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The current standard treatment for acute myeloid leukemia (AML) is chemotherapy based on cytarabine and
daunorubicine (7 C 3), but it discriminates poorly between malignant and benign cells. Dose-limiting off‑target effects
and intrinsic drug resistance result in the inefficient eradication of leukemic blast cells and their survival beyond
remission. This minimal residual disease is the major cause of relapse and is responsible for a 5-year survival rate of only
24%. More specific and efficient approaches are therefore required to eradicate malignant cells while leaving healthy
cells unaffected. In this study, we generated scFv antibodies that bind specifically to the surface of AML blast cells and
AML bone marrow biopsy specimens. We isolated the antibodies by phage display, using subtractive whole-cell
panning with AML M2‑derived Kasumi‑1 cells. By selecting for internalizing scFv antibody fragments, we focused on
potentially novel agents for intracellular drug delivery and tumor modulation. Two independent methods showed that
4 binders were internalized by Kasumi-1 cells. Furthermore, we observed the AML‑selective inhibition of cell
proliferation and the induction of apoptosis by a recombinant immunotoxin comprising one scFv fused to a truncated
form of Pseudomonas exotoxin A (ETA’). This method may therefore be useful for the selection of novel disease-specific
internalizing antibody fragments, providing a novel immunotherapeutic strategy for the treatment of AML patients.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous group of
hematologic disorders characterized by the uncontrolled prolif-
eration of haematopoietic precursor cells and the inefficient
induction of apoptosis leading to their accumulation in periph-
eral blood and bone marrow.1 The American Cancer Society
estimated there were 14,590 new cases of AML and 10,370
AML-related deaths in 2013.2 The median age at diagnosis is
65 years, which implies there may soon be a dramatic increase
in the incidence of AML due to increased life expectancy and
the resulting demographic changes.3 The current prognosis is
poor, with a 5-year relative survival rate of only 24%.2 The

majority of AML patients die because of treatment-associated
mortality and relapse caused by blast cells surviving complete
remission.1

To control this minimal residual disease, current research
focuses on lineage-specific antigen expression on the surface of
AML cells, which can be targeted using monoclonal antibodies.4

Several specific binders have been developed against leukemic
markers such as the pan‑leukocyte antigen CD45, 5 and the gly-
coprotein CD66, which is found on mature myeloid cells.6

Because single agents achieve only marginal effects, they are often
coupled to radionuclides to create radioimmunoconjugates. Sev-
eral candidates are currently undergoing clinical Phase 1 and 2
trials, where they are administered prior to allogeneic stem cell
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transplantation. Apart from these devel-
opments, most attention is still focused
on a calicheamicin-coupled CD33-tar-
geting antibody, gemtuzumab ozogami-
cin (Mylotarg�), which was approved
by the Food and Drug Administration
in 2000 for the treatment of patients
60 years of age and older with recurrent
AML, who were not considered candi-
dates for standard chemotherapy.7 The
drug was withdrawn in 2010 due to
new safety concerns and the product’s
failure to show clinical benefit to
patients enrolled in a confirmatory trial
conducted after approval.8

The main drawback of the antigens
listed above is that they are not exclusive
to AML cells and are also presented on
normal cells.9 Drugs targeting these
antigens therefore cause toxicity and
severe side effects, so there is an urgent
need to identify tumor-associated anti-
gens that are overexpressed on AML
cells, but not expressed in vital tissues
and organs.

We therefore set out to generate
highly-specific single-chain variable
fragment (scFv) antibodies against
internalizing surface molecules predom-
inantly expressed on AML blast cells.
We carried out a sequential 3-step pan-
ning strategy using viable AML
M2‑derived Kasumi-1 cells and the
na€ıve human scFv Tomlinson phage
display library J (Geneservice Ltd, UK).
Surface-binding and internalizing scFvs
were recovered separately during panning. To avoid unwanted
cross‑reactivity to common blood cell surfaces, we combined the
positive selection with an upstream negative selection (depletion)
against healthy peripheral blood mononuclear cells (PBMCs).
We screened 108 individual clones for binding to Kasumi‑1
membrane fragments and found that 47% were specific.
Sequencing the scFv DNA revealed 4 unique clones with inter-
nalizing activity. Two clones showed specific binding to primary
cells from AML patients. One of these showed cytolytic activity
when fused to a truncated version of Pseudomonas exotoxin A
(ETA’). The isolated specific binders will be used to develop new
targeted therapies to kill leukemic blast cells and thus prolong
survival after AML remission.

Results

Selection of AML-specific antibody fragments on intact cells
To select novel and potentially internalizing scFv antibody

fragments binding to AML cells, we screened the Tomlinson

phage display library J using viable Kasumi‑1 cells. The library
is based on the pIT2 phagemid vector encoding the scFv pIII
fusion protein under the transcriptional control of lactose pro-
moter (lacp) and terminator (lact). An upstream bacterial leader
sequence (pelB) directs the recombinant protein into the peri-
plasmic space. A myc/His6 tag downstream of the scFv facili-
tates the detection and purification of the recombinant protein
(Fig. 1A). E. coli cells containing the phagemids were infected
with either M13KO7 or M13K07DpIII helper phage for the
production of scFv-presenting phage particles suitable for pan-
ning (Fig. 1B). After three rounds of depletion on PBMCs fol-
lowed by positive selection on intact Kasumi‑1 cells, the scFv
library was strongly enriched for Kasumi‑1-specific clones, as
determined by visualizing binding activity after each round of
selection in 3 independent polyclonal phage ELISAs. Com-
pared with the na€ıve Tomlinson library J, the absorption value
increased 17-fold for the phage pool rescued after cell lysis,
without increasing the binding activity on PBMC membrane
fragments. The enrichment factor was determined based on the
titer of applied and recovered phage suspensions, revealing a

Figure 1. Isolation of AML-specific antibody fragments by phage display. (A) Schematic diagram of the
pHEN1-derived pIT2 phagemid expression cassette. Under the transcriptional control of the lactose
promoter (lacpro) and terminator (lacterm), the scFv insert is joined in-frame to the gene encoding
the pIII phage coat protein (gIII). The phagemid contains a pectate lyase B (pelB) leader sequence
upstream of the scFv insert and a myc/His6 tag and amber termination codon (TAG) downstream. Rel-
evant cloning sites are indicated in italics. (B) The cell-based subtractive panning procedure. A phage
particle shown on the left, presenting a scFv comprising a heavy chain (VH) and light chain (VL) fused
to the pIII minor coat protein, which carries the genetic information. In the panning procedure (shown
on the right) the Tomlinson phage library comprising more than 108 different scFv phage particles
was first depleted using healthy PBMCs (1) then positively selected on AML-derived cells (2). Non-spe-
cific and unbound particles were washed away (3), leaving specific bound phage particles to be eluted
from the cell surface (4). Internalized phage particles were recovered by cell lysis (5). The isolated
phage particles were used to infect E. coli via their F-pili (6) and amplified for further rounds of selec-
tion (7). CDRs, complementarity-determining regions.
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3-fold enrichment for potentially internalizing binders (lysis
fraction) after 3 panning rounds.

Identification of selected scFv clones
Individual binders were identified by randomly picking 108

clones and checking their binding activity on Kasumi‑1 mem-
brane fragments by monoclonal phage ELISA. A total of 51
clones (47%) showed positive binding activity on Kasumi‑1
membrane fragments, 2 thirds of which were recovered from the
lysis fraction. The selection criterion for positive binders was a
2.5-fold greater absorption value than negative controls, con-
firmed in 3 independent experiments. In parallel, we screened
the same clones for unwanted cross-reaction to PBMC mem-
brane fragments and found that none of the identified binders
showed significant binding activity to PBMC membranes. The
cDNAs representing all ELISA-positive binders were sequenced
and aligned, revealing 9 sequence-unique scFv clones, 4 recov-
ered after cell lysis. Individual binders were found up to 13 times
among the sequenced clones. We confirmed the specific binding
activity of scFv‑presenting phage particles on Kasumi‑1 mem-
brane fragments and fixed cells by monoclonal phage ELISA, and
on viable Kasumi‑1 cells by flow cytometry to verify native cell
surface binding activity (Table 1).

Sequence analysis and molecular modeling of selected scFv
antibodies

All the identified clones contained a TAG stop codon in the
heavy chain CDR2, which we reverse mutated to CAG (gluta-
mine) by site-directed mutagenesis. An average of 5 single colo-
nies was analyzed to find one correctly mutated sequence. The
atomic coordinates of the scFv framework region and CDRs
were determined automatically using SWISS-MODEL. The
comparison of the submitted scFv with and without the
(Gly4Ser)3 linker showed that the linker extends from between
the VH and VL chains but does not affect scFv folding. The 3D
structure of each scFv (Fig. 2A) was constructed by homology
modeling based on a template comprising the Staphylococcus
aureus domain/human IgM Fab complex (Parent PDB: 1dee;
Chain: E). Because of particular residues in key positions, CDRs
1 and 2 of the heavy chain and CDRs 1–3 of the light chain were
predicted to be canonical.10,11 The relationship between the
selected scFvs was initially investigated by constructing a

phenogram using the DNA sequences (Fig. 2B). The greatest lat-
eral distance in the light chain was found between EMI404 and
the corresponding sequences of EMI406 and EMI407 (0.048).
The greatest lateral distance in the heavy chain was found
between EMI404 and EMI406 (0.049) whereas the smallest lat-
eral distance was between EMI406 and EMI407 (0.028).

Binding affinity of soluble scFv-SNAP-tag proteins
The reverse-mutated scFv inserts were transferred to the bicis-

tronic pMS SNAP-tag eukaryotic expression vector to generate
scFv-SNAP-tag fusion proteins presenting the selected binders
after transfection into HEK293T cells (Fig. 3A). Effective trans-
fection was achieved by selection with zeocin and visual selection
(fluorescence microscopy to monitor enhanced green fluorescent
protein (eGFP) activity). The scFv-SNAP‑tag fusion proteins
were secreted into the supernatant, purified by IMAC and

Table 1. Clone characteristics

scFv phage binder scFv SNAP binder scFv Fc binder Affinity Internalization

Clone incidence ELISA FACS ELISA FACS FACS IHC KD § SD in nM FACS Confocal

EMI404 1x CC CC CC CC C n.d. 62.9 § 6.8 CC C
EMI405 8x C CC C CC CC CC 63.9 § 8.3 CC CC
EMI406 13x C CC C CC - n.d. 159.4 § 87.5 CC CC
EMI407 3x C C C CC - n.d. 404.4 § 183.0 C CC

Selected binders are categorized as moderate (C) or strong (CC) based on the ELISA absorption value (C < 5x, CC > 5x higher than background), the per-
centage of shifted cells identified by FACS (C < 60%, CC > 60%), the fluorescence intensity under confocal microscopy (C high, CC very high) and the
immunohistochemical (IHC) staining intensity (Cmoderate,CC strong). n.d. D not determined. Experiments were carried out at least three times.

Figure 2. (A) Tertiary structure of scFv EMI405 showing the position of
secondary structural elements. The orientation of the scFv is VH–linker–
VL. The heavy chain (VH) and light chain (VL) are shown in gray, the VH
CDRs are highlighted in warm colors (H1: red, H2: yellow, H3: orange),
and the VL CDRs in cold colors (L1: dark blue, L2: green, L3: light blue).
The CDRs are defined according to Kabat numbering system. The con-
necting (Gly4Ser)3 linker is shown in black. (B) Phylogenetic tree based
on the neighbor-joining method for the light (VL, left) and heavy (VH,
right) chains of the selected scFv antibody fragments. The lateral dis-
tance (scale bar) is proportional to their sequence identity.
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analyzed by SDS-PAGE and western blot. The purified proteins
were either used directly or coupled to the fluorophores Vista
Green or Alexa Fluor 647 using BG-SNAP substrates.

The binding strength was determined by monoclonal scFv-
ELISA. We incubated 1 mg of each purified scFv protein with
immobilized Kasumi‑1 and PBMC membrane fragments as a
negative control. Positive binding was detected using a rabbit
anti‑SNAP‑tag primary antibody and a HRP‑labeled goat anti-
rabbit secondary antibody, visualized after the addition of ABTS.
Selected clones with an absorption value at least 2.5-fold higher
than the negative controls were classified as moderate binders,
whereas clones with absorption values more than 5-fold higher
were classified as strong binders. According to this classification,
one of the selected internalizing binders (EMI404) bounds
strongly to Kasumi‑1 membrane fragments whereas the others
(EMI405, EMI406 and EMI407) were moderate binders
(Fig. 3B). We also used flow cytometry to measure scFv binding
to viable target cells, and found a minimum of 67.3% for clone

Figure 3. Construction and binding analysis of purified scFv-SNAP-tag
and scFv-Fc fusion proteins. (A) Upper diagram: Schematic diagram of
the bicistronic eukaryotic expression cassette for recombinant SNAP-tag
fusion proteins. Under the control of the cytomegalovirus promoter
(CMV pro), the pMS scFv-SNAP vector encodes the antigen binding
domain (scFv) joined in-frame to the SNAP-tag. The immunoglobulin
kappa leader sequence (Ig k) upstream of the scFv-SNAP‑tag fusion leads
to the secretion of fusion proteins into the supernatant, and a TGA stop
codon is placed immediately after the C-terminal His6 tag. The tran-
scribed internal ribosome entry site (IVS-IRES) mediates the cotransla-
tional expression of enhanced fluorescent protein (eGFP). Lower
diagram: Schematic diagram of the pET-derived expression cassette.
Under the transcriptional control of the T7 promotor (T7pro) and T7 ter-
minator sequence (T7term), the pMT2-scFv-Fc vector encodes a scFv
antibody fragment joined in-frame to constant mouse immunoglobulin
gamma 2a domain (mIgG2a). IgG2a constant domain enables the use of
standard immunohistochemical visualization techniques. The fusion pro-
tein is expressed with an N-terminal hexa-histidine tag (His6) followed by
a FLAG tag including an enterokinase cleavage site and translocated into
the periplasmic space of E. coli by the Erwinia carotovora pectate lyase B
(pelB) signal peptide. The stop codon TAA is generated immediately after
the C-terminal Strep tag II. His6 tag, FLAG tag and Strep tag II facilitates
purification and detection of recombinant proteins. (B) Binding analysis
of scFv-SNAP‑tag fusion proteins in a monoclonal scFv ELISA against
functional membrane fragments. Tumor binding activity to AML-derived
Kasumi‑1 cells (gray bars) was compared to healthy peripheral blood
mononuclear cells (PBMCs, white bars). (C) Flow cytometry of fluoro-
phore-labeled scFv-SNAP‑tag proteins on Kasumi‑1 (gray bars) and
PBMCs (white bars) cells. After subtraction of background fluorescence,
the percentage of fusion protein binding was detected in the FL‑1 chan-
nel (488 nm). NC: negative controls. VG: Vista Green. The stars indicate a
significant difference relative to the PBMC controls. (D) Flow cytometry
analysis showing the binding activity of EMI404-Fc and EMI405-Fc to
fresh patient-derived AML cells. Filled gray curves represent untreated
cells. Cells were incubated with the fusion protein (black curve). To
exclude nonspecific staining of the FITC labeled goat anti-mouse (GAM-
FITC) detection antibody, omission of the Fc-tagged fusion proteins
served as control (light gray curve). To exclude nonspecific binding of
the Fc domain AML blast cells were stained with the irrelevant scFv-Fc
fusion protein Ki-4-Fc (left bottom). To exclude unspecific binding, stain-
ings were also performed on healthy donor PBMC (right bottom).
(E) Immunohistochemical analysis of bone marrow sections with EMI405-
Fc fusion protein, magnification x 400. Right panel (AML bone marrow
biopsy sections) shows exemplary the immunological detection of AML
blast cells. Left panel (normal/healthy biopsy sections) shows no evidence
of blast cell infiltration. Megakaryocytes are marked in asterisks.
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EMI404 and a maximum of 80.2
shifted Kasumi‑1 cells in FL-1 for
clone EMI406 when incubated with
1 mg Vista Green-labeled protein
(Fig. 3C). There was no non-specific
binding to PBMCs or other negative
control cells such as HEK293T. The
KD values were determined by incu-
bating Kasumi‑1 cells with up to
2000 nM of each binder to reach a sat-
uration level. The increasing MFIs of
cell-bound scFvs were measured, nor-
malized to background fluorescence
and plotted against the applied scFv
concentrations in a saturation-binding
curve. The calculated KD values of
each sample using non‑linear regres-
sion ranged from 62.9 § 26,8 nM for
clone EMI404 to 404.4 § 183.0 nM
for clone EMI407 (Table 1). All
experiments were carried out at least
3 times.

Binding activity of soluble scFv-
Fc-tag proteins toward primary AML
cells

The selected scFv’s were inserted into the pET-derived expres-
sion vector pMT2 (Fig. 3A) and transformed into E. coli BL21
(DE3). Recombinant Fc-tag fusion proteins were directed into
the periplasmic space after induction with 2 mM IPTG and puri-
fied using IMAC on Ni-NTA superflow resins resulting in a sin-
gle dominant protein band in SDS-PAGE and Western blot at
55 kDa. Protein concentrations were determined colorometri-
cally using the BCA protein assay kit (Pierce Biotechnology,
Rockford, IL, USA) and calculated at concentration range of
120-150 mg/ml. Primary tumor cell binding were first deter-
mined by flow cytometry using an FITC conjugated goat anti-
mouse secondary antibody. 70% of blood cells were determined
as CD34C immature blast cell population. We observed robust
cell surface binding of EMI404-Fc (17% increase in MFI) and
EMI405-Fc (33% increase in MFI) to the primary AML patient
cells, but not to the PBMCs of healthy donors. EMI406-Fc and
EMI407-Fc did not show any binding activity. Irrelevant control
scFv-Fc fusion protein (Ki-4-Fc) did not show any binding activ-
ity to blast cells. (Fig. 3D). Candidate immunotoxin clone
EMI405 showed robust immunohistochemical staining for
human AML blast cells in the marrow biopsy in contrast to a
control (healthy) biopsy. Megakaryocytes were not stained with
EMI405-Fc fusion protein indicating tumor-specific binding
activity (Fig. 3E).

Internalization behavior
SNAP‑tag scFv fusion proteins labeled with Alexa Fluor

647 were incubated with the target cells at 37�C for 1 h to
allow internalization. Having confirmed functional binding
activity by flow cytometry, surface-bound scFv proteins were

stripped with trypsin and the fluorescent profile was checked
again. Clones EMI404, 405, 406 and 407 still generated a sig-
nificant fluorescent signal in FL‑4 reflecting the presence of
endocytosed scFv fusion proteins. In contrast, there was no
signal after trypsin elution when incubation was carried out at
4�C or when the target cells were incubated with the non-spe-
cific 425(scFv)-SNAP fusion protein (Fig. 4A). Normalizing
the signal following trypsin treatment to the signal before
treatment revealed that 68.7 § 3.5% of clone EMI404,
66.2 § 9.9% of clone EMI405 and 65.5 § 20.4% of clone
EMI406 was internalized after 1 h incubation at 37�C, indi-
cating a quick endocytosis of surface-bound scFv molecules. In
comparison, clone EMI407 revealed slow intracellular uptake
with an internalization rate of 11.8 § 6.3% after incubation
under the same conditions (Fig. 4B). No surface-bound scFv-
SNAP‑tag protein could be detected using a secondary anti-
SNAP‑tag antibody after trypsin elution. Using this approach,
we confirmed that the surface-bound scFv was efficiently
eluted and that the fluorescence signal must represent internal-
ized scFv protein. Each experiment was carried out 3 times. As
an example, the internalization pattern of clone EMI405 was
monitored by confocal microscopy. The labeled scFv protein
bound specifically to Kasumi‑1 cells and was internalized
under the same conditions described above, whereas the non-
specific 425(scFv)-SNAP protein did not generate a signal.
However, incubation at 4�C inhibited internalization
(Fig. 5A). Clones that were internalized based on FACS analy-
sis were analyzed to determine their internalization kinetics
using the Opera live cell imager, and cellular uptake was
observed within the first 15 min of incubation at 37�C
(Fig. 5B).

Figure 4. Internalization of scFv-SNAP‑tag fusion proteins. (A) Flow cytometry scFv-SNAP internalization
assay. The scFv-SNAP‑tag fusion proteins were labeled with Alexa Fluor 647 and incubated with
Kasumi‑1 cells; the fluorescence signal was measured in the FL‑4 channel (gray bars). After treatment
with trypsin to remove surface-bound proteins, the fluorescence signal was maintained following incu-
bation at 37�C (black bars), reflecting the internalization of all scFv fusion proteins, but there is no signal
following incubation at 4�C (white bars). (B) Relative amount of internalized scFv fusion protein after
60 min incubation at 37�C. The fluorescence signal following the removal of surface-bound scFv was
related to the signal before trypsin treatment. The stars indicate a significant difference relative to incu-
bation at 4�C.
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Cytotoxicity of the recombinant immunotoxin
The EMI405 scFv sequence was transferred to the pMT

ETA’ prokaryotic expression vector to generate scFv-ETA’
fusion proteins (Fig. 6A). The immunotoxin was successfully
produced with 90% purity and specific binding activity was

confirmed by flow cytometry after
incubating the target cell line
Kasumi‑1 with increasing amounts
of the immunotoxin (Fig. 6B).
Cytotoxicity was evaluated using a
colorimetric XTT cell proliferation
assay with the target cell line
Kasumi‑1 and KG‑1 as negative
control, and compared to the effect
of the non-specific protein 425
(scFv)-ETA’. We observed the
dose-dependent inhibition of cell
growth with an IC50 value of
265.2 § 0.2 nM for EMI405
(scFv)-ETA’ (Fig. 6C), whereas the
viability of Kasumi‑1 cells was
affected neither by 425(scFv)-ETA’
nor by the non-internalizing scFv
EMI408. Furthermore, scFv
EMI405 had no effect on the via-
bility of the negative control cells
KG‑1, confirming its targeted
cytotoxicity.

Measurement of apoptosis
Apoptosis was analyzed by labeling

the cells with annexin A5-eGFP and
propidium iodide, revealing a time-
dependent increase in the amount of
bound annexin A5 exclusively on
Kasumi‑1 cells after 24 h exposure to

the immunotoxin EMI405(scFv)-ETA’. The non-specific 425
(scFv)-ETA’ construct had no effect on Kasumi‑1 cells (Fig. 7A).
We also tested for caspase-3/7 activity after incubation with the
immunotoxin for 24, 48, 72 and 96 h. The signal representing
the metabolized pro-fluorescent caspase substrate in Kasumi‑1

Figure 5. Binding and internalization of
scFv-SNAP‑tag fusion proteins analyzed
by confocal microscopy. (A) Confocal
images of Kasumi‑1 cells incubated with
1 mg EMI405(scFv)-SNAP-647 for 60 min
at 37�C (a C b) or at 4�C (c). Surface-
bound proteins were removed with tryp-
sin allowing the detection of internalized
scFv protein. Kasumi‑1 cells were incu-
bated with the irrelevant 425(scFv)‑SNAP
protein at 37�C as a negative control (d).
Scale bars show magnification. (B) Inter-
nalization kinetics was analyzed using a
live cell imager. Kasumi‑1 cells revealed
a corona-shaped fluorescent signal when
incubated with EMI404, EMI405 and
EMI406 at time point 0 min (a). Cellular
uptake was observed after 15 min incu-
bation (b) under physiological conditions
as shown by the intracellular fluorescent
vesicles (white arrows).
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samples was measured and compared to the negative control line
KG‑1. After 96 h, we observed apoptosis in 33.0 § 1.4% of the
Kasumi‑1 cells, but only 0.6 § 0.1% of the KG‑1 cells (P <

0.0001). The percentage of apoptotic Kasumi‑1 cells was 15.9 §
0.6% after 72 h and 4.2 § 2.1% after 48 h, indicating a time-
dependent increase when incubated with the same amount of

immunotoxin (Fig. 7B). The addition of PBS or the non-specific
fusion protein 425(scFv)‑ETA’ had no effect on apoptosis (data
not shown). Each experiment was carried out 3 times.

Discussion

There are many subtypes of leukemia, and the 5-year survival
rate varies from 15-70% depending on the specific form of the
disease and patients age.2 The American Cancer Society pre-
dicted a median 5‑year relative survival rate of 25% for AML
patients in 2013.2 The likelihood of complete remission depends
on a number of prognostic factors, including cytogenetic charac-
teristics and the presence of a mutation in the FLT‑3 transmem-
brane tyrosine kinase, which promotes the uninhibited
proliferation of leukemic blast cells in the absence of a ligand.
Several drugs that inhibit FLT‑3 tyrosine kinase are undergoing
Phase 1 and 2 clinical studies, but genuine clinical responses are
rare.12 Poor prognosis in AML patients mainly reflects the high
frequency of relapse due to blast cells surviving complete remis-
sion. Post‑remission therapy therefore aims to eradicate these
residual blast cells but this is often inefficient, particularly in
older patients because of age-related co-morbidities that con-
strain chemotherapeutic opportunities13 or the intrinsic resis-
tance of leukemic cells to standard chemotherapy.3 More
effective and less toxic therapeutic options are therefore required
to eliminate minimal residual disease.

Specific molecules targeted to leukemic blast cells would be
suitable for this purpose, and although naked monoclonal anti-
bodies have shown only moderate activity, radioactive conjugates
and cytotoxic fusion proteins (immunotoxins) have shown prom-
ising results.1 Current AML-targeting strategies, however, are
limited to tumor-associated antigens such as CD33, CD45 and
CD66,4 which, although strongly expressed on blast cells, are
also present on healthy cells, resulting in severe off‑target
effects.14 To circumvent these drawbacks, we attempted to gener-
ate human antibodies against AML-derived tumor cells for the
selective destruction of cancer cells. We successfully isolated
AML-specific antibody fragments using a whole-cell panning
strategy and removed binders to common cell surface antigens by
upstream depletion. We then used 2 different internalization
assays to confirm the efficiency of panning with strong selection
pressure on internalizing scFv antibody fragments and con-
structed a novel ETA’-based immunotoxin that specifically inhib-
ited cell proliferation and induced apoptosis when incubated
with the target cell line Kasumi‑1.

The whole-cell selection strategy we developed allows native
cell surface proteins and non-protein antigens to be included in
the selection process, which minimizes the selection of scFv anti-
body fragments that bind to the cytosolic face of the cell mem-
brane or denatured epitopes that would not be recognized the
native protein in vivo. Furthermore, by carrying out the selection
process at 4�C we avoid any changes in the surface antigen pat-
tern or the expression of pre-apoptotic structures. Whole-cell
panning also focuses selection on internalizing scFv antibodies,
which is beneficial for the development of novel

Figure 6. Construction of EMI405(scFv)‑ETA’ fusion proteins and their
effect on cell viability. (A) Schematic diagram of the pET expression cas-
sette. Under the control of the T7 promoter (T7p) and terminator (T7t),
the pMT-scFv-vector encodes the scFv joined in-frame to a truncated
variant of Pseudomonas exotoxin A (ETA’). The fusion protein includes an
N-terminal His10 tag and protein is translocated into the periplasmic
space by the pectate lyase B (pelB) signal peptide. The stop codon TAA
is placed immediately after the C-terminal ETA’ domain. (B) Flow cytome-
try reveals dose-dependent binding activity against Kasumi‑1 cells incu-
bated with increasing amounts (14 fM – 420 nM) of EMI405(scFv)-ETA’
fusion protein. Surface-bound molecules were detected (FL‑1) using the
anti-ETA’ monoclonal antibody TC‑1 and mean fluorescence intensity
(MFI) was measured in the FL‑1 channel in 3 independent experiments.
(C) XTT cell proliferation assays were carried out using EMI405(scFv)-ETA’
to determine cytotoxicity against Kasumi‑1 cells (&) and the negative
control line KG‑1 (�). The percentage of viable cells was calculated after
incubation with PBS (100% viability) and DMSO (0% viability). The half
maximal inhibitory concentration (IC50) was determined by non-linear
regression analysis (sigmoidal dose response).
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immunotherapeutic agents because receptor-mediated endocyto-
sis plays a crucial role in drug delivery to target cells. Therefore,
we increased the incubation temperature to 37�C for 15 min
during panning to initiate the endocytosis of scFv-presenting
phage particles bound to external receptors. Subsequent interrup-
tion of internalization by reducing the temperature to 4�C helped
to avoid the intracellular degradation of endocytosed scFv phage
particles, allowing them to be recovered from the cytosol in an
infectious and completely functional form.15

We initially focused on the characterization of scFv binding
activity before carrying out the necessary reverse mutations and
transferring the corresponding cDNA into the pMS SNAP‑tag
vector for the production of soluble scFv fusion proteins for fur-
ther analysis.16 The scFv-SNAP‑tag fusion proteins were
expressed in HEK293T cells, purified and coupled to Vista
Green or Alexa Fluor 647 fluorophores for affinity and

internalization assays. We measured the
binding affinity and the KD, which is
required to determine the potency of an
immunotoxin.17,18 The KD of EMI405
(scFv)-SNAP was 63.9 § 8.3 nM,
resulting in significant cytotoxicity
toward Kasumi-1 cells
(IC50 D 265.2 § 0.2 nM) without
affecting other cells. However, a large
dose is needed to induce cell death effi-
ciently and this may reflect the relatively
small number of target antigens on the
cell surface.19

Increasing the avidity of binding
could result in a stronger on‑rate but
would also enhance the cytotoxicity.20

Furthermore, multivalency would favor
internalization because it causes the
dimerization of bound receptors.21 The
number of antigens presented on the
cell surface has a significant effect on
cytotoxicity: low-density antigens may
require higher concentrations of immu-
notoxins, in turn causing therapy-limit-
ing off‑target effects.18 Because we
carried out selection using whole cells,
the antigen recognized by the isolated
binders remains unknown. However,
the mean fluorescence intensity (MFI)
measured during flow cytometry can be
used as a surrogate parameter. EMI405,
EMI406 and EMI407 each generated a
MFI > 25, indicating a moderate den-
sity of bound antigens. In contrast,
EMI404 generated a MFI < 9, indicat-
ing a lower antigen density. Further
studies will reveal the identity of the
antigens, allowing us to develop targeted
fusion proteins with greater cytotoxicity.
The addition of valproic acid or mitox-

antrone could also improve the efficacy of cell killing because
these chemicals have already been shown to enhance the toxicity
of specific immunotoxins.7 Because ETA’ is prokaryotic in ori-
gin, repetitive administration is likely to result in an undesirable
immune response, which would limit the therapeutic use of the
immunotoxin.22 This could be avoided by replacing the cytotoxic
component with human proapoptotic proteins, such as granzyme
B/M, angiogenin, DAPK2 and Tau, to form fully human con-
structs.22-26

Using the Tomlinson phage display library J, we isolated a
series of novel scFv antibodies that show specific binding activity
against unknown surface antigens on AML‑derived Kasumi‑1
cells. EMI404 and EMI405 showed potent binding activity
against human primary AML cells. In addition, candidate immu-
notoxin clone EMI405 showed strong immunohistochemical
staining in bone marrow biopsy specimens from patients with

Figure 7. Analysis of apoptosis induced by the EMI405(scFv)-ETA’ immunotoxin fusion protein.
(A) Flow cytometry was used to detect apoptotic cells by annexin A5-FITC/PI double-staining.
Kasumi‑1 cells were treated with 1 mg EMI405(scFv)-ETA’, non-binding 425(scFv)-ETA’ or PBS and ana-
lyzed after incubating 4 24 h. Viable cells are shown in the lower left quadrant, early apoptotic cells in
the lower right quadrant and late apoptotic/necrotic cells in the upper right quadrant. PtdIns: Propi-
dium Iodide. (B) Histogram shows percent apoptosis based on activation of caspases-3/7 in Kasumi‑1
cells (gray bars) and KG‑1 control cells (white bars) after subtracting background (incubation with
PBS). The cells were treated with 1 mg EMI405(scFv)-ETA’ for up to 96 h. *** highly significant.
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AML. Megakaryocytes were not stained with EMI405-Fc fusion
protein indicating tumor-specific binding activity. Cross‑reactiv-
ity to common blood cell surface markers was excluded by deple-
tion on healthy PBMCs. Our method could easily be adopted for
selection on primary cells, including tumor stem cells if available
in sufficient amounts. The promising binding affinity and inter-
nalization behavior of scFv EMI405 in particular prompted us to
develop immunotoxins combining this scFv with ETA’. The
EMI405(scFv)-ETA’ fusion protein showed favorable anti-leuke-
mic activity specifically against AML-derived Kasumi‑1 cells, but
not other cancer cell lines or healthy PBMCs. EMI405(scFv)-
ETA’ induced apoptosis in the target cells, but its potency could
still be improved either by the addition of toxicity enhancers or
by increasing the valency of binding. EMI405(scFv)-ETA’ there-
fore represents a promising candidate for the development of
novel therapeutic approaches for AML.

Materials and Methods

Cells and culture methods
The human acute myeloid leukemia M2-derived cell line

Kasumi‑1 was purchased from the German Resource Centre for
Biological Material (DSMZ, cat. num. ACC-220) and used as
the selection antigen. Cells were cultured in 80% (v/v) RPMI
1640 GlutaMAX-I medium (Life Technologies, cat. num.
61870-010) supplemented with 20% (v/v) fetal bovine serum
(FBS, Life Technologies, cat. num. 10091-148) at 37�C, 5%
CO2 and split every 3–4 days at a ratio of 1:2. Blood samples
and bone marrow biopsies were collected from patients with
AML after written consent and in strict compliance with applica-
ble ethical, legal and privacy-related conditions in accordance
with the Declaration of Helsinki.27 Human PBMCs freshly-iso-
lated from heparinized full blood using Ficoll reagent (GE
Healthcare Life Sciences, cat. num. 17-1440-02), the human
embryonic kidney cell line HEK293T from the American Type
Culture Collection (ATCC, cat. num. CRL-3216) and KG-1
cells (DSMZ, cat. num. ACC-14) were used as negative controls.
The cells were grown as above in 90% (v/v) RPMI 1640 Gluta-
MAX-I medium containing 10% (v/v) FBS and 1% (v/v) penicil-
lin/streptomycin (10,000 U/ml, Life Technologies, cat. num.
15140-122). HEK293T cells were also used for transfection and
the expression of scFv-SNAP-tag fusion proteins by seeding 6 £
104 cells/well into 24‑well culture plates and incubating with
1‑2 mg plasmid DNA and 3 ml FuGene HD Transfection
Reagent (Promega, cat. num. E2311) for 48 h. Functional pro-
tein expression and SNAP-tag activity were tested as previously
described.28 Successfully-transfected cells were selected by sup-
plementing the standard medium with 100 mg/ml zeocin (Inviv-
oGen, cat. num. ant-zn-1). For the production of large quantities
of protein, transfected cells were cultured in Nunc triple flasks
(Sigma-Aldrich, cat. num. F8667) using 200 ml medium
renewed every 7‑8 days.

Selection for internalizing scFv antibodies
The human single-fold scFv Tomlinson library J (Medical

Research Council Laboratory, Cambridge, UK) was superin-
fected with either M13KO7 helper phage (NEB, cat. num.
N0315S) or M13K07DpIII hyperphage (Progen Biotechnik, cat.
num. PRHYPE). The scFv‑presenting phage particles from Tom-
linson library J were prepared for panning as previously
described.16 To remove antibodies binding to common blood-
cell surface antigens, the library was pre-incubated with PBMC
membrane fragments pre-blocked in 2% skimmed milk powder
in PBS (MPBS)29 coated on a Nunc 96‑well microtiter plate
(Sigma-Aldrich, cat. num. M9410) shaking at 400 rpm for 1 h
at room temperature (depletion)16. Kasumi-1 cells were washed
3 times with 10 ml ice‑cold PBS and blocked for 2 h with 2%
MPBS. After depletion, the supernatant containing non‑binding
phage particles was transferred to the pre-blocked Kasumi‑1 cells
and incubated the rotating platform for 1 h at 4�C. Cells and
bound scFv antibodies were pelleted at 1000 x g for 2 min. Non-
binders and non-specific binders were washed away with alternat-
ing brief and long (5 min) washing steps with pre-chilled PBS.
The cells were then re‑suspended in 15 ml pre-warmed PBS and
incubated at 37�C for 15 min to allow internalization. The cell
membrane-bound scFv phage antibodies were stripped by incu-
bation with 1 ml ice cold elution buffer (76 mM citric acid) and
the eluted phage particles were neutralized in 0.5 ml 1 M Tris-
HCl (pH 7.5). The cells were washed again with PBS to avoid
contaminating the lysis fraction with surface-bound phage, and
centrifuged as above. The internalized scFv phage antibodies
were recovered by incubating the cell pellet in 1 ml lysis buffer
(100 mM triethylamine; TEA) for 10 min and neutralizing in
0.5 ml 1 M Tris-HCl (pH 7.5). The elution and lysate fractions
were amplified by infecting mid‑logarithmic growth phase
Escherichia coli TG1 cells (Agilent Technologies, cat. num.
200123) for 30 min at 37�C, and were then subjected to the
next round of depletion and selection. Three panning rounds
were carried out. The enrichment of Kasumi‑1‑specific binders
was monitored by polyclonal phage ELISA and the enrichment
factor was calculated as previously described.16

Binding analysis: scFv-presenting phage particles
and membrane fragments

Polyclonal and monoclonal phage particles were tested by
ELISA for binding on immobilized functional membrane frag-
ments29 using an HRP/anti‑M13 monoclonal mouse secondary
antibody (GE Healthcare Life Sciences, cat. num. 27-9421-01)
and ABTS as the peroxidase substrate (Roche Life Science, cat.
num. 11204521001). For polyclonal phage ELISA, phage anti-
body fragments from each selection fraction were precipitated,
adjusted and blocked with 2% MPBS.16 After washing the pre-
blocked wells, 100 ml of the phage suspension was applied onto
Kasumi‑1 and PBMC membrane fragments and incubated for
1 h at room temperature, shaking at 400 rpm. We then added
100 ml HRP-labeled anti-M13 antibody (1:5000 dilution) and
incubated as above. Freshly-prepared ABTS solution was added
and the reaction was incubated in the dark for 15–60 min before
the colorimetric absorbance was measured at 405 nm using a
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TECAN reader against a 490 nm reference. Stringent washing
with 0.05% PBST was carried out between each step. To deter-
mine the binding activity of single clones, dilution series of the
elution and lysis fractions were prepared separately, and single
clones were transferred to sterile Nunc 96‑well microtiter plates
(Sigma-Aldrich). They were checked for binding activity as poly-
valent and monovalent scFv‑presenting phage particles after
infection with 109 hyperphage and helper phage, respectively.16

The phage-containing supernatant was transferred to the coated
wells and binding was detected as described above for the poly-
clonal phage ELISA. Binders confirmed in 3 rounds of analysis
were tested for the presence of a scFv open reading frame by
insert PCR. Insert-carrying clones were sequenced to verify their
integrity and to determine the number of binders with unique
sequences. Premature amber stop codons in positive phage clones
were eliminated by site directed mutagenesis as described
previously.16

Binding analysis: scFv-presenting phage particles and whole
cells

To confirm binding to the outer cell membrane surface, we
also carried out whole-cell ELISA on fixed Kasumi‑1 cells. We
added 1 £ 105 cells to each well and centrifuged the plate for
5 min at 500 x g and then at 4500 x g for 30 min. The cells were
air dried for 20 min and fixed with 100 ml/well 1:2 methanol:
ethanol at –20�C for 20 min. Binding was detected using the
procedure described above for phage ELISA on membrane frag-
ments. We confirmed the ability of the selected binders to bind
viable cells by flow cytometry using the scFv‑presenting phage
antibodies: 109 monovalent scFv-presenting phage particles rep-
resenting the unique binders were incubated with 2 £ 105

freshly-harvested and washed PBMCs or Kasumi‑1 cells in 2%
MPBS containing 0.02% NaN3 for 1 h at 4�C to avoid prema-
ture internalization. Unbound phage particles were removed by
washing twice with PBS using a cell washer, and the cells were
re‑suspended in 1 ml 2% MPBS. We added 1 ml monoclonal
anti‑M13 g8 FITC-labeled antibody (ACRIS, Herford, Ger-
many) and incubated the suspension for 30 min at 4�C protected
from light. After washing away the unbound antibody, the cell
pellet was re‑suspended in 0.5 ml PBS and bound phage particles
were detected in FL‑1 using a FACSCalibur flow cytometer (BD
Biosciences, Heidelberg, Germany). Binding intensity was evalu-
ated after subtracting the non-specific binding activity of pure
helper phage and secondary antibody alone.

Analysis of scFv-SNAP- and scFv-Fc-tag fusion protein
by ELISA and flow cytometry

Successfully-mutated scFv sequences were subcloned in the
pMS expression vector for the production of soluble SNAP-tag
fusion proteins in eukaryotic cells30 or pET-vector derived
pMT2 prokaryotic expression vector for the production of solu-
ble Fc-tag fusion proteins. Cloning, transfection of HEK293T
cells and the expression, purification and coupling of scFv-SNAP
to fluorophores modified with benzylguanine were carried out as
previously described.28 Cloning and expression of scFv-Fc fusion
protein were performed in the pET System according to

manufactures optimized protocols (NEB, Frankfurt a. M., Ger-
many). His6 tagged fusion proteins were purified by immobilized
metal affinity chromatography (IMAC) using Ni-NTA superflow
resins according to the manufacturers’ instructions (Qiagen, cat.
num. 30410). The functionality of the scFv-SNAP fusion protein
was demonstrated by ELISA using the crude cell culture superna-
tant as well as purified protein. A 96‑well microtiter plate was
coated overnight at 4�C with 100 ml of a 1:100 dilution of
Kasumi‑1 and PBMC membrane fragments. The plate was
washed 3 times with PBS and blocked for 2 h with 2% MPBS,
then 100 ml/well of the cell supernatant containing the scFv was
added and incubated for 1 h at room temperature, shaking at
400 rpm. Unbound protein was washed away with 0.05%
PBST, and bound scFv was detected using 0.2 mg/ml rabbit anti
SNAP‑tag polyclonal primary antibody (GenScript, cat. num.
A00684) and a polyclonal goat anti-rabbit HRP-labeled second-
ary antibody diluted 1:5000 (Abcam, cat. num. ab6721). Finally,
100 ml of freshly-prepared ABTS substrate was added to each
well and positive binding was evaluated as described above. The
binding strength of each scFv-SNAP-tag fusion protein was com-
pared by adding 1 mg of IMAC-purified protein pre-blocked in
2% MPBS to a total volume of 100 ml in each well followed by
ELISA as described above. Bound scFv-SNAP‑tag fusion proteins
were detected via their SNAP-tag as described above. The bind-
ing activity of directly-labeled scFv clones on whole cells was
detected qualitatively by incubating 1 mg of the eluted scFv pro-
tein for 1 h on ice protected from light with 5 £ 105 freshly-har-
vested PBMCs or Kasumi‑1 cells washed 3 times in blocking
buffer (PBS containing 0.5% bovine serum albumin). After two
washing steps with PBS in a cell washer, the cells were re-sus-
pended in 300 ml blocking buffer and used directly for binding
analysis (flow cytometry) and internalization analysis. Gating was
performed according to physical characteristics in forward and
sideward scatter modes, or trypan blue staining in FL-3 to
exclude dead cells and debris. The binding activity on freshly iso-
lated peripheral mononuclear cells (PBMC) from AML patients
of scFv-Fc fusion proteins were analyzed by flow cytometry using
a FITC labeled goat anti-mouse (GAM-FITC) secondary anti-
body (BD Biosciences, cat. num. 554001). Blast cells from AML
PBMC samples were analyzed by flow cytometer with monoclo-
nal anti-CD34 antibody (Leica Biosystems, cat. num. END-L-
CE), followed by staining with GAM-FITC. Data were acquired
with a Guava easyCyte 5HT apparatus (Merck Millipore, cat.
num. 0500-4005).

Binding analysis: Immunohistochemistry
Immunohistochemistry was carried out on serial sections

(2 mm) of formalin-fixed paraffin embedded routine iliac crest
biopsies from AML patients using the Bond-Max automated
immunostainer (Leica Biosystems). Tissue sections were deparaf-
finized with Bond dewax solution (Leica Biosystems, cat. num.
AR9222) and antigen retrieval was performed by heating the sec-
tions in 10 mM sodium citrate buffer, pH 6.0, at 95�C for
20 min. After PBS washing, unspecific binding was blocked by
incubating 5 min in Novocastra peroxidase block (Leica Biosys-
tems, cat. num. RE7101-CE). The slides were incubated first

www.tandfonline.com 399mAbs



with the recombinant scFv-Fc fusion protein (150 mg/ml)
diluted 1:10 in PBS containing 2% milk powder for 20 min at
room temperature. After several PBS washes, slides were visual-
ized using the Bond Polymer Refine Detection System (Leica
Biosystems, cat. num. DS9800) containing the secondary peroxi-
dase-labeled goat anti-mouse antibody and activated DAB solu-
tion according to the manufacturer’s instructions and finally
counterstained with Mayer’s ‘H€amalaun’ solution to visualize cell
nuclei.

Functional affinity constant of selected scFv antibodies
The affinity constants of each selected scFv antibody were

determined as previously described31 with the following modifi-
cations. The incubation of Kasumi‑1 cells with the Vista Green-
labeled (NEB, cat. num. S9147S) scFv-SNAP proteins (0.5–
2000 nM) was carried out as described above to reach saturation.
After subtracting the background signal produced by intrinsic
cell fluorescence and the nonspecific binding of scFv-SNAP‑tag
proteins, we calculated the geometric mean of the fluorescence
intensity for each scFv and applied concentration. The functional
affinity to PBMCs was tested in parallel to demonstrate
specificity.

Internalization analysis by flow cytometry
Internalization behavior was tested by flow cytometry using

scFv-SNAP-tag fusion proteins labeled with Alexa Fluor 647. Ini-
tially, 5 £ 105 Kasumi‑1 cells were washed 3 times with PBS,
re‑suspended in standard medium and incubated with 1 mg scFv
protein for 1 h at 37�C to allow internalization. Parallel incuba-
tions were carried out at 4�C in 1% NaN3 as a reference for non-
internalization. After a further wash, the surface-bound scFv-
SNAP proteins were stripped by adding 0.5 ml 0.05% trypsin
for 10 min at 37�C. The reaction was stopped by adding 0.5 ml
RPMI plus 10% FBS and excess trypsin was removed by washing
twice with PBS. The cell pellet was re‑suspended in blocking
buffer and the samples were analyzed using a FACSCalibur flow
cytometer (BD Biosciences). Each sample was normalized to the
non-internalization control (0%) and the positive binding signal
before trypsin treatment (100%). To detect any residual scFv
fusion protein on the cell surface, we added 0.5 ml rabbit anti
SNAP-tag polyclonal primary antibody and 0.5 ml goat anti-rab-
bit Alexa Fluor 488 polyclonal secondary antibody (Life Tech-
nologies, cat. num. A‑11009).

Internalization analysis by confocal microscopy
The internalization behavior of the selected scFvs was con-

firmed by confocal imaging. The cells were prepared as described
above and monitored with a TCS SP5 confocal microscope
(LEICA Microsystem). The proteins labeled with Alexa Fluor
647 (NEB, S9136S) were excited using a helium‑neon laser at
633 nm. Images of fluorophore and transmitted light were
merged using LEICA software. Cell internalization kinetics was
evaluated by introducing the selected scFv-SNAP fusion proteins
into the OPERA live cell imaging system after incubating at 4�C
with the target cell line Kasumi‑1. For optimal cell density, 50–
100 ml of each sample was pipetted into each well of a black

96‑well microtiter plate with a transparent base (mClear, Greiner
bio-one, cat. num. 655096)) and the cells were allowed to settle
at 4�C. Kinetic measurement was carried out over the course of
12 h in an Opera� microtiter plate imaging reader (Evotec
Technologies).

Construction, expression and purification of scFv-ETA’
immunotoxin

Recombinant immunotoxins were constructed using the scFv
genes from the ELISA-positive phagemid clones. The reverse-
mutated scFv inserts were cloned into the pMT ETA’ prokaryotic
expression vector32 and introduced into E. coli Rosetta 2 (DE3)
(Merck Millipore, cat. num. 70954) for the high-level expression
of scFv-ETA’ fusion proteins. The scFv-ETA’ immunotoxin was
expressed under stress in the presence of compatible solutes as
previously described.33 The periplasmic fraction was recovered
by pelleting the bacteria and re‑suspending in buffer (75 mM
Tris‑HCl, 300 mM NaCl, 10% glycerol, one tablet protease
inhibitor per 50 ml) then sonicating for 9 £ 1 min at 70%
intensity. The periplasmic fraction was recovered after centrifuga-
tion at 30,000 x g for 30 min and the recombinant immunotoxin
was purified in a batch procedure using Ni‑NTA Sepharose
(QIAGEN, Hilden, Germany). The flow-through was collected
after 2 rounds of incubation. The resin was washed once with
buffer 1 (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidaz-
ole), twice with buffer 2 (50 mM NaH2PO4, 300 mM NaCl,
40 mM imidazole) and bound protein was stripped with elution
buffer (50 mMNaH2PO4, 300 mMNaCl, 250 mM imidazole).
The eluted protein was finally purified using size exclusion chro-
matography as described33 and analyzed quantitatively by SDS-
PAGE. Functional binding activity was confirmed by flow
cytometry using the anti-ETA’ monoclonal antibody TC-1
(kindly provided by Dr Galloway, Ohio, USA).

Cytotoxicity of scFv-ETA’ constructs
Inhibition of cell proliferation was tested as previously

described.30,34,35 A serial dilution of the recombinant immu-
notoxin (initially 30 ng/ml) was distributed in a 96‑well
microtiter plate, and after adding 4 £ 104 Kasumi‑1 cells in
complete medium, the plates were incubated for 72 h under
standard conditions. Cell proliferation was determined by
measuring the conversion of tetrazolium salt (XTT) to an
orange formazan dye (Cell proliferation kit II, Roche Life
Science, cat. num. 11465015001), whose absorbance was
measured at 450 nm in an ELISA plate reader. All samples
were measured in triplicate. Each sample was normalized to
DMSO-treated positive controls (0%) and untreated cells
(100%) to determine IC50 values.

The induction of apoptosis was detected using a caspase-3/7
activity detection kit (Apo-One Homogeneous Caspase-3/7
Assay, Promega, cat. num. G7792) according to the man-
ufacturer’s instructions. We seeded 0.5 ml aliquots of 5 £ 105

Kasumi‑1 cells in 24-well microtiter plates and incubated them
with 1 mg immunotoxin for 24 h under standard conditions.
Samples were analyzed in duplicate in an ELISA plate reader.
Apoptosis was also analyzed by annexin A5 staining as previously
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described.25 Cells were treated as described above and apoptotic
cells were stained with HEK293T cell supernatant containing an
annexin A5 eGFP fusion protein.25 After counterstaining
necrotic cells with propidium iodide, samples were measured by
flow cytometry in a FACSCalibur device.

Bioinformatic analysis of antibody variable regions
The complementarity-determining regions (CDRs) in the

anti-AML scFv antibodies were identified using standard bioin-
formatics tools and techniques. First, positive binders identified
by monoclonal phage ELISA were prepared for sequencing by
extracting the plasmid vectors using the NucleoSpin Plasmid kit
(Macherey-Nagel, 740588.10) and subsequent insert PCR using
the primers LMB3 (5’-CAG GAA ACA GCT ATG AC-3’) and
fdSEQ1 (5’-GAA TTT TCT GTA TGA GG-3’) as described.16

The cDNA and amino acid sequences were analyzed using the
Vector NTI Advance 11 Sequence Analysis Software and Vector
NTI AlignX algorithm (Invitrogen), respectively. Unique
sequences were then analyzed with V-BASE (http://vbase.mrc-
cpe.cam.ac.uk/) and IgBLAST (www.ncbi.nlm.nih.gov/blast/
Blast.cgi) using the Kabat numbering system36 to determine the
framework regions and CDRs of the variable heavy (VH) and var-
iable light (VL) chains. SWISS-MODEL (http://swissmodel.
expasy.org/)37-39 was used to model the VH and VL chains and
PyMOL v1.5 was used for computer graphic modeling. Homol-
ogy among the selected scFv antibodies was investigated by phy-
logenetic analysis using the Neighbor-Joining algorithm.

Data analysis
Quantitative analysis of soluble scFv proteins was carried out

using AIDA image analyzer software v4.27 (Raytest, Strauben-
hardt, Germany) after digital scanning of Coomassie-stained

SDS polyacrylamide gels. Fluorophore-labeled scFvs were
detected in the VersaDoc MP System (BIO-Rad, Offenbach,
Germany) using QuantityOne Basic 1-D analysis software v4.2.1
(BIO-Rad). Data from flow cytometry were evaluated using Cell-
Quest software (Becton Dickinson, Heidelberg, Germany) and
the Windows Multiple Document Interface for Flow Cytometry
v2.8 (WinMDI, Joseph Trotter, USA). Statistical analysis was
carried out with GraphPad Prism software (GraphPad, La Jolla,
CA, USA). Data were presented as mean § standard deviation
(SD). A two-tailed t-test was used to determine the significance
of independent experiments. The criterion p < 0.05 was consid-
ered significant (*), p < 0.01 very significant (**) and p < 0.001
highly significant (***). Saturation binding curves were generated
by non‑linear regression using the Levenberg-Marquardt algo-
rithm. Immunotoxin IC50 values were calculated by non‑linear
regression using a sigmoidal dose–response equation.
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