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Abstract 
Immunotoxins, which are fusion proteins of an antibody fragment and a fragment of a bacterial or a plant toxin, induce apoptosis in target cells 
by inhibition of protein synthesis. ADP-ribosylating toxins often have few lysine residues in their catalytic domain. As they are the target for 
ubiquitination, the low number of lysines possibly prevents ubiquitin-dependent degradation of the toxin in the cytosol. To reduce this potential 
degradation, we aimed to generate a lysine-free (noK), Pseudomonas exotoxin (PE)-based immunotoxin. The new generation 24 kDa PE, which 
lacks all but the furin-cleavage site of domain II, was mutated at lysine 590 (K590) and at K606 in a CD22-targeting immunotoxin and activity 
was determined against various B cell malignancies in vitro and in vivo. On average, K590 mutated to arginine (R) reduced cytotoxicity by 1.3-
fold and K606R enhanced cytotoxicity by 1.3-fold compared to wild type (wt). Mutating K590 to histidine or deleting K590 did not prevent this 
loss in cytotoxicity. Neither stability nor internalization rate of K590R could explain reduced cytotoxicity. These results highlight the relevance of 
lysine 590 for PE intoxication. In line with in vitro results, the K606R mutant was more than 1.8-fold more active than the other variants in vivo 
suggesting that this single mutation may be beneficial when targeting CD22-positive malignancies. Finally, reduced cytotoxicity by K590R was 
compensated for by K606R and the resulting lysine-free variant achieved wt-like activity in vitro and in vivo. Thus, PE24-noK may represent a 
promising candidate for down-stream applications that would interfere with lysines.
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Introduction
Monoclonal antibodies are widely used to target and modu-
late cells of interest. The cell of interest in oncology fre-
quently is a cancer cell and antibodies are used to achieve 
cytotoxicity. For many targets though, the antibody itself is 
not active enough and is therefore linked with a cytotoxic 
agent. Immunotoxins are antibody fusion proteins genetic-
ally engineered to contain a bacterial or a plant toxin [1, 
2]. The toxin component of immunotoxins targets transla-
tion either by cleaving a specific loop of the ribosomal RNA 
or by an enzymatic transfer of ADP-ribose to eukaryotic 
elongation factor 2 (eEF2) [3, 4]. Both events arrest protein 
synthesis – a unique mode of action that no other approved 
drug utilizes – and induce intrinsic apoptosis in the target 
cell. The immunotoxin-induced cell death produces a pro-
immunogenic signal in preclinical models [5–7], which may 
explain clinically observed activation of anti-tumour im-
mune responses by immunotoxins [8, 9].

Because it frequently achieves high cytotoxicity as a fu-
sion partner, the 38 kDa, consisting of domain II and III of 
Pseudomonas exotoxin A (PE38), is studied widely [3]. One 
example is the CD22-targeting immunotoxin moxetumomab 
pasudotox, a fusion protein of an anti-CD22 antibody frag-
ment and PE38. Moxetumomab is highly active against 
various B cell malignancies and is FDA-approved for the treat-
ment of hairy cell leukaemia [10–12]. To improve cytotoxicity 
on average by two-fold and reduce immunogenicity, all but 
the furin-cleavage site of domain II can be deleted, resulting in 
a 24 kDa (PE24) toxin fragment [13, 14]. Thus, many novel 
PE-based immunotoxins are constructed using a PE24 der-
ivate. Because the smaller protein has a shorter half-life, the 
variable fragment (Fv) of the antibody was exchanged with a 
larger antigen-binding fragment (Fab) which prolonged serum 
half-life and enhanced in vivo efficacy [14, 15].

The route of ADP-ribosylating toxins from initial binding 
to their cell surface receptor to the cytosol is diverse [16, 
17]. Several toxins, including PE, traverse to the endoplasmic 
reticulum (ER) [18]. A critical step in the intoxication is 
escaping ER so that PE can reach ribosomes in the cytosol. To 
escape the ER, PE uses an ER-associated degradation (ERAD) 
pathway, which includes binding to the translocon Sec61 (19, 

20). When passing through the translocon, PE is believed to 
partially unfold and refold on the other side of the lipid bi-
layer membrane [16, 17]. Possibly because lysine-residues of 
unfolded proteins in the cytosol are rapidly ubiquitinylated 
and subsequently degraded in the proteasome, toxins that 
escape the ER through Sec61 have evolved to contain few 
lysines [16, 18]. In line with this hypothesis, remaining lysines 
may have an important function for passing the translocon 
or may be involved in the process of refolding once the toxin 
reaches the cytosol [17]. PE contains two lysine residues at 
positions 590 and 606 (Fig. 1A and B). Though few studies 
tested effects of simultaneous mutations of these two lysines 
in combination with additional PE-modifications such as 
a study describing PE38QQR, [21–23] effects on cytotox-
icity of mutations of each lysine individually have not been 
studied before.

Materials and methods
Cell lines
Cell lines used: JeKo-1, Rec-1, KOPN8, and HAL-1. All 
cells were grown at 37°C, 5% CO2 in RPMI 1640 (Gibco™, 
Thermo Fisher Scientific), supplemented with 10% fetal bo-
vine serum (FBS), 2mM L-glutamine, 100 U penicillin, and 
100 mg streptomycin (Invitrogen, Carlsbad, CA, USA).

Animal studies
All animal studies were approved by the Institutional Animal 
Care and Use Committee and adhered to the ARRIVE guide-
lines. Animals were handled according to institutional guide-
lines. Ten million JeKo-1 cells were injected intravenously 
(i.v.) at day 1 into the tail vein of NSG (NOD.Cg-Prkdcscid 
Il2rgtm1Wjl/SzJ) mice. Mice were treated from day 15 with 
three doses of 1  mg/kg or with three doses of 0.4  mg/kg 
immunotoxin every other day (QOD). To analyse tumour in-
filtration, mice were euthanized at day 22 and bone marrow 
was isolated by flushing femurs. Cells were then mashed, 
washed with PBS (Gibco™), and stained with Zombie Aqua 
(BioLegend, Amsterdam, The Netherlands), Fc-block (anti-
murine CD16/32, BioLegend), and stained with anti-CD22 
FITC (BioLegend).

Figure 1. Structure and N-terminal sequence of Domain III of Pseudomonas exotoxin A. (A) Crystallographically resolved structure of Domain III 
of Pseudomonas exotoxin A derived from the protein data bank [50]. The pdb file was visualized using Swiss-PdbViewer [51]. K590 and K606 are 
highlighted as spheres in corresponding positions. The REDLK motif was added manually. (B) C-terminal sequence of indicated PE variants including 
wild type (wt), PE-K590R or PE-K606R where lysines (K in single amino acid code) at indicated positions were mutated to arginine (R). PE-noK contains 
both mutations K590R and K606R.
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Construction, expression and purification of 
immunotoxins
Plasmids for the heavy and the light chain of the wild-type 
(wt) immunotoxin were kindly provided by Dr Ira Pastan. 
For the PE mutant variants, codon-optimized gene blocks 
were ordered (IDT, Coralville, IA, USA) and cloned into the 
wt expression plasmid. Expression and purification of the 
immunotoxin were performed as described previously [49]. 
Briefly, immunotoxin heavy and light chains were expressed 
individually in BL21 E. coli (NEB, Ipswich, MA, USA), iso-
lated as inclusion bodies, refolded for 32 h at pH 10.0 (11), 
dialyzed for two to three days, and then purified with a 
three-step chromatography protocol including two distinct 
ion exchange columns (Q Sepharose Fast Flow, Cytiva and 
Capto HiRes Q, Cytiva) followed by size exclusion column 
(Superdex 75 Increase GL, Cytiva) using an ÄKTApure 
system (Cytiva).

Cell assays
For apoptosis assays, 100 000 cells/ml were plated into 
a 96-well format, treated with a serial dilution of the 
immunotoxin, and incubated for 72  h. Cells were then 
washed, stained with 7-AAD (BioLegend), and analysed by 
flow cytometry.

For time assays, 100 000 JeKo-1 cells/ml were plated into a 
24-well format and incubated with 100 ng/ml immunotoxin 
for 1–4  h. After indicated time points, cells were washed 
twice and transferred to a new well with a fresh medium 
without immunotoxin. Cell viability was measured 72  h 
after initiation of the assay by flow cytometry as described 
above.

For stability assays, immunotoxins were left on ice or in-
cubated for 5 min at 45°C. One hundred thousand JeKo-1 
cells/ml were plated into a 96-well format and treated with 
a serial dilution of the heat-stressed immunotoxins and the 
respective control. Cell viability was measured after 72 h by 
flow cytometry.

For internalization and affinity measurements assays, 
immunotoxins were amine labelled with Alexa647 (Thermo 
Fisher Scientific, Waltham, MA, USA). Internalization was 
determined by incubation of 500 000 JeKo-1 cells/well 
for 0.5, 1, 2, or 3 h at 37°C with 1000 ng/ml Alexa647-
immunotoxins. After the indicated time points, duplicate 
samples of each time point, and immunotoxin were washed 
and either left untreated or were surface stripped using gly-
cine–pH 2.7 for 5  min. Then, samples were analyzed by 
flow cytometry. The internalization constant was generated 
using the affinity (KD) regression model of GraphPad Prism 
v9.0, whereas the algorithm incorporates estimated max-
imum binding signal (Bmax) and the time to reach half-
maximum signal. For affinity measurement, 250 000 Jeko-1 
cells were incubated with a serial dilution of immunotoxin 
in 0.1% sodium azide, 5% FBS, PBS on ice for 1 h. After 
incubation, cells were washed with PBS and analysed by 
flow cytometry.

Statistics
All graphs and corresponding statistics were done using 
GraphPad Prism v9.0 and indicated statistical tests.

Results
Mutation of K606R increased cell killing
To analyse the role of K590 and of K606 for immunotoxin 
activity, we mutated them individually and simultaneously. 
Correlating immunotoxin variants are referred to as K590R, 
K606R, or noK (Fig. 1B). Cytotoxicity of these immunotoxin 
variants was analysed on different B cell malignancies 
including two mantle cell lymphoma cell lines (JeKo-1, Rec-
1) and two B cell acute lymphoblastic leukaemia cell lines 
(KOPN8, HAL-1). Fig. 2A shows dose-dependent cell killing 
curves of the wild type (wt) and of the K590R immunotoxin 
against JeKo-1 cells. The inverse of half-maximal inhibi-
tory concentration (IC50) was defined as activity and was 
normalized to the activity of wt immunotoxin. K590R 
was significantly less active than wt against JeKo-1, Rec-1, 
KOPN8, but not against HAL-1 (Fig. 2B). The average (avg.) 
activity of K590R overall cell lines was 78% compared with 
wt activity (P < 0.0001). The activity of K606R, on the other 
hand, was significantly higher against JeKo-1, Rec-1, and 
HAL-1 but not against KOPN8. Across all cell lines, K606R 
was more active on average by 1.3-fold than wt (Fig. 2C). 
The noK variant was similarly active against Jeko-1, Rec-1, 
and KOPN8 and was more active against HAL-1. On average 
across all cell lines, the IC50 of noK was not significantly dif-
ferent from wt (Fig. 2D).

Lysine at 590 is needed for optimal immunotoxin 
activity
To investigate whether an alternate mutation of lysine 590 
could prevent reduction of cytotoxicity induced by mutation 
to arginine, we mutated either lysine to histidine (K590H) 
or introduced a deletion of K590 (del(K590)). Del(K590) 
rendered the immunotoxin inactive against JeKo-1 (Fig. 3A 
and B). The mean activity of K590H compared to wt was, 
similar to that of K590R, reduced by 1.3-fold (P = 0.0119) 
against JeKo-1 cells. As for JeKo-1, del(K590) was inactive 
against KOPN8, while K590H was less active than K590R (P 
= 0.0087) and lost on average 2.3-fold activity compared to 
wt (P = <0.0001) (Fig. 3C and D).

Shorter exposure time is needed for K606R to 
induce cell death
An explanation for differences in cytotoxicity could be a 
change in the internalization rate. To measure internal-
ization, JeKo-1 cells were exposed for 0.5, 1, 2, or 3  h to 
the four immunotoxin variants conjugated with Alexa647. 
Total Alexa647-signal at each time point was compared to 
the Alexa647-signal of cells that were surface stripped, the 
latter signal correlating with the internalized immunotoxin. 
Fig. 4A shows a representative graph of Alexa647-signal over 
time with and without surface stripping. Using GraphPad 
Prism’s regression algorithm that usually determines the con-
centration for half-maximal binding concentration (or af-
finity (KD)), we determined an internalization constant that 
defined the time, which was needed to reach half-maximal 
internalization. The average internalization constant of the 
three immunotoxin variants was not significantly different 
from wt PE (Fig. 4B). In contrast, the internalization rate 
of the del(K590) mutant was more than 20-fold lower than 
that of wt (Supplementary Fig.1A). We, thus, tested for the 
quality of antibody refolding by determining the affinity of 
the del(K590) mutant (Supplementary Fig. 1B). Compared to 
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wt, the affinity of del(K590) was not reduced. Thus, changes 
in the toxin domain but not of the antibody fragment is likely 
responsible for the inactivity of the del(K590) mutant.

It has previously been reported that the length of exposure 
time to immunotoxin correlates with cytotoxicity and im-
proved trafficking to the cytosol [11]. We, therefore, incu-
bated JeKo-1 cells for various time points with the distinct 
immunotoxin variants, washed and replated cells in a fresh 
medium, and analysed cell viability 72  h after initiation of 
the assay. Compared with wt immunotoxin at the individual 
exposure times, K606R tended to being more active than wt  
(P = 0.063) and was significantly more active than K590R  
(P = 0.046) and noK (P = 0.048) the longer the cells were ex-
posed (Fig. 4C). Because of similar internalization rates, these 
data suggests that the K606R immunotoxin may reach eEF2 
in the cytosol more efficiently.

The difference in activity could also be due to differences 
in protein stability. Therefore, we analysed cytotoxicity of 
the different immunotoxin variants after exposure to heat. 
Compared with the respective control immunotoxin variant 
kept at 4°C, all immunotoxins showed a similar loss in activity 

when heated to 45°C for 5 min. Thus, the respective muta-
tions do not significantly alter stability and stability cannot 
explain the differences in activity.

K606R shows a significantly increased efficacy in a 
JeKo-1 xenograft model
Finally, to validate relevance of the lysine-mutants in vivo, 
we tested the immunotoxin variants in a systemic JeKo-1 
xenograft model. In this model, three bolus doses of wt 
immunotoxin every other day previously achieved stabiliza-
tion of tumour burden [10]. Fig. 5A shows tumour growth 
kinetics after intravenous (i.v.) injection of 10 million JeKo-1 
cells on day 1. Untreated mice at day 15, defined as start of 
treatment, showed an average bone marrow infiltration rate 
of 38% which rose to 84% on day 19, which is the last day 
of treatment of three doses every other day starting at day 15. 
Having established tumour growth of the JeKo-1 model, we 
were interested in drug efficacy as defined by change of infil-
tration rate compared to treatment start on day 15. Untreated 
mice on day 15 showed an average JeKo-1 infiltration rate 

Figure 2. K606R increased immunotoxin activity. Various B cell malignancy cell lines were exposed to serial dilutions of indicated immunotoxin variants 
for 72 h and cell viability was analysed by flow cytometry. (A) In vitro-apoptosis assay comparing wt and K590R immunotoxin on JeKo-1 with correlating 
IC50s. Activity was defined as the reverse IC50. One representative experiment of wt and K590R is shown. (B–D) Fold change of activity of indicated 
variants compared to wild type immunotoxin against four B cell malignancy cell lines (K590R blue, K606R green, noK red). In addition, the mean of all 
fold-changes of all cell lines is indicated as ‘avg’. (ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired t-test).
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Lysines in Pseudomonas exotoxin immunotoxins 5

of 17.5% (Fig. 5B). Mice that were treated with three bolus 
doses of wt immunotoxin QOD from day 15 showed an 
average JeKo-1 bone marrow infiltration rate of 8.5% on day 
21. Correlating with cytotoxicity in vitro, K590R was less ac-
tive than wt and bone marrow infiltration rate was on average 
19% on day 21 (P = 0.063). K606R was more active than wt 
and reduced bone marrow infiltration rate to 7% (Fig. 5B,  
P = 0.36). To combine four individual in vivo experiments, 
the activity of wt was set to 1 and fold-change of efficacy was 
defined as inverse infiltration normalized to the wt (Fig. 5C). 
Compared to wt, the efficacy of noK was at 79%, of K590R 
at 78%, and of K606R at 177%, respectively. Hence, K606R 
was more active than wt (P = 0.0347), K590R (P = 0.0038), 
and noK (P = 0.0093) in vivo and was found to be the most 
active variant overall, both in vitro and in vivo.

Discussion
Pseudomonas exotoxin A contains only two lysine residues in 
the catalytic domain and one lysine residue in its C-terminal 
KDEL-like motif REDLK. With the aim of generating a 
lysine-free immunotoxin, we studied the effects of K590 and 
K606 mutants on immunotoxin activity. K606R significantly 
improved cytotoxicity in vitro and in vivo, while K590R, on 
the other hand, reduced activity in three out of four tested 

cell lines. The loss of activity by K590R could neither be pre-
vented by a mutation to histidine nor by a deletion of K590, 
whereas a simultaneous mutation of both lysines neutralized 
the effects of each individual K mutant on cytotoxicity re-
sulting in the wild type-like activity of the noK variant.

Relevance of lysines in PE
Several steps of the intoxication route of PE are well estab-
lished. In line with commonly accepted key steps of intoxi-
cation, siRNA knock-down screens using full Pseudomonas 
exotoxin A or PE-based immunotoxins against distinct sur-
face receptors consistently identify expected proteins as 
relevant for PE cytotoxicity [17, 24]. Among others, these 
proteins include KDEL-receptors that are highjacked by PE 
for retrograde trafficking to the ER and proteins needed to 
generate diphthamide, the target residue for ADP-ribosylation 
on eukaryotic elongation factor 2 (eEF2) [17, 24–26]. The 
relevance of other proteins involved in vesicular trafficking 
including SNAREs or rab proteins has shown higher vari-
ability with regard to PE cytotoxicity [17, 24]. This variability 
is likely explained by the redundant function of vesicle trans-
port proteins in eukaryotic cells [27]. In addition to biologic 
heterogeneity, different types of surface receptors take distinct 
intracellular routes after internalization. We used a CD22-
targeting immunotoxin. CD22 is internalized to the endocytic 

Figure 3. Alternate mutations other than arginine or a deletion of K590 further reduced cytotoxicity. Cells were exposed to indicated immunotoxin for 
72 h and cell viability was analysed by flow cytometry. Shown is one representative viability graph for indicated immunotoxins against JeKo-1 (A) or 
KOPN-8 (C) and mean fold-change of activity of the indicated immunotoxin variants against JeKo-1 (B) or KOPN-8 (D). Bars represent the mean fold-
change, error shown as SEM. Significance of difference from wt was determined by one-way ANOVA as ns: not significant, *P < 0.05, **P < 0.01, ***P 
< 0.001, ****P < 0.0001.
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recycling compartment which allows highly efficient shuttling 
from the surface to the endosome [28, 29]. However, intracel-
lular routes may be distinct for other immunotoxins targeting 
e.g. G-protein coupled receptors, type I/II membrane recep-
tors including cytokine receptors, or GPI-linked proteins  
[30–36]. Independent of the surface receptor, data suggest 
that all PE-based immunotoxins reach the ER and indicate 
that escaping ER is a critical step in PE intoxication.

Ribosome targeting toxins that reach the ER frequently 
highjack the ER-associated degradation (ERAD) pathway. 
Several lines of evidence suggest that PE uses the translocon 
(Sec61) to escape the ER which is different from other toxins 
including ricin that highjack DERLINs [17, 19, 37]. Similar 
to nascent proteins during translation, a freely accessible, 
C-terminal signal peptide with a short α-helix is believed to 
be involved in the initial binding step of PE to Sec61 [38]. 
K590 is located in the surface accessible C-terminal α-helix 
of PE and may be part of the initial binding motive of PE to 
Sec61 [19, 20, 39]. In line with a needed recognition motive, 
the del(K590) variant is inactive which may be explained by 
a disrupted α-helical structure [40]. That K590 is relevant for 

transport and not for the enzymatic function is further sup-
ported by data showing no change of ADP-ribosylation rate, 
the enzymatically catalysed reaction of PE, when K590 of 
PE38 is mutated to cysteine or to alanine [41, 42].

To pass the translocon and reach the cytosol, PE must, at 
least in part, unfold and then refold again once in the cytosol 
[17, 39]. For cytosolic refolding, the chaperon T-complex 
protein-1 ring complex (TRiC) is likely needed to regain PE 
activity [17, 43]. Assuming that lysine residues of unfolded PE 
would be rapidly ubiquitinated and then degraded by the pro-
teasome, these lysines would counteract cytotoxicity [44]. In 
line with possible ubiquitination and degradation of PE after 
passing the translocon, knock-down of ubiquitin-supporting 
cullins mitigates PE toxicity [17, 44]. Following this hypo-
thetical line of arguments, a reduced binding of K590R to the 
translocon and thus translocation to the cytosol may explain 
reduced cytotoxicity. On the other hand, mutated K590R and 
K606R may prevent ubiquitination and thus, degradation in 
the cytosol and therefore, enhance cytotoxicity, thus, together 
possibly explaining changes in cytotoxicity. Enhanced intra-
cellular transport of PE and not altered enzymatic function 

Figure 4. Shorter exposure to K606R results in higher cytotoxicity despite similar internalization rate and protein stability. (A) Rate of internalization on 
JeKo-l1 cells after incubation with 1000 ng/ml Alexa647-immunotoxin for 0.5, 1, 2, 3 h at 37°C. After indicated times, half the samples were surface 
stripped (representing only internalized immunotoxin) while the remainder were not (representing internalized and surface-bound immunotoxin), and 
cells were analysed by flow cytometry. Mean fluorescence intensity (MFI) is shown after background subtraction. (B) Mean internalization constant 
over time as an average of three independent experiments, error as SEM. Statistics by paired t-test determined differences were not statistically 
significant (ns). (C) JeKo-1 cells were incubated with 100 ng/ml of indicated immunotoxins for 1, 2, 3, or 4 h, washed and replated. After a total of 72 h 
from the initiation of the experiment, all cells were analysed by flow cytometry. Shown is relative viability normalized to wt. Bars represent mean fold-
changes over three experiments, error shown as SEM. Significance was determined by one-way ANOVA, as ns: no significance, *P < 0.05. (D) Protein 
stability represented by cytotoxicity after exposure to 45°C for 5 min for each of the immunotoxin variants relative to the respective variant kept at 4°C. 
Cytotoxicity was determined against JeKo-1 cells and viability was determined by flow cytometry. Shown are means of biological duplicates from three 
individual experiments. Statistics were determined by unpaired t-tests and P-values indicated as ns: no significance, * < 0.05.
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Lysines in Pseudomonas exotoxin immunotoxins 7

are also supported by a shorter exposure time needed to 
kill the target cells as described for K606R in Fig. 3 [11, 30] 
.Additional work with genetically modified cells would be 
needed to prove these hypotheses.

Comparison with other PE variants
We started searching for active PE-noK mutants with the goal 
to generate an immunotoxin for lysine-directed conjugation. 
Because the K of the wild type REDLK-motif is removed by 
carboxypeptidases before the toxin enters the cell, we did not 
modify the KDEL-motif [45]. Of note though, wt-REDLK of 
PE38 can be changed to KDEL or to RDEL without reducing 
cytotoxicity [46]. That mutation of K590 are possible as found 
here is in line with results from the Pastan group showing ac-
tive immunotoxins that carry K590 mutations to cysteine, to 
glutamine, or to serine [42, 47, 48]. To achieve α-helical struc-
ture, two non-polar residues like alanine are frequently fol-
lowed by a charged amino acid residue [40]. In line with the 
α-helical structure needed for the above postulated binding 
to Sec61, all reported substitute residues, including the histi-
dine and arginine used here, are polar (charged side-chains). 
Similar to our data in a PE24 immunotoxin, K590 mutants of 
PE38 constructs published as individual mutations lost some 
activity [42, 47]. As found in this study, simultaneous muta-
tions of both lysines at positions 606 and 590 result in a wild 
type-like activity also in a PE38 immunotoxin, thus allowing 
for a lysine-free PE with no reduction of cytotoxicity [21, 22]. 
In addition to its effects on cytotoxicity, K590 has been de-
scribed as part of a B cell epitope [47]. Whether the change of 
lysine to arginine reduces immunogenicity as does a mutation 
of lysine 590 to alanine is not known.

In summary, our data in combination with the published 
literature suggest that the lysine at position 590 is relevant 
to achieve maximal cytotoxicity, whereas mutation of K606 
enhances cytotoxicity of immunotoxins in vitro and in vivo. 

If needed for down-stream applications, a lysine-free mutant 
of PE24 can be used without significant loss compared to wild 
type PE.

Supplementary material
Supplementary data are available at Immunotherapy 
Advances online.

Supplementary Figure 1. Internalization rate but not af-
finity of del(K590) is lower than of wild type. (A) Rate of 
internalization of indicated immunotoxins in JeKo-1 cells 
after incubation with 1000  ng/ml Alexa647-immunotoxin 
for 0.5, 1, 2, 3  h at 37°C. After indicated times, one half 
of the cells were surface stripped while the remainder were 
not. Then, cells were analysed by flow cytometry. The assay 
was performed in technical duplicates. (B) Affinity of wild 
type and del(K590) after 1 h incubation with a serial dilution 
of Alexa647-immuntoxin on JeKo-1 cells in 0.1% sodium 
azide, 5% FBS, PBS. The assay was performed in technical 
triplicates.

Acknowledgements
We thank Dr Ira Pastan, National Cancer Institute, NIH, 
for providing the wild-type immunotoxin plasmids. The 
Editor-in-Chief, Tim Elliott, and handling editor, Stefan 
Barth, would like to thank the following reviewer, Rebecca 
Chukwuanukwu, and an anonymous reviewer, for their con-
tribution to the publication of this article.

Author contributions
This work was conceptualized by F.M. Methods were per-
formed by A.A., L.M., and C.E. Data were analysed by A.A., 
L.M., C.E., and F.M. Resources and administrative support 
were provided by E.N, M.S., F.M., and A.M. Data curation 

Figure 5. K606R is more active in a JeKo-1 xenograft model. (A) Growth kinetics after intravenous injection of 10 million JeKo-1 cells into NSG mice. 
Day 15 (d15) reflects average infiltration rate at treatment start and day 19 reflects infiltration rate at the last day of treatment. (B) Shown is one 
representative in vivo experiment of resulting bone marrow infiltration rates of JeKo-1 bearing mice after treatment with indicated immunotoxin 
variants. JeKo-1 cells were intravenously injected on day 1 and mice were treated from day 15 with three doses of 0.4 mg/kg of the indicated 
immunotoxin every other day. Three days after the last dose, bone marrow was isolated and analysed for lymphoma infiltration rate by flow cytometry 
(ns: no significance, *P < 0.025, unpaired t-test). (C) Mean fold-changes of the efficacy of four independent in vivo experiments in the JeKo-1 xenograft 
model were normalized to wild-type control. Bars indicate mean fold-change of efficacy, the error shown as SEM (*P < 0.05, ** < 0.01, one-way 
ANOVA).

D
ow

nloaded from
 https://academ

ic.oup.com
/im

m
unotherapyadv/article/2/1/ltac007/6533640 by Erlangen N

uernberg U
niversity user on 27 June 2023



8 A. Ammon et al.

were done by A.A. and F.M. A.A. and F.M. wrote and edited 
the draft. F.M. supervised the studies. All authors have read 
and agreed to the published version of the manuscript.

Funding statement
This work was supported by a generous donation of the 
Geis family and was funded by the interdisciplinary centre 
for clinical research of the University of Erlangen (IZKF, 
grant-# ELAN-P002 and ELAN-P085 to FM) and by the 
Deutsche Forschungsgemeinschaft (DFG, German Research 
Foundation – grant-# MU 3619/2-1) to FM.

Conflict of interest
FM received research funding from MedImmune/AstraZeneca 
and is the inventor of Duotoxins patented to the University 
of Erlangen/Nuremberg. All other authors report no relevant 
conflict of interest.

Ethical statement
All animal studies were approved by the Institutional Animal 
Care and Use Committee and adhered to the ARRIVE guide-
lines.

Data availability
The data underlying this article are available in the article and 
in its online supplementary material.

References
1. Wayne AS, Fitzgerald DJ, Kreitman RJ et al. Immunotoxins for 

leukemia. Blood 2014;123(16):2470–7. https://doi.org/10.1182/
blood-2014-01-492256

2. Beck A, Goetsch L, Dumontet C et al. Strategies and challenges 
for the next generation of antibody-drug conjugates. Nat Rev 
Drug Discovery 2017;16(5):315–37. https://doi.org/10.1038/
nrd.2016.268

3. Pastan I, Hassan R, Fitzgerald DJ et al. Immunotoxin therapy of 
cancer. Nat Rev Cancer 2006;6(7):559–65. https://doi.org/10.1038/
nrc1891

4. Barbieri L, Battelli MG, Stirpe F. Ribosome-inactivating proteins 
from plants. Biochim Biophys Acta 1993;1154(3-4):237–82. 
https://doi.org/10.1016/0304-4157(93)90002-6

5. Leshem Y, O’Brien J, Liu X et al. Combining local immunotoxins 
targeting mesothelin with CTLA-4 blockade synergistically 
eradicates murine cancer by promoting anticancer immunity. 
Cancer Immunology Research 2017;5(8):685–94. https://doi.
org/10.1158/2326-6066.CIR-16-0330

6. Gsottberger F, Brandl C, Wendland K et al. Human CD22-
transgenic, primary murine lymphoma challenges immunother-
apies in organ-specific tumor microenvironments. Int J Mol Sci 
2021;22(19):10433. https://doi.org/10.3390/ijms221910433

7. Jiang Q, Ghafoor A, Mian I et al. Enhanced efficacy of mesothelin-
targeted immunotoxin LMB-100 and anti-PD-1 antibody in pa-
tients with mesothelioma and mouse tumor models. Sci Transl Med 
2020;12(550):eaaz7252. https://doi.org/10.1126/scitranslmed.
aaz7252

8. Hassan R, Miller AC, Sharon E et al. Major cancer regressions in 
mesothelioma after treatment with an anti-mesothelin immunotoxin 
and immune suppression. Sci Transl Med 2013;5(208):208ra–147.

9. Thorgersen EB, Asvall J, Froysnes IS et al. Increased local inflam-
matory response to moc31pe immunotoxin after cytoreductive 

surgery and hyperthermic intraperitoneal chemotherapy. Ann Surg 
Oncol 2021;28(9):5252–62.

10. Müller F, Stookey S, Cunningham T et al. Paclitaxel synergizes with 
exposure time adjusted CD22-targeting immunotoxins against 
B-cell malignancies. Oncotarget 2017;8(19):30644–55. https://doi.
org/10.18632/oncotarget.16141

11. Muller F, Cunningham T, Liu XF et al. Wide variability in the time 
required for immunotoxins to kill b lineage acute lymphoblastic 
leukemia cells: implications for Trial Design. Clin Cancer Res 
2016;22(19):4913–22. https://doi.org/10.1158/1078-0432.CCR-
15-2500

12. Kreitman RJ, Dearden C, Zinzani PL et al. Moxetumomab 
pasudotox in relapsed/refractory hairy cell leukemia. Leukemia 
2018;32(8):1768–77. https://doi.org/10.1038/s41375-018-0210-1

13. Weldon JE, Xiang L, Chertov O et al. A protease-resistant 
immunotoxin against CD22 with greatly increased activity against 
CLL and diminished animal toxicity. Blood 2009;113(16):3792–
800. https://doi.org/10.1182/blood-2008-08-173195

14. Muller F, Cunningham T, Beers R et al. Domain II of Pseudomonas 
exotoxin is critical for efficacy of bolus doses in a xenograft model 
of acute lymphoblastic leukemia. Toxins (Basel) 2018;10(5):210. 
https://doi.org/doi:10.3390/toxins10050210

15. Bera TK, Onda M, Kreitman RJ et al. An improved recombi-
nant Fab-immunotoxin targeting CD22 expressing malignancies. 
Leuk Res 2014;38(10):1224–9. https://doi.org/10.1016/j.
leukres.2014.06.014

16. Worthington ZE, Carbonetti NH. Evading the proteasome: absence 
of lysine residues contributes to pertussis toxin activity by evasion 
of proteasome degradation. Infect Immun 2007;75(6):2946–53. 
https://doi.org/10.1128/IAI.02011-06

17. Moreau D, Kumar P, Wang SC et al. Genome-wide RNAi screens 
identify genes required for Ricin and PE intoxications. Dev Cell 
2011;21(2):231–44. https://doi.org/10.1016/j.devcel.2011.06.014

18. Michalska M, Wolf P. Pseudomonas exotoxin A: optimized by evo-
lution for effective killing. Front Microbiol 2015;6:963. https://doi.
org/10.3389/fmicb.2015.00963

19. Schauble N, Cavalie A, Zimmermann R et al. Interaction of Pseu-
domonas aeruginosa exotoxin A with the human Sec61 complex 
suppresses passive calcium efflux from the endoplasmic reticulum. 
Channels (Austin) 2014;8(1):76–83. https://doi.org/10.4161/
chan.26526

20. Koopmann JO, Albring J, Huter E et al. Export of antigenic 
peptides from the endoplasmic reticulum intersects with ret-
rograde protein translocation through the Sec61p channel. 
Immunity 2000; 13(1):117–27. https://doi.org/10.1016/s1074-
7613(00)00013-3

21. Debinski W, Pastan I. An immunotoxin with increased activity and 
homogeneity produced by reducing the number of lysine residues 
in recombinant Pseudomonas exotoxin. Bioconjug Chem 1994; 
5(1):40–6. https://doi.org/10.1021/bc00025a006

22. Debinski W, Obiri NI, Pastan I et al. A novel chimeric protein com-
posed of interleukin 13 and Pseudomonas exotoxin is highly cyto-
toxic to human carcinoma cells expressing receptors for interleukin 
13 and interleukin 4. J Biol Chem 1995;270(28):16775–80. https://
doi.org/10.1074/jbc.270.28.16775

23. Parney IF, Kunwar S, McDermott M et al. Neuroradiographic 
changes following convection-enhanced delivery of the recombi-
nant cytotoxin interleukin 13-PE38QQR for recurrent malignant 
glioma. J Neurosurg 2005;102(2):267–75. https://doi.org/10.3171/
jns.2005.102.2.0267

24. Pasetto M, Antignani A, Ormanoglu P et al. Whole-genome RNAi 
screen highlights components of the endoplasmic reticulum/Golgi 
as a source of resistance to immunotoxin-mediated cytotoxicity. 
Proc Natl Acad Sci USA 2015;112(10):E1135–42. https://doi.
org/10.1073/pnas.1501958112

25. Hwang J, Fitzgerald DJ, Adhya S et al. Functional domains of 
Pseudomonas exotoxin identified by deletion analysis of the 
gene expressed in E. coli. Cell 1987;48(1):129–36. https://doi.
org/10.1016/0092-8674(87)90363-1

D
ow

nloaded from
 https://academ

ic.oup.com
/im

m
unotherapyadv/article/2/1/ltac007/6533640 by Erlangen N

uernberg U
niversity user on 27 June 2023

https://doi.org/10.1182/blood-2014-01-492256
https://doi.org/10.1182/blood-2014-01-492256
https://doi.org/10.1038/nrd.2016.268
https://doi.org/10.1038/nrd.2016.268
https://doi.org/10.1038/nrc1891
https://doi.org/10.1038/nrc1891
https://doi.org/10.1016/0304-4157(93)90002-6
https://doi.org/10.1158/2326-6066.CIR-16-0330
https://doi.org/10.1158/2326-6066.CIR-16-0330
https://doi.org/10.3390/ijms221910433
https://doi.org/10.1126/scitranslmed.aaz7252
https://doi.org/10.1126/scitranslmed.aaz7252
https://doi.org/10.18632/oncotarget.16141
https://doi.org/10.18632/oncotarget.16141
https://doi.org/10.1158/1078-0432.CCR-15-2500
https://doi.org/10.1158/1078-0432.CCR-15-2500
https://doi.org/10.1038/s41375-018-0210-1
https://doi.org/10.1182/blood-2008-08-173195
https://doi.org/doi:10.3390/toxins10050210
https://doi.org/10.1016/j.leukres.2014.06.014
https://doi.org/10.1016/j.leukres.2014.06.014
https://doi.org/10.1128/IAI.02011-06
https://doi.org/10.1016/j.devcel.2011.06.014
https://doi.org/10.3389/fmicb.2015.00963
https://doi.org/10.3389/fmicb.2015.00963
https://doi.org/10.4161/chan.26526
https://doi.org/10.4161/chan.26526
https://doi.org/10.1016/s1074-7613(00)00013-3
https://doi.org/10.1016/s1074-7613(00)00013-3
https://doi.org/10.1021/bc00025a006
https://doi.org/10.1074/jbc.270.28.16775
https://doi.org/10.1074/jbc.270.28.16775
https://doi.org/10.3171/jns.2005.102.2.0267
https://doi.org/10.3171/jns.2005.102.2.0267
https://doi.org/10.1073/pnas.1501958112
https://doi.org/10.1073/pnas.1501958112
https://doi.org/10.1016/0092-8674(87)90363-1
https://doi.org/10.1016/0092-8674(87)90363-1


Lysines in Pseudomonas exotoxin immunotoxins 9

26. Wei H, Bera TK, Wayne AS et al. A modified form of diphthamide 
causes immunotoxin resistance in a lymphoma cell line with a de-
letion of the WDR85 gene. J Biol Chem 2013; 88(17):12305–12. 
https://doi.org/10.1074/jbc.M113.461343

27. Zerial M, McBride H. Rab proteins as membrane organizers. 
Nat Rev Mol Cell Biol 2001;2(2):107–17. https://doi.
org/10.1038/35052055

28. O’Reilly MK, Tian H, Paulson JC. CD22 is a recycling re-
ceptor that can shuttle cargo between the cell surface and 
endosomal compartments of B cells. The Journal of Immunology. 
2011;186(3):1554–63.

29. Du X, Beers R, Fitzgerald DJ et al. Differential cellular internali-
zation of anti-CD19 and -CD22 immunotoxins results in different 
cytotoxic activity. Cancer Res 2008;68(15):6300–5. https://doi.
org/10.1158/0008-5472.CAN-08-0461

30. Mason-Osann E, Hollevoet K, Niederfellner G et al. Quantifica-
tion of recombinant immunotoxin delivery to solid tumors allows 
for direct comparison of in vivo and in vitro results. Sci Rep 
2015;5:10832. https://doi.org/10.1038/srep10832

31. Chandramohan V, Pegram CN, Piao H et al. Production and 
quality control assessment of a GLP-grade immunotoxin, D2C7-
(scdsFv)-PE38KDEL, for a phase I/II clinical trial. Appl Microbiol 
Biotechnol 2017;101(7):2747–66. https://doi.org/10.1007/s00253-
016-8063-x

32. Andersson Y, Engebraaten O, Juell S et al. Phase I trial of EpCAM-
targeting immunotoxin MOC31PE, alone and in combination with 
cyclosporin. Br J Cancer 2015;113(11):1548–55.

33. Gao W, Tang Z, Zhang YF et al. Immunotoxin targeting glypican-3 
regresses liver cancer via dual inhibition of Wnt signalling and pro-
tein synthesis. Nat Commun 2015;6:6536. https://doi.org/10.1038/
ncomms7536

34. Masilamani AP, Dettmer-Monaco V, Monaco G et al. An anti-PSMA 
immunotoxin reduces Mcl-1 and Bcl2A1 and specifically induces in 
combination with the BAD-Like BH3 mimetic ABT-737 apoptosis 
in prostate cancer cells. Cancers (Basel) 2020;12(6):1648. https://
doi.org/10.3390/cancers12061648

35. Pemmaraju N, Lane AA, Sweet KL et al. Tagraxofusp in 
blastic plasmacytoid dendritic-cell neoplasm. N Engl J Med 
2019;380(17):1628–37. https://doi.org/10.1056/NEJMoa1815105

36. Niesen J, Stein C, Brehm H et al. Novel EGFR-specific immunotoxins 
based on panitumumab and cetuximab show in vitro and ex vivo 
activity against different tumor entities. J Cancer Res Clin Oncol 
2015; 141(12):2079–95. https://doi.org/10.1007/s00432-015-
1975-5

37. Nowakowska-Golacka J, Sominka H, Sowa-Rogozinska N et al. 
Toxins utilize the endoplasmic reticulum-associated protein deg-
radation pathway in their intoxication process. Int J Mol Sci 
2019;20(6):1307. https://doi.org/10.3390/ijms20061307

38. Voorhees RM, Hegde RS. Structure of the Sec61 channel opened 
by a signal sequence. Science 2016;351(6268):88–91. https://doi.
org/10.1126/science.aad4992

39. Michalska M, Schultze-Seemann S, Bogatyreva L et al. In vitro 
and in vivo effects of a recombinant anti-PSMA immunotoxin in 
combination with docetaxel against prostate cancer. Oncotarget 
2016;7(16):22531–42. https://doi.org/10.18632/oncotarget.8001

40. Wang J, Feng JA. Exploring the sequence patterns in the alpha-
helices of proteins. Protein Eng 2003;16(11):799–807. https://doi.
org/10.1093/protein/gzg101

41. Jorgensen R, Wang Y, Visschedyk D et al. The nature and char-
acter of the transition state for the ADP-ribosyltransferase reaction. 
EMBO Rep 2008;9(8):802–9.

42. Benhar I, Wang QC, FitzGerald D et al. Pseudomonas exotoxin A 
mutants. Replacement of surface-exposed residues in domain III 
with cysteine residues that can be modified with polyethylene glycol 
in a site-specific manner. J Biol Chem 1994;269(18):13398–404.

43. Roh SH, Kasembeli M, Bakthavatsalam D et al. Contribution of 
the type II chaperonin, TRiC/CCT, to oncogenesis. Int J Mol Sci  
2015;16(11):26706–20. https://doi.org/10.3390/ijms161125975

44. Pickart CM. Mechanisms underlying ubiquitination. Annu Rev 
Biochem 2001; 70:503–33. https://doi.org/10.1146/annurev.
biochem.70.1.503

45. Hessler JL, Kreitman RJ. An early step in Pseudomonas exotoxin 
action is removal of the terminal lysine residue, which allows bind-
ing to the KDEL receptor. Biochemistry 1997;36(47):14577–82. 
https://doi.org/10.1021/bi971447w

46. Kreitman RJ, Pastan I. Importance of the glutamate residue of 
KDEL in increasing the cytotoxicity of Pseudomonas exotoxin de-
rivatives and for increased binding to the KDEL receptor. Biochem 
J 1995;307(Pt1):29–37.

47. Onda M, Beers R, Xiang L et al. Recombinant immunotoxin against 
B-cell malignancies with no immunogenicity in mice by removal 
of B-cell epitopes. Proc Natl Acad Sci USA 2011;108(14):5742–7. 
https://doi.org/10.1073/pnas.1102746108

48. Shimamura T, Husain SR, Puri RK. The IL-4 and IL-13 pseudo-
monas exotoxins: new hope for brain tumor therapy. Neurosurg 
Focus 2006;20(4):E11. https://doi.org/10.3171/foc.2006.20.4.6

49. Pastan I, Beers R, Bera TK. Recombinant immunotoxins in the 
treatment of cancer. Methods Mol Biol 2004;248:503–18. https://
doi.org/10.1385/1-59259-666-5:503

50. Wedekind JE, Trame CB, Dorywalska M et al. Refined crystallo-
graphic structure of Pseudomonas aeruginosa exotoxin A and its 
implications for the molecular mechanism of toxicity. J Mol Biol 
2001;314(4):823–37. https://doi.org/10.1006/jmbi.2001.5195

51. Guex N, Peitsch MC. SWISS-MODEL and the Swiss-PdbViewer: 
an environment for comparative protein modeling. Electrophoresis 
1997;18(15):2714–23. https://doi.org/10.1002/elps.1150181505

D
ow

nloaded from
 https://academ

ic.oup.com
/im

m
unotherapyadv/article/2/1/ltac007/6533640 by Erlangen N

uernberg U
niversity user on 27 June 2023

https://doi.org/10.1074/jbc.M113.461343
https://doi.org/10.1038/35052055
https://doi.org/10.1038/35052055
https://doi.org/10.1158/0008-5472.CAN-08-0461
https://doi.org/10.1158/0008-5472.CAN-08-0461
https://doi.org/10.1038/srep10832
https://doi.org/10.1007/s00253-016-8063-x
https://doi.org/10.1007/s00253-016-8063-x
https://doi.org/10.1038/ncomms7536
https://doi.org/10.1038/ncomms7536
https://doi.org/10.3390/cancers12061648
https://doi.org/10.3390/cancers12061648
https://doi.org/10.1056/NEJMoa1815105
https://doi.org/10.1007/s00432-015-1975-5
https://doi.org/10.1007/s00432-015-1975-5
https://doi.org/10.3390/ijms20061307
https://doi.org/10.1126/science.aad4992
https://doi.org/10.1126/science.aad4992
https://doi.org/10.18632/oncotarget.8001
https://doi.org/10.1093/protein/gzg101
https://doi.org/10.1093/protein/gzg101
https://doi.org/10.3390/ijms161125975
https://doi.org/10.1146/annurev.biochem.70.1.503
https://doi.org/10.1146/annurev.biochem.70.1.503
https://doi.org/10.1021/bi971447w
https://doi.org/10.1073/pnas.1102746108
https://doi.org/10.3171/foc.2006.20.4.6
https://doi.org/10.1385/1-59259-666-5:503
https://doi.org/10.1385/1-59259-666-5:503
https://doi.org/10.1006/jmbi.2001.5195
https://doi.org/10.1002/elps.1150181505

