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Abstract

FLT3 receptor is an important therapeutic target in acute myeloid leukemia due to high incidence 

of mutations associated with poor clinical outcome. Targeted therapies against the FLT3 receptor, 

including small-molecule FLT3 tyrosine kinase inhibitors (TKIs) and anti-FLT3 antibodies, have 

demonstrated promising preclinical and even clinical efficacy. Yet, even with the current FDA 

approval for two FLT3 inhibitors, these modalities were unable to cure AML or significantly 

extend the lives of patients with a common mutation called FLT3-ITD. While FLT3 is viable 

target, the approaches to inhibit its activity were inadequate. To develop a new modality for 
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targeting FLT3, our team engineered an α-FLT3-A192 fusion protein composed of a single chain 

variable fragment antibody conjugated with an elastin-like polypeptide. These fusion proteins 

assemble into multi-valent nanoparticles with excellent stability and pharmacokinetic properties as 

well as in vitro and in vivo pharmacological activity in cellular and xenograft murine models of 

AML. In conclusion, α-FLT3-A192 fusions appear to be a viable new modality for targeting FLT3 

in AML and warrant further preclinical development to bring it into the clinic.
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Introduction

Acute myeloid leukemia (AML) is a hematological malignancy characterized by a block in 

differentiation and uncontrolled proliferation of immature myeloid cells called blasts [1]. 

Clinical outcome of patients with AML remains poor, with less than 30% of patients 

surviving 5 years [2]. Mutations within the FMS-like tyrosine kinase 3 (FLT3) occur 

frequently in AML (~ 30% of cases) and are associated with higher incidence of relapse and 

shorter overall survival [3]. In particular the FLT3-internal tandem duplication (FLT3-ITD) 

mutation occurs in the juxtamembrane (JM) domain of FLT3, which leads to constitutive 

activation of the FLT3 kinase and downstream JAK/STAT5, Raf/MEK/ERK, and PI3K/Akt. 

All of these pathways promote leukemia growth and cell survival [4, 5].

Multiple tyrosine kinase inhibitors (TKI) (midostaurin, gilteritinib, and sorafenib) with 

activity in FLT3 are under clinical evaluation [6–8]. Although these TKIs have promising 

activity in patients with relapsed or refractory AML or in combination with chemotherapy as 

first line therapy, they remain limited mainly by acquired resistance. Evolving of secondary 

mutations in FLT3, upregulation of the FLT3-WT receptor, and the FL ligands, in addition to 

activation of other kinase survival pathways are mechanisms that contribute to the 

development of TKI resistance in treated patients [9, 10]. Other emerging therapies gaining 

significance are target-specific antibodies. Due to their high binding specificity and affinity, 

antibodies against FLT3 could serve as an attractive approach to target FLT3.

Single-chain antibody fragments (scFv) are about 30 kDa and consist of variable regions of 

heavy (VH) and light (VL) chains, which are joined by a flexible peptide linker. scFvs are as 

specific as full-length monoclonal antibodies yet possess lower immunogenicity and are 

more easily manipulated through recombinant protein engineering. Unfortunately, scFvs 

have short circulating half-lives in humans, likely as a result of glomerular filtration in the 

kidneys [11]. When compared to monoclonal antibodies that require expression in 

mammalian cells [12], scFvs can be more economically produced in Escherichia Coli [13]. 

However, purification of scFvs from E. coli has been challenging because they lack the 

stability of monoclonal antibodies and tend to aggregate. In some cases, scFvs can be 

identified as inclusion bodies in the periplasm of E. coli [14, 15]. Inclusion body purification 

requires specialized steps of solubilization and protein refolding [16], which lowers protein 

yield [17]. To address these challenges, we developed anti-FLT3 scFv fused with an elastin-
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like polypeptide (ELP), A192. ELPs are genetically engineered protein polymers that consist 

of the amino acid sequence (VPGXG)n, which is derived from human tropoelastin. “X” 

represents a guest amino acid, and “n” indicates the number of the pentameric repeats. As 

ELP sequences are derived from human tropoelastin, some ELPs including A192 appear to 

be biocompatible and biodegradable [18], and in fact, one of ELP fusions, Vasomara™, has 

successfully entered clinical trials by applying ELP technology [19]. ELPs undergo 

reversible phase separation above a tunable transition temperature, which is determined by X 

and n. This phase separation can be induced with mild salt or heat, and high purity ELP 

fusions can be obtained without chromatography [20]. Our team showed that fusion of an 

scFv to A192 generates a soluble bioactive nanoparticle [21]. In that study, a CD20 targeted 

scFv was shown to assemble into worm-shaped nanoparticles, which efficiently induced 

apoptosis in models of B-cell lymphoma [21]. In this study we now report the development 

of a new nanoparticle that targets the FLT3 receptor, has an extended pharmacokinetic half-

life, and demonstrates excellent pharmacological activity, a first of its kind therapy for AML.

Methods

α-FLT3-A192 cloning, expression and purification

The amino acid sequence for heavy and light variable fragment encoding α-FLT3 scFv 

(Supplemental methods and Fig. S1) was obtained from IMC-EB10, one of the anti-FLT3 

monoclonal antibodies patented by US20090297529A1, and the monoclonal antibody binds 

domain 4 of FLT3 and cross-reacts with mouse FLT3 [22]. The gene was fused to the amino 

terminus of an ELP called A192, in the pET-25b(+) vector, encoding α-FLT3-A192. For 

cloning, an α-FLT3 scFv gene was purchased (Integrated DNA Technologies, IA, USA) and 

ligated into an empty pET25b(+) vector cut using NdeI and BamHI restriction enzymes 

(New England Biolabs, MA, USA). Next, BseRI and BssHII restriction enzymes (New 

England Biolabs, MA, USA) were used to digest pET25b(+)-α-FLT3 scFv and pET25b(+)-

A192 to construct pET25b(+)-α-FLT3-A192. To confirm the correct ligation product, a 

diagnostic DNA digestion was performed using NdeI and BamHI restriction enzymes. The 

digestion was observed after electrophoresis on a 1% agarose gel. Further, the plasmid was 

sent for DNA sequencing with the primer specific for T7 promoter 

(TAATACGACTCACTATAGGG) and T7 terminator (GCTAGTTATTGCTCAGCGG), 

which confirmed in-frame insertion into the pET-25b(+) vector. To purify the fusion protein, 

Clearcoli® BL21 (DE) Electrocompetent Cells (60810, Lucigen, WI, USA) were 

transformed with the α-FLT3-A192 plasmid. After transformation, colonies were picked and 

cultured in 60 ml of Terrific Broth with Glycerol (TB) (C8153, CulGeneX, CA, USA) with 

100 μg/ml of carbenicillin at 37°C for 16–18 hours. ~10 mL of Clearcoli BL21 culture was 

added to an autoclaved 1L of TB with 100 μg/ml carbenicillin to culture a total of 6L of 

bacteria at 37 °C until the optical density at 600 nm (OD600) reached between 0.6 and 0.8. 

Once the measured OD600 reached 0.6, 400 μl of 1M isopropyl β-D-1-thiogalactopyranoside 

(IPTG) was added to each 1L flask to bring the final concentration to 400 μM IPTG. IPTG 

induction was allowed to proceed overnight at room temperature. The next day, bacteria 

were recovered by centrifugation at 4,000 rpm for 15 minutes, and the supernatant was 

discarded. Each pellet was resuspended with 30 ml of cold PBS, vortexed, and disrupted 

using a probe-tip Misonix sonicator S-4000 (Misonix, NY, USA). After sonication, 0.5 % of 
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polyethyleneimine (PEI) was added to each cell lysate, and the cell lysate was incubated on 

ice for 5 minutes. The cell lysate was centrifuged at 13,000 rpm for 15 minutes at 4 °C. The 

supernatant was collected, and solid NaCl was added to the supernatant to reach a final 

concentration of 2 M. Each supernatant was placed in the water bath at 37 °C until phase 

separation was observed. The supernatant was recovered by centrifugation at 4,000 rpm for 

15 minutes at 37 °C. After centrifugation, the supernatant was discarded, and the pellet was 

resolubilized with cold PBS on ice. The resolubilized pellet was centrifuged at 13,000 rpm 

for 15 minutes at 4 °C, and the supernatant was collected. This process, hot and cold 

centrifugation, was repeated three times with a decreasing volume of PBS and NaCl 

concentration to obtain pure α-FLT3-A192.

α-FLT3 scFv cloning, expression and purification

To purify α-FLT3 scFv, the gene was inserted into pFUSE vector with a C-terminal His6 tag, 

and the gene was expressed in Expi293F cells (Thermo Fisher, MA, USA). The expressed 

protein was purified by using immobilized metal affinity chromatography (IMAC) using Ni-

NTA beads (Thermo Fisher, MA, USA) followed by a Superdex 75 10/300 GL column (GE 

Healthcare Life Sciences, MA, USA) (Supplemental Information).

α-FLT3-A192 and α-FLT3 scFv protein concentration measurements

To measure the concentration of α-FLT3-A192, the fusion protein was denatured with 6 M 

guanidine hydrochloride to disrupt the assembly of nanoparticles. The protein concentration 

was measured using the following equation:

CELP = A280 − A350
εl (1)

Where A280 is absorbance at 280 nm, A350 is absorbance at 350 nm, ε is the molecular 

extinction coefficient at 280 nm, and l is the path length (cm). To obtain ε, the following 

equation was employed [23]:

ε = 125nCystine + 5500nTryptopℎan + 1490nTyrosine (2)

Using the above equation, ε of α-FLT3 scFv was estimated to be 40,130 L mol−1 cm−1 

assuming all pairs of cysteine residues are oxidized to form cysteine. ε of A192 was 

estimated to be 1,490 L mol−1 cm−1 as it has only one tyrosine. Therefore, ε of α-FLT3-

A192 was estimated to be 41,620 L mol−1 cm−1. The ε of α-FLT3 scFv expressed and 

purified from Expi293F cells was estimated to be 44,600 L mol−1 cm−1 assuming all pairs of 

cysteine residues are oxidized. The optical absorbance at 280 and 350 nm was measured 

with a NanoDrop 2000 (ThermoFisher Scientific Inc., MA, USA), which has a path length 

of 0.1 cm.

α-FLT3-A192 purity and transition temperature analysis

The purity of α-FLT3-A192 was measured using ImageJ (NIH, MD, USA). To run SDS-

PAGE, 10 μg and 20 μg of α-FLT3-A192 were loaded to a 4–20% precast SDS-PAGE gel 

(4561095, BioRad Laboratories, CA, USA). The gel was stained with GelCode™ Blue Safe 
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Protein Stain (24596, Thermo Fisher, MA, USA). The SDS-PAGE gel was imaged with a 

ChemiDoc Touch Image System (Bio-Rad Laboratories, CA, USA). Using ImageJ, a whole 

lane was plotted to obtain the area under each peak. The following equation was used to get 

the purity of the protein:

% purity = Apeak
Atotal peak

× 100% (3)

Apeak is the area under the peak of the interest, and Atotal peak is the area under all peaks 

observed on the SDS-PAGE gel. The transition temperature (Tt) was measured using 

Beckman Coulter DU 800 UV/Vis spectrometer (Beckman Coulter, CA, USA). To measure 

the transition temperature, four different concentrations of α-FLT3-A192, 3.125, 6.25, 12.5, 

and 25 μM were prepared. Then, the samples were heated at a rate of 1°C/min. starting from 

20 °C to 85 °C. To find the transition temperature, OD350 was measured every 18 seconds. 

Tt was determined where the maximum first derivative of the OD350 with respect to 

temperature occurred. This data was fit to the following equation:

T t = b − mlog10 CELP (4)

Where b is the y-intercept representing the extrapolated Tt at a concentration of 1 μM, m is a 

slope representing the change in °C per 10-fold change in ELP concentration, CELP.

α-FLT3-A192 protein refolding

To maximize the biological activity, the fusion protein was refolded (Fig. S2). The same 

volume of 8 M urea buffer with 10 mM β-mercaptoethanol (BME) as the volume of the 

fusion protein in PBS was added. After mixing the 8 M urea buffer, the fusion protein was 

dialyzed to 3 M urea buffer with 2 mM glutathione (GSH) and 0.4 mM oxidized glutathione 

(GSSH) for 24 hours at 4 °C. Then, the protein was dialyzed to 1 M urea buffer with 2 mM 

GSH and 0.4 mM GSSH, 0.5 M urea buffer, 0 M urea buffer, and then 2 times of PBS for 24 

hours for each step at 4 °C. To measure the endotoxin level of the refolded α-FLT3-A192 

and A192, three dilutions (10−3, 10−4, 105), were used to prepare protein samples. The 

chromogenic endotoxin testing kit, Pyrochrome® (Associates of Cape Cod, Inc., MA, 

USA), was used to quantify the endotoxin burden of the fusion protein and A192 

(Supplemental method).

Measurements of the hydrodynamic radius of α-FLT3-A192 and colloidal stability

To measure the hydrodynamic radius and the stability of α-FLT3-A192, dynamic light 

scattering (DLS) was employed. To run DLS, 25 μM of α-FLT3-A192 was prepared in PBS, 

filtered with a 0.22 μm filter, and 60 μl of the protein was added to each well of a 384-well 

plate. To prevent evaporation of the protein, 15 μl of mineral oil was added to each sample. 

The hydrodynamic radius was measured with a DynaPro Plate Reader II (Wyatt Technology, 

CA, USA) at 37 °C. The hydrodynamic radius of A192 was also measured to observe how 

the fusion of α-FLT3-A192 changes the hydrodynamic radius. To measure the stability of 

the fusion protein, the plate was incubated at 37 °C, and every 24 hours, the hydrodynamic 

radius of α-FLT3-A192 was measured until 72 hours.
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Measurement of absolute size and weight of α-FLT3-A192 nanoparticles

To measure the absolute molecular mass of α-FLT3-A192 nanoparticles, size exclusion 

chromatography-multi-angle light scattering (SEC-MALS) was employed. To run SEC-

MALS, 10 μM of α-FLT3-A192 was prepared, and the protein was filtered with a 0.22 μm 

filter. A Shodex protein KW-804 (8.0mmI.D.×300mm) (Showa Denko America, NY, USA) 

was equilibrated with PBS. The fusion protein elusion was observed with three detectors, 

UV 210 mm detector (SYCLC-1200) (Agilent Technologies, CA, USA), multi-angle static 

light scattering detector (DAWN HELEOS) (Wyatt Technology, CA), USA, and differential 

refractometer (Optilab rEX) (Wyatt Technology, CA, USA). The data were analyzed by 

ASTRA 6 software.

α-FLT3-A192 binding study

To determine the binding specificity of α-FLT3-A192 to cells overexpressing FLT3 

receptors, the fusion protein was labeled with 5(6)-Carboxytetramethylrhodamine 

succinimidyl ester (NHSrhodamine) (46406, Thermo Fisher, MA, USA) and free dye was 

removed by Zeba™ Spin Desalting Columns (Thermo Fisher, MA, USA). Optical density 

was used to quantify the rhodamine concentration for labeled ELPs using the following 

equation:

CELP = A555
εRℎodamine × l (5)

Where CELP is the concentration of rhodamine-labeled proteins, A555 is absorbance at 555 

nm, εRhodamine is molecular extinction coefficient of NHS-rhodamine, which is 80,000 L 

mol−1 cm−1. Based on these measurements, the degree of labeling was ~1.2, ~1.6 rhodamine 

per A192, α-FLT3-A192 respectively. MOLM-13, MV4–1, and U937 cells were treated 

with 1 and 10 μM of the rhodamine-labeled protein and incubated for 30 minutes at 4 °C. As 

a negative control, 25 μM of rhodamine-labeled A192 was used. Cells were washed twice 

with PBS and transferred to glass-bottom MatTek plates (P35G-0.170–14-C, MatTek 

Corporation, MA, USA) for live cell imaging. Images were captured using ZEISS LSM 880 

Confocal Laser Scanning Microscope (Zeiss, Germany) using a 63× objective. Images were 

quantified with ImageJ to compare the intensity levels among the different cell lines and 

treatment doses. For the competitive binding assays, 0.5×105 MOLM-13 and MV4–11 cells 

were pre-incubated with 0.4μg IgG (Santa Cruz, Cat # 2025) or anti-FLT3mAb (Thermo 

Fisher, Cat # 17135182) at 0.1, 0.2, and 0.4 μg in 100 μl PBS for 30 mins on ice. Cells were 

then washed and treated with rhodamine-labeled α-FLT3-A192 (10 μM) for 30 mins on ice. 

Unbound α-FLT3-A192 was washed away and binding of α-FLT3A192 was analyzed by 

measuring the shift in the mean fluorescent intensity (MFI) by flow cytometry.

Pharmacokinetic (PK) study of α-FLT3-A192 and α-FLT3 scFv

To compare the PK parameters of the α-FLT3-A192 Nanoparticles to those of free α-FLT3 

scFv both formulations were NHS-rhodamine labeled and administered IV to ~20 g mice, 

injected into tail vein of female 4 to 6-week-old NOD-scid /Il2rg−/− (NSG) mice (n=5). The 

same concentration of α-FL3-A192 with the one in vivo study was used, and as the yield of 

α-FLT3 scFv was poor, the maximum concentration of the scFv was used. Labeled α-FLT3-

Park et al. Page 6

J Control Release. Author manuscript; available in PMC 2021 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A192 was dosed at 150 μl/20g BW of 360 μM rhodamine (220 μM total protein 

concentration) and α-FLT3 scFv was dosed at 150 μl/20g BW of 30 μM rhodamine (110 μM 

total protein concentration). Blood samples (10–30 μl of blood) were collected by 

venipuncture and mixed with 80 μl of heparinized cold PBS (1,000 U/ml). Nanoparticle 

plasma samples were obtained at 3 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 36 h, 48 h, and 

72 h post injection. scFv alone plasma samples were obtained at 3 min, 15 min, 30 min, 45 

min, 1 h, 2 h, 4 h, 6 h, 10 h, 24 h, 48 h, and 72 h post injection. Samples were centrifuged at 

2,000 g for 10 minutes to collect diluted plasma. The diluted plasma was transferred to a 96-

well plate, and a Biotek Synergy H1 Hybrid Multi-Mode Reader (Biotek, VT, USA), which 

was employed to measure the fluorescence (Excitation/Emission: 540/580 nm). Standard 

curves were generated from the rhodamine concentrations of 2, 5, 14, 41, 123, 370, 1111, 

3333, and 10000 nM for α-FLT3-A192 Nanoparticles. For α-FLT3 scFv, standard curve was 

plotted with the fluorescence measurements of 12, 37, 111, 333, and 1000 nM of rhodamine-

labeled α-FLT3 scFv. After obtaining the rhodamine-labeled protein concentration in the 

plasma over time, the collected sera were run on an SDS-PAGE gel, and the gel was imaged 

with a ChemiDoc Touch Image System. All fluorescent proteins were visualized on the gel, 

and the fraction of the protein of interest was calculated using ImageJ at each time point 

(Fig. S4 and Table S3, S4, S5, S6). The fraction was applied to the measured concentration 

of α-FLT3 scFv and α-FLT3-A192, and the concentration over time was plotted to obtain 

PK curves.

Relative accumulation of α-FLT3-A192 nanoparticles using whole-tissue fluorescence 
imaging

To analyze the accumulation of rhodamine-labeled α-FLT3-A192, the liver, kidneys, and 

spleen were collected from NSG mice (n=5) after 96 hours post injection, and the organs 

were imaged with In Vivo Imaging System (IVIS) Lumina Series III (PerkinElmer, MA, 

USA). The exposure time for the imaging was 1 second. Similarly, to analyze the 

accumulation of rhodamine-labeled αFLT3 scFv, the liver, kidneys, and spleen were 

collected from NSG mice (n=5) after 96 hours post injection, and the organs were imaged 

with iBright FL1000 Imaging System (Thermo Fisher, MA, USA). The exposure time for 

the imaging was set to 1 second. To compare the relative accumulation of α-FLT3-A192 and 

α-FLT3 scFv in the liver, kidneys, and spleen, organ images collected from IVIS and iBright 

FL1000 Imaging System were analyzed with ImageJ, and % mean fluorescence was 

calculated in those organs by using the following equation:

% Mean fluorescence = Mean fluorescence
Total mean fluorescence (6)

where the total mean fluorescence is the sum of mean fluorescence of the liver, kidneys, and 

spleen. Mean fluorescence from each kidney was averaged to measure the accumulation to 

the kidneys.

Cell culture

MV4–11 cells were purchased from ATCC. MOLM-13 and U937 cells, were kindly 

provided by Dr. Wendy Stock’s lab. All the cell lines were authenticated at the University of 
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Arizona Cell Authentication Core. All cell lines were cultured in Roswell Park Memorial 

Institute 1640 (RPMI 1640) medium (Thermo Fisher, MA, USA) supplemented with 10% 

fetal bovine serum (FBS) and 100 U/mL penicillin (Thermo Fisher, MA, USA).

Viability assays

Cell viability experiments were performed by incubating 0.5×105 cells with either control-

A192 or α-FLT3-A192 (1,10, 25 and 50 μM) for 30 minutes on ice and then seeding the 

cells at a concentration of 5×105/mL in a 12 well plate. The number of live cells at 72 hours 

was counted using trypan blue (cat.no:15250–061, Life Technologies, Carlsbad, USA), and 

cell viability was determined by the ratio of the number of live cells in treated samples to 

that in untreated cells. Experiments were performed three times. To determine the IC50 for 

MOLM-13, MV4–11 and U937 cells 5×104 cells treated with α-FLT3-A192 (0.01, 0.1, 0.5, 

1, 10, 25, 50, 75 and 100 μM) were seeded in triplicate wells in a 96 well plate. Viability 

was then measured using alamar blue assay (cat no: DAL 1100, Invitrogen, Carlsbad, USA). 

Briefly, 72 hours after seeding cells, 10 μl of Alamar blue was added per well, and incubated 

for four hours at 37 °C, after which fluorescence was measured on a synergy H1 microplate 

reader. Change in viability was calculated by normalizing the fluorescence of treated cells to 

that of untreated cells. IC50 was calculated based on non-linear regression.

Flow cytometry analysis

The binding of A192 or α-FLT3-A192 to cell-surface FLT3 was assessed by flow cytometry. 

Briefly, 0.5×105 FLT3-ITD+ MOLM-13, MV4–11 cells or the FLT3null U937 cells were 

incubated with either rhodamine-labeled A192 or α-FLT3-A192 (1, 10, and 25 μM) for 30 

minutes on ice. Cells were then washed to remove unbound antibody. Bound rhodamine-

labeled A192 and α-FLT3-A192 were measured by assessing the shift in the mean 

fluorescence intensity (MFI) by flow cytometry. Data were analyzed by normalizing MFI to 

unstained cells. For in vitro apoptosis assays, cells were stained using the Annexin V and PI 

APC kit according to the manufactures protocol (Invitrogen, Cat no:88–8007-72). The 

percentage of APC+ cells were compared among groups. For in vivo experiments, 

engraftments were measured using cellsurface expression of human CD45 (huCD45: 

cat.no:25–0459-41, eBioscience, CA, USA). Cells were stained with PE-Cy7-A conjugated 

anti-huCD45. Mean florescence intensity (MFI) of PE-Cy7-A was used to quantify data. 

Data were analyzed using the LSRII BD Fortessa X20 flow cytometer and processed using 

FloJo software (BD, Franklin Lakes, NJ, USA).

Immunoblotting

Immunoblotting was performed by lysing cells in Pierce-Protease lysis buffer (cat.no:8788, 

Thermo Fisher, MA, USA), supplemented with a protease inhibitor mix (cat.no: A32959, 

Thermo Fisher, MA, USA). Protein concentrations were measured using the Bicinchoninic 

acid (BCA) protein assay reagent (Pierce, Thermo Scientific, MA, USA). 30 μg of total 

cellular lysates were added to each lane of SDS-PAGE gels. Lysates were resolved by 

electrophoresis and transferred overnight to a polyvinylidene fluoride membrane. 

Membranes were blocked with 5% non-fat milk or bovine serum albumin and probed with 

indicated antibodies: ERK (Cell Signaling, cat.no.9102), P-ERK (Cell Signaling, 

cat.no.9101), STAT5 (Cell Signaling, cat.no.9351), STAT5 (Santa Cruz, cat.no.sc-835), 
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GAPDH (Santa Cruz, cat.no. sc-32233. Horseradish peroxidase (HRP)conjugated secondary 

antibodies (Santa Cruz Biotechnology, TX, USA) were used for detection. Immunodetection 

was achieved with the SuperSignal Chemiluminescent Substrate (Thermo Fisher) and 

detected by a Bio-Rad Chemidoc Gel Imaging machine.

In vivo efficacy studies

All animal protocols were approved by the Institution for Animal Care and Use Committee 

of the University of Southern California. For xenograft experiments, male and female 4- to 

6-week-old NOD-scid /Il2rg−/− (NSG) were purchased from Jackson Laboratory (Bar 

Harbor, ME). Approximately 2.5×106 MOLM-13 cells were administered via tail vein 

injection. Data were obtained and summarized from two independent experiments. For the 

first experiment male mice were engrafted and treated with A192 (n=5), α-FLT3-A192 

(n=5) or midostaurin (n=3). For the second experiment female mice were engrafted with 

MOLM-13 cells were treated with A192 (n=3) or α-FLT3-A192 (n=3). Based on IC50 of α-

FLT3-A192, it was decided to use the maximum possible concentration of α-FLT3-A192 

and so that the plasma concentration can be close to the measured IC50 in MOLM-13 cells. 

In both experiments, mice were treated with 200 μL of 220 μM A192 or α-FLT3-A192 via 

tail vein on day 7, 10, 13 and 16 post engraftments. 100mg/kg midostaurin was administered 

daily by oral gavage on days 7 to 11 based on previous reports [24, 25]. Mice were 

euthanized on day 17 and organs (spleen, bone marrow and blood) were collected for further 

analyses. Isolated cells from bone marrow and peripheral blood, tissues were stained for 

huCD45 and analyzed using flow cytometry. For survival analysis, female mice engrafted 

with MOLM-13 cells were treated with 200 μL of 220 μM of A192 (n=7) or α-FLT3-A192 

(n=7) on days 7, 10, 13 and 16 post leukemia engraftments. Mice were euthanized when 

they displayed signs of distress including: lethargy, severe weight loss, hair loss, and/or 

hunched appearance.

Statistical Analysis

A global one-way ANOVA followed by the Tukey post-hoc test was used to determine 

whether mean values are significantly different between groups for confocal and IVIS image 

analysis. All the data is presented as mean ± standard deviation (SD). Student t test was used 

to determine if the difference in means between two groups was statistically significant for 

viability, apoptosis, and engraftment analysis. For the mice survival analysis, Kaplan Meier 

survival analysis was performed based on Log-rank (Mantel Cox). p < 0.05 was considered 

significant.

Results

Characterization of α-FLT3-A192 nanoparticles

The fusion protein, α-FLT3-A192, was expressed in Clearcoli BL21, and the produced 

fusion protein was soluble in PBS. Both ELPs (Table 1) undergo reversible phase separation 

above a transition temperature (Tt) [18]. Through induction of this phase separation, α-

FLT3-A192 was purified at a level of 77 mg/L culture with an apparent purity of ~82 % 

(Fig. 1B). The purity measured on fluorescent imaging of an SDS-PAGE gel with NHS-

rhodamine labelled α-FLT3-A192 was ~92 %. The fusion of α-FLT3 scFv to A192 
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substantially lowered Tt compared to A192. As shown in Fig. 1C, α-FLT3-A192 phase 

separates above 42.3 °C while A192 phase separates above 59.9 °C (25 μM in PBS). Using 

the chromogenic endotoxin testing kit, Pyrochrome®, the endotoxin level of A192 and α-

FLT3-A192 was measured to be 0.06 EU/nmol and 23.9 EU/nmol respectively. Since the α-

FLT3-A192 was produced in ClearColi expression system, these nanoparticles cannot 

activate human TLR-4 [26]. In addition, the ClearColi expression system significantly 

lowered the detected LAL endotoxin level of α-FLT3-A192. When the fusion protein was 

expressed in Shuffle® T7 cells (New England Biolabs, MA, USA), we observed 

significantly higher endotoxin level (3400 EU/nmol) compared with that in the ClearColi 

cells (Table S1). DLS analysis shows that α-FLT3-A192 forms nanoparticles at 37 °C (Fig. 

2A, Table S2). The hydrodynamic radius of α-FLT3-A192 was monitored for 72 hours, 

which demonstrated that α-FLT3-A192 nanoparticles are stable colloids at 37 °C in PBS 

(Fig. 2B). The average of absolute mass of nanoparticles was analyzed with SEC-MALS and 

indicated that approximately 60 α-FLT3-A192 molecules form a nanoparticle. SEC resolved 

a minor peak and major peak with an absolute mass of 5.6×106 Da and 6.4×106 Da, 

respectively (Fig. 2C). The Rg/Rh ratio = 1.1 for the major peak, which is consistent with an 

extended rod-like nanostructure (Table 1).

α-FLT3-A192 binds specifically to FLT3 surface receptor in vitro

To assess the binding affinity and specificity of α-FLT3-A192 to the FLT3 receptor, 

MOLM-13 and MV4–11 cells (FLT3-ITD+ AML cell lines) or U937 cells (FLT3− AML cell 

line) were incubated with 1 μM or 10 μM of rhodamine-labeled α-FLT3-A192 or 25 μM of 

rhodamine labeled A192 for 30 minutes. Confocal microscopy images showed dose 

dependent increase in the fluorescence signals obtained from MOLM-13 and MV4–11 cells 

treated with α-FLT3-A192 compared with negative signal in A192 treated cells, which is 

consistent with positive binding. In addition, FLT3 negative U937 cells did not show any 

binding of α-FLT3-A192, which suggests that the fusion protein is specific to FLT3 

receptors. A192 did not result in fluorescence signals in any of the cell lines, suggesting lack 

of binding. (Fig. 3A and 3B).

The binding of rhodamine labelled α-FLT3-A192 to cell surface FLT3 was also assessed 

using flow cytometry. In MOLM-13 cells a significant increase in binding was observed in 

cells treated with α-FLT3-A192 10 μM compared to A192 (normalized MFI 1.0 vs. 2.0; 

p<0.0001). In MV4–11, a significant increase in binding was observed between cells treated 

with A192 vs 1 μM of α-FLT3-A192 (normalized MFI 1.0 vs. 1.36; p=0.03) and in α-FLT3-

A192 10 μM (normalized MFI 1.0 vs. 1.7; p=0.006). On the contrary, α-FLT3-A192 showed 

minimal binding in FLT3 negative U937 cells (Fig. 3C).

To further establish the specificity of α-FLT3-A192 binding to FLT3, a competitive binding 

assay was performed. MOLM-13 and MV4–11 cells were pre-treated with anti-FLT3mAb 

and were then washed and treated with rhodamine-labeled α-FLT3-A192. After normalizing 

to untreated cells, MFI of samples pre-treated with anti-FLT3mAb were normalized to cells 

treated with α-FLT3-A192 alone. In both MOLM-13 and MV4–11 cells pre-treated with 

anti-FLT3mAb (0.1, 0.2 and 0.4 μg) had a significant decrease in binding to α-FLT3-A192. 
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Pre-treatment with an irrelevant IgG did not affect the binding of α-FLT3-A192 to surface 

FLT3. No binding was observed in cells treated with rhodamine-labeled A192 (Fig 3D).

Antileukemic activity of α-FLT3-A192 in AML cells

Next, to determine the antileukemia effects of α-FLT3-A192, FLT3-ITD+ cells (MOLM-13 

and MV4–11 cells) were treated with α-FLT3-A192 at 1, 10, 25 and 50 μM, or the same 

concentrations of A192. Viable cells were counted using the trypan blue assay. The 

percentage of viable cells was significantly reduced when MOLM-13 cells were treated with 

α-FLT3-A192 compared with A192 at 1 μM (p=0.0009, 17% decrease), 10 μM (p=0.0002, 

23% decrease), 25 μM (p<0.0001, 34% decrease) and 50 μM (p<0.0001, 36% decrease) 

(Fig. 4A). Similarly, in MV4–11 cells α-FLT3-A192 significantly reduced cell viability at 1 

μM (p<0.0001, 67% decrease), 10 μM (p<0.0001, 71% decrease), 25 μM (p<0.0001, 80% 

decrease) and 50 μM (p<0.0001, 83% decrease) (Fig. 4B). No effect was seen on FLT3 

negative U937 cells (Fig. 4C). We also performed viability assay using the α-FLT3 scFv that 

was generated using the same sequence but in mammalian cells and found strong anti-

leukemic activity (Fig. S3). IC50 values of α-FLT3A192 for MOLM-13 and MV4–11 cells 

were determined as 46.87 μM and 5.65 μM, respectively (Fig. 4D and 4E respectively). We 

also assessed whether the decrease in cell viability was due to an enhanced apoptosis in α-

FLT3-A192 treated cells. Apoptosis measured by Annexin V staining was significantly 

increased at 72 hours for MOLM-13 cells treated with α-FLT3-A192 (25 μM: p=0.007, 

5.27% vs. 42.76%; and 50 μM: p=0.05, 5.58% vs. 53.83%; Fig. 4F). Similarly, MV411 cells 

treated with α-FLT3-A192 showed higher levels of apoptosis compared with A192 treated 

cells (25 μM: p=0.003, 25.36% vs 62.77%; and 50 μM: p=0.0004, 24.43% vs 66.36%; Fig. 

4G). No effect was observed in FLT3 negative U937 cells (Fig. 4H).

α-FLT3-A192 inhibits the FLT3 signaling pathway

FLT3-ITD mutations cause a constitutive activation of FLT3 kinase and subsequent 

activation of its downstream proliferative signaling pathways, including the Ras/MAPK 

kinase (MEK)/extracellular signal-regulated kinase (ERK) pathway and PI3K/Akt pathway 

[27]. In contrast to wild-type FLT3 signaling, FLT3-ITD also activates the STAT5 pathway 

[28–30]. To determine the effect of α-FLT3-A192 nanoparticles on FLT3-ITD downstream 

signaling, FLT3ITD+ MOLM-13 and MV4–11 cells were treated with α-FLT3-A192 (25 

μM) for 1, 6 and 24 hours. FLT3 targets phospho-STAT5 and phospho-ERK were assessed 

by western blot. There was a significant decrease in both phospho-STAT5 and phospho-ERK 

at 6 and 24 hours post treatment with α-FLT3-A192 compared with cells treated with 

control-A192 (25 μM). (MOLM-13 cells, Fig. 5A; MV4–11 cells, Fig. 5B)

PK parameters of α-FLT3-A192 outperform α-FLT3 scFv

PK study of α-FLT3-A192 and α-FLT3 scFv showed that both proteins fit a biexponential 

decay model using the following equation:

Cp = Ae−αt + Be−βt (7)
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Where A, B, α, and β are ‘macroconstants’ that can be fit with nonlinear regression. Using a 

noncompartmental and two-compartmental analysis, the PK parameters of α-FLT3-A192 

and α-FLT3 scFv were obtained. The terminal half-life of α-FLT3 scFv was measured to be 

2.34 hours and mean residence time was 1.74 hours. The clearance of the protein was 

calculated to be 0.03 ml/hr·g, and the steady-state volume of distribution 0.06 mL/g. On the 

other hand, the terminal half-life of the fusion protein was determined to be 14.7 hours, and 

mean residence time was 18.7 hours. The clearance of the fusion protein was determined to 

be 0.07 mL/hr·g, and the steady-state volume of distribution was calculated to be 1.50 mL/g 

(Fig. 6A, Table 2, and Table 3). Images of spleen, kidneys, and liver showed that both α-

FLT3 scFv and α-FLT3-A192 nanoparticles still resided in those organs after 96 hours from 

the injection (Fig. 6B and 6C). The whole-tissue fluorescence imaging analysis indicated 

that the relative accumulation of α-FLT3-A192 in the kidneys was significantly lower than 

that of α-FLT3 scFv (p≤0.05). On the other hand, the relative liver accumulation of α-FLT3-

A192 was not statistically different from that of α-FLT3 scFv (p>0.05). The spleen 

accumulation of α-FLT3-A192 was significantly higher than that of α-FLT3 scFv (p≤0.01).

Antileukemia activity of α-FLT3-A192 in FLT3-ITD xenograft murine model

To assess the in vivo therapeutic potential of α-FLT3-A192 nanoparticles, the MOLM-13 

leukemia murine model was used. NSG mice were engrafted with 2.5×106 MOLM-13 cells. 

Mice were then randomized into two treatment groups. Mice were treated with 176 mg/kg/

mouse with either A192 (n=8) or α-FLT3-A192 (n=8) on day 7, 10, 13 and 16 or daily 

100mg/kg midostaurin (n=3) on days 7–11 post leukemia engraftments. Mice were 

euthanized on day 17 and organs were evaluated for leukemia burden. Mice treated with α-

FLT3-A192 had smaller spleens that weighed significantly less compared with the A192 

treated mice (48 vs. 126 mg, p=0.03) (Fig. 7A). Flow cytometry analysis of huCD45 for 

leukemia engraftment revealed that α-FLT3-A192 mice had significantly less engraftment 

compared with the A192 mice in the peripheral blood (%huCD45: 17.5 vs. 43.44, p=0.01; 

Fig. 7C-D) and the bone marrow (%huCD45: 10.2 vs. 26.1%, p<0.0001; Fig. 7E-F). To 

demonstrate that this model is responsive to a kinase inhibitor of FLT3, a therapeutic 

regimen of midostaurin was used a positive control. Midostaurin resulted in smaller spleens 

as compared with A192 treated mice (46.83 vs. 126 mg). Analysis of huCD45 for leukemia 

engraftment revealed that midostaurin significantly reduced engraftment compared with the 

A192 mice in the peripheral blood (%huCD45: 13.73 vs. 43.44, p=0.03; Fig. 7C-D) and the 

bone marrow (%huCD45: 11.59 vs. 26.1%, p=0.0003; Fig. 7E-F). There was no difference 

in the engraftment of mice treated with midostaurin or α-FLT3-A192.

Next, the effect of α-FLT3-A192 was observed on the survival of MOLM-13 engrafted 

mice. For survival analysis, 2.5×106 MOLM-13 cells were engrafted in NSG mice. Mice 

were treated with four doses 176 mg/kg/mouse of either A192 (n=7) or α-FLT3-A192 (n=7) 

on day 7, 10, 13 and 16. Mice in the α-FLT3-A192 treatment group survived significantly 

longer than mice in the A192 group (median survival: 36 vs. 30 days, p=0.0015).
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Discussion

The FLT3 receptor is a key therapeutic target for AML because it is frequently 

overexpressed or mutated in leukemic blasts. Also, the presence of the ITD mutation is 

associated with a poor prognosis [31–34]. Targeted therapies against FLT3-ITD have long 

been investigated, including small-molecule FLT3 tyrosine kinase inhibitors (TKIs) and 

FLT3 antibodies, which showed promising results in clinical trials. Recently two FLT3 

inhibitors received FDA approval for treating FLT3-ITD+ patients. Midostaurin is approved 

for the treatment of pre-transplant patients in combination with standard therapy. Despite 

progress, half of these patients die of their disease within 4 years. Gilteritinib is approved for 

relapsed and refractory AML in patients with FLT3-ITD. Yet, the Phase III ADMIRAL Trial 

showed that only 37% of treated patients survived longer than one year [2, 6]. In addition, 

the potential resistance emerging from the selective oncogene inhibition by a potent and 

highly specific kinase inhibitor like gilteritinib is a major clinical challenge. The presence of 

wild-type FLT3, which is sensitive to FLT3 ligand and relatively resistant to FLT3 inhibitors, 

may also contribute to resistance. In addition, the high level of FLT3 ligand found in the 

bone marrow microenvironment leads to persistent activity of the FLT3/MAPK pathway and 

provides survival signals to leukemic blasts. Activation of pathways downstream of FLT3 

and FLT3-ITD, such as MAPK and STAT5, also contribute to inherent resistance to FLT3 

inhibitors [10, 35, 36]. Furthermore, due to the limited specificity of first-generation TKIs 

there is increased toxicity associated with their high dose clinical use [37–39]. Altogether, 

these data challenge us to design and develop better therapeutic approaches for patients with 

FLT3-ITD. Antibodies against FLT3 were developed in an attempt to address the limitations 

associated with TKIs. Previously, two human anti-FLT3 mAbs, IMC-EB10 and IMC-NC7 

were shown to have promising antileukemia activity both in vitro and in FLT3-ITD murine 

models [40]. However, phase 1 clinical trial (NCT00887926) to determine the safety of 

IMC-EB10 (LY3012218) in patients with relapsed or refractory AML was terminated due to 

lack of efficacy, even though the drug was safe [41]. It remains unclear why this antibody 

failed clinical testing. However, limitations associated with monoclonal antibody 

development may have contributed to this outcome. Factors related to the lack of therapeutic 

concentrations of the antibody on the target cells and limited clustering on the target 

receptors are critical pharmacological challenges of antibody therapies. Our study presents 

the development and validation of a new antibody-based FLT3 nanoparticle, which is 

composed of α-FLT3 single-chain variable fragment (scFv) linked to A192, an elastin-like 

polypeptide (ELP), derived from human tropoelastin.

Many studies regarding scFvs produced from E. coli are reported to forms aggregates, 

known as inclusion bodies; furthermore, these aggregates require complicated strategies to 

recover insoluble scFvs [42–44]. Interestingly, the fusion of A192 to α-FLT3 scFv generated 

a high yield of fusion protein (77 mg/L) in the soluble fraction after bacterial lysis. ELPs 

phase separate above tunable transition temperatures, and this characteristic facilitates the 

chromatography-free purification of the fusion protein. By using hot and cold centrifugation 

steps during protein purification, high purity of α-FLT3-A192 (82, 92 % purity by 

Coomassie, Rhodamine-labeling respectively) was obtained without attaching any additional 

purification tags, which can hinder protein activity [45, 46]. As humanized biomaterials, 
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ELPs are biocompatible and biodegradable [18]. Conjugating A192 to α-FLT3 scFv 

increases its molecular weight and stabilizes these antibodies into nanoparticles. Although 

A192 consists of repeats containing aliphatic amino acids, their solubility is enhanced due to 

hydration of a predominantly random-coil peptide backbone. Conversely, most scFvs tend to 

form inclusion bodies when produced in E. coli as well as precipitation during protein 

refolding, which represents their tendency to oligomerize into aggregates. In this light, the 

most likely mechanism of assembly is that fusion of A192 blocks formation of inclusion 

bodies of α-FLT3 scFv, favoring the formation of stable colloids. Neither A192 nor α-FLT3-

A192 nanoparticles undergo ELP-mediated coacervation until temperatures much higher 

than 37 °C. Meanwhile, the nanoparticles are observed even down to 10 °C. Thus, the 

tendency of scFv to precipitate and the high solubility of A192 suggests the nanoparticle 

core forms through oligomerization of the scFv protein domains.

Based on DLS and SEC-MALS, Rg/Rh ratio suggests that α-FLT3-A192 forms nanoworms, 

but there is a limitation of using the ratio as the fusion protein consists of two completely 

different proteins. To verify the fusion protein forms nanoworms, Cryo-TEM imaging can be 

employed in future. The stability of scFv fragments has always been a major challenge for 

developing scFvs as therapeutic antibodies [47–49]. However, the engineered α-FLT3-A192 

nanoparticles proved stable for three days at 37 °C. This supports the feasibility for moving 

forward with this approach into further clinical development. The endotoxin levels of α-

FLT3-A192 were significantly reduced by expressing the fusion protein in ClearColi cells 

instead of the Shuffle T7 cells. Lipopolysaccharide is the major pyrogen of concern for 

recombinant protein therapeutics; however, traditional anion exchange ‘polymixin’ 

chromatography is ineffective at removing endotoxin signal from these nanoparticles. As an 

alternative, these fusions have been expressed in Clear Coli bacteria, which produce a 

LipidA1 variant that is unable to activate human TLR4 and lacks the extended 

polysaccharide chain [26]. This strategy also reduced observed endotoxin levels on the 

chromogenic LAL test; however, levels remain higher than for free A192 or for FDA 

recommended guidelines. Thus while in vitro studies show the nanoparticles directly 

apoptose human cell lines and that free endotoxin is unable to do so, we cannot rule out 

TLR4-mediated recruitment of the innate immune system that remains in NOD/SCID mice.

The PK and pharmacodynamic testing of α-FLT3-A192 suggested excellent activity of this 

compound. In vitro, α-FLT3-A192 nanoparticles inhibit STAT5 and ERK phosphorylation in 

FLT3ITD+ cells (Fig. 5C), pathways that are known to drive cell survival and proliferation 

induced by FLT3-ITD mutations [50, 51]. This mechanistically corroborates that the α-

FLT3-A192 nanoparticles indeed act on the FLT3 signaling pathway. This is consistent with 

a previous study showing that an anti-FLT3 antibody, IMC-EB10 that targets the same 

domain as α-FLT3-A192 (domain 4 of FLT3) inhibited the FLT3-mediated activation of 

downstream signaling kinases [22]. We also observed one magnitude difference in IC50 

between MOLM-13 and MV4–11 cells. It is important to note that MV4–11 carries 

homozygous FLT3-ITD mutation while the MOLM-13 is heterozygous. This suggest that 

the MV4–11 cells are more dependent on the FLT3 signaling pathway compared with the 

MOLM-13 cells. This may potentially explain the higher sensitivity observed in the MV4–

11 cells.
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In the NSG murine model treatment reduced the leukemia burden and improved survival of 

MOLM-13 engrafted mice. Due to their small molecular weight, scFvs are susceptible to 

rapid renal clearance. The PK for a sample of scFvs administered to mice were assessed in 

brief review of the literature, which is detailed in the supplemental materials. Datapoints 

were extracted from the published plots to calculate half-lives and mean residence time 

(MRT) of several scFvs. The half-lives of scFvs were short, averaging about 2.2 ± 1.5 hours 

(mean ± 95% Cl, n=7). The MRT of scFvs was also short, averaging 2.4 ± 2.0 hours (mean ± 

95% Cl, n=7) (Table S7) [11, 52–57]. In addition, α-FLT3 scFv showed an MRT and 

terminal half-life (Table 2 and Table 3) that are consistent with these prior reports. In 

contrast, the terminal half-life of α-FLT3-A192 nanoparticles was 14.7 hours and the MRT 

was 18.7 hours. Both of these are significantly greater than values expected for free scFvs. 

While additional studies are required to understand their pharmacology and PK in other 

species, the nearly day-long MRT of α-FLT3-A192 nanoparticles in mice likely contributed 

to its activity in the MOLM-13 model of FLT3-ITD AML. In addition, we also evaluated the 

activity of α-FLT3 scFv that was generated using the same scFv sequence but expressed in 

mammalian cells. Although the fusion of α-FLT3 scFv to A192 significantly increased the 

half-life, lower anti-FLT3 activity was observed compared to α-FLT3 scFv in vitro (Fig. 

S3B). If the scFv forms the core of the nanoparticles, then the otherwise soluble A192 may 

cause steric hindrance to receptor binding, which reduced the anti-FLT3 activity of α-FLT3-

A192. In addition, as α-FLT3 scFv was purified from modified HEK293 cells, differences in 

post-translational modification and correct protein folding could further enhance the anti-

FLT3 activity of α-FLT3 scFv compared to α-FLT3-A192. Therefore, future experiments 

that compare α-FLT3-A192 with the cleaved form generated with the same system α-FLT3 

scFv is needed. This leukemia mouse model is aggressive due to rapid expansion of 

leukemic cells, so it is possible that the FLT3 receptor concentration in the model could be 

much higher than the anti-FLT3-A192 concentration. However, the PK study was done in 

healthy NOD-SCID mice where target saturation is not expected; therefore, we cannot 

exclude the possibility of target-mediated drug disposition (TMDD) effect on the PK.

Formulation of nanoparticles targeting FLT3 with a long half-life can bring advantages for 

AML treatment over anti-FLT3 mAbs. Targeting leukemic cells in both the systemic 

circulation and the bone marrow microenvironment is essential for an effective treatment for 

AML treatment. For mAbs to access the bone marrow, they need to be internalized through 

the reticuloendothelial uptake across the sinusoidal endothelial barrier [58]. The size of 

monoclonal antibodies is on the order of about 10 nm [59], which allows monoclonal 

antibodies to extravasate to many normal tissues [60, 61]. In general, mAbs do not 

specifically target the bone marrow microenvironment. Unlike a monoclonal antibody, the 

nanoparticulate nature α-FLT3-A192 appears to target two organs (liver, spleen) of the 

reticular endothelial system (Fig. 6B), which suggest they may also be substrates for 

reticuloendothelial uptake and retention in the bone marrow. Further, the average diameter of 

α-FLT3-A192 nanoparticles is 77.2 nm, which will restrict their extravasation to normal 

tissues in comparison with a mAb without impacting their retention in the bone marrow 

vasculature [62]. Further, the vasculature is leakier in patients with AML than in healthy 

people [58, 63], which may promote additional accumulation of α-FLT3-A192 in the bone 

marrow than for a monoclonal antibody. Therefore, in terms of targeting both peripheral 
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blood and bone marrow, α-FLT3-A192 nanoparticles have the potential to be superior to 

anti-FLT3 mAbs. The above conjecture must be experimentally evaluated in future studies. 

With growing efforts to target FLT3 and a high need to overcome current limitations, we 

have developed a novel therapeutic approach to target FLT3 in AML using α-FLT3-A192. 

These fusion proteins assemble stable nanoparticles with high specificity and efficacy in 
vitro and effective therapeutic and PK properties in a mouse xenograft of AML. This report 

was designed to demonstrates that α-FLT3A192 nanoparticles obtained from bacterial 

fermentation have therapeutic efficacy and potential as a platform technology. This 

manuscript shows that nanoparticle pharmacokinetics are significantly prolonged compared 

to single-chain antibody control. To definitively evaluate their potential in future studies, 

nanoparticle efficacy and toxicology must be compared with traditional single chain and 

monoclonal antibodies as a function of dose and dose frequency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of an elastin-like polypeptide (ELP) fusion protein targeting the FLT3 
receptor tyrosine kinase.
A) A single-chain variable fragment (scFv) targeting the FLT3 receptor tyrosine kinase was 

genetically fused to the amino-terminus of a high molecular weight ELP, A192 and 

expressed in E. coli. Dynamic light scattering (DLS) and size exclusion chromatography 

with multi-angle light scattering (SEC-MALS) suggest that α-FLT3-A192 forms 

nanoparticles. B) The recombinant fusion protein was purified using ELP-mediated phase 

separation, which was induced by increasing temperature and sodium chloride 

concentration. Using cycles of ‘cold’ and ‘hot’ centrifugation, recombinant fusion protein 

was obtained at high purity as demonstrated by SDS-PAGE stained by Coomassie. The red 

arrow indicates the major band for α-FLT3-A192. Lanes 2, 3 show the sample after 2, 3 

purification cycles respectively. The purity of the major band in Lane 3 was estimated at 

81.8%. On the right side, the fluorescent imaging of an SDS-PAGE gel shows the results of 

rhodamine labeling of α-FLT3-A192 used for PK study. The purity of the major band 

observed in the fluorescent imaging was estimated at 92.3 %. C) Optical density (350 nm) 

was used to evaluate ELP phase behavior over a range of temperatures and concentrations. 

While attachment of the scFv reduces the phase diagram curve with respect to free A192, at 

physiological salt concentrations (PBS) these ELP nanoparticles are expected to remain 

soluble during circulation at 37 °C.
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Figure 2. Recombinant α-FLT3-A192 fusions form stable nanoparticles.
A) The hydrodynamic radius (Rh) of recombinant α-FLT3-A192 was measured using 

dynamic light scattering (DLS) at 37 °C. While A192 has a size consistent with the 

molecular weight of a free polymer, α-FLT3-A192 formed a larger and more polydisperse 

population of nanoparticles. B) Nanoparticle stability at 37 °C was measured with DLS over 

three days. The Rh did not change substantially, which suggests the nanoparticles remain 

stable colloids. C) Size exclusion chromatography multi-angle light scattering (SEC-MALS) 

was employed to measure the absolute molar mass and the radius of gyration of the 

nanoparticles. Two peaks were observed, and their average molecular weights were 6.4×106 

Da and 5.6×106 Da for major peak 1, minor peak 2 respectively. Based on the expected 

molecular weight of the expressed fusion protein, these nanoparticles are composed of 

~sixty FLT3-A192 molecules. These nanoparticles have Rg/Rh ratio = 1.1, which is 

consistent with an extended nanoworm shape.
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Figure 3. Recombinant α-FLT3-A192 binds to FLT3 receptor tyrosine kinase.
FLT3 ITD+ AML cell lines MOLM-13 and MV4–11 and FLT3 negative U937 cells (0.5 × 

106 cells each) were treated with 1 μM or 10 μM of rhodamine labeled α-FLT3-A192 or 25 

μM of rhodamine labeled A192 for 30 minutes on ice. Binding was only observed in 

MOLM-13 and MV4–11 via A) Laser scanning confocal microscopy. B) Cell fluorescence 

was quantified with ImageJ by analyzing images obtained from laser scanning confocal 

microscopy. Higher fluorescence signal was observed in cells treated with 10 μM α-FLT3-

A192 compared with 1 μM. (U-937, n=35, 56, 20; MOLM-13, n=203, 70, 84; MV4–11, 

n=76, 62, 24) C) Binding of rhodamine labeled α-FLT3-A192 to MV4–11 and MOLM-13 

cells was confirmed via flow cytometry by measuring peak shift in rhodamine to bounds 

cells and quantifying based on mean fluorescence imaging. No binding was observed in 

U937 cells (FLT3 negative). A rhodamine-labeled A192 control failed to bind to any of the 

cell lines. D) Competitive binding assay was performed in MOLM-13 and MV4–11 cells by 

pre-treating cells with either anti-FLT3mAb (1, 2, 4 μg/mL) or IgG and then observing 

binding with rhodamine α-FLT3-A192 (10 μM). Binding was measured via Flow cytometry 

by measuring the peak shift in rhodamine to bound cell and quantifying based on mean 

fluorescence intensity. MFI was normalized to cells treated with α-FLT3-A192 alone. Data 

represented as mean ± SD, n=3. * p≤0.05 ** p≤0.01*** p≤0.001**** p≤0.0001
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Figure 4: α-FLT3-A192 has anti-leukemic activity in AML cells.
A-C) A trypan blue viability assay was performed in MOLM-13, MV4–11 (FLT3 ITD+) and 

U937 (FLT3 negative) cells treated with α-FLT3-A192 or an A192 control for 72 hours. The 

number of live cells was normalized to untreated cells. Data represented as mean ± SD, n=6. 

D-E) An IC50 of α-FLT3-A192 was measured using alamar blue staining in MOLM-13 and 

MV4–11 cells at 72 hours post treatment with the increasing concentration of α-FLT3-A192 

and plotted based on non-linear regression. F-H) Apoptosis was measured by flow cytometry 

in MOLM-13, MV4–11 (FLT3 ITD+) and U937 (FLT3 negative) cells at 72 hours post 

treatment with α-FLT3-A192 or control A192 using APC conjugated Annexin V stain and 

normalized to untreated cells. Data represented as mean ± SD, n=3.
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Figure 5: α-FLT3-A192 inhibits FLT3 downstream signaling
A) MOLM-13 and B) MV4–11 cells were treated with A192 or α-FLT3-A192 (25 μM). Cell 

lysates were collected at 0.5, 6 and 24 hours and prepared for western blot analysis; 

immunoblots were probed for STAT5 and ERK pathway. C) Quantified analysis for 

pERK/ERK and pSTAT5/STAT4 in MOLM-13 and MV4–11 cells. Experiment was 

performed in duplicates.
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Figure 6. The pharmacokinetic terminal half-life of α-FLT3-A192 nanoparticles exceed that of a 
control α-FLT3 scFv:
220 μM of rhodamine-labeled α-FLT3-A192 and 110 μM of α-FLT3 scFv in PBS was 

injected via the tail vein to mice (n=5) in 150 μl/25g B.W. Plasma was collected and 

measured for fluorescence. Rhodamine-labeled α-FLT3-A192 and α-FLT3 scFv 

concentrations were calculated using a standard curve. As quality control, plasma samples 

were all analyzed by SDS-PAGE to determine what fraction of total fluorescence remained 

associated with the intact, labeled protein (Fig. S4). A) The plasma concentrations were fit 

to Eq. 7 to obtain the PK curve, and the generated curve shows rhodamine-labeled α-FLT3-

A192 and α-FLT3 scFv concentration in the plasma over time. After 96 hours from the 

injection, spleen, kidneys, and liver were collected from mice treated with rhodamine-

labeled α-FLT3-A192. B-C) IVIS images (α-FLT3-A192) and iBright images (α-FLT scFv) 

of organs were obtained 96 hours post-injection and quantified based on the mean 

fluorescence measured from images using ImageJ. The fraction of total mean fluorescence 

(the sum of mean fluorescence of the liver, kidneys, and spleen) was calculated for each 

organ (Eq. 6), and the % mean fluorescence was plotted to compare the relative 

accumulation in major clearance organs was plotted. The accumulation of α-FLT3-A192 in 

the liver was not significantly different from that of α-FLT3 scFv (p>0.05). On the other 

hand, the accumulation of α-FLT3-A192 in the kidneys was significantly lower than that of 

α-FLT3 scFv (p≤0.05). In contrast, accumulation of α-FLT3-A192 in the spleen was 

significantly higher than that of α-FLT3 scFv (p≤0.01).
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Figure 7. 
Anti-leukemia activity of α-FLT3-A192 in FLT3-ITD murine model. Fig. A-F: 2.5 × 106 

cells MOLM-13 cells/mouse were engrafted in NSG mice. Mice were treated with 200 μL of 

220 μM of A192 (n = 8) or α-FLT3-A192 (n = 8) on day 7, 10, 13 and 16 post engraftment 

and euthanized on day 17. 100 mg/kg Midostaurin (N = 3) on day 7–11 post leukemia 

engraftments. A) Images of mice spleens show decreased in spleen size in mice treated with 

α-FLT3-A192 compared with A192 treated mice. Enlargement of spleen is consistent with 

progression of this AML model in A192 control mice. B) Spleen’s weights were measured, 

and spleens of mice treated with α-FLT3-A192 weighed significantly less compared with 

the A192 treated mice (0.48 vs. 126 mg, p = .03). C-D) Leukemia engraftment was 

measured using human CD45 (huCD45) antibody by flow cytometry in the peripheral blood 

(%huCD45- α-FLT3-A192: 17.5 vs. A192: 43.44, p =0 .01) and (%huCD45- midostaurin: 

13.73 vs. A192: 43.44, p = .03) E-F) Similarly, CD45 engraftment was reduced by α-FLT3-

A192 treatment in the bone marrow (%huCD45- α-FLT3-A192: 10.2 vs. A192: 26.1%, p 

< .0001) and (%huCD45- midostaurin: 11.59 vs. A192: 26.1%, p = .0003). There was no 

difference in the engraftment of mice treated with midostaurin or α-FLT3-A192. G) 2.5 × 

106 MOLM-13 cells/mouse were engrafted in NSG mice and treated with 200 μL of 220 μM 

A192 (n = 7) or α-FLT3-A192 on day 7, 10, 13 and 16 post engraftment and survival was 

recorded. Kaplan Meier survival analysis showed that mice in the α-FLT3-A192 treatment 
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group survived significantly longer than mice in the A192 group (median survival: 36 vs. 30 

days, p = .0015).
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Table 1.

Biophysical characterization of elastin-like polypeptides evaluated in this manuscript

ELP Amino acid sequence M.W. (kDa)
b Tt

(°C)
c

Rh

(nm)
d

Rg

(nm)
d

Rg/Rh Shape
e

A192 MG(VPGAG)192Y 73.6 59.9 7.5
(0.2)

N/A N/A N/A

a-FLT3-
A192

a-FLT3
a
 - G(VPGAG)192Y

100.1 42.3 38.6
(0.7)

42.6 (0.7) 1.1 extended

a
the amino acid sequence is: 

MEVQLVQSGAEVKKPGASVKVSCKASGYTFTSYYMHWVRQAPGQGLEWMGIINPSGGSTSYAQKFQGRVTMTRDTSTSTVYMELSSLR
SEDTAVYYCARGVGAHDAFDIWGQGTTVTVSSGGGGSGGGGSGGGGSDVVMTQSPLSLPVTPGEPASISCRSSQSLLHSNGNNYLDWYL
QKPGQSPQLLIYLGSNRASGVPDRFSGSGSDTDFTLQISRVEAEDVGVYYCMQGTHPAISFGQGTRLEIK-LVPRGS

b
expected molecular weight based on the amino acid sequence and confirmed by SDS-PAGE (Fig. 1B)

c
transition temperature defined as the maximum first derivative of the optical density at 350 nm for 25 μM ELP in PBS (Fig. 1C)

d
values indicate the mean (standard deviation) of n=5

e
the Rg/Rh ratio of α-FLT3-A192 is consistent with a ‘rod-like’ nanoparticle of an extended aspect ratio as estimated using DLS and SEC-MALS
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Table 2.

Pharmacokinetic Parameters of α-FLT3-scFv and α-FLT3-A192 nanoparticles following IV administration 

using a non-compartmental analysis

Parameter (Unit) α-FLT3 scFv
a
 (n=5) α-FLT3-A192

a
 (n=5) p value

CL/g BW (ml/h·g) 0.03 (0.01) 0.07 (0.02) 0.009

AUC (yM*h) 7.14 (2.14) 39.7 (14.9) 0.001

AUMC (μM*h2) 11.7 (1.70) 665 (238) 0.0003

MRT (h) 1.74 (0.46) 18.7 (7.8) 0.001

Vd/g BW (ml/g) 0.03 (0.01) 0.17 (0.09) 0.008

Vss/g (ml/g) 0.06 (0.04) 1.50 (0.76) 0.003

a
values indicate the mean (standard deviation) of n=5 following a dose of 2.7 nanomoles of rhodamine-labeled α-FLT3-A192 (1.7 nanomoles of 

the total dose of α-FLT3-A192) per gram of mouse body weight or a dose of 0.2 nanomoles of rhodamine-labeled α-FLT3 scFv (0.8 nanomoles of 
the total dose of α-FLT3 scFv) alone.

J Control Release. Author manuscript; available in PMC 2021 August 10.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Park et al. Page 31

Table 3.

Pharmacokinetic Parameters of α-FLT3-scFv and α-FLT3-A192 nanoparticles following IV administration 

using a two-compartment model

Parameter (Unit) α-FLT3 scFv
a
 (n=5) α-FLT3-A192

a
 (n=5) p value

dose of total protein (nmol) 20.6 (1.7) 31.1 (5.7) 0.004

dose of rhodamine (nmol) 5.52 (0.45) 50.9 (9.4) <0.0001

Body weight (g) 25.0 (2.0) 18.8 (3.5) 0.009

A (μM) 5.45 (1.80) 31.6 (43.7) 0.21

B (μM) 2.30 (1.37) 1.83 (1.27) 0.59

α (h−1) 12.1 (18.9) 4.56 (1.63) 0.40

β (h−1) 0.44 (0.19) 0.056 (0.030) 0.002

t1/2α (h) 0.26 (0.21) 0.17 (0.05) 0.36

t1/2β (h) 2.34 (2.20) 14.7 (5.6) 0.002

C0 (μM) 7.75 (2.31) 33.4 (44.9) 0.24

AUC (μmol*h) 6.73 (2.05) 38.8 (14.6) 0.001

CL/g BW (ml/h·g) 0.04 (0.01) 0.08 (0.02) 0.009

V1/g BW (ml/g) 0.03 (0.01) 0.17 (0.09) 0.008

kelimination (h−1) 1.17 (0.27) 0.69 (0.62) 0.15

kplasma→tissue (h−1) 5.18 (8.19) 3.47 (1.52) 0.66

ktissue→plasma (h−1) 6.18 (10.9) 0.46 (0.28) 0.27

a
values indicate the mean (standard deviation) of n=5 following a dose of 2.7 nanomoles of rhodamine-labeled α-FLT3-A192 (1.7 nanomoles of 

the total dose per gram BW of α-FLT3-A192) per gram of mouse body weight or a dose of 0.2 nanomoles of rhodamine-labeled α-FLT3 scFv (0.8 
nanomoles per gram BW of the total dose of α-FLT3 scFv) alone. The average mouse body weight across these studies is 22 g.
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