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(Ang) that were either more active than the wild-type 
enzyme or less susceptible to inhibition because of their 
lower affinity for the ribonuclease inhibitor RNH1. How-
ever, combining the mutations was unsuccessful because 
although the enzyme retained its higher activity, its sus-
ceptibility to RNH1 reverted to wild-type levels. We there-
fore used molecular dynamic simulations to determine, at 
the atomic level, why the affinity for RNH1 reverted, and 
we developed strategies based on the introduction of fur-
ther mutations to once again reduce the affinity of Ang for 
RNH1 while retaining its enhanced activity. We were able 
to generate a novel Ang variant with remarkable in  vitro 
cytotoxicity against HL-60 cells and pro-inflammatory 
macrophages. We also demonstrated the pro-apoptotic 
potential of Ang-based hCFPs on cells freshly isolated 
from leukemia patients.

Abstract  Immunotoxins are fusion proteins that com-
bine a targeting component such as an antibody fragment 
or ligand with a cytotoxic effector component that induces 
apoptosis in specific cell populations displaying the cor-
responding antigen or receptor. Human cytolytic fusion 
proteins (hCFPs) are less immunogenic than conventional 
immunotoxins because they contain human pro-apoptotic 
enzymes as effectors. However, one drawback of hCFPs 
is that target cells can protect themselves by expressing 
endogenous inhibitor proteins. Inhibitor-resistant enzyme 
mutants that maintain their cytotoxic activity are therefore 
promising effector domain candidates. We recently devel-
oped potent variants of the human ribonuclease angiogenin 
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Abbreviations
AML	� Acute myeloid leukemia
Ang	� Angiogenin
CMML	� Chronic myelomonocytic leukemia
DNA	� Deoxyribonucleic acid
EC50	� Half maximal effective concentration
Gb	� Granzyme B
GFP	� Green fluorescent protein
hCFP	� Human cytolytic fusion protein
hIFNγ	� Human interferon gamma
hM1Φ	� Human pro-inflammatory macrophages
HEK293T	� Human embryonic kidney cells
IMAC	� Immobilized metal ion affinity 

chromatography
Ki	� Inhibitory constant
MOG	� Myelin oligodendrocyte glycoprotein
PBMC	� Peripheral blood mononuclear cell
PCR	� Polymerase chain reaction
PI	� Propidium iodide
RNA	� Ribonucleic acid
RNH1	� Ribonuclease/angiogenin inhibitor 1
RPMI	� Roswell Park Memorial Institute
SEM	� Standard error of the mean
SOE	� Splicing by overlap extension
tRNA	� Transfer RNA
tiRNA	� tRNA-derived stress-induced RNA
XTT	� 2,3-bis-(2-Methoxy-4-nitro-5-sulfophenyl)-

2H-tetrazolium-5-carboxanilide

Introduction

Human cytolytic fusion proteins (hCFPs) overcome the 
potential immunogenicity of immunotoxins while main-
taining target cell specificity. Whereas conventional immu-
notoxins contain toxins derived from bacteria or plants, 
hCFPs are equipped with human enzymes as effector 
domains. Because these are fused with chimeric or fully 
human antibody fragments, the immunogenicity of hCFPs 
is expected to be minimal. However, the cytotoxicity of 
hCFPs is usually lower than that of conventional immuno-
toxins due to the presence of endogenous inhibitor proteins 
that mitigate the pro-apoptotic activity of human enzymes 
[1].

The eukaryotic ribonuclease inhibitor RNH1 binds and effi-
ciently inactivates several members of the pancreatic ribonu-
clease superfamily, thereby reducing their enzymatic activity 
[2]. RNH1 is expressed in most mammalian cells and makes 
up ≥0.01 % of the total intracellular protein content [3]. Some 

non-human cytotoxic ribonucleases (e.g., ranpirnase/onconase 
and BS-RNase) are less sensitive or even insensitive to RNH1 
[2]. The ability to evade RNH1 is therefore one of the major 
factors that determines ribonuclease cytotoxicity [4]. Inhibitor-
sensitive hCFPs are only effective if the dose is sufficient to 
saturate the intracellular content of RNH1.

We recently developed variants of the human ribonucle-
ase angiogenin (Ang) as improved hCFP effector domains 
[5]. Ang cleaves cellular tRNAs at the 3′ CCA terminus and 
at particular anticodon loops to generate tiRNAs [6]. These 
events lead to the shutdown of translation and promote the 
induction of apoptosis. Although the mechanistic basis of 
its pro-apoptotic activity remains unclear, Ang is fully sup-
pressed by RNH1 under physiological conditions [7].

We modified Ang by site-directed mutagenesis to 
enhance its cytotoxicity and accordingly recovered one 
variant with lower affinity for the inhibitor (Ang GGRRmut) 
and another with higher enzymatic activity (Ang QGmut). 
However, when both mutations were combined in the same 
protein, the high affinity for RNH1 was restored and the 
mutant was no more potent than the wild-type enzyme. 
Molecular dynamic simulations revealed three interaction 
clusters in the RNH1-Ang complex [Cong et  al. unpub-
lished data]. Cluster I is conserved among all mutants and 
includes the N terminus of Ang. Cluster II contains the 
GGRR exchanges that promote the disassociation of Ang 
from RNH1. In the RNH1-Ang GGRRmut complex, clus-
ter I has a hinge-like function that prevents the C terminus 
(cluster III) from interacting with the inhibitor and thus 
reduces the binding affinity. The QG exchange removes an 
obstruction covering the Ang active site by eliminating a 
hydrogen bond that stabilizes the C terminus in front of it 
[8, Cong et  al. unpublished data]. This enhanced flexibil-
ity leads to an open enzyme conformation with improved 
substrate accessibility, but when combined with the GGRR 
mutation this C-terminal flexibility facilitates the recovery 
of cluster III and thus increases the affinity for RNH1.

One strategy to destabilize the interaction between 
RNH1 and Ang GGRR/QGmut while maintaining the 
enhanced enzyme activity conferred by the Q117G 
exchange is to weaken cluster I by introducing the 
exchanges R5A and H8A at sites known to participate in 
RNH1 binding [9, 10]. K40 also contributes to RNH1 bind-
ing because the K40Q exchange increases the Ki by 1300-
fold [9]. Although K40 is part of the catalytic triad, we 
generated the mutant Ang GGRR/QG/KQmut to determine 
whether minimal catalytic activity allows the induction of 
apoptosis combined with a low affinity for the inhibitor 
[11]. We also introduced the D116H exchange at the Ang 
C terminus because this increases the enzyme activity simi-
larly to QG but replaces a negatively charged amino acid 
with a positively charged one [12] which should prevent 
the recovery of cluster III.



1577Cancer Immunol Immunother (2015) 64:1575–1586	

1 3

Here, we report the functionality of these novel angio-
genin mutants fused with the CD64-specific single-chain 
variable fragment (scFv) H22 [13, 14]. The fusion proteins 
were transiently expressed in HEK293T cells and charac-
terized in terms of target cell binding, enzyme activity, sus-
ceptibility to inhibition and cytotoxic potency. Human pro-
inflammatory macrophages (hM1Φ) and the promyelocytic 
cell line HL-60 were used as target cells in vitro. Periph-
eral blood mononuclear cells (PBMCs) were isolated from 
acute or chronic myeloid leukemia (AML/CMML) patients 
and were used as target cells ex vivo.

Materials and methods

Site‑directed mutagenesis

The plasmid containing the H22-Ang GGRR/QGmut 
sequence was modified using splicing by overlap exten-
sion PCR (SOE-PCR) with Taq Phusion DNA polymer-
ase (New England Biolabs, Ipswich, MA, USA) as previ-
ously described [5, 15]. Exchange oligonucleotide primers 
were designed and synthesized by Eurofins Genomics 
(Ebersberg, Germany) (Supplementary Table  1). The first 
two DNA fragments were amplified using 0.5 µM of each 
mutagenesis primer by heating to 98 °C for 1 min followed 
by 30 cycles of 98 °C for 50 s, 73 °C for 50 s and 72 °C 
for 40 s, with a final extension step at 72 °C for 2 min. The 
fragments were separated by 1.2  % agarose gel electro-
phoresis and purified using the NucleoSpin Gel and PCR 
Clean-up kit (Macherey & Nagel, Düren, Germany). The 
second PCR was carried out using 10 ng of each fragment 
for end annealing and overlap extension. The reaction was 
heated to 95 °C for 5 min followed by eight cycles of 95 °C 
for 45 s, 55 °C for 45 s and 72 °C for 1 min, with a final 
extension step at 72 °C for 7 min. We then added 0.2 µM 
of the 5′-SfiI_for and Hinterhis_rev primers to 10 ng of the 
self-annealed and extended fragment, and heated the reac-
tion to 95 °C for 2 min followed by 30 cycles of 95 °C for 
45 s, 55 °C for 45 s and 72 °C for 1 min, with a final exten-
sion step at 72 °C for 10 min. After fragment purification 
and digestion with XbaI and BlpI (New England Biolabs), 
the DNA fragment was inserted into the pMS expres-
sion vector [16]. Base exchanges were verified by DNA 
sequencing using an ABI Prism 3700 DNA Analyzer and 
BigDye cycle sequencing terminator chemistry (Applied 
Biosystems, Waltham, MA, USA).

Cell culture, hCFP expression and purification

HL-60 (ATCC, CCL-240) and L-540cy cells (kindly pro-
vided by Prof. Dr. med. Andreas Engert, University Hospital 
Cologne, Germany) were cultivated in RPMI 1640 medium 

with GlutaMAX™, 10 % fetal calf serum and 5 % penicil-
lin/streptomycin (Life Technologies, Darmstadt, Germany) 
under standard conditions (37 °C, 5 % CO2) without selec-
tion [17, 18]. Cell cultivation, transient hCFP expression, 
protein purification by immobilized metal ion affinity chro-
matography (IMAC) and the determination of hCFP con-
centrations were carried out as previously described [5].

Preparation of hMΦ cells from buffy coat‑derived 
PBMCs

Buffy coats were obtained from the Department of Trans-
fusion Medicine, University Hospital RWTH Aachen, 
Germany. PBMCs were isolated and polarized to produce 
a population of hM1Φ cells as previously described [19]. 
For subsequent analysis, cells were seeded into 96-well cell 
culture plates at a density of 5 × 105 cells per ml.

Preparation of PBMCs from blood and bone marrow 
specimens

All leukemia specimens were kindly provided by the 
Department of Hematology and Oncology (Internal Medi-
cine IV, University Hospital RWTH Aachen) after informed 
consent with the approval of the clinical research ethics 
board of the RWTH Aachen and pre-screening for CD64 
expression. None of the patients received any form of ther-
apy before sample donation. Bone marrow specimens were 
filtered using 100  µm pluriStrainer filter units (pluriSe-
lect, San Diego, CA, USA) before diluting 1:5 with sterile 
DPBS (Life Technologies). Peripheral blood was diluted 
1:3 in DPBS without filtration. PBMCs were isolated by 
density centrifugation as previously described [19], and 
8 × 105 cells per ml were cultivated in RPMI 1640 medium 
with 10 % heat-inactivated human serum (Sigma-Aldrich, 
Steinheim, Germany) in the presence of 100 U/ml human 
interferon gamma (hIFNγ, Sigma) at 37 °C and 5 % CO2.

Flow cytometry

The analysis of hCFP binding to cultured cells was carried 
out using a BD FACSVerse flow cytometer (Becton–Dick-
inson, Heidelberg, Germany) and BD FACSuite software 
according to the manufacturer’s instructions. We stimulated 
5 × 105 HL-60 cells per sample with 300 U/ml hIFNγ 24 h 
before analysis, with L-540cy cells as negative controls. 
Polarized hM1Φ cells were prepared as described above. 
The cells were incubated on ice with 1 µg of the purified 
hCFPs for 30  min before adding 1  µg/ml anti-His5 Alexa 
Fluor 488 conjugate (Qiagen, Hilden, Germany) detec-
tion antibody and incubating for 20  min in the dark. The 
cells were washed between incubation steps with cold 1x 
PBS. We analyzed 104 HL-60 and L-540cy cells in each 
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sample, or the entire population of PBMCs. For the latter, 
the hCFPs were supplemented with 1  % heat-inactivated 
human serum to increase binding specificity.

In vitro tRNA cleavage assays

The tRNA cleavage assays were carried out as previously 
described [5]. Substrate cleavage in the presence of the 
inhibitor was demonstrated by adding 5 U Ribolock RNase 
inhibitor (Life Technologies) to 1 µg hCFP under the same 
cleavage conditions.

Quantitative analysis of ribonucleolytic activity 
and inhibition

We incubated 5  pmol (50  nM) RNaseAlert™ (Integrated 
DNA Technologies, Leuven, Belgium) with 10  pmol 
(100 nM) hCFP overnight at room temperature in RNase-free 
cleavage buffer (30 mM Tris/NaCl, pH 8.0) in a total reaction 
volume of 100 µl per well. The RNaseAlert™ substrate is a 
fluorophore- and quencher-coupled RNA sequence optimized 
for ribonucleolytic digestion. When exposed to the excita-
tion wavelength (485  nm), only cleaved substrates emit a 
signal (520 nm) because the signal from the intact substrate 
is quenched. All samples were tested at least in duplicate in 
black µClear 96-well plates (655090, Greiner Bio-One, Fric-
kenhausen). H22(scFv)-SNAP was used as negative con-
trol fusion protein under the same conditions to demonstrate 
cleavage specificity. The substrate dissolved in reaction buffer 
was used to correct for background fluorescence [20]. Fluo-
rescence intensities were measured using a Tecan Genios 
Pro microplate reader (Tecan, Mainz, Germany) with Magel-
lan v7.1 SP1 software. Measurements were taken 18 times at 
3-min intervals to ensure the cleavage reaction was completed. 
The values were averaged and converted into relative enzyme 
activities by signal normalization against the background fluo-
rescence (0 %) and the H22-Ang wild-type fluorescence signal 
(100 %). Inhibition was measured by supplementing the reac-
tion with decreasing quantities of RiboLock™ (0.02, 0.015, 
0.005, 0.0016, 0.00056 and 0.00019 nmol, corresponding to 
200–2 nM). The relative enzymatic activities at each RNH1 
concentration were calculated by signal normalization against 
background fluorescence (0 %) and the individual maximum 
fluorescence of each hCFP without inhibition (100  %). The 
logarithmic inhibitor quantity was plotted against the relative 
enzyme activities, and the sigmoidal dose–response curve was 
fitted using GraphPad Prism v5 with a log (inhibitor) versus 
response algorithm.

XTT proliferation assay

XTT assays were carried out as previously described on 
HL-60, L-540cy [19] and hM1Φ cells [5]. Raw data were 

evaluated using Microsoft Excel 2010 and GraphPad Prism 
v5. Cytotoxicity was calculated from a sigmoidal dose–
response fit with a variable slope.

Apoptosis assays on leukemia cells

PBMCs isolated from leukemia patients were seeded as 
described above and incubated with 200  nM hCFPs or 
controls for 12 h with an end volume of 600 µl per well. 
Negative control cells were untreated, and 30  µl camp-
tothecin was added as an internal positive control. Spe-
cific pro-apoptotic effects were confirmed by applying 
irrelevant hCFPs containing 2112(scFv), anti-her2(scFv) 
and myelin oligodendrocyte glycoprotein (MOG)-based 
binding components under equivalent conditions [21, 22, 
Bialon et  al. unpublished data]. Truncated Pseudomonas 
aeruginosa exotoxin A (ETA′) fused with H22 was used 
as a reference immunotoxin [23]. Each sample was 
tested at least in duplicate. The cells were then scraped 
and washed with 1x annexin V binding buffer (10  mM 
HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4). Follow-
ing centrifugation (1500 rpm, 7 min, 4 °C), the pellet was 
resuspended in 450 µl annexin V-eGFP saturated cell cul-
ture supernatant and 50 µl 10× annexin V binding buffer 
[24]. After incubation for 15  min in the dark, the cells 
were washed with 1× PBS, resuspended in 1× annexin 
V binding buffer and supplemented with 10 µg/ml propid-
ium iodide (PI) before measurement. Fluorescence com-
pensation was carried out with camptothecin-treated cells 
stained with either annexin V-eGFP or PI. The induc-
tion of apoptosis was confirmed using flow cytometry 
by counting 104 cells in total and plotting fluorescence 
channel FL-1 against FL-3 [25]. The sum of annexin 
V-positive cells (early-apoptotic and late-apoptotic cells) 
was calculated for the control and hCFP-treated samples, 
respectively.

Statistical analysis

Statistical significance was determined by applying a two-
tailed Student’s t test using GraphPad Prism v5. Values are 
expressed as means ±  standard deviations (SD) or stand-
ard errors of the mean (SEM) as indicated (*p  ≤  0.05, 
**p ≤ 0.01, ***p ≤ 0.001).

Results

Construction, expression and purification of mutant 
hCFPs

The H22-Ang variants GGRR/QG/RAmut, GGRR/QG/
HAmut, GGRR/QG/DHmut and GGRR/QG/KQmut were 
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prepared by site-directed mutagenesis and verified by DNA 
sequencing. After transient expression in HEK293T cells, 
the hCFPs were purified by IMAC. The yields ranged from 
0.1 to 0.9 mg per liter of cell culture supernatant, and the 
purity ranged from 60 to 90  %, as estimated by staining 
with Coomassie Brilliant Blue followed by quantification 
with “advanced image data analyzer” (AIDA) software.

Cleavage of yeast tRNA in vitro by recombinant hCFPs

The in vitro cleavage of tRNA by each hCFP was tested in 
the presence and absence of the inhibitor (Fig. 1). RNase A 
was used as a positive control, and yeast tRNA in sample 
buffer was used as a negative control. Different concentra-
tions (0.25–1  µg) of each hCFP were tested, and all four 
proteins showed dose-dependent ribonucleolytic activ-
ity. H22-Ang GGRR/QG/DHmut displayed similar activ-
ity in the presence and absence of RNH1, whereas the 
others were inhibited by RNH1 to different degrees, with 
H22-Ang GGRR/QG/KQmut appearing most susceptible to 
inhibition.

Quantitative analysis of hCFP ribonucleolytic activity

The ribonucleolytic activity of the four new hCFPs 
(100 nM) was compared to the previously described vari-
ants H22-Ang GGRRmut, H22-Ang QGmut and H22-Ang 
GGRR/QGmut [5], and the wild-type enzyme, using RNa-
seAlert™ with H22-SNAP as a negative control. The flu-
orescence signal for wild-type H22-Ang after overnight 
incubation was set to 100 %, and the background fluores-
cence was set to 0  % to provide reference values for the 
remaining constructs (Fig. 2). The activity of all four new 
variants was similar to that of H22-Ang QGmut and H22-
Ang GGRR/QGmut, and was superior to that of the wild-
type enzyme and variant H22-Ang GGRRmut as previously 
reported [5].

Susceptibility of the hCFPs to inhibition by RNH1

Individual inhibition profiles were prepared for all hCFPs 
by comparing their relative activities in the presence of dif-
ferent concentrations (2–200 nM) of the inhibitor (Fig. 3). 
Wild-type H22-Ang, H22-Ang GGRRmut and H22-Ang 
GGRR/QGmut were used as reference proteins [5]. Follow-
ing hCFP-mediated RNaseAlert™ cleavage as described 
above, the fluorescence intensities were converted to rela-
tive activities by setting the fluorescence background to 
0  % and the individual maximum fluorescence intensities 
without inhibition to 100 %. Sigmoidal and dose-dependent 
inhibition profiles were generated after plotting the rela-
tive activities against the concentrations of the inhibitor. 
As previously indicated [5], H22-Ang QGmut and H22-Ang 

GGRR/QGmut were inhibited to the same degree as wild-
type H22-Ang, whereas H22-Ang GGRRmut retained its 
full activity at all inhibitor concentrations. Among the 
four new constructs, H22-Ang GGRR/QG/RAmut, H22-
Ang GGRR/QG/HAmut and H22-Ang GGRR/QG/KQmut 
appeared to be more susceptible to the inhibitor than the 
wild-type protein, whereas H22-Ang GGRR/QG/DHmut 
was more resistant and only lost activity at the highest 
tested inhibitor concentration.

In vitro binding of hCFPs and depletion of stimulated 
HL‑60 cells and hM1Φ cells

The cell-specific binding activity of all hCFPs was con-
firmed by flow cytometry using stimulated HL-60 cells, 
hM1Φ cells and leukemia-derived PBMCs. No binding to 
CD64− L-540cy cells was observed (Fig. 4a, b). The cyto-
toxicity of each hCFP against stimulated HL-60 cells and 
human M1Φ cells was subsequently demonstrated using 
cell viability assays. Serial 1:3 dilutions were applied to 
the cells starting at 300 nM and 15 nM, respectively. Viable 
cells were quantified using an XTT assay after exposure to 

Fig. 1   Representative yeast tRNA cleavage assay. The hCFP-medi-
ated degradation of tRNA was demonstrated by incubating 1–0.25 µg 
of each fusion protein with 600 ng yeast tRNA for 90 min at 37 °C to 
measure the dose-dependent degradation efficiency. We used 100 ng 
RNase A as a positive control (+) and tRNA in RNase-free reaction 
buffer as a negative control (−). The degradation efficiency in the 
presence of RNH1 was tested in a representative experiment by add-
ing 5  U commercial RNH1 to 1  µg hCFP under the same cleavage 
conditions. H22-Ang GGRR/QG/DHmut achieved the highest cleav-
age efficiency in the presence of RNH1
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the hCFPs for 72 h (Fig. 5a). The specific cytotoxicity of 
each hCFP was also verified by the absence of any effect 
against the CD64− cell line L-540cy. The correspond-
ing EC50 values are presented in Supplementary Table  2. 
Using H22-Ang GGRRmut as reference for cytotoxicity, the 
statistical comparison of EC50 values revealed that H22-
Ang GGRR/QG/DHmut showed slightly (but significantly) 
greater toxicity toward hM1Φ cells and also slightly (but 
not significantly) greater toxicity toward HL-60 cells 
(Fig. 5b). Compared to H22-Ang GGRRmut, the remaining 

hCFPs showed similar or lower levels of cytotoxicity 
toward both cell types. Compared to wild-type H22-Ang, 
H22-Ang GGRRmut was up to 12-fold more cytotoxic 
toward HL-60 cells, whereas H22-Ang GGRR/QG/DHmut 
was at least 13-fold more cytotoxic toward HL-60 cells.

Reduction in leukemia cell viability ex vivo by hCFPs

The pro-apoptotic effect of each hCFP was tested against 
PBMCs from untreated leukemia patients with vary-
ing subtypes (Fig.  6). Clinically relevant patient data are 
summarized in Supplementary Table  3. For the apoptosis 
assays, 8  ×  105 PBMCs/ml were cultivated in the pres-
ence of human serum containing 100  U/ml hIFNγ. We 
then added 200 nM of each hCFP and incubated the cells 
for 12 h before counting the apoptotic cells by flow cytom-
etry. The sum of early-apoptotic and late-apoptotic cells 
was compared to appropriate controls (Fig.  6). No reduc-
tion in cell viability compared to the medium-only control 
was observed following the addition of 2112-Ang GGR-
Rmut, anti-her2-Ang GGRRmut or MOG-Ang (Fig. 6, sam-
ples a–d). H22-ETA′ induced apoptosis in samples a, c and 
d but not b. However, all the hCFPs reduced cell viability 
in sample b. Similar pro-apoptotic effects were observed 
for H22-ETA′ and H22-Ang GGRRmut, whereas H22-Ang 
GGRR/QG/KQmut was cytotoxic toward samples b and d 
but not the others. The remaining hCFPs showed similar 
pro-apoptotic activity against all four samples, although the 
potency varied.

Discussion

The aim of this study was to optimize our previously 
reported Ang variants by introducing four additional point 

Fig. 2   Relative enzymatic activities of hCFPs. The hCFPs were incu-
bated with RNaseAlert™ overnight at room temperature, and the 
fluorescence emission was normalized against the fluorescence back-
ground (0  %) and the maximal fluorescence of wild-type H22-Ang 
(100 %). H22-SNAP was used as a negative control under the same 
conditions. Relative enzymatic activities are expressed as means of 
three independent experiments ±  SEM. Statistical significance was 
determined using a two-tailed unpaired Student’s t test (*p ≤  0.05, 
**p ≤ 0.01 and ***p ≤ 0.001)

Fig. 3   Susceptibility of hCFPs to inhibition by RNH1. We incubated 
100 nM of each hCFP with 50 nM of RNaseAlert™ and 2–200 nM 
RNH1 overnight at room temperature, and the fluorescence emis-
sion was normalized against the fluorescence background (0 %) and 
the desired maximum fluorescence intensities without inhibition 

(100 %). Individual inhibition profiles were obtained by plotting the 
logarithmic protein concentration of RNH1 against the relative enzy-
matic activities. The sigmoidal dose-dependent inhibition was fitted 
using a log (inhibitor) versus response fit. Values are expressed as 
mean ± SEM of three independent experiments
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mutations (R5A, H8A, K40Q and D116H) into the Ang 
GGRR/QGmut variant. The novel variants were then joined 
to the scFv H22 for evaluation [5]. The hCFPs were tran-
siently expressed in HEK293T cells, and the yields were 
similar to those achieved for H22-Ang GGRRmut, Ki4-Ang, 
Ang-Ki4 [5, 16], Ang-MJ7, MJ7-Ang and RFB4-Ang [26, 
27]. We observed a general inverse correlation between 
the yield and cytotoxicity of each hCFP, suggesting 

comparative expression studies may be useful to identify 
the most suitable expression system.

Each of the hCFPs showed a similar and highly specific 
in vitro binding activity. The observed differences in pref-
erence for leukemia-derived PBMCs probably reflected 
varying CD64 expression levels based on donor specifici-
ties and leukemia subtypes. The inclusion of human serum 
was anticipated to reduce nonspecific binding events [28]. 

Fig. 4   In vitro and ex vivo 
binding activities of hCFPs. 
We incubated 1 µg hCFP with 
hIFNγ-stimulated HL-60, 
hM1Φ and L-540cy cells (a) 
or leukemia-derived PBMCs 
(b) for 30 min on ice. An Alexa 
Fluor 488 detection antibody 
was added to the samples for 
20 min on ice in the dark, and 
binding was demonstrated by 
flow cytometry. A fluorescence 
shift compared to the detec-
tion antibody control indicated 
binding. The HL-60, L–540cy 
and hM1Φ target cell popula-
tions were gated as indicated 
(a, SSC-H/FSC-H), whereas 
all PBMCs were analyzed for 
specific binding
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However, these stringent conditions may have reduced the 
binding efficiency, thus contributing to the smaller fluores-
cence shifts.

The catalytic activity of each hCFP was tested by tRNA 
cleavage in vitro. Although this assay showed that the dif-
ferent constructs varied in their cleavage efficiency, pre-
cise quantification was challenging because it depends 

on individual densitometric measurements. Quantitative 
analysis was therefore carried out using the RNaseAlert™ 
substrate. The activity of H22-Ang GGRRmut was similar 
to that of wild-type H22-Ang, but it was outperformed by 
H22-Ang QGmut, as previously reported [5]. All variants 
containing the Q117G exchange showed similar activity. 
Interestingly, the K40Q exchange did not affect the activity 

Fig. 5   Cytotoxicity of hCFPs 
against HL-60 and hM1Φ cells. 
Stimulated HL-60 and hM1Φ 
cells (a) were used to evaluate 
hCFP cytotoxicity. The cells 
were exposed to serial dilu-
tions of hCFPs for 72 h and 
treated with either zeocin or 
PBS as controls. Viable cells 
were detected using a XTT 
colorimetric assay. Target cell 
specificity was demonstrated 
by the absence of cytotoxicity 
against CD64− L-540cy cells. 
EC50 values were calculated 
after sigmoidal dose–response 
fitting (b). EC50 values are 
expressed as mean ± SD from 
at least three independent 
experiments. Statistical com-
parisons were carried out using 
a two-tailed unpaired Student’s 
t test (*p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001)
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of the enzyme in this assay despite previous reports that the 
active center was disrupted and the ribonucleolytic activ-
ity was reduced by 2 × 103-fold compared to the wild type 
[29]. The prolonged cleavage time for RNaseAlert™ com-
pared to tRNA may have allowed the digestion of similar 
amounts of substrate, despite differences in catalytic activ-
ity (Figs.  1, 2). At a certain point, unfavorable cleavage 
conditions prevent further digestion. Differential prefer-
ences for tRNA and the artificial substrate may also explain 
our observations.

We anticipated a weaker reduction in the individual 
relative enzymatic activities of variants with a lower affin-
ity for RNH1 and used the individual signal deprivation 
to quantify the degree of inhibition. We found that H22-
Ang QGmut, H22-Ang GGRR/QGmut and H22-Ang wild-
type were similarly susceptible to inhibition, confirming 
our previous data and molecular dynamic simulations [5, 
Cong et  al. unpublished data]. Ang GGRRmut has a 106-
fold lower affinity for RNH1 as shown by its potent activity 

even at high RNH1 concentrations (Fig. 3) [30]. Mutations 
R5A and H8A are close together and reduce the affinity of 
wild-type Ang for RNH1 by 50-fold and 4.6-fold, respec-
tively [9, 10]. These mutations were introduced to weaken 
cluster I, while GGRR mediates the disengagement of 
cluster II from RNH1. However, both variants appeared 
to be more susceptible to RNH1 than wild-type H22-Ang. 
R5A and H8A may weaken but not fully disrupt cluster 
I, which would allow both variants to eradicate the steric 
incompatibility caused by GGRR. Furthermore, whereas 
the disassociation at cluster II is retained, the relaxed 
cluster I interaction potentially promotes the formation of 
tighter interactions at cluster III. Although an extraordi-
nary increase in Ki was reported for Ang K40Q, H22-Ang 
GGRR/QG/KQmut demonstrated the greatest susceptibility 
to RNH1 indicating that it is difficult to predict the con-
sequences of multiple simultaneous enzyme modifications. 
H22-Ang GGRR/QG/DHmut retained its full enzymatic 
activity until exposed to the highest inhibitor concentration 

Fig. 6   Representative ex vivo 
depletion of isolated leukemia 
PBMCs. PBMCs were isolated 
by density gradient centrifuga-
tion from the peripheral blood 
(a–c) or bone marrow (d) of 
acute or chronic myelomono-
cytic leukemia patients. The 
cells were cultivated in the 
presence of 200 nM hCFPs and 
controls for 12 h at 37 °C in a 
5 % CO2 atmosphere. The cells 
were then double-stained with 
annexin V-eGFP and PI before 
analysis by flow cytometry. 
The sum of early-apoptotic and 
late-apoptotic cells is shown as 
the mean of duplicates ± SD in 
comparison with the controls
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and featured a more potent ribonucleolytic activity than 
wild-type H22-Ang.

The cytotoxic potency of wild-type H22-Ang was simi-
lar to that of granzyme M-H22 against HL-60 cells or 
granzyme B-H22 against U937 cells [31, 32]. Most of the 
novel hCFPs were approximately fourfold more cytotoxic 
against HL-60 cells than the wild-type H22-Ang but were 
less cytotoxic than H22-Ang GGRRmut. The exception was 
H22-Ang GGRR/QG/DHmut, which outperformed H22-
Ang GGRRmut due to its higher ribonucleolytic activity 
in the presence of moderate-to-high concentrations of the 
inhibitor. The EC50 of H22-Ang GGRR/QG/DHmut was 
similar to that of H22-ETA′ against U937 cells, demon-
strating the potential of optimized hCFPs to compete with 
traditional immunotoxins [23]. H22-Ang GGRRmut and 
H22-Ang GGRR/QG/DHmut also showed the most potent 
activity against hM1Φ cells, although the cytotoxicity of 
H22-Ang GGRRmut was lower than previously described 
[5]. This may reflect the heterogeneity of cell sensitivity 
depending on donor properties, the RNH1 content and the 
efficiency of cell stimulation.

The leukemia cells used for ex  vivo depletion studies 
represented different subtypes (e.g., AML and CMML) 
with varying frequencies of CD64+ cells and CD64 expres-
sion levels [33, 34]. The small sample number, specimen 
heterogeneity and inability to reproduce patient-specific 
assays did not facilitate statistical analysis. The addition 
of hIFNγ promotes monocytic CD64 expression and was 
previously shown to improve the sensitivity of H22-based 
cell targeting [31, 32, 35, 36]. CD64 expression and hCFP 
binding activity both affect the cytotoxic potency of hCFPs 
by limiting ribonuclease delivery. However, this does not 
explain the varying efficacy of the hCFPs against indi-
vidual specimens. Only H22-Ang GGRRmut demonstrated 
reproducible pro-apoptotic effects. Similar observations 
were reported for the inhibitor-insensitive hCFP GbR201K-
H22(scFv), suggesting that lower inhibitor affinity is a key 
determinant of cytotoxicity [35]. A prolonged incubation 
time might improve the potency of the remaining hCFPs, 
but we limited the assay to 12 h because some cell samples 
were sensitive toward treatment-independent apoptosis. 
The pro-apoptotic effects of the new hCFPs must there-
fore be compared to H22-ETA′ as a reference. H22-Ang 
GGRRmut was at least as cytotoxic as H22-ETA′ and was 
effective against cells that are unaffected by this immuno-
toxin (Fig. 6b), confirming the results previously reported 
for GbR201K-H22(scFv). ETA′ resistance was first 
observed in children with acute lymphoblastic leukemia 
and is caused by a deletion in the WDR85 gene [37]. How-
ever, these cells are not protected against hCFP treatment, 
which highlights the promising aspects of human enzymes. 
The observed ex  vivo cytotoxicity of the remaining vari-
ants did not correlate with the corresponding in vitro data. 

Leukemia types and even subtypes are characterized by 
substantial genetic heterogeneity [38, 39] involving sign-
aling pathways that regulate the cell cycle, proliferation, 
survival and apoptosis [40, 41]. Ang participates directly 
or indirectly in diverse signaling pathways, including 
ERK1/2, B/akt SAPK/JNK and PI3K/AKT/mTOR, among 
which at least the former can promote apoptosis [42–44]. 
Ang also co-immunoprecipitates with p53 and Mdm2 and 
may affect their regulatory functions [45]. These observa-
tions suggest that Ang promotes translational shutdown to 
protect cells from stress [46]. Apoptosis may be promoted 
by multiple processes, including proliferation arrest and 
pro-apoptotic signaling through pathways that might be 
altered or deregulated, with different effects on individual 
Ang mutants as effector domains.

In summary, we generated the novel Ang variant GGRR/
QG/DHmut and showed that it is up to 30-fold more cytotoxic 
than wild-type H22-Ang against HL-60 cells. The improve-
ment reflects its higher ribonucleolytic activity combined 
with greater resistance against the inhibitor RNH1. H22-Ang 
GGRRmut shows reproducible pro-apoptotic activity against 
CD64+ leukemia cells ex vivo, with a similar efficacy to the 
reference protein H22-ETA′. The protein was also cytotoxic 
toward cells that are resistant to H22-ETA′. Our results sug-
gest that hCFPs with improved properties have the potential 
to compete with or even outperform traditional immunotox-
ins and that in silico simulations can facilitate the develop-
ment of mutant variants with optimized characteristics.
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