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Abstract
To discover new therapeutic antibodies for treatment of acute myeloid leukemia (AML) without the requirement of a known 
antigen, a human single-chain variable fragment (scFv) library was used to isolate novel antibody fragments recognizing 
HL-60 AML cells. After three rounds of biopanning, scFv-expressing phages were selected to test for binding to the target cell 
by flow cytometry. The clone with highest binding specificity to HL-60 cells (designated y1HL63D6) was further investigated. 
Fluorescent staining indicated that y1HL63D6 scFv bound to a target located on the cell surface. Whole immunoglobulin, 
IgG-y1HL63D6 was then generated and tested for the binding against bone marrow mononuclear cells (BMMCs) from 
AML patients. Significantly higher fluorescent signals were observed for some patient samples when compared to normal 
BMMCs or non-AML patients’ BMMCs. Next, the IgG-y1HL63D6 format was tested for antibody-dependent cell cytotoxicity 
(ADCC). The results demonstrated that IgG-y1HL63D6 but not the control antibody, trastuzumab, could mediate specific 
killing of HL-60 target cells. In conclusion, our results indicate that specific antibodies can be isolated by biopanning whole 
cells with a non-immunized human scFv antibody phage display library and that the isolated antibody against HL-60 cells 
showed therapeutic potential.

Keywords  Phage display technology · Antibody · Cell surface · Acute myeloid leukemia · Immunotherapy · Antibody-
dependent cell-mediated cytotoxicity

Abbreviations
AML	� Acute myeloid leukemia
scFv	� Single-chain variable fragment
IgG	� Immunoglobulin G
VH	� Variable heavy
VL	� Variable light
HC	� Heavy chain
LC	� Light chain
BMMCs	� Bone marrow mononuclear cells
PBMCs	� Peripheral blood mononuclear cells
ADCC	� Antibody-dependent cell-mediated cytotoxicity
MFI	� Median fluorescent intensity

Introduction

Acute myeloid leukemia (AML) is a malignant disease of 
the bone marrow. Overall survival in patients with AML has 
remained poor and remission depends on several prognostic 
factors, including age, genetics, and genomic stability [1]. 
Approximately half of older patients cannot tolerate intensive 
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treatment and the 5-year relative survival rate for AML is low 
compared to the other leukemias [2]. Therefore, a more effec-
tive therapeutic method is urgently required. Targeting AML 
cells via cancer-restricted cell surface antigens has a poten-
tial for more effective treatment by means of immunotherapy. 
Several antibodies have been developed against AML surface 
antigens, with promising outcomes for known targets, such as 
CD33 [3], CLL-1 [4], CD123 [5], and CD157 [6]. However, 
since multiple subtypes in AML require very different thera-
pies [7], identification of novel specific antibodies and new cell 
surface molecules on AML cells has potential to lead to more 
effective treatments. Phage display technology has been proven 
to be an excellent high-throughput platform for the discovery 
of novel lineage-specific antigens on the surface of various 
cancer cells [8].

Selection of antibodies against a target of interest is most 
commonly based on biopanning with pure target antigen 
coated on a solid support [9]. However, the key disadvantage 
of this method is the lack of natural conformation and orien-
tation of the antigen as well as post-translational modifica-
tions. Whole-cell panning methods can be used to overcome 
this problem and have been successfully applied to isolate 
antibodies against several naturally expressed cell surface tar-
gets. These include: the follicle-stimulating hormone receptor 
(FSHR) expressed on L cells [10], a Müllerian inhibiting sub-
stance type II receptor on the surface of ovarian cancer antigen 
[11] and human T-lymphotropic virus type 1-carrying T-cell 
line S1T, which was derived from an adult T-cell leukemia 
patient [12]. Cell panning has also been applied for selection of 
antibodies against several membrane proteins (human CD83, 
canine CD117, and bat CD11b), overexpressed on Chinese 
Hamster Ovary (CHO) and Human Embryonic Kidney (HEK) 
cells [13].

The HL-60 cells used in our study are derived from a 
patient with acute promyelocytic leukemia (APL) but which 
lacks the common APL-associated t(15;17) translocation and 
thus has been reported as a non-APL cell line and classified 
as M2 according to the French–American–British classifica-
tion systems [14]. Several studies have used HL-60 cells as 
a model to investigate cancer–drug interactions and chemi-
cal-induced differentiation [15–17]. For our study, we used 
the AML HL-60 cells to select a novel antibody against an 
unknown AML cell surface molecule via a whole-cell biopan-
ning procedure. The recombinant antibody was further studied 
to demonstrate its potential therapeutic applications.

Materials and methods

Phage antibody library and bacterial strains

A naïve phage display scFv antibody library (Yamo I) was 
constructed by our laboratory [18]. M13KO7 helper phage 

(NEB, MA, USA) and Escherichia coli strain TG1 (Medical 
Research Council Laboratory, Cambridge, UK) were utilized 
for phage propagation and scFv production. For this library, 
the scFv encoding sequence was fused with C-terminal 
6 × His and c-Myc tags.

Cell culture

HL-60 was purchased from American Type Culture Col-
lection. THP-1 was purchased from Cell Lines Service. 
Jurkat, OCIM-1, and U937 were from University College 
London Cancer Institute and UCL Great Ormond Street 
Institute of Child Health, London, UK and Prof. Dr. Pa-
thai Yenchitsomanus Siriraj Center of Research Excellence 
for Cancer Immunotherapy, Faculty of Medicine, Mahidol 
University, Thailand. HL-60 and OCIM-1 were maintained 
with Iscove’s Modified Dulbecco’s Medium (IMDM) sup-
plemented with 20% and 10% fetal bovine serum (FBS), 
respectively, plus 1X penicillin–streptomycin. Jurkat, U937, 
and THP-1 cells were maintained with Roswell Park Memo-
rial Institute (RPMI) 1640 medium supplemented with 10% 
FBS and 1X penicillin–streptomycin. Cells were cultured 
at 37 °C, 5% CO2. All cell culture media and supplements 
were purchased from Gibco (Eugene, OR, USA). Cells were 
maintained at a density between 1 × 105 and 1 × 106 cells/
mL.

Affinity selection (Biopanning) of phage display 
scFv library on intact cells

Each round of selection consisted of a subtraction step 
with 5 × 106 Jurkat cells, followed by positive selection 
on HL-60 cells. The scheme of whole-cell affinity selec-
tion process is shown in Fig. 1. The phage library was 
pre-blocked with 1 mL of phosphate buffer saline (PBS) 
supplemented with 4% (w/v) skimmed milk (MPBS) for 
30 min at room temperature with rotation. The pre-blocked 
phage library was then incubated with negative target Jur-
kat cells for 1 h at 4 °C with rotation. After incubation, 
cells were centrifuged at 350×g for 5 min at 4 °C. Half 
of the supernatant containing phage was added to 5 × 106 
HL-60 cells and the other half was added to 5 × 106 of 
Jurkat cells as a biopanning control. The phage library 
was incubated for 2 h at 4 °C with rotation. Non-specific 
phages in the supernatant were removed after centrifu-
gation at 350xg for 5 min at 4 °C and discarded. Cells 
were washed 5 times with 5 mL of 0.1% (w/v) bovine 
serum albumin (BSA) in PBS. Bound phages were eluted 
with 500 µL of 50 mM citric acid, pH 2.5 after incuba-
tion for 5 min and centrifuged at 350×g for 5 min at 4 °C. 
The supernatant containing phage was collected in a new 
tube and neutralized with 500 µL of 1 M Tris–HCl, pH 
7.4. One mL of the eluted phage was used to infect 5 mL 
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of exponentially growing E. coli TG1 (OD600 = 0.5) plus 
4 mL of 2xYT media to make a total volume of 10 mL. 
Bacteria were incubated at 37 °C for 30 min without shak-
ing and then plated onto a 2xYT agar plate, containing 
100 µg/mL ampicillin and 1% glucose, and incubated, 
inverted at 37 °C overnight. Biopanning using Jurkat cells 
as a negative control target was performed in parallel in 
every step of the selection. Phage recovery was calculated 
as a ratio of output/input phage after each round of selec-
tion. Phage rescue from each selection round was meas-
ured and the enrichment factors were calculated as output 
versus input ratios as previously described [19].

Generation of polyclonal and monoclonal scFv‑pIII 
antibody fragments

E.coli TG1 harboring a phagemid vector was induced 
to express soluble scFv antibody with isopropyl β-d-1-
thiogalactopyranoside (IPTG). Expression of soluble scFv-
pIII antibody format was obtained by inoculating 2xYT 
medium containing 100 µg/mL ampicillin and 1% glucose 
with E. coli TG1 glycerol stock at a dilution of 1:100 from 
each round of biopanning or from individual colonies picked 
from plates from the third round of biopanning to obtain 
polyclonal or monoclonal scFv-pIII, respectively. Bacteria 
were incubated at 37 °C with 250 rpm shaking until OD600 
nm reached 0.9. Cells were then pelleted by centrifugation. 
The supernatant was discarded, and the pellet was resus-
pended in fresh 2xYT containing 100 µg/mL ampicillin and 
1 mM IPTG and incubated overnight at 30 °C. The follow-
ing day, the culture was centrifuged at 3300×g for 30 min 
and the supernatant containing polyclonal or monoclonal 
scFv were transferred into a fresh tube and stored at 4 °C 
until use. Supernatant containing monoclonal scFv was puri-
fied by immobilized metal affinity chromatography (IMAC) 
according to the manufacturer’s protocol (Thermo Fisher 
Scientific, # 88222, USA.). The resins were equilibrated with 
equilibration Buffer (20 mM sodium phosphate, 300 mM 
sodium chloride, 10 mM imidazole). The crude scFv super-
natants were applied to the column. The resins were washed 
with washing buffer (20 mM sodium phosphate, 300 mM 
sodium chloride, 25 mM imidazole). The scFv fragments 
were collected with elution buffer (20 mM sodium phos-
phate, 300 mM sodium chloride, 250 mM imidazole). The 
antibody fraction was concentrated and buffer exchanged 
with PBS buffer using an Amicon Ultracell, 10 kDa cut-off 
membrane, (Sigma, #UFC801024, USA). Protein concentra-
tion was quantified using a Nanodrop ND2000 spectropho-
tometer (Thermo Scientific, IL, USA).

SDS‑PAGE and western blotting

Evaluation of scFv expression was determined by western 
blot analysis. The expressed samples were electrophoresed 
on 12% SDS-PAGE gels and then transferred onto PVDF 
membrane. The membrane was blocked in 5% (w/v) MPBS 
overnight at 4 °C, washed, and incubated with peroxidase-
conjugated anti-c-Myc antibody (Sigma-Aldrich, USA.) 
at 1:2000 in 5% MPBS containing 0.05% (v/v) Tween-20 
(MPBST) for 1 h at room temperature. All incubations 
were followed by three washes with PBST (PBS containing 
0.05% Tween-20) for 5 min at room temperature. Finally, the 
chemiluminescent signals were developed using ECL West-
ern blotting kit (GE Healthcare, Sweden). Amersham Hyper-
film ECL (GE Healthcare, Sweden) was used to detect the 

Fig. 1   Schematic representation of cell-based biopanning in this 
study. (1) Phage library was pre-blocked in skimmed milk. (2) Pre-
blocked phages were subtracted with non-specific phage by incuba-
tion with Jurkat cells. (3–4) Unbound phages were moved into tubes 
containing HL-60 target cells, non-specific phages were wash out. (5) 
Bound phages were eluted and infected E. coli TG1. (6) Bacteria con-
taining phagemid were plated on agar plate containing ampicillin and 
glucose. (7) Phages were amplified after adding helper phage for the 
next round of biopanning. (8) After 3 rounds of selection, single bac-
terial colonies were randomly picked and induced for scFv expression 
in a 96-deep well plate. (9–10) HL-60 binders were detected by flow 
cytometry
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chemiluminescent signals and films were developed using 
an X-ray film automatic processor.

Sequencing of positive phage clones

Plasmids containing selected scFv inserts were prepared 
using a plasmid purification kit (QIAGEN, Germany). 
Automated DNA sequencing was performed by Macro-
gen (Korea) using pMOD forward and reverse primers 
(Yamo_5 (5'-CAG​GAA​ACA​GCT​ATG​ACC​-3' and -96gIII 
(5'-CCC​TCA​TAG​TTA​GCG​TAA​CG-3'). Sequence analysis 
was performed using SnapGene® software (GSL Biotech). 
The DNA sequences were compared with human germline 
sequence via IMGT, the International ImMunoGeneT-
ics information system (http://​www.​imgt.​org) database, to 
identify clonal diversity. The amino acid sequences were 
translated by SnapGene® software.

Binding analysis of scFv fragment by flow cytometry

Binding specificity of the scFv antibody was analyzed by 
flow cytometry. Human cell lines were washed with 0.1% 
BSA in PBS. The Fc receptors on the cell surface were 
blocked with human immunoglobulin (IgG) for 30 min at 
room temperature. Cells were then washed once with 0.1% 
BSA in PBS. For flow cytometry analysis of polyclonal scFv, 
2 × 105 cells were incubated with 200 µL of supernatant con-
taining polyclonal scFv. After washing, the cells were incu-
bated with 100 µL of anti-myc antibody (Sigma-Aldrich, 
#C3956, USA.) at 1:1000 dilution, for 1 h on ice, washed, 
and incubated with donkey anti-rabbit IgG-Alexa Fluor 647 
(Invitrogen, #A31573, U.S.A.) at 1:1000 dilution. For flow 
cytometry analysis of monoclonal scFv, 2 × 105 cells were 
incubated with 10 µg/mL of monoclonal scFv for 1 h on 
ice. After washing, the cells were incubated with 100 µL 
anti-6X His tag antibody Dylight 488 (Abcam, #ab117512, 
UK) at 1:1000 dilution in 0.1% BSA in PBS, for 1 h on ice. 
All incubations were followed by washing one time with 
0.1% BSA in PBS and centrifugation at 330×g for 5 min at 
4 °C. Finally, the cells were resuspended in 300 µL of 0.1% 
BSA in PBS containing 1 µg/mL of propidium iodide (PI) 
(Invitrogen, #P3566, USA) and analyzed by a flow cytometer 
(Attune NxT Acoustic Focusing Cytometer (Thermo Fisher 
Scientific# P3566, USA.)). PI staining was used to exclude 
dead cells. Ten thousand PI-negative cells were acquired.

Cloning and expression of IgG‑y1HL63D6 antibody

The variable heavy (VH) sequence of clone y1HL63D6 
was amplified by polymerase chain reaction (PCR) using 
Pfu DNA polymerase. PCR amplifications were performed 
in a total volume of 50 µL, consisting of 1X Pfu DNA 
polymerase buffer, 0.2 mM dNTP (NEB, #N0447L, USA), 

1.8 U of Pfu DNA polymerase (Promega, #M7741, USA), 
100 ng of DNA template, and 1 µM of VH gene-specific 
forward primer with NheI (152VHNheIFW-5’GCC​GCT​
AGC​CAG​GTG​CAG​CTG​GTG​CAGTC3’) and reverse 
primers with NheI (152VHNheIRv5’GGT​GCT​AGC​TGA​
GGA​GAC​AGT​GAC​CGT​GGT​3’). The amplification steps 
involved initial denaturation at 95 °C for 2 min, followed 
by 30 cycles of denaturation at 95 °C for 1 min, anneal-
ing at 63 °C for 30 s, polymerization at 72 °C for 1 min 
in each cycle, and a final polymerization at 72  °C for 
5 min. The PCR product was purified and digested with 
NheI (NEB, #R3131S, USA) and then ligated into NheI 
digested pKR-CH vector [20]. The y1HL63D6 variable 
light (VL) sequence and the constant gene of human IgG1 
lambda light chain, containing flanking 5’ NheI and 3’ 
AgeI restriction sites, were synthesized (GeneArt® gene 
synthesis services, Thermo Fisher Scientific, USA.) and 
subcloned into pTT28 vector (NRC-BRI, Canada) at the 
corresponding restriction sites. The integrity of the con-
structs was confirmed by Automated DNA sequencing 
(Macrogen, Korea).

The Expi293 Expression System (Thermo Fisher Sci-
entific, # A14635, USA.) was used to express whole IgG 
according to the manufacturer’s instructions. Twenty-five 
µg of heavy (HC) and light (LC) chain expression vec-
tors were used at ratio of 1:3 for transfections. At seven-
day post-transfection, supernatant was collected after cen-
trifugation to remove cells and antibodies were purified 
using HiTrap MabSelect PrismA affinity chromatography 
(Cytiva, #17549851, Sweden), according to the manufac-
turer’s instructions. The final elution peaks were analyzed 
by SDS-PAGE. The eluted antibodies were concentrated and 
dialyzed against PBS for further experiments.

Confocal fluorescence microscopy

HL-60 cells were washed once with 0.1% BSA in PBS. Cells 
were blocked with human IgG for 30 min at room tempera-
ture followed by washing with 0.1% BSA in PBS. 1 × 106 
cells were co-incubated with 2,000 µg/mL of purified IgG-
y1HL63D6 antibody and 2.5 µg/mL of anti-CD33 (BioLe-
gend, # 303402, U.S.A.) in a final volume of 100 µL for 1 h 
on ice. Cells were then washed and incubated with 1:250 
of goat F(ab')2 anti-human IgG-Fc-DyLight 650 (Abcam, 
#ab98593, UK) and 1:200 goat anti-mouse IgG-Alexa Fluor 
488 (Thermo Fisher Scientific, #A11029, USA.) for 1 h on 
ice in the dark. After that, nuclei were stained with 1:500 
Hoechst 33342 (Thermo Fisher Scientific, #H3570, USA) 
for 30 min, washed and cells were dropped on a glass slide, 
and then covered with coverslip. Stained cells were visual-
ized under confocal fluorescence microscope (Nikon A1R, 
Japan).

http://www.imgt.org
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Binding analysis of IgG‑y1HL63D6 against cell lines 
and patient‑derived samples by flow cytometry

HL-60, U937, THP-1, OCIM-1, Jurkat, and peripheral blood 
mononuclear cells (PBMCs) were incubated with 200 µg/
mL of IgG-y1HL63D6 or isotype control antibody (Tras-
tuzumab) for 1 h on ice, followed by washing with 0.1% 
BSA in PBS. Cells were then stained with anti-human IgG-
Fc-DyLight 488 (Abcam, #ab98590, UK) on ice for 1 h. 
Cells were then washed and resuspended with 0.1% BSA 
in PBS containing 1 µg/mL PI. Samples were analyzed by 
flow cytometer. The gating strategy used for analysis is as 
illustrated in Fig. S1.

Bone marrow samples from AML and non-AML patients 
were collected at primary diagnosis under the approval of 
the Ethical Review Board of Sanphasitthiprasong Hospital, 
Ubon Ratchathani, Thailand. Bone marrow mononuclear 
cells (BMMCs) were isolated using Ficoll® Paque Plus 
according to manufacturer’s protocol (Cytiva, #17144002, 
Sweden). BMMCs were blocked with human IgG for 30 min 
at room temperature and washed with 0.1% BSA in PBS. The 
cells were stained with 200 µg/mL of IgG-y1HL63D6 and 
2.5 µg/mL of anti-CD33 antibody (BioLegend, # 303402, 
USA.) on ice for 1 h. Cells were then washed and stained 
with 5 µg/mL of anti-human CD45-APC antibody (BioLe-
gend, #368511, USA) and goat anti-mouse IgG (H + L)-
Alexa Fluor 555 (Thermo Fisher Scientific # A32727, 
USA.) at 1:500 dilution for 1 h on ice in the dark. Ten 
thousand PI-negative cells were acquired using Attune™ 
NxT focusing flow cytometer. MFI values were determined 
using Attune™ NxT software. The gating strategy used is 
described in Fig. S2. The MFI ratio was calculated by MFI 
of IgG-y1HL63D6 divided by MFI of Trastuzumab, which 
was used an isotype control. The average value of MFI in 
each group were reported.

Antibody‑dependent cell‑mediated cytotoxicity 
(ADCC) Assay

HL-60, OCIM-1, and Jurkat were used as target cells and 
freshly isolated PBMCs from healthy donors were used as 
effector cells. Peripheral blood samples of healthy donors 
were obtained under the approval of the research ethics 
board of the Suranaree University of Technology, Nakhon 
Ratchasima, Thailand. PBMCs were separated by Ficoll den-
sity gradient centrifugation. The target cells were labeled 
with 5 µM carboxyfluorescein succinimidyl ester (CFSE) 
dye (Invitrogen, # 65085084, U.S.A.) for 15 min. The labe-
ling reaction was stopped by adding 5 mL of cold PBS + 10% 
FBS. Cells were centrifuged, supernatant discarded, and 
then resuspended in IMDM medium containing 10% FBS. 
The PBMCs and target cell numbers were adjusted to 3 × 107 
and 6 × 105 cells/mL, respectively. 100 µL of target cells 

was preincubated with 100 µL of 300 µg/mL IgG at room 
temperature for 15 min and then media containing effector 
cells were added to a final volume of 300 µL to reach an 
effector-to-target cell ratio (E:T) of 50∶1. Pooled PBMCs 
from 5 donors or from individual donors were used as effec-
tor cells. After 4 h of incubation at 37 °C in a humidified 
CO2 incubator, cells were washed and stained with Fixable 
Viability Dye (FVD) eFluor™ 780 (Invitrogen, # 65286040, 
USA) for 30 min at 4 °C. For maximum lysis, CFSE-labeled 
target cells were heated at 75 °C for 15 min. After washing, 
the cells were analyzed by flow cytometry. Target cells were 
gated using a SSC vs CFSE plot and CFSE + cells (at least 
10,000 events) were assessed for binding to FVD. The gat-
ing strategy used is shown in Fig. S3. The proportion of cell 
death was determined based on the percentage of CFSE + /
FVD + cells. The percentage of specific cell death of labeled 
target cells is calculated using the following formula: Per-
centage of specific cell death = (Percent experimental lysis 
– Percent spontaneous lysis) / (Percent maximum lysis – Per-
cent spontaneous lysis) × 100.

Statistical analyses

The data were recorded as mean ± standard error of mean 
(SEM) and were analyzed by two-way analysis of vari-
ance (ANOVA). Dunnett’s multiple comparisons test was 
applied for analyses of non-parametric data of Figs. 2c and 
6a. Mann–Whitney test was applied for analyses of non-
parametric data of Fig. 5b. For Fig. 6b, parametric data 
were analyzed with Unpaired t with Welch’s correction test, 
after normal distribution was indicated. Statistical testing 
was performed using GraphPad Prism 8 software (Graph-
Pad Software Inc., USA.). Tables of data with mean ± SEM, 
sample sizes, and the exact P-values of each experiment can 
be found in Table S1.

Results

Affinity selection of specific scFv antibody 
against HL‑60 cells

To isolate scFv antibody fragments against human AML 
cells, a human pre-immune phage display scFv antibody 
library (Yamo I) [18] was used for biopanning against via-
ble HL-60 AML cells (Fig. 1). The library was subtracted 
by pre-incubation with the T acute lymphoblastic leuke-
mia (ALL) cell line, Jurkat, followed by selection on intact 
HL-60 cells. Three rounds of selection were performed, 
and the recovery ratio is calculated based on the titer of the 
input and recovered phage as shown in Table S2. Results 
showed that the ratio between HL-60 target cell and Jurkat 
increased from 0.53 to 3.01 and 237.5-fold after each round 
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of selection, demonstrating the enrichment of phage specifi-
cally binding to the target AML cells.

Binding properties of polyclonal and monoclonal 
scFvs

To confirm the enrichment of phage from each round of 
biopanning against HL-60 cells, polyclonal scFvs from each 
round were expressed as soluble scFv-pIII from TG1 E. coli 
supernatant and binding to HL-60 cells was assessed by flow 

cytometry analysis. The polyclonal scFv pool from the third 
round of selection showed the highest median fluorescent 
intensity (MFI) = 711) when compared to those from the 
first (MFI = 333) and second rounds (MFI = 367) (Fig. 2a). 
These results indicated that scFv antibodies from the third 
round contained clones that bind to HL-60. Western blot 
analysis of 6 representative scFv clones obtained from the 
third round of biopanning demonstrated different expression 
levels and size of various scFv-pIII clones (Fig. 2b). Bind-
ing properties of individual clones isolated by cell-based 

Fig. 2   Enrichment of phage after repeated rounds of biopanning 
against whole cells. a Flow cytometry was carried to determine the 
binding of polyclonal scFv-pIII antibodies to HL-60 cells from each 
round of biopanning. Bound scFv-pIII was detected with rabbit anti-
myc antibody. Donkey anti-Rabbit IgG, Alexa Fluor 647 was used 
to detect binding of the rabbit anti-myc antibody. b Representative 
scFv clones in culture supernatant were detected by western blot 
analysis using anti-myc conjugated with peroxidase. Lanes 1–6 rep-
resented different individual clones of monoclonal scFv-pIII anti-

body. c The selected scFv clones were expressed from E.coli TG1, 
purified, and incubated with HL-60, Jurkat, and PBMCs. The scFv 
were labeled with anti-6X His tag antibody-Dylight 488. Y-axis 
indicate the percentage of gated cells that showed fluorescent signal 
(Mean ± SEM, n = 3). Significant differences between sample groups 
were assessed by Two-way ANOVA Dunnett’s multiple comparisons 
test (**P < 0.01, ****P < 0.0001, and ns; not significant). Clone 3D6, 
designated as y1HL63D6, was selected for further investigation
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biopanning on HL-60 cells were determined by flow cytom-
etry. Of 276 clones analyzed, 4 clones showed a high signal 
against HL-60 (Fig.S4). The amino acid sequences of these 
clones, designated y1HL63C10, y1HL63D6, y1HL63D12, 
and y1HL63G3, were analyzed by automated DNA sequenc-
ing. Clone y1HL63C10 was not productive, containing a 
stop codon and was out of frame. Clone y1HL63D6, 
y1HL63D12, and y1HL63G3 showed complete full-length 
scFv sequences. Therefore, a total of 3 different scFv clones 
were obtained. Amino acid sequence analysis indicated 
that all light chains are lambda type. The complementarity-
determining region (CDR) of these clones are indicated in 
Table S3. Bioinformatic analysis revealed that these scFv 
antibodies belong to different immunoglobulin families of 
heavy chain or light chain and represented unique clones as 
summarized in Table S3.

Cross‑reactivity analysis of the selected scFv clones

Binding of the three identified clones against HL-60, Jurkat, 
and PBMCs was investigated by flow cytometry (Fig. 2c). 
The results indicated that clone y1HL63D6 (also designated 
3D6) and y1HL63G3 (also designated 3G3) bound specifi-
cally to HL-60 with a similar binding pattern, while clone 
y1HL63D12 (also designated 3D12) bound to HL-60 and 
Jurkat cells but not to PBMCs. Based on these data, clone 
y1HL63D6, which showed higher levels of binding against 
HL-60 than y1HL63G3, was selected for further study.

Specific binding of IgG‑y1HL63D6 to AML cell lines

The y1HL63D6 scFv was reformatted to IgG1 for subse-
quent functional studies. The VH and VL DNA fragments 
were cloned into pKR-CH and pTT28 vector which contains 
constant regions of heavy and light chain, respectively (Fig.
S5a-b). The vectors were transfected into Expi293F cells and 
the expressed antibody was purified from the supernatant 
using protein A affinity column chromatography. The SDS-
PAGE from different steps of the purification showed two 
bands at 50 kDa and 25 kDa, under reducing conditions, cor-
responding to the HC and LC of IgG, respectively (Fig.S5c). 
The yield after purification was approximately 120 mg/L.

Specific binding of IgG-y1HL63D6 was assessed against 
4 AML cell lines: HL-60, U937, THP-1, and OCIM-1 as 
well as against Jurkat (T-ALL) and PBMCs by flow cytom-
etry. Fluorescent intensity analysis indicated that 3 out of 4 
AML cell lines (HL-60, U937, and THP-1) expressed a com-
mon cell surface target antigen at different levels (Fig. 3a). 
We used an MFI ratio greater than 1.5 as a cut-off value 
for a positive cell staining [6]. While the biopanning target, 
HL-60, showed the highest (MFI ratio = 22.4) value, U937 
and THP-1 showed MFI ratios of 2.81 and 1.88, respec-
tively. OCIM-1 showed an MFI ratio lower than 1.5 (MFI 

ratio = 1.01), similar to the control cell line (Jurkat) that was 
used for negative selection (Fig. 3b), indicating that these 
two cell lines do not possess the HL-60 cell surface antigen 
targeted by the IgG-y1HL63D6 antibody.

Next, confocal fluorescence microscopy was performed 
to determine the localization of IgG-y1HL63D6 on HL-60 
cells. The cells were co-stained with anti-CD33, a cell 
surface marker for HL-60 cells, for comparison. Localiza-
tion of IgG-y1HL63D6 on the cell surface could be clearly 
observed on HL-60 cells (Fig. 4a), but the binding pattern 
of IgG- y1HL63D6 was distinct from that of anti-CD33 
(Fig. 4c–e). The negative control, trastuzumab, did not bind 
to HL-60 cells (Fig. 4f, h–j). Quantification of the mean 
fluorescence intensity of individual cells, stained with IgG- 
y1HL63D6 or trastuzumab are shown in supplementary Fig.
S6a–b, which indicated that the MFI of HL-60 stained with 
IgG-y1HL63D6 (MFI = 317) was significantly higher than 
that of Trastuzumab (MFI = 21).

Binding of IgG‑y1HL63D6 against patient samples

To further investigate a potential therapeutic application of 
the isolated antibody, binding ability of IgG-y1HL63D6 to 
patient samples was investigated. The binding to BMMCs 
from patients diagnosed with AML (n = 4), ALL (n = 2), 
and healthy donors (n = 2) were assessed by flow cytometry 
(Fig. 5a). Since leukemic blast cells express low to interme-
diate CD45 levels, the CD45-positive populations were gated 
and further gated for CD33 positivity to select only myeloid 
blasts for the analysis of specific interactions. The MFI ratio 
was defined by the MFI of the IgG-y1HL63D6 divided by 
MFI of Trastuzumab, which was used as isotype control. The 
results indicated that the average MFI ratio of BMMCs from 
AML patients was 1.35 ± 0.18 (n = 4) and were significantly 
higher than those of the non-AML BMMCs (MFI ratio of 
0.97 ± 0.27, n = 4) (Fig. 5b). The AML sample that showed 
an MFI ratio of 1.63 was diagnosed as M2 subtype, the same 
as HL-60 cells. The sample that showed an MFI ratio of 1.16 
was diagnosed as M3 subtype; while, the two samples where 
the FAB subtype was not determined (N/A) showed MFI 
ratios of 1.27 and 1.35.

Antibody‑dependent cell‑mediated cytotoxicity 
(ADCC) assay

Lastly, the ADCC activity of the recombinant IgG-
y1HL63D6 antibody was investigated. HL-60, OCIM-1, 
and Jurkat were used as target cells with freshly isolated 
and pooled PBMCs from 5 donors (Fig. 6a) or PBMCs from 
5 individual heathy donors (Fig. 6b), as a source of effec-
tor cells. The ADCC activity was analyzed at an antibody 
concentration of 100 µg/mL to ensure saturated antigen 
binding. The cells were co-incubated with PBMCs at a 50:1 
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effector-to-target ratio. As AML cells have been shown to 
be negative for HER2 expression [21], the therapeutic IgG1 
antibody, trastuzumab which targets HER2, was used as a 
negative control. Flow cytometry analysis demonstrated 
that IgG-y1HL63D6 could significantly increase the death 
of the CFSE-labeled target cells when compared to trastu-
zumab. The cytotoxic effect of the antibody was specific 
to HL-60 (12.84%) only, as no cytotoxicity was detected 
with OCIM-1 (-1.35%) or Jurkat (-1.7%) cells when pooled 
PBMCs were used as effector cells (Fig. 6a), indicating that 
IgG-y1HL63D6 could mediate ADCC activity via targeting 
of a specific epitope on the surface of HL-60 cells. Notably, 
a variation in ADCC activity of samples from different indi-
vidual donors was observed (Fig. 6b) and the percentage of 
HL-60 cell death induced by IgG-y1HL63D6 using PBMC 
from different individual donors varied between 13.3% and 

38.0%. However, in all cases, IgG-y1HL63D6-mediated 
cytotoxicity was significantly higher than those of the nega-
tive control. These data indicate that IgG-y1HL63D6 anti-
body has a potential to be further developed for therapeutic 
purposes.

Discussion

The residual leukemic stem cells after chemotherapy may 
cause relapse, leading to poor prognosis in AML patients 
[22]. More effective and less toxic therapeutic options are 
required to eliminate minimal residual cells [23] and we 
proposed that novel antibodies that can target a molecule on 
the surface of leukemic blasts would be beneficial for more 
effective treatment. We applied phage display technology 

Fig. 3   Cross-reactivity of IgG-
y1HL63D6 to different AML 
cell lines. Flow cytometry was 
used to assess the binding of 
IgG-y1HL63D6 to different 
AML cell lines as indicated. 
Trastuzumab, a therapeutic anti-
body that binds to HER2, was 
used as a human IgG1 isotype 
control. a Overlay histogram of 
IgG-y1HL63D6 (red) and Tras-
tuzumab (black) was plotted. 
b Median fluorescent intensity 
(MFI) ratio of each cell lines 
was plotted in Mean ± SEM. 
n = 3. The dot line indicates an 
MFI ratio of 1.5, cut-off value 
for bona fide binding
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to obtain such an antibody, using whole-cell biopanning to 
select for targets in the natural conformation and HL-60 as 
a representative of AML cells [24]. To deplete the number 
of irrelevant phage antibody and enhance specific binders, 
we extended enrichment over three rounds of selection. Each 
round consisted of negative selection with a non-AML cell 
line, i.e., Jurkat, which is an immortalized line of human 
T lymphocyte from lymphoid linage, followed by positive 
selection with HL-60. As cells express large number of 
potential epitopes, selections are extensively driven by the 
density of the target antigens, subtraction of non-specific 
phage in each biopanning would increase enhancement ratio 
of specific to non-specific phage [25]. Increase in enrichment 
ratio after each round of biopanning in this study (Table S2) 
has previously been observed in the isolation of CHO-cells 
expressing the human membrane protein CD36 [26]. How-
ever, since depletion relies on affinity and density of target 
antigen on both target and negative cells, depletion does 
not always ensure elimination of non-specific clones. This 
could explain why clone y1HL63D12 cross-reacted with 

Jurkat, the subtractive cell line, even after the third round 
of biopanning (Fig. 2c). Temperature is also an important 
parameter when designing an affinity selection experiment. 
In this study, we performed the biopanning at 4 °C to pre-
serve surface membrane antigens and prevent internalization 
of phage particles.

Two scFvs clones, y1HL63D6 and y1HL63G3, had simi-
lar binding patterns, and they showed specific binding to 
HL-60 and notably did not cross-react with Jurkat, a rep-
resentative of lymphoid leukemia. The scFvs also did not 
bind to normal PBMCs. We propose that these scFvs have 
the potential to be developed as a targeted therapy for AML. 
Amino acid sequence analysis demonstrated that the VH 
CDR3 residues had a similar pattern, with varying num-
ber of amino acids between the AR and DAFDI motifs: 
ARX7DAFDI for clone y1HL63D6 and ARX5DAFDI for 
clone y1HL63G3 (Table S3). It has been demonstrated that 
diversity of the VH CDR3 effects the antibody specificity 
[27]. Therefore, this amino acid sequence may be responsi-
ble for specific binding to the target on the surface of HL-60 

Fig. 4   Surface staining of HL-60 using IgG-y1HL63D6. HL-60 cells 
were stained with mouse anti-human CD33 and IgG-y1HL63D6 anti-
body (upper panels) or isotype control, trastuzumab (lower panels). 
Anti-Human IgG-Fc-DyLight 650 (pink) was used to detect binding 
of IgG-y1HL63D6 and trastuzumab. Anti-Mouse IgG-Alexa Fluor 
488 (green) was used to detect binding of the mouse anti-human 

CD33. Nuclei were stained with Hoechst 33,342 (blue). Cell images 
were obtained using an Apo TIRF 60 × Oil DIC N2 objective of 
Nikon A1R confocal laser microscope. Scale bars = 10  μm at × 600 
magnification (a, b, c, f, g, and h). Zoomed images of a representa-
tive cell (dashed yellow boxes) are shown (d, e, i, and j)
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cells. Binding assays using flow cytometry indicated that the 
full-length IgG, IgG-y1HL63D6 binds not only to HL-60 
but also to other AML cell lines, U937 and THP-1, but not 

to OCIM-1, highlighting the heterogenicity of AML [28]. 
These results are in accordance with the finding that the 
trend of MFI ratio of IgG-y1HL63D6 against AML patients 

Fig. 5   Binding of IgG-y1HL63D6 to samples from AML patients. 
Flow cytometry was used to assess the binding of IgG-y1HL63D6 to 
samples obtained from patients and healthy volunteers. Trastuzumab, 
therapeutic antibody that binds to HER2, was used as an isotype con-
trol. a Overlay histogram of IgG-y1HL63D6 (red) and Trastuzumab 
(black) was plotted. b Median fluorescent intensity (MFI) ratio of 

AML BMMC samples and non-AML BMMC samples were plotted 
as Mean ± SEM. Significant differences between sample groups were 
assessed by the Mann–Whitney test (*P < 0.05). The AML subtype of 
the sample was identified as M2 and M3 or were not identified (N/A). 
The dotted line indicates an MFI ratio of 1.5, cut-off value for bona 
fide binding

Fig. 6   ADCC assay for IgG-y1HL63D6 induced killing of HL-60 
via normal human PBMC Freshly isolated PBMCs from healthy 
human donors were co-cultured with CFSE-labeled HL-60 cells at 
E/T ratio of 50:1 in the presence of 100  µg/mL IgG-y1HL63D6 or 
Trastuzumab (isotype control) at 37  °C for 4 h. Specific cell killing 
was indicated as the percentage of dead target cells relative to maxi-
mum cell death (heating at 75  °C for 15  min). a PBMC from pool 
of 5 donors against CFSE-labeled HL-60, OCIM-1, and Jurkat (data 

points represent the Mean ± SEM of three independent triplicate 
experiments). b PBMCs from 5 individual donors (represented by 5 
different colors) against CFSE-labeled HL-60 (data are Mean ± SEM 
of triplicate experiments). Statistical differences in multiple com-
parison were determined using Two-way ANOVA Dunnett’s multi-
ple comparisons test (***P < 0.001 and ****P < 0.0001). Statistical 
differences between groups were determined using Unpaired t test 
(*P < 0.05)
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was significantly higher than those of non-AML leukemia 
and normal BMMCs (Fig. 5). The MFI ratio of AML sam-
ples varied between samples. These results indicated sub-
stantial inter-patient heterogeneity expression [29], empha-
sizing the importance of personalized therapy [30].

According to the French–American–British (FAB) clas-
sification systems, HL-60 are classified as AML M2 (acute 
myeloblastic leukemia with maturation) [24]. U937 and 
THP-1 are classified as AML M5 (monocytic cell lines) [31], 
while OCIM-1 are classified as (AML M6, (erythroleuke-
mia blasts) [32]. Interestingly, the sample that showed the 
highest MFI ratio was isolated from an AML M2 patient, 
the same subtype as HL-60, the target cell for biopanning. 
Therefore, IgG-y1HL63D6 might specifically target to 
epitope that express on myeloblastic and monocytic cells. 
The binding of IgG-y1HL63D6 and Trastuzumab to differ-
ent cell populations, based on the side scatter and CD45 
expression, showed that the IgG-y1HL63D6 bound to mono-
cytes derived from patient BMMCs (Fig.S7a), but it did not 
bind to monocytes derived from normal BMMCs (Fig.S7b); 
whereas, the binding was higher than that of monocytes 
from normal PBMCs (Fig.S7c). Identities of the cell surface 
epitopes of the isolated antibodies remain to be explored by 
immunoprecipitation followed by LC–MS/MS analysis or 
CRISPR-based method [33]. In addition, more work needs 
to be done to determine cross-reactivity of the antibodies 
to normal cells and tissues. Once the nature of the target 
antigen is known, the binding affinity of isolated antibody 
could be further improved by various techniques of affinity 
maturation as well [34].

In this study, Trastuzumab, a well-known therapeutic 
antibody against cancer, was used as an isotype control 
because it has been reported that HL-60, U937 cell lines, 
and AML patient-derived leukemic cells showed negative 
HER2 expression [21]. Although it has been reported that 
THP-1 weakly expressed HER2 at the mRNA level [35], our 
flow cytometry analyses showed the Trastuzumab staining 
against both HL-60 and THP-1 cell lines was equivalent to 
three other irrelevant antibodies which included anti-Afla-
toxin [36], anti-Zearalenone [37], and anti-Bradyrhizobium 
[38] as shown in Fig.S8a and b, respectively. These results 
demonstrated that Trastuzumab was an appropriate control, 
even if we cannot rule out the possibility that certain popula-
tions of patient’s samples might express HER2, which could 
bind to Trastuzumab, resulting in underestimated MFI ratio.

ADCC is known as an influential factor in the efficacy 
of cancer therapy [39]. Effector cells especially NK cells 
are superior in engaging monoclonal antibodies that bind 
on the surface membrane of target cells for ADCC activ-
ity [40]. In the present study, IgG-y1HL63D6 was found 
to induce ADCC activity only in HL-60, but not OCIM-1 
and Jurkat, when PBMCs were used as effector cells. These 
results suggest that IgG-y1HL63D6 could specifically bind 

to molecules commonly expressed on HL-60 and mediate 
cell death, most likely by NK cell-mediated ADCC [41]. The 
cytotoxicity observed in this study was moderate because 
PBMCs were used as effector cells instead of isolated NK 
cells. In addition, we found that when pooled PBMCs was 
used as effector cells, the cytotoxicity level was lower 
(~ 12%) than when using individual PBMC (~ 22%). This 
was likely because of allogeneic response of pooled PBMCs, 
which could stimulate T cells to kill non-HLA matched cells 
[42]. Therefore, the remaining effector cells from pooled 
PBMC was lower than those from individual PBMC, result-
ing in lower percentage of specific cell death. Nevertheless, 
the cytotoxic effect of IgG-y1HL63D6-mediated cytotoxic-
ity on HL-60 cells was significantly higher than those of 
isotype antibody control. Variability in cytotoxic capac-
ity among donors could be explained by the disparity in 
expression of NK cell receptors within an individual [43]. 
In addition, the IgG1 antibody in this study has not been Fc 
engineered. ADCC activity of the isolated antibody could be 
further improved by Fc engineering [44, 45]. Furthermore, 
the IgG could have therapeutic potential as an antibody drug 
conjugate and the scFv obtained from this study could be 
applicable for use as a chimeric antigen receptor in CAR 
T-cell therapy or as a bispecific T-cell engager when linker 
to anti-CD3.

Conclusion

In summary, a human antibody, designated as y1HL63D6, 
that can specifically target certain population of patient 
AML blasts has been isolated from biopanning of a naïve 
human phage display scFv library against the HL-60 cell 
line. Potential therapeutic application was demonstrated by 
ADCC assay of the converted full-length IgG format. This 
biopanning strategy and the isolated antibody represented 
a promising approach for the expansion of novel AML 
treatment.
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