient NSG (NOD-Scid-IL2Rgcnull) 

(Jackson lab, Sacramento, CA). After establishment of engraftment, mice were treated with 

DNR or DC-CTM-DNR and leukemia burden was evaluated by flow cytometry 

(supplementary methods). Two weeks after initial treatment, bone marrow cells were 

harvested for secondary transplantation studies.

Result & Discussion:

As illustrated in Figure 1a, two types of telodendrimers, CLL1-peptide-PEG5K-CA8 and 

PEG5K-Cys4-L8-CA8 were synthesized and mixed with a 1:1 ratio (Figure. 1a). After DNR 

loading, disulfide crosslinks were formed from cysteine residues under oxidative 

conditions(2–4). DC-CTM-DNR were spherically-shaped (Figure 1b) with a size 

distribution of 17+/−6 nm (Figure 1b-c). The loading capacity for DNR was 2 mg/mL with 

99% encapsulated efficiency. DC-CTM-DNR were stable in the presence of a strong 

detergent, sodium dodecyl sulfate (SDS) but dissolved upon addition of a physiological 

intracellular concentration of the reducing agent glutathione (Figure 1c). These features can 

prevent premature release during blood circulation and facilitate target-specific delivery 

upon uptake by target cells.

Consistent with the stability conferred by disulfide crosslinking, DC-CTM-DNR 

demonstrated an 11-fold increased area under curve with prolonged T1/2 compared to free 

DNR in cannulated Sprague-Dawley rats (Figure 2 and Supplementary Methods). This result 

suggests a longer drug exposure to both bulk AML and LSCs, potentially enabling more cell 

death. In contrast to the rapid diffusion into normal tissue after administration of free DNR, 

retention of DNR by DC-CTM-DNR was associated with less major organ damage, 

especially cardiotoxicity. Both free DNR and DC-CTM-DNR caused a dose-dependent 

increase in serum cardiac troponin I (cTnI), a specific biomarker for acute cardiac tissue 

damage, in balb/c mice (Figure 3); however, the DC-CTM-DNR group had significantly 

lower serum cTnI concentrations that correlated with less cardiomyolysis on histopathologic 

evaluation (Figure 3c). No other obvert toxicity identified in other major organs (Figure S2).

CLL1-expressing AML patient sample with de novo FLT3-ITD mutated AML (Table S1) 

was used to establish AML PDX models (Figure S3) and evaluate the anti-AML and anti-

LSC activity of DC-CTM-DNR. Immunodeficient NSG (NOD-Scid-IL2Rgcnull) (Jackson 

lab, Sacramento, CA) mice were intravenously injected with human leukemia cells after 

receiving 0.2 Gray of radiation. After leukemia burden reached 5–15% in the bone marrow, 

mice were treated with PBS, 1 mg/kg free DNR or DC-CTM-DNR on day 1, 2, and 3. Two 

and four weeks post-treatment, DC-CTM-DNR-treated mice had significantly less AML 

engraftment compared to the groups treated with free DNR (Figure 4a-b). Secondary 

transplantation of bone marrow cells from primary treated mice was performed to determine 

presence of residual functional LSCs two weeks after treatment. Eight weeks after post-

secondary transplantation from free DNR- and DC-CTM-DNR-treated mice, the free DNR 

and DC-CTM-DNR groups had 100% (7/7) and 37.5% (3/8) secondary transplantation rates, 
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respectively (Figure 4 c). Furthermore, the DNR group had significantly larger spleens with 

increased AML cell infiltration and had more bone marrow involvement (Figure 4 d-e). Of 

note, unlike balb/c or NRG mice, NSG mice are extremely sensitive to DNA damaging 

agents, including DNR (Figure S4), and toxicity limited us to giving 1/10th the equivalent 

human therapeutic dose. Nevertheless, our results strongly suggested a significantly greater 

anti-bulk AML cell and anti-LSC efficacy for DC-CTM-DNR compared to free DNR.

In this project, we presented a unique CLL1-targeting nano-scale DNR delivery formulation 

with improved PK and toxicity profiles and anti-bulk leukemia and LSC efficacy in AML 

PDX models. Recently, CLL1 has become a promising and attractive target for LSC targeted 

therapy with various approaches, such as CLL1 antibody-drug conjugate(5, 6), anti-CD3/

anti-CLL-1 bispecific antibody(7), and CLL1 targeting CAR-T cells(8). Decreased 

cardiotoxicity is clinically significant as many elderly AML patients have pre-existing 

cardiac diseases that preclude them from being treated with DNR. Even though liposomal 

doxorubicin and DNR formulations also have improved cardiotoxicity and improved PK(9–

11), they do not have LSC-specific targeting features and are larger (>100nm) in size, 

potentially limiting penetration into LSC niches. Collectively, DC-CTM-DNR have 

improved PK and toxicity profiles and can potentially improve complete remission rates and 

decrease relapse through eradication of both LSCs and bulk AML cells, even in difficult-to-

treat relapsed or FLT3-ITD mutation positive AML patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synthesis and characterization of disulfide-crosslinked CLL1-targeting nanomicelles 
(DC-CTM).
(a) Diagram of telodendrimer and DC-CTM-DNR. Each telodendrimer (PEG5K-Cys4-L8-

CA8) contains a PEG (molecular weight 5 KDa) backbone with four cysteine (C4), eight 

linker (L8) and eight cholic acid (CA8) units conjugated at the distal end of PEG. CLL1-L 

can be conjugated at the other terminus of PEG for synthesis of DC-CTM. After DNR is 

loaded in the core formed by cholic acid, cysteine residues can form disulfide crosslinks 

under oxidative conditions. These disulfide bonds are reversible and can be broken open 

under the reducing intracellular environment to release the drug load locally. (b) 

Morphologic analysis with electron microscopy. Bar = 50 nm. (c) Size distribution of DC-

CTM was analyzed by dynamic light scattering (DLS). The same sample was treated with 

SDS for 10 min and particle size was analyzed again. Later, this sample was treated with 10 

mM glutathione (GSH) for 30 min followed by particle size analysis.
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Figure 2. Pharmacokinetic studies of free DNR and DC-CTM-DNR in jugular vein cannulated 
Sprague-Dawley rats.
Rats were treated with 5 mg/kg DC-CTM-DNR or free DNR. Blood was collected at 

different time points and DNR concentrations were measured based on fluorescence (n=3).
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Figure 3. Toxicity profile of DC-CTM-DNR.
(a) Serum cardiac troponin I (cTnI) changes after 3 and 7 days post DNR and DC-CTM-

DNR treatment. (n=3; *t-test, p<0.05 was considered as significant) (b) Histopathologic 

evaluation of heart tissue from balb/c mice treated with PBS, 15 mg/kg DNR, or 15 mg/kg 

DC-CTM-DNR at 72 hours. Cardiac tissue from mice treated with free DNR showed 

massive disarray of cardiomyocytes and disruption of myofibrils, while DC-CTM-DNR 

treatment caused much milder change (H&E stain, Olympus, 40X).
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Figure 4. In vivo efficacy, pharmacokinetic and toxicity studies of DC-CTM-DNR.
(a) Representative flow cytometry gating and plots in a de novo AML PDX model 

(TM00346) at 4 weeks. (b) Anti-AML efficacy study of free DNR and DC-CTM-DNR in 

AML model. AML carrying mice were treated with 1 mg/kg free DNR or DC-CTM-DNR 

on day 1, 2, and 3 early after establish of leukemia (5–10% engraftment). Leukemia burden 

was evaluated by flow cytometry to determine the fold changes of AML cells from bone 

marrow. t-test, *p<0.05. (c) Evaluation of anti-LSC activity of free DNR and DC-CTM-

DNR treatment after secondary transplantation. Mice were treated as in Fig 2b, and 2 weeks 

later, mice were sacrificed and 5 × 105 total bone marrow nucleated cells were injected into 

another naïve NSG mouse. After 8 weeks, AML cell engraftment was analyzed by flow 

cytometry, with 5% used as the cut-off for establishment of leukemia. (d) Spleen weight 

from mice 8 weeks after secondary transplantation. *t-test, p<0.05. (e) Histopathologic 

evaluation of AML burden in the bone marrow and spleen from free DNR and DC-CTM-

DNR treated secondary transplantation groups (Stars: leukemia cell patches).
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