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Abstract

Roughly one third of all human cancers are attributable to the functional inhibition of the tumor 

suppressor protein p53 by its two negative regulators MDM2 and MDMX, making dual-specificity 

peptide antagonists of MDM2 and MDMX highly attractive drug candidates for anticancer 

therapy. Two pharmacological barriers, however, remain a major obstacle to the development of 

peptide therapeutics: susceptibility to proteolytic degradation in vivo and inability to traverse the 

cell membrane. Here we report the design of a fluorescent lanthanide oxyfluoride nanoparticle 

(LONp)-based multifunctional peptide drug delivery system for potential treatment of acute 

myeloid leukemia (AML) that commonly harbors wild type p53, high levels of MDM2 and/or 

MDMX, and an overexpressed cell surface receptor, CD33. We conjugated to LONp via metal-

thiolate bonds a dodecameric peptide antagonist of both MDM2 and MDMX, termed PMI, and a 

CD33-targeted, humanized monoclonal antibody to allow for AML-specific intracellular delivery 
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of a stabilized PMI. The resultant nanoparticle antiCD33-LONp-PMI, while nontoxic to normal 

cells, induced apoptosis of AML cell lines and primary leukemic cells isolated from AML patients 

by antagonizing MDM2 and/or MDMX to activate the p53 pathway. Fluorescent antiCD33-LONp-

PMI also enabled real-time visualization of a series of apoptotic events in AML cells, proving a 

useful tool for possible disease tracking and treatment response monitoring. Our studies shed light 

on the development of antiCD33-LONp-PMI as a novel class of antitumor agents, which, if further 

validated, may help targeted molecular therapy of AML.

Introduction

Peptide inhibitors of intracellular protein-protein interactions (PPIs) involved in disease 

initiation and progression are increasingly recognized as potential leads for the development 

of new classes of therapeutics[1]. Due to their relatively specific and often high-affinity 

mode of action against protein targets, peptide therapeutics can in theory work at low doses 

in vivo with a more favorable toxicity profile than that of small molecule drugs[2, 3]. This 

ideal scenario could certainly play out against the backdrop that small molecule inhibitors 

are in general ineffective against PPIs[4]. In reality, however, the efficacy of peptide 

therapeutics is frequently limited by their poor proteolytic stability and inability to traverse 

the cell membrane [5, 6]. To alleviate these technical hurdles, various elaborate chemistries 

for peptide modification and delivery vehicles for peptide cargo have been developed, and 

significant progress has been made in ways of improving the pharmacological properties of 

peptide therapeutics for clinical use [6–8].

Among the commonly used peptide delivery systems are lipids[9] and biodegradable 

polymers[10] fabricated often in the forms of liposome, micelle, and dendrimer. However, 

lipid-based delivery vehicles are rapidly removed by the liver and spleen[11]; polymer-based 

ones, often highly positively charged, exhibit toxicity and non-specific cellular uptake[12]. 

Such drawbacks necessarily impede the development of peptide therapeutics for widespread 

clinical applications. Conceptually novel and clinically viable delivery systems are therefore 

needed in order to advance peptide drug discovery and development. Toward this end, 

nanoparticle-mediated peptide drug delivery holds great promise in overcoming many 

limitations of lipid- and polymer-based delivery systems [13, 14]. Conjugation of peptide 

cargos to nanoparticles substantially improves peptide resistance to proteolysis, membrane 

permeability, and bioavailability [6, 15]. In fact, nanoparticle-based drug delivery systems 

are particularly attractive in the treatment of solid tumors as nanoparticles are capable of 

actively accumulating through leaky blood vessels in diseased tissues – a phenomenon 

known as the enhanced permeability and retention (EPR) effect [16, 17]. Importantly, when 

appropriate materials are used to construct nanoparticles, they can be endowed with a 

powerful imaging capability for both therapeutic and diagnostic applications [18, 19], 

yielding multi-functional “theranostics” that combine disease tracking, drug delivery and 

treatment response monitoring [20].

Recent studies have demonstrated the superiority of lanthanide-doped nanoparticles (LDNp) 

as an imaging tool in biomedicine due to their excellent photoluminescence property and 

biocompatibility [15, 21]. LDNp loaded with appropriate therapeutic peptide cargos and 
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disease-targeting molecules may be developed as a novel class of theranostics for clinical 

use [22–24]. In this work, we interrogated lanthanide oxyfluoride nanoparticles (LONp) as a 

drug delivery vehicle by conjugating a p53-activating dodecameric peptide termed PMI 

(TSFAEYWALLSP) [25] for potential treatment of acute myeloid leukemia (AML). 

Intracellular PMI kills AML cells by antagonizing MDM2 and/or MDMX – the two 

functional inhibitors of the tumor suppressor protein p53 [26–28]. To endow LONp-PMI 

with tumor targeting specificity, we also conjugated to the nanoparticle a monoclonal 

antibody against CD33, a receptor expressed at high levels on leukemic myeloid cells but 

not on normal hematopoietic pluripotent stem cells in the vast majority of AML patients [29, 

30]. Our in vitro and ex vivo data as well as mechanistic studies fully validate the design of 

antiCD33-LONp-PMI as a novel class of peptide-based antitumor agents with therapeutic 

potential in the treatment of AML.

Results

Preparation and physicochemical properties of antiCD33-LONp-PMI

The strategy for the preparation of antiCD33-LONp-PMI is outlined in Fig. 1. Luminescent 

LONp nanoparticles composed of LaOF (40%), Ce (45%) and Tb (15%) were synthesized 

as described [22, 31]. Our anti-CD33 monoclonal antibody was derived from a humanized 

M195 clone [32], combined with four mutations in the Fc region to reduce its effector 

functions [33], and C-terminally extended by an extra Cys residue in the heavy chain for 

antibody conjugation. An extra Cys residue was also introduced to the C-terminus of PMI 

for peptide attachment. AntiCD33-LONp-PMI nanoparticles were obtained by a thiol-

induced molecular assembly of PMI-Cys and AntiCD33-Cys with biocompatible LONp 

(Fig. 1). For comparison, we also prepared antiCD33-LONp and PMI-LONp. UV-Vis and 

FTIR spectroscopy confirmed conjugation of PMI and/or antiCD33 to LONp as evidenced 

by characteristic UV and IR absorbance given by peptide and protein (Fig. 2A–B).

We characterized various forms of LONp nanoparticles, “bare” or loaded with PMI, anti-

CD33 or both, using high-resolution transmission electron microscopy (TEM), dynamic 

light scattering and fluorescence spectroscopy techniques. As shown in Fig 2C–D, 

AntiCD33-LONp-PMI nanoparticles displayed on TEM a uniformly monodispersed 

nanostructure with a diameter of 5.6 ± 0.4 nm calculated from 100 randomly sampled 

particles. While well-resolved lattice fringes gave rise to an inter-planar spacing value of 

0.37 nm (Fig. 2E), fast Fourier transform patterns confirmed its single crystalline structure 

(Fig. 2F). A clear solution ensued when antiCD33-LONp-PMI was suspended in PBS buffer, 

pH 7.4, which yielded a hydrodynamic diameter of the nanoparticle of 8.9 nm as measured 

by dynamic light scattering (Fig. 2G). When suspended in water, antiCD33-LONp-PMI was 

well-dispersed and emitted intense green fluorescence (Fig. 2H). Fluorescence spectroscopy 

confirmed that all four forms of LONp nanoparticles emitted fluorescence primarily at 545 

nm with two minor red emission peaks at 585 and 620 nm (Fig. 2H). The fact that peptide 

and/or antibody conjugation did not alter the fluorescence characteristics of LONp suggests 

that antiCD33-LONp-PMI nanoparticles are suitable as an imaging tool for tracking drug 

and monitoring treatment response.
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AntiCD33 antibody promotes LONp recognition of and internalization to CD33+ AML cells

Our recombinant antiCD33-Cys was produced with an extra disulfide bond oxidatively 

formed by the two proximal Cys residues at the C-termini of the heavy chains (Fig. S1). This 

disulfide-tethered antiCD33-Cys antibody exhibited identical properties to a commercial 

antiCD33 antibody (ABcam) with respect to binding to CD33+ U937 and OCI-AML2 cell 

lines (Fig. 3A), suggesting that the engineered antiCD33-Cys antibody was fully functional. 

For site-specific conjugation to LONp via the metal-thiolate bond, however, controlled 

partial reduction in situ of tethered antiCD33-Cys in the presence of a low concentration of 

Tris(2-carboxyethyl)phosphine (TCEP) was necessary to break up the terminal disulfide 

bond (Fig. S1).

Site-specific conjugation of antiCD33-Cys to LONp via two free (reduced) C-terminal Cys 

residues in the heavy chains ensures a conformationally homogeneous assembly of the 

antibody on the surface of the nanoparticle for productive binding to CD33+ AML cells (Fig. 

3B). This strategy is in stark contrast to the conventional approach [34], where antibody 

molecules are non-specifically absorbed via electrostatic and hydrophobic forces to the 

surface of a nanoparticle (Fig. 3B). The latter approach necessarily impedes antibody 

interactions with an antigen due to its conformationally heterogeneous and functionally 

unproductive assembly. For comparison, we prepared two forms of antibody-conjugated 

LONp both site-specifically, using TECP-reduced antiCD33-Cys, and non-specifically, using 

disulfide-tethered antiCD33-Cys. As shown in Fig. 3C, flow cytometry studies with CD33+ 

OCI-AML2 and MOLM-13 cell lines showed a significantly more efficient uptake of the 

site-specifically conjugated antiCD33-LONp than the non-specifically conjugated 

counterpart. Confocal microscopy studies using PEG-loaded LONp as a control confirmed 

that the enhanced cellular uptake by and intracellular distribution in OCI-AML2 and 

MOLM-13 of antiCD33-LONp was specifically mediated by the antibody (Fig. 3D). These 

results also demonstrated that controlled partial reduction of tethered antiCD33-Cys did not 

alter the antibody functionally.

To ascertain the ability of antiCD33-LONp to efficiently deliver peptides into AML cells, we 

labelled the N terminus of PMI with fluorescein isothiocyanate (FITC) and conjugated 
FITCPMI to LONp and antiCD33-LONp, respectively, via a C-terminally extended Cys 

residue. FITC-based quantitative FACS analysis showed that free FITCPMI peptide failed, as 

expected, to penetrate into AML cells (Fig. 3E). While FITCPMI-LONp was able to traverse 

the cell membrane, the uptake of antiCD33-LONp-FITCPMI by OCI-AML2 and MOLM-13 

cell lines was substantially more efficient (Fig. 3E). Taken together, these findings indicate 

that our antiCD33-Cys antibody, when conjugated along with PMI to LONp, can 

significantly enhance in a target-specific fashion the delivery of the peptide cargo into 

CD33+ AML cells.

Addition of a C-terminal Cys residue to PMI for LONp conjugation is functionally 
inconsequential

To form a redox-responsive metal-thiolate bond for PMI conjugation to LONp, an extra Cys 

residue was introduced to the C-terminus of the peptide. Prior structural studies of PMI in 

complex with MDM2 or MDMX as well as mutational analysis suggested that Cys addition 
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to the C-terminus of PMI would be functionally neutral [35]. In fact, the C-terminal residue 

Pro12 of PMI made little or no contact with MDM2/MDMX, and the P12A mutation was 

largely inconsequential at the functional level [35]. To verify, however, we comparatively 

characterized PMI and PMI-Cys with respect to their interactions with MDM2 and MDMX 

using a previously described fluorescence polarization-based competitive binding assay [36], 

where increasing concentrations of PMI or PMI-Cys were added to a preformed complex of 

either FITC-(17–28)p53-25–109MDM2 or FITC-(17–28)p53-24–108MDMX to displace 
FITC-(17–28)p53. This titration process was accompanied by a dose-dependent reduction in 

fluorescence polarization, from which the Ki value of PMI or PMI-Cys could be derived 

through a non-linear regression analysis [37]. As shown in Fig. 4A–B, PMI and PMI-Cys 

displayed nearly identical Ki values for either MDM2 or MDMX, supporting the premise 

that Cys addition to the C-terminus of PMI is functionally inconsequential. Molecular 

dynamics simulation studies of PMI-Cys in complex with MDM2 or MDMX showed that 

PMI-Cys nicely overlapped with PMI complexed with MDM2 or MDMX [25] (PDB codes: 

3EQS and 3EQY) with a respective RMSD value of 0.577 Å or 0.688 Å (Fig. 4A–B). As 

expected, however, the extra Cys residue at the C-terminus of PMI made no contact with 

either protein, structurally validating the above functional findings.

LONp-conjugated PMI is more resistant to proteolysis and can be efficiently cleaved off 
LONp by reducing thiols

Small peptides are generally unstructured or conformationally disordered in solution on their 

own and, thus, highly susceptible to proteolytic degradation in vitro and in vivo. This 

important pharmacological obstacle impedes the development of peptide therapeutics for 

clinical use [5, 6]. Conjugation of small peptides to nanoparticles is expected to enhance 

their resistance to proteolysis due to steric hindrance to the action of proteolytic enzymes [6, 

15, 38]. We quantitatively examined the susceptibility of antiCD33-LONp-PMI and free 

PMI peptide to chymotrypsin using analytical HPLC coupled with mass spectrometry. Not 

surprisingly, while free PMI peptide was quickly digested at room temperature by the 

enzyme with a half-life under ~6 min, LONp-conjugated PMI was significantly more 

resistant to chymotrypsin-mediated degradation, with a half-life over 20 hours (Fig. 4C).

Therapeutic efficacy of antiCD33-LONp-PMI hinges upon an efficient release of PMI into 

the cytosol, a process controlled by intracellular reducing thiols such as reduced glutathione 

to break the metal-thiolate bond. On the other hand, a stable metal-thiolate bond is highly 

desirable for circulating antiCD33-LONp-PMI for obvious reasons. We incubated antiCD33-

LONp-PMI in PBS (~0.5mmol/ml, PMI) for one week and, following centrifugation, 

injected the supernatant for analysis on analytical HPLC. As shown in Fig. 4D, no PMI 

peptide was detected, suggesting that the metal-thiolate bond was indeed stable. By sharp 

contrast, 30 min after DTT at 50 mg/ml was added to the nanoparticle solution, PMI-Cys 

peptide was quantitatively recovered from the supernatant (Fig. 4D). Taken together, these 

results demonstrate that conjugation to LONp greatly enhances PMI resistance to proteolysis 

and that conjugated PMI can be efficiently cleaved off LONp by reducing thiols.
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Anti-CD33-LONp-PMI induces apoptosis of MDM2/MDMX-overexpressed AML cells 
harboring wild type p53

Most AML cells harbor wild type p53 and elevated levels of MDM2 and/or MDMX [39–

41]; MDM2 and MDMX antagonists such as PMI are expected to activate p53, which, in 

turn, induces apoptotic cell death [25]. We treated the AML cell line MOLM-13 with LONp-

PMI and antiCD33-LONp-PMI at concentrations from 0.25 to 4.0 μM (based on 

quantification of thiol-cleaved PMI-Cys) in a cell proliferation assay. AntiCD33-LONp at a 

concentration of 4 μg/ml, equivalent in weight to antiCD33-LONp-PMI at 4.0 μM, was used 

as a negative control. As shown in Fig. 5A, a dose-dependent inhibition of cell growth was 

observed for LONp-PMI (IC50 = 1070 nM) and antiCD33-LONp-PMI (IC50 = 480 nM), 

whereas antiCD33-LONp was, as expected, non-inhibitory at the highest concentration 

tested. These data suggest that MOLM-13 growth was inhibited solely by PMI and that the 

antiCD33 antibody mediated an improved cellular uptake or internalization of nanoparticles 

and, thus, enhanced killing of tumor cells.

To investigate into the mechanisms of action of intracellular PMI, we analyzed the 

expression of p53, MDM2 and p21 in MOLM-13 cells by Western blotting. As shown in 

Fig. 5B, 24 h after treatment, antiCD33-LONp-PMIl and Nutlin-3 – a small molecule 

antagonist of MDM2 [42] significantly induced the expression of p53 and its responsive 

gene p21 – a cyclin-dependent kinase inhibitor that promotes cell cycle arrest [43, 44]. 

MDM2 expression also increased in response to the treatment as it is transcriptionally 

inducible by p53 in a positive feedback loop essential for maintaining low levels of p53 

during normal development [45]. While LONp-PMI was less effective than either antiCD33-

LONp-PMI or Nutlin-3, antiCD33-LONp was inactive, as expected. Consistent with these 

results, FACS analysis confirmed that MOLM-13 cells underwent different degrees of 

apoptosis 24 h after treatment with LONp-PMI, antiCD33-LONp-PMI, or Nutlin-3 (Figs. 

5C, S4). In fact, the largest increase in percent apoptotic cells (from a basal level of ~10% to 

55%) was seen with antiCD33-LONp-PMI. These findings mechanistically validate the 

mode of action of PMI, that is, PMI induces apoptotic cell death of p53+ AML cells by 

antagonizing MDM2 to activate the p53 signaling pathway.

Similar results were found with the cell line OCI-ALM2, which harbors wild type p53 and 

was originally established from the peripheral blood of AML patients [46]. Unlike 

MOLM-13 where p53 is sequestered primarily by MDM2, however, OCI-AML2’s p53 

function and stability is predominantly regulated MDMX [47]. Since small molecule 

antagonists of MDM2 such as Nutlin-3 are generally ineffective against MDMX [47–49], 

PMI as a dual-specificity antagonist of both MDM2 and MDMX is particularly suitable for 

killing MDMX-overexpressed tumor cells. As shown in Figs. 6A–B and S4 flow cytometry 

and live-dead cell staining studies demonstrated that OCI-AML2 was extremely sensitive to 

antiCD33-LONp-PMI (1 μM) with most cells undergoing apoptosis after 48 h, but 

significantly less sensitive to treatment with 1 μM PMI-LONp or 6 μM Nutlin-3. As 

expected, antiCD33-LONp had little effect on OCI-AM2 cells, indicative of a PMI-

dependent apoptotic cell death of OCI-AML2 treated with anti-CD33-LONp-PMI or PMI-

LONp.
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Importantly, anti-CD33-LON-PMI is not toxic to normal cells. Systemic toxicity has always 

been a major challenge in current chemotherapy [50, 51]. Despite the specificity of 

antiCD33 and PMI for their respective cellular and protein targets, it remained unclear 

whether or not antiCD33-LONp-PMI would be selectively cytotoxic against AML cells but 

not normal cells. We evaluated the cytotoxicity of antiCD33-LONp-PMI at concentrations 

from 0.25 to 4.0 μM (based on quantification of thiol-cleaved PMI-Cys) toward B 

lymphoblastoid cell line HMy2.CIR and human vascular endothelial cells (HUVEC) in a 

cell proliferation assay. As shown in Fig. 6C–D, neither antiCD33-LONp-PMI nor 

antiCD33-LONp had any effect on cell viability at the highest concentration tested, 

suggesting that they are not toxic to normal cells. Taken together, our in vitro models 

demonstrate the therapeutic efficacy and safety profile of antiCD33-LONp-PMI as a novel 

class of antitumor agents for potential treatment of AML.

Anti-CD33-LONp-PMI induces apoptosis of primary AML cells ex vivo in a CD33-dependent 
fashion

Ex vivo cytotoxicity assays using freshly isolated cancer cells from patients can be a 

powerful tool for evaluating the therapeutic efficacy of antitumor agents against 

hematological malignancies [52, 53]. We obtained primary leukemic cells from 7 newly 

diagnosed AML patients and subjected them to treatment with antiCD33-LONp-PMI and 

antiCD33-LONp (Fig. 7A); PMBCs from a healthy donor were used as a control. As shown 

in Fig. 7B, all AML blasts were sensitive to the killing induced by antiCD33-LONp-PMI, 

but significantly less so with respect to antiCD33-LONp, suggesting that PMI specifically 

induced apoptotic cell death of AML cells ex vivo. Of note, neither antiCD33-LONp-PMI 

nor antiCD33-LONp had any effect on the growth of PBMCs. Importantly, the amount of 

CD33 expressed on cell surface strongly correlated to the sensitivity of primary AML cells 

to the killing by antiCD33-LONp-PMI (Fig. 7C–D), underscoring the functional importance 

of a CD33-mediated uptake of nanoparticles and subsequent intracellular effects of PMI. 

These findings with fresh patient samples amply demonstrate that a favorable clinical 

response could potentially be achieved to the treatment of AML patients with antiCD33-

LONp-PMI.

Imaging power of anti-CD33-LONp-PMI in real-time monitoring of PMI-induced apoptosis

One important application of LONp as a carrier of theranostics lies in its intrinsic 

luminescence, which endows antiCD33-LONp-PMI with a remarkable imaging capability 

useful for real-time monitoring of its pharmacological effects on tumor cells [22, 31]. 

Apoptosis is accompanied by a series of morphological changes of the nucleus: shrinkage, 

dramatic reorganization, membrane blebbing and, ultimately, fragmentation into membrane 

enclosed vesicles [54]. This process can be visualized with AML cells and antiCD33-LONp-

PMI due to the ability of LONp to stain the nucleus [22]. As shown in Fig. 8, the 

morphology of the nucleus of MOLM-13 and OCI-AML2 cells stained in yellow by 

antiCD33-LONp-PMI, confirmed by Hochest staining in situ, progressively changed over 

time, entirely consistent with PMI-induced apoptotic events.
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Discussion

The tumor suppressor protein p53 induces powerful growth inhibitory and apoptotic 

responses to cellular stress and plays a pivotal role in preventing damaged cells from 

becoming cancerous [26, 55, 56]. Not surprisingly, impairment of the p53 pathway is a 

hallmark of almost all human cancers, where either the TP53 gene is mutated or wild-type 

p53 is functionally inactivated by the E3 ubiquitin ligase MDM2 and its homolog MDMX 

[48, 57]. In many tumor cells harboring wild-type p53, MDM2 and/or MDMX are elevated 

and often cooperate to inhibit p53 transactivation activity and target p53 for degradation, 

conferring tumor development and progression [48]. Numerous studies have validated 

MDM2 and/or MDMX antagonism as a viable therapeutic paradigm for cancer treatment, 

and several small molecule antagonists specific for MDM2 are in various phases of clinical 

trials [58, 59].

Growing evidence suggests that the interplay between MDM2 and MDMX confers robust 

p53 inactivation in tumorigenesis and that antagonizing both MDM2 and MDMX affords a 

powerful, synergistic and sustained inhibition of tumor growth.[48] [60] as amply 

demonstrated by us and others [61, 62], representing powerful p53 activators for anticancer 

therapy. However, major pharmacological hurdles still impede the development of anticancer 

peptide therapeutics with optimal therapeutic efficacy, including: (1) short circulation half-

life due to proteolytic degradation and renal excretion (<20 KDa), (2) poor cellular uptake, 

and (3) lack of tumor-targeting specificity. To overcome these technical obstacles, we 

resorted to a clinically validated therapeutic strategy by conjugating both a therapeutic 

peptide and a tumor-targeting monoclonal antibody to fluorescent lanthanide oxyfluoride 

nanoparticles (LONp). In this proof of concept study with AML, we used a dual-specificity 

peptide antagonist of MDM2 and MDMX, termed PMI [25, 35], and a humanized 

monoclonal antibody against CD33.

The rationales for our experimental design of this multifunctional peptide drug delivery 

system are several-fold. First, AML, characterized by accumulation in the bone marrow of 

myeloblasts, remains a difficult cancer to treat as evidenced by a high rate of remission and a 

low overall survival rate [63]. In AML patients the TP53 gene is rarely mutated, and MDM2 

and/or MDMX levels are significantly elevated [39, 64, 65], making PMI an ideal drug 

candidate for AML treatment. Second, the vast majority of AML patients have elevated 

levels of CD33 expression on the surface of malignant blast cells, but not on normal 

hematopoietic pluripotent stem cells, making the antigen an attractive candidate for targeted 

therapy of AML [66, 67]. Third, anti-CD33 mAbs rapidly internalize upon binding to AML 

cells and, thus, are an ideal vehicle for intracellular delivery of PMI. Fourth, peptide 

conjugation to nanoparticles can significantly enhance its resistance to proteolysis, 

improving the bioavailability of PMI. Fifth, nanoparticle conjugation also increases the 

apparent size of a peptide cargo to minimize its renal excretion. Finally, LONp emits intense 

green fluorescence, endowing the antiCD33-LONp-PMI nanoparticle with a powerful 

imaging capability, which may be useful for tracking disease and monitoring treatment 

response.
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The experimental findings reported here fully validate our design strategy aims at improving 

peptide drugs’ bioavailability, cellular deliverability, and tumor-targeting specificity. We also 

demonstrated lanthanide oxyfluoride-derived nanoparticles as superior carriers of peptide 

and protein therapeutics that can be readily and reversibly released in the reducing 

intracellular environment. Although nanoparticles are capable of actively accumulating in 

solid tumors through “EPR” effects [16, 17], they are non-specific for hematologic 

malignancies such as AML. Conjugation of antiCD33 to LONp largely alleviated this 

problem and significantly improved LONp recognition of and internalization to CD33+ 

AML cells. Consequently, PMI efficiently induced apoptosis of CD33+ AML cell lines and 

primary leukemic cells isolated from AML patients by activating the p53 pathway, 

showcasing its potential as a novel class of peptide therapeutics for the treatment of AML. 

Of note, our very recent acute toxicity study suggests that antiCD33-LONp-PMI 

nanoparticles injected IP and IV at 50 μM (in 200 μl) are well tolerated in NSG mice, paving 

the way for an in vivo efficacy study in the future using appropriate mouse models.

Conclusion

Redox-responsive peptide delivery may become a robust technological platform in 

nanomedicine for the development of anticancer peptide therapeutics. We here developed 

lanthanide oxyfluoride nanoparticles (LONp) functionalized with an anti-CD33 mAb and a 

p53-activating antitumor peptide, PMI, for targeted molecular therapy of acute myeloid 

leukemia. Our fluorescent antiCD33-LONp-PMI nanoparticles can be efficiently taken up by 

AML cells overexpressing CD33 and kill p53+ tumor cells in vitro and ex vivo by 

antagonizing MDM2 and/or MDMX, promising a novel class of peptide therapeutics not 

only for potential treatment of AML but also for possible AML tracking and treatment 

response monitoring. Several different endocytotic pathways such as phagocytosis, 

macropinocytosis, clathrin- and caveolin-mediated endocytosis are involved in cellular 

uptake of nanoparticles [68], depending on a number of factors such as the cell type and 

cellular environment, particle size, shape, material, surface coating, and how nanoparticles 

interact with the cell, among others. Future studies are warranted to better understand the 

endocytotic uptake mechanisms of LONp-derived nanoparticles in order to exploit this 

nanomedicine strategy for possible applications to other human diseases.
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Fig. 1. 
Schematic Diagram of antiCD33-LONp-PMI for targeted molecular therapy of acute 

myeloid leukemia. The antiCD33-LONp-PMI were constructed by a thiol-induced 

molecular assembly of PMI-Cys and AntiCD33-Cys with biocompatible LONp. These 

nanoparticles can protect the peptides from enzymolysis, AML cells specifically, and get 

internalized by AML cells. In reductive cytosol, antiCD33-LONp-PMI can be reduced to 

release potent peptide drugs to kill AML cells.

Niu et al. Page 14

Biomaterials. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Morphology and spectroscopy characterization. (A) UV-VIS absorption spectra of the nano-

particles measured in PBS solution (pH7.4). At 214 and 280 nm, the characteristic 

absorption peaks were for amide bonds in antibody and aromatic structures in PMI 

respectively. (B) Fluorescence spectra measured after lyophilization. Two bands at 3400 and 

1650 cm –1 in FTIR spectra were attributed to the stretching vibration of N–H and C=O 

groups from peptides and proteins. (C) TEM images of anti-CD33-PMI-LONp, showing the 

uniformly dispersed particles in PBS buffer. HRTEM images (D), enlarge image (E) and 

corresponding FFT pattern (F) of an individual particle of anti-CD33-PMI-LONp, exhibiting 

their single crystal structure. (G) hydrodynamic diameter of anti-CD33-PMI-LONp 

measured in PBS buffer, pH 7.4, at 25°C by dynamic light scattering. (H) fluorescent 

photographs of LONp, antiCD33-LONp, LONp-PMI and antiCD33 -LONp-PMI measured 

in Milli-Q water and excited at 260nm.
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Fig. 3. 
antiCD33-Cys promotes AML cells recognition and internalization. (A) The recognition test 

of Anti-CD33-Cys compared to the commercialized CD33 antibody by flow cytometric 

analysis. FITC-labeled second antibody was used as signal source (B) Schematic diagram of 

different conjugations between antiCD33-Cys and LONp. (C) Flow cytometric analysis of 

site-specifically conjugated antiCD33-LONps uptake, compared to non-specifically 

conjugated antiCD33-LONps. The fluorescence signal come from the excitation of LONp. 

(D) Confocal microscopy image of antiCD33-LONps uptake. (E) Flow cytometric analysis 

of antiCD33-LONp-FITCPMI uptake (detection signal from PMI-FITC. ×600)
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Fig. 4. 
C-terminal Cys residue to PMI for LONp conjugation is functionally inconsequential; 

antiCD33-LONp-PMI resist PMI proteolytic extracellular and redox-responsibly release 

PMI intracellular. (A) fluorescence polarization-based competitive binding assay of PMI or 

PMI-Cys to MDM2, and the simulated structure of MDM2/PMI-Cys complex compared to 

MDM2/PMI complex (PDB code: 3EQS). (B) fluorescence polarization assay and structural 

simulation (compared to the MDMX/PMI complex, PDB code 3EQY) of MDMX/PMI-Cys. 

For fluorescence polarization measurements at room temperature on a Tecan Infinite M2000 

plate reader, FITC was covalently conjugated to the N terminal of (15–29)p53. Readings 

were taken at λex = 495 nm,λem = 520 nm. Non-linear regression analyses were performed 

to give rise to Ki values (mean ± SEM, n=3); each curve is the mean of four independent 

measurements with the error bars denoting SEM. (C) antiCD33-LONp-PMI protecting 

peptides from proteolytic of chymotrypsin. RP-HPLC was used to monitor and quantify 

time-dependent peptide hydrolysis. (D) Redox-dependent release profiles of peptides from 

antiCD33 -LONp-PMI in PBS with 50mg/ml DTT at pH 7.4.
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Fig. 5. 
antiCD33-LONp-PMI killed MDM2 overexpressed AML cell line - MOLM-13. (A) Dose-

dependent growth inhibition of MOLM-13 cells upon various treatments as determined by 

the CCK-8 cell viability assay. AntiCD33-LONp at a concentration of 40 μg/ml, equivalent 

in weight to antiCD33-LONp-PMI at 4.0 μM. (B) Protein expression analysis of p53, p21, 

MDM2, expression in MOLM13 cells after 48 h treatment with 500 nM antiCD33-LONp-

PMI, antiCD33-LONp, LONp-PMI or 5uM Nutlin3 by western blot, normalized by actin. 

Protein levels of p53, p21, MDM2, were quantified using Image J. Data are shown as the 

mean ± standard error (n = 3), and a t-test between control and antiCD33-LONp-PMI shows 

statistically significant difference (p<0.005). (C) Effects of antiCD33-LONp-PMI, 

antiCD33- LONp, LONp-PMI and Nutlin3 on MOLM-13 cells as determined by flow 

cytometric analysis. Viable cells are Annexin V and PI negative; cells in early apoptosis are 

Annexin V positive and PI negative; and cells that are in late apoptosis or already dead are 

both Annexin V and PI positive.
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Fig. 6. 
AntiCD33-LONp-PMI killed MDMX overexpressed AML cell line - OCI-AML2; in vitro 

cytotoxicity of antiCD33-LONp-PMI to B cells and HUVEC cells. (A) Effects of antiCD33-

LONp-PMI, antiCD33-LONp, LONp-PMI and Nutlin3 on OCI-AML2 cells as determined 

by flow cytometric analysis of apoptosis. (B) LIVE/DEAD staining (×600) of AML2 cells 

after treatment with 500 nM Anti-CD33-PMI-LONp, PMI-LONp or 5uM Nutlin3. Viable 

cells are green, and cells that are in late apoptosis or already dead are red. (C) B cells and 

(D) HUVEC cells viability after incubation with different dosages of antiCD33-LONp-PMI 

and 4 μg/ml antiCD33-LONp (equivalent in weight to antiCD33-LONp-PMI at 4.0 μM) for 

48 h using standard CCK-8 assay (n=5).
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Fig. 7. 
The ex vivo sensitivity of primary cells from patients with AML to antiCD33-LONp-PMI. 

(A) Schemata of the treatment for AML specimens. (B) Apoptosis of AML and healthy 

specimens after antiCD33-LONp-PMI treatment detected by flow cytometric analysis of 

apoptosis. (C) The CD33 positive percentage of AML specimens, measured by flow 

cytometric analysis via the commercial antiCD33 antibody purchased from Miltenyi Biotech 

(Percent CD33 positive cells in healthy donor is 1.59%) and their apoptosis percent after 

antiCD33-LONp-PMI treatment (measured by flow cytometric analysis of apoptosis). (D) 

Linear regression between the CD33 positive percent and the corresponding apoptosis 

percent, in which the amount of CD33 expressed on cell surface strongly correlated to the 

sensitivity of primary AML cells to the killing by antiCD33-LONp-PMI.
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Fig. 8. 
antiCD33-LONp-PMI real-time monitored the pharmacological effects of PMI. CLSM 

images of MOLM13 and OCI-AML2 at 12 h, 24 h and 48 h after 500 nM antiCD33 -LONp-

PMI treatment, scale bars: 60 μm. After first 12 h treatment, except for the intact cells and 

nuclei, some of the yellow nuclear of MOLM13 or OCI-AML2 showed some special 

morphologies of early apoptosis with the collapse of the chromatin against the nuclear 

periphery. After 24 h incubation, the counts of intact cells and nuclei revealed significant 

losses, meanwhile some entire nucleuses were condensed into a single dense ball, both of 

which were the typical hallmarks of apoptosis. After 48 h, nearly all the MOLM13 and OCI-

AML2 cells were dead or in terminal apoptosis. In accordance with the theoretical 

morphology in this time, the nucleus of two cell lines showed diffuse and granular 

substructure with divisions by fine septate-like structures, which were called the apoptotic 

bodies or ring-like structures.
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