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Abstract

Leukemia stem cells (LSCs) account for the development of drug resistance and increased 

recurrence rate in acute myeloid leukemia (AML) patients. Targeted drug delivery to leukemia 

stem cells remains a major challenge in AML chemotherapy. Overexpressed interleukin-3 receptor 

alpha chain, CD123, on the surface of leukemia stem cells was reported to be a potential target in 

AML treatment. Here, we designed and developed an antibody drug conjugate (CD123-CPT) by 

integrating anti-CD123 antibody with a chemotherapeutic agent, Camptothecin (CPT), via a 

disulfide linker. The linker is biodegradable in the presence of Glutathione (GSH, an endogenous 

component in cells), which leads to release of CPT. Anti-CD123 antibody conjugates showed 

significant higher cellular uptake in CD123-overexpressed tumor cells. More importantly, CD123-

CPT demonstrated potent inhibitory effects on CD123-overexpressed tumor cells. Consequently, 

these results provide a promising targeted chemotherapeutical strategy for AML treatment.
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1. Introduction

Acute myeloid leukemia (AML) is an aggressive malignancy of the myeloid line of blood 

cells. AML accounts for 15–20% of leukemia in children with a relapse rate of 20–40%.1 

The origin of the mature leukemic blasts that cause AML can be traced to leukemia stem 

cells (LSCs),2 which are distinct from mature leukemic blasts and are more resistant to 

conventional chemotherapeutic regimens.3,4 The propagation of these LSCs causes increased 

recurrence rate in patients with acute myeloid leukemia.5 In order to improve drug response 
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and survival time for AML patients, a new therapeutic approach is urgently needed, which 

would be able to specifically eradicate leukemia stem cells.

Antibody drug conjugates (ADCs)6–8 facilitate the internalization of their payload by taking 

advantage of the specificity of antibodies. Currently, a few ADCs such as Kadcyla and 

Adcetris have been approved by Food and Drug Administration (FDA) and widely used for 

the treatment of cancers.9 Antibodies have demonstrated effective targeted therapeutic 

effects on many kinds of cancer types and their mechanism of action on targeted cells 

enables high efficiency with reduced toxicity in delivering anti-cancer agents.9,10 ADCs not 

only enhance the specificity to targeted cell population, but also improve pharmaceutical 

properties of chemotherapy drugs. Camptothecin, for example, is a potent anti-cancer agent, 

but possesses low water solubility and is formidable to be administrated to patients, which 

severely limited its therapeutic applications.11,12

Interleukin-3 receptor alpha chain, CD123, has been reported as a marker of quiescent 

leukemia stem cells (LSCs).13,14 Recent studies identified significant overexpression of 

CD123 in a large proportion (40–93%) of patients with AML.15 Moreover, clinical data 

indicates that high CD123 expression in AML is associated with poor prognosis and reduced 

survival rate.13 Monoclonal antibodies targeting CD123 have demonstrated efficacy against 

AML LSCs in xenotransplantation animal models.12 Currently, CSL362, a humanized anti-

CD123 monoclonal antibody is in Phase I clinical trial for AML treatment. In addition, A.E. 

Frankel et al. fused anti-CD123 monoclonal antibody to a truncated diphtheria toxin and 

produced SL-401.16 Clinical results from a phase 1–2 study of SL-401 displayed potential 

therapeutic benefits for AML patients, demonstrating its potential in inducing growth arrest 

and apoptosis in AML blasts and LSCs by inhibiting protein synthesis and interfering with 

IL-3 signal transduction pathways.16–20 Encouraged by these results, we hypothesize that 

anti-CD123 antibody drug conjugates can be a promising strategy in delivering 

chemotherapeutical drugs in order to eliminate LSCs and treat AML.

In this study, we developed a new type of anti-CD123 antibody drug conjugates (CD123-

CPT) in order to achieve targeted drug delivery of Camptothecin (CPT, a potent 

chemotherapy agent) to CD123-overexpressed cells. Figure 1 illustrates the design of 

CD123-CPT and its mechanism of action. CD123-CPT ADCs were constructed by 

conjugating anti-CD123 antibody with CPT via a disulfide linker. Flow cytometry analysis 

showed that anti-CD123 antibody facilitated specific target to CD123-overexpressed cells, 

and subsequently resulted in enhanced cellular uptake of its cargo. After internalization, the 

disulfide linker of CD123-CPT was cleaved by Glutathione (GSH), which resulted in release 

of CPT, and thus inhibited tumor cell proliferation and accomplished the therapeutic effects.

2. Results and discussion

2.1. Design and synthesis of conjugates

Scheme 1 shows a synthetic route to CD123-CPT and CD123-IR conjugates. First, we 

installed a pyridyl disulfide reactive group on CPT through an esterification reaction to 

afford intermediate 1. Meanwhile, anti-CD123 antibodies were reacted with Traut’s reagent 

to produce intermediate 2. Lastly, intermediates 1 and 2 were conjugated via a disulfide 
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linker at room temperature to afford CD123-CPT. In order to quantify cellular uptake, anti-

CD123 antibody was conjugated with a NIR probe, IR-780 to afford (CD123-IR) 

conjugates. The reaction mixtures were dialyzed in PBS to remove excess Traut’s reagents 

and intermediates, and were used for the further assays.

2.2. Characterization and drug release response of conjugates

Structures of intermediates were confirmed by 1H NMR, 13C NMR and mass spectrometry 

(Figs. S1 and S2). CD123-CPT and CD123-IR conjugates were characterized using 

MALDI-TOF-MS. Figure 2 shows that molecular weights of anti-CD123 antibody, CD123-

IR, and CD123-CPT are 150,784 Da, 152,087 Da and 152,675 Da, respectively. These 

results suggested that an average of 3.2 CPT per antibody were present. Similarly, the 

number of IR-780 was determined as 1.8. In order to examine the cleavage of disulfide 

linker on CD123-CPT conjugate, we incubated CD123-CPT with GSH, the most abundant 

thiol compound in cells,21,22 since previous studies reported that GSH was able to react with 

the disulfide linker.23 After 4 h incubation, the corresponding molecular peak found in the 

mass spectrum (Fig. S3A) indicated that CPT was successfully released from CD123-CPT 

conjugates owing to the disulfide linker cleavage. Thus, we proposed the potential 

mechanism of drug release as shown in Figure S3B.

2.3. Cellular uptake of conjugates

In order to quantify cellular uptake of conjugates, we incubated CD123-IR with THP-1 cells 

(a human acute myeloid leukemia cell line) with high-level of CD12324 and Hep3B cells (a 

human hepatoma cell line) with low-level of CD123. Figure 3 depicted the uptake of 

CD123-IR in THP-1 and Hep3B cell lines, respectively. Based on the fluorescence-activated 

cell sorting (FACS) analysis, at both concentrations of 5 and 25 nM, fluorescence intensity 

in THP-1 cells was over two-fold higher than that in Hep3B cells, which revealed significant 

uptake of CD123-IR in THP-1 cells as compared to Hep3B cells. These results demonstrated 

that the interleukin-3 receptor alpha chain (CD123) promoted the uptake of anti-CD123 

antibody conjugates.

In order to further differentiate whether the CD123 antibody probe conjugates (CD123-IR) 

were internalized by the cells or bound to cell surface, we did a 3D stack confocal laser 

scanning experiment. Figure 4 demonstrated images collected by confocal microscope, 

where nuclei of cells were stained by HOECHST 33342 and marked as blue, and IR-780 

probe was marked as red. Based on the 3D stack images, there was no red signal seen at 

either the top (Fig. 4a) or the bottom layer (Fig. 4b) of the cell. However, obvious signals 

were detected in the middle layer of transverse plane (Fig. 4c), which indicated that CD123-

IR antibody probe conjugates were internalized by the cells.

2.4. Cytotoxicity assay

In order to evaluate cytotoxic activity of CD123-CPT, we treated THP-1 and Hep3B cells 

with CD123-CPT conjugates, as well as anti-CD123 antibody, free CPT, intermediate 1 at 

equivalent dose as control groups. As determined by cell viability curves (Fig. 5 and Fig. 

S4A–C), the IC50 value of free CPT against THP-1 and Hep3B cells was 0.666 μM and 

7.765 μM, respectively, while in the case of CD123-CPT conjugates, the IC50 value was 
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0.306 μM and 7.308 μM. According to the results of cytotoxicity studies, CD123-CPT 

conjugates induced over 90% of THP-1 cell death at the dose of 2.8 μM, while only caused 

less than 30% of Hep3B cell death at the same dose. By comparing the IC50 of CD123-CPT 

antibody drug conjugates and CPT free drugs in each cell lines, we can see that the CD123-

CPT conjugates significantly reduced the IC50 against THP-1 cells from 0.666 μM to 0.306 

μM as compared with free CPT; while CD123-CPT conjugates and free CPT did not show 

significant difference in potency on Hep3B cells, which are 7.308 μM and 7.765 μM, 

respectively. Hence, CD123-CPT conjugate demonstrated superior cytotoxicity towards 

THP-1 cells in comparison with Hep3B cells.

3. Conclusion

In summary, a new anti-CD123 antibody drug conjugate (CD123-CPT) was designed and 

synthesized by integrating anti-CD123 antibody with Camptothecin (CPT). Anti-CD123 

antibody exhibited dramatic increase of cellular uptake in CD123 overexpressed cells. 

Consistent with our design, GSH was capable of cleaving the disulfide bond in CD123-CPT 

and releasing CPT. Most importantly, CD123-CPT showed potent cytotoxicity in THP-1 

cells with an IC50 of 0.306 μM. Therefore, the development of anti-CD123 antibody drug 

conjugates provides a promising chemotherapeutical strategy for efficiently targeting and 

eliminating leukemia stem cells in AML treatment.

4. Experimental procedure

4.1. Materials

Camptothecin was purchased from Medkoo Biosciences (NC, USA). Traut’s reagent was 

purchased from ACROS ORGANICS (NJ, USA). CD123 antibody was given as a gift from 

Harlan Bioproduct for Science. N,N-Dimethylpyridin-4-amine (DMAP) was purchased from 

Alfa Aesar (MA, USA). N-Ethyl-N′-(3-dimethylaminopropyl)-carbodiimide (EDC) was 

purchased from Ark Pharm, Inc. (IL, USA). Other chemical agents were purchased from 

Sigma–Aldrich (MO, USA). RPMI-1640 Medium was purchased from American Type 

Culture Collection (ATCC, VA, USA). Eagle’s Minimum Essential Medium (EMEM) was 

purchased from Corning Incorporated (NY, USA).

4.2. Synthesis of CD123 antibody drug conjugates (CD123-CPT)

Conjugates were prepared with a previously reported conjugation method.25 Firstly, 

Camptothecin (CPT) and 4-(pyridin-2-yldisulfanyl)butanoic acid (molar ratio 1:1) were 

dissolved in anhydrous THF. Then 4-dimethylaminopyridine (DMAP, 0.30 mmol) and 1-(3-

dimethylaminopropyl)-3-ethylcarbodi imide hydrochloride (EDC, 0.30 mmol) were added. 

The resulting mixture was stirred for 7 h at room temperature. The solution was then 

filtered, washed with DCM, extracted with saturated NaHCO3, brine, dried over Na2SO4, 

and concentrated in vacuo. The residue was purified by flash chromatography using eluent 

EtOAc/Hexanes (5:1). Product fractions were collected to give intermediate 1 as white 

powder. The structure was confirmed by 1H, 13C NMR on Bruker 400 MHz spectrometers 

with TMS as internal standard, and ESI-MS on a LTQ Orbitrap mass spectrometer. 

Secondly, Traut’s Reagent (10-fold molar excess) was added to CD123 Antibody solution 
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(3.57 mg/ml in PBS, pH 7.4) to obtain intermediate 2. Lastly, the intermediate 1 (2 mg/mL 

in DMSO) and intermediate 2 were mixed at 7.5:1 (molar ratio) and incubated for 1 h at RT. 

Unconjugated intermediate 1 was removed by dialysis using Slide-A-Lyzer membrane (MW 

cutoff, 3500) against 1L of PBS overnight at RT and then further purified with Zeba™ Spin 

desalting column (40 K MWCO) to obtain CD123-CPT.

4.3. Synthesis of CD123 antibody probe conjugates (CD123-IR)

CD123 antibody probe conjugates were synthesized as fluorescent probes for in vitro 

cellular uptake studies. IR-780 dye was synthesized according to previously reported 

method.26 Then IR-780 dye was further modified with pyridyl disulfide reactive group. 

IR-780 (51.0 mg) and 4-(pyridin-2-yldisulfanyl)butanoic acid (30.0 mg) were dissolved in 

acetonitrile. Then DIEA (27.0 mg) was added and the resulting mixture was refluxed for 2 h. 

The resulting mixture was condensed under vacuum. And intermediate 3 was purified to 

afford as a blue solid. The remaining procedures were similar with the synthesis of CD123-

CPT.

4.4. Characterization of antibody drug/probe conjugates

The CD123 Antibody Drug/Probe Conjugates were characterized by MALDI-TOF mass 

spectrometry (Ultraflextreme, Bruker) using sinapinic acid as the matrix and protein II 

(Bruker) & bovine serum albumin as the standard. The ratio of antibody to drug/probe was 

calculated based on their molecular weight.

4.5. Drug release from CD123 antibody drug conjugates

The drug release response by Glutathione (GSH) reduction of the disulfide linker was 

monitored using mass spectrometer.23 50 μL of the CD123-CPT (11.8 μM) was incubated 

with 97.5 μL of GSH (18.15 mM in DPBS) at the final concentration of CD123-CPT and 

GSH is 4 μM and 12 mM. Four hours later, the MW of the mixture was measured with ESI-

MS (LTQ Orbitrap, Thermo Fisher Scientific, USA).

4.6. Cellular uptake of CD123 antibody probe conjugates (CD123-IR)

Human acute monocytic leukemia THP-1 cell line (ATCC) was cultured at 37 °C with an air 

atmosphere of 5% CO2 in RPMI-1640 Medium supplemented with 10% heat inactivated 

FBS. Human hepatocellular carcinoma Hep3B cell line (ATCC) was cultured at 37 °C with 

an air atmosphere of 5% CO2 in Eagle’s Minimum Essential Medium (EMEM) 

supplemented with 10% heat inactivated FBS.

Cellular uptake of CD123 antibody probe conjugates (CD123-IR) was examined on Hep3B 

and THP-1 cell lines by FACS. Cells were seeded in a 6-well plate at density of 4 × 105 

cells/well. After overnight incubation at 37 °C, CD123-IR antibody probe conjugates were 

added to Hep3B and THP-1 cells, at the final concentrations of 5 nM and 25 nM, 

respectively. Two hours later, medium was removed and cells were collected. After thorough 

washing for twice, cells were re-suspended in PBS and the fluorescence intensity was 

determined on a BD LSR II flow cytometer (BD Biosciences, San Jose, CA).
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A 3D stack confocal laser scanning study was conducted on THP-1 cell line under 

Multiphoton Laser Scanning Confocal microscope (FV1000 MPE, Olympus). CD123-IR 

antibody probe conjugates were added to THP-1 cells at the concentrations of 25 nM. After 

two hours’ incubation, HOECHST 33342 was added into the medium to stain the nuclei of 

the cells. A 3D stack confocal laser scanning was then conducted on the treated THP-1 cells.

4.7. Cytotoxicity of CD123 antibody drug conjugates

Cytotoxicity of CD123 antibody drug conjugates, anti-CD123 antibody, CPT free drug and 

intermediate 1 were examined on Hep3B and THP-1 cell lines by MTT assays as previously 

reported.27,28 Cytotoxicity assays were performed in triplicate and cell viability of each 

treated groups was normalized by untreated cells.

For Hep3B cell line, cells were grown in 96-well plates 24 h prior to treatment at a density 

of 1 × 104 cells/well. After incubation with CD123-CPT conjugates, anti-CD123 antibody, 

free CPT or intermediate 1 for 4 h, drug was removed and replaced with medium. Then the 

cells were further incubated at 37 °C for 44 h. MTT was added to each well and the cells 

were then incubated for 4 h at 37 °C. Then the medium was removed, and 150 μL of 

dimethyl sulfoxide (DMSO) was added. After shaking for 10 min, the absorbance at a 

wavelength of 570 nm was measured on a SpectraMax M5 microplate reader.27

For THP-1 cell line, cells were grown in 96-well plates 24 h prior to treatment at a density of 

3 × 104 cells/well. After incubation with CD123-CPT conjugates, anti-CD123 antibody, free 

CPT or intermediate 1 for 4 h, drug was removed by centrifuge at 1000 rpm for 5 min, and 

cells were washed with PBS and re-suspended with medium. Then the cells were further 

incubated at 37 °C for 44 h. MTT was added to each well and the cells were then incubated 

for 4 h at 37 °C. Subsequently, 10% SDS solution was added to each well and incubated at 

37 °C for overnight. The absorbance at a wavelength of 570 nm was measured on a 

SpectraMax M5 microplate reader.28
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Figure 1. 
Illustration of anti-CD123 antibody drug conjugates. Anti-CD123 antibody facilitates 

specific binding with CD123 on the surface of CD123-overexpressed cells and cellular 

uptake of ADCs. After internalization, the disulfide linker in CD123-CPT is degraded by 

GSH and results in release of CPT. Then, CPT inhibits tumor cell proliferation and 

accomplishes the therapeutic effects.
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Figure 2. 
MALDI-TOF mass spectrum of CD123 antibody, CD123-IR conjugates and CD123-CPT 

conjugates.
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Figure 3. 
Cellular uptake of CD123-IR in THP-1 and Hep3B cell lines (*, p < 0.05; **, p < 0.01; ***, p 

< 0.001; t test, double-tailed).
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Figure 4. 
3D stack confocal laser scanning images. Nuclei of THP-1 cells were stained by HOECHST 

33342 and marked as blue. IR-780 probe was marked as red. The top (a), bottom (b), middle 

(c) layers of the cell transverse planes and 3D stack (d) images.
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Figure 5. 
Cell viability of Hep3B and THP-1 cell lines after being treated with CD123-CPT 

conjugates (*, p < 0.05; **, p < 0.01; ***, p < 0.001; t test, double-tailed).
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Scheme 1. 
A synthetic route to CD123-CPT antibody drug conjugates and CD123-IR antibody probe 

conjugates.
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