
Antibody Therapeutics, 2022, Vol. 5, No. 3 164–176
https://doi.org/10.1093/abt/tbac014

Advance Access Publication on 16 June 2022

Review Article

Strategies to mitigate the on- and off-target toxicities
of recombinant immunotoxins: an antibody
engineering perspective
Mengyu Li1,2,3, Sen Mei4, Yi Yang2,3,5, Yuelei Shen2,3,5,6 and Lei Chen4,6,*
1Department of Postgraduate, Jiangxi University of Traditional Chinese Medicine, Nanchang, China , 2Joint Graduate
School, Yangtze Delta Drug Advanced Research Institute, Nantong, China , 3Joint Graduate School, Yangtze Delta
Pharmaceutical College, Nantong, China , 4Biotherapeutics, Biocytogen Jiangsu Co. Ltd, Nantong, China , 5Institute
of Innovative Medicine, Biocytogen Pharmaceuticals (Beijing) Co, Ltd, Beijing, China , and 6Biotherapeutics,
Biocytogen Pharmaceuticals (Beijing) Co, Ltd, Beijing, China

Received: August 19, 2021; Revised: October 14, 2021; Accepted: June 14, 2022

ABSTRACT

Targeted cancer therapies using immunotoxins have achieved remarkable efficacy in hematological malig-
nancies. However, the clinical development of immunotoxins is also faced with many challenges like anti-drug
antibodies and dose-limiting toxicity issues. Such a poor efficacy or safety ratio is also the major hurdle in the
research and development of antibody-drug conjugates. From an antibody engineering perspective, various
strategies were summarized or proposed to tackle the notorious on-target off-tumor toxicity issues, including
passive strategy (XTENylation of immunotoxins) and active strategies (modulating the affinity and valency of
the targeting moiety of immunotoxins, conditionally activating immunotoxins in the tumor microenvironments
and reconstituting split toxin to reduce systemic toxicity, etc.). By modulating the functional characteristics
of the targeting moiety and the toxic moiety of immunotoxins, selective tumor targeting can be augmented
while sparing the healthy cells in normal tissues expressing the same target of interest. If successful, the
improved therapeutic index will likely help to address the dose-limiting toxicities commonly observed in the
clinical trials of various immunotoxins.

Statement of Significance: Poor therapeutic index is the major hurdle in the development of targeted
cancer therapies with immunotoxins and antibody-drug conjugates. In this review, from an antibody
engineering perspective, various strategies to mitigate the on- and off-target toxicities of immunotoxins
were reviewed. They may help to address the dose-limiting toxicities commonly observed in the clinical
trials of various immunotoxins.

KEYWORDS: conditionally active biologics; split toxin; off-target toxicity; on-target toxicity; therapeutic index;
antibody-drug conjugate; immunotoxin

INTRODUCTION

Cancer is a leading cause of human death worldwide,
accounting for approximately one in six deaths. Con-
ventional cancer treatments usually involve surgery,
chemotherapy, radiotherapy and/or hormone therapy.
Targeted cancer therapy is a type of cancer treatment
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that precisely target and kill cancer cells by damaging or
interfering with specific molecular functions or signaling
pathways critically involved in the process of human
tumorigenesis. In the past 20 years, due to its favorable
efficacy and safety profiles over conventional therapies,
targeted cancer therapy became the forefront of cancer
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Table 1. List of immunotoxins that were previously evaluated in human clinical trials (as of 08/12/2021, clinicaltrials.org)

Drug/biological Target antigens Toxin Representative clinical trials (NCT#)

LMB-100 Mesothelin De-immunized PE24 02810418, 02798536, 03644550, 04034238,
04840615, 03436732

LMB-2 CD25 PE38 00321555, 00924170, 00080535, 00085150,
00295958, 00389506

Moxetumomab Pasudotox CD22 PE38 03501615, 01829711, 03805932, 02338050,
00457860, 00462189

MOC31PE CD326 (EpCAM) PE 02219893
BL22 CD22 PE38 00021983, 00074048, 00126646, 00077493,

00924040, 00024115
LMB-9, LMB-7 Lewis Y PE38 00019435, 00005858, 00010270, 00003020

(LMB-7)
Anti-CD19 and CD22 CD19 and CD22 (combo) Deglycosylated ricin A chain 00450944, 01408160
Hum-195/rGel CD33 Gelonin 00038051
IgG-RFB4-SMPT-dgA CD22 Deglycosylated ricin A chain 00001271
A-dmDT390-bisFv(UCHT1) CD3 Diphtheria toxin (DT390) 00611208
T-Guard CD3 and CD7 (combo) Ricin toxin A (RTA) 02027805, 04128319, 00640497
DT2219 CD19/CD22 (bispecific) Diphtheria toxin (DT390) 02370160, 00889408
RFT5pdgA CD25 Deglycosylated ricin A chain 00314093, 00667017
BM7PE Mucin-1 PE 04550897
MR1–1 EGFRvIII PE38KDEL 01009866
Denileukin diftitox CD25 Diphtheria toxin 00117845
Transferrin-CRM107 Transferrin receptor Diphtheria toxin 00052624
IL-4(38–37)-PE38KDEL IL-4 receptor PE38KDEL 00003842
SS1(dsFv)-PE38 Mesothelin PE38 01445392, 00024687, 00024674, 00066651,

01362790, 01051934
Cintredekin besudotox IL-13R PE 00053040, 00006268, 00036972, 00064779
MT-3724 CD20 Shiga-like toxin-I A1 02556346, 02361346, 02715843

treatments [1]. The most developed class of targeted
cytotoxic treatments includes antibody-drug conjugates
(ADC) and immunotoxins [2]. ADC and/or immunotoxins
took advantage of the affinity and binding specificity of
biologics to more precisely deliver the cytotoxic payload to
cancer cells. The significantly improved clinical benefits
led to the approval of 12 ADC worldwide and three
immunotoxins, including moxetumomab pasudotox (anti-
CD22) for relapsed/refractory hairy cell leukemia [3,
4], denileukin difitox (targeting CD25) for cutaneous T
cell lymphoma [5] and tagraxofusp (targeting CD123)
for blastic plasmacytoid dendritic cell neoplasm [6].
Remarkable efficacy was shown for immunotoxins. For
example, in a pivotal study of moxetumomab pasudotox
in adults with relapsed/refractory hairy cell leukemia, the
complete response rate was 41% and the objective response
rate was 75%. About 85% of complete responders achieved
minimal residual disease negativity on bone marrow biopsy
immunohistochemistry [4]. All immunotoxins that were
previously evaluated in the human clinical trials are listed
in Table 1.

Bacteria-derived toxins such as Pseudomonas exotoxin
A (PE) and diphtheria toxin (DT) or plant-derived tox-
ins like ricin, gelonin and others are used in the design
and construction of immunotoxins [7, 8]. Native bacterial
A/B-type toxins like PE usually consist of a catalytic A

subunit and a B subunit that mediates receptor binding and
translocation. Proteolytic cleavage by the pro-protein con-
vertase (furin) to separate A subunit from receptor-bound
B subunit is required for the activation of bacterial toxins.
Unlike bacterial toxins that are activated at the cell surface
(anthrax toxin), the furin catalyzed activation of A/B-type
toxins occurs in the endosomes (PE, DT and Shiga toxin).
Following furin cleavage and reduction of a key disulfide
bond, the active A subunits are translocated to the cytosol
through different trafficking pathways [9]. The PE requires
retrograde trafficking to the trans-Golgi network and then
to the ER, where the A subunits are retro-translocated
to the cytosol, though evidence suggesting direct cytosol
translocation from endosomes does exist [10, 11]. The DT
A subunits are shuffled directly to the cytosol through a
channel formed by the DT B subunits in the endosomal
membrane [12]. The reducing environment of the cytosol
reduces the linking disulfide bond and frees the toxic DT
A subunits [13]. In the cytosol, the catalytically active A
subunits of PE and DT exert their functions to inhibit
protein synthesis by ADP-ribosylating of elongation factor
2 [2, 14]. Unlike the efficient proteolytic cleavage of DT over
a broad pH range, the native mature conformational PE can
only be cleaved at an acidic pH and the cleavage is quite
inefficient—only ∼ 5–10% of cell-associated PE is cleaved
within cells [15]. Engineering residues surrounding the PE
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furin cleavage site revealed little correlation between furin
cleavage efficiency and cytotoxicity [9, 11]. The reduction
of furin-nicked PE suggested the involvement of additional
subcellular membrane-associated proteins in downstream
unfolding and further proteolytic activation of PE [16, 17].
Moxetumomab pasudotox utilized the 38 kDa fragment of
PE, consisting of the processing and the catalytic subunits
(domains II and III) including the native furin cleavage site
[3]. In recombinant immunotoxins, the binding moiety and
the toxic moiety are linked via a polypeptide in which the
furin cleavage site is very elegantly designed and protected
from extracellular proteolytic activation [14, 18]. Due to the
strong immunogenic nature of bacteria- or plant-derived
toxins, immunogenicity is the common challenge faced by
early generations of immunotoxin development. In a clin-
ical trial evaluating LMB-1, an immunotoxin composed
of B3-targeting antibody chemically linked to PE38, all
38 patients developed antibodies against the toxin moi-
ety [19]. Further deletion of the majority of domain II
that is sensitive to lysosomal protease degradation resulted
in PE24 [20]. Strategies to de-immunize the PE24 toxin
moiety, extensively reviewed elsewhere [7, 21–24], led to
T cell and/or B cell epitopes de-immunized variants of
recombinant immunotoxins. Though T cell epitope de-
immunized immunotoxins have not been tested in clinical
settings, B cell epitope de-immunized immunotoxin LMB-
100, an antibody-toxin conjugate with an anti-mesothelin
Fab linked to PE24, did show reduced immunogenicity in a
recent clinical trial [7, 25]. To overcome the notorious anti-
drug antibody (ADA) challenge, the humanized immuno-
toxin concept was proposed [26] and the anti-tumor poten-
tial of human-derived cytolytic proteins like granulysin was
evaluated [27]. Various natural or de novo-designed novel
toxins were also explored for their potential for targeted
cytotoxic delivery [28]. With the recent advances in accurate
protein structure prediction and de novo protein design, it
is now possible to design synthetic toxins to kill target cells
of interest, or mini proteins to modulate cellular functions
[29, 30].

Other than the aforementioned immunogenicity issue,
the development of immunotoxins is faced with many
challenges, including efficient trafficking and endosomal
escape of immunotoxins, narrow therapeutic window
and poor solid tumor penetration/retention [31]. Protein
toxins are generally more potent than small-molecule
cytotoxic payloads, but this really depends on the small
molecule payloads. For example, pyrrolobenzodiazepine
(PBD) dimers are highly potent DNA cross-linking agents
used as the payload in cancer therapy across a broad
range of prolactin receptor-positive breast cancers and
other cancer types [32]. Only one molecule of diphtheria
toxin fragment A was demonstrated to be sufficient to
kill the cell [33]. In a side-by-side comparison of protein
toxins (dianthin-30 or gelonin) with small molecule drug
monomethyl auristatin E (MMAE), immunotoxins were
found to be ∼ 250–300× more potent than MMAE-derived
ADCs [34]. The drastic potency of immunotoxins also
raised the concern of on-target toxicity. Ideally, combining
the highly potent cytotoxic payload with highly tumor-
specific antigens would lead to desired clinical benefits.
However, tumor-specific antigens are very rare to find

as target receptors more or less are also expressed in
normal tissues. Highly potent immunotoxins, when killing
target antigen-expressing tumor cells, also kill healthy cells
in normal tissues expressing tumor-associated antigens.
As demonstrated with a recombinant anti-mesothelin
immunotoxin SS1P, binding to proximal tubular cells
in the kidney led to quick clearance of SS1P from the
blood, capillary leak syndrome and kidney damage [35].
In addition, the clinical failure of ROVA-T (a delta-like
3/DLL3 targeting ADC) in small-cell lung cancer suggests
that targeting a highly tumor-specific antigen may not
warrant a desired clinical outcome [36]. Lack of efficacy
and dose-limiting toxicities are considered to be two
major causes of clinical failure [37]. Undesired target-
dependent and/or -independent uptake of immunotoxins
by healthy cells also contributed significantly to the dose-
limiting toxicities of immunotoxins [35]. In the cases of
immunotoxins, the poor safety profile caused by on- and
off-target toxicities became a hurdle in the development of
immunotoxin therapeutics.

In this review, we focus on the strategies to increase the
therapeutic index of immunotoxin treatments. By modu-
lating the affinity, valency and/or both of the targeting
moiety, by making the immunotoxin conditionally active
or by other means like site-specific XTENylation or split
toxin, immunotoxins can specifically and precisely target
tumor cells with medium to high target antigen expression,
while sparing healthy cells with medium to low antigen
expression. Such strategies would likely create differenti-
ated binding and killing, which might lead to an improved
efficacy to toxicity ratio. Albeit focused on immunotoxins
in this review, these strategies can also be applied to improve
the therapeutic index of next-generation ADCs or immune-
stimulating antibody conjugates (ISAC) [38], where binding
to target cells of interest needs to be differentiated from that
of non-target cells.

PEGYLATION OF IMMUNOTOXINS DID NOT
PRODUCE THE DESIRED CLINICAL BENEFITS

Chemical modification with polyethylene glycol (PEGyla-
tion) is one strategy to improve the therapeutic efficacy
of biotherapeutics including monoclonal antibodies,
cytokines and immunotoxins. PEGylation is routinely used
in the pharmaceutical industry to increase the serum half-
life and stability of drugs, as evidenced by 14 PEGylated
drugs approved by the FDA and many others in human
clinical trials [39]. However, such a strategy did not lead to
improved clinical efficacy in immunotoxin treatments, even
though efficacies observed in preclinical models suggested
it a viable option. Site-specific PEGylation of LMB-2
on the lysine residues (anti-CD25-PE38 immunotoxin)
led to about a 20-fold increase in therapeutic efficacy,
including a 3–4-fold higher anti-tumor activity and about
6-fold reduction in normal tissue toxicity in preclinical
mouse models [40]. PEGylation, on one hand, reduced off-
target toxicity caused by the nonspecific binding of LMB-
2 to normal tissues such as liver cells [41]. PEGylation
of the cytotoxic moiety shields the ionic interactions
thus reducing the nonspecific cellular absorption and
uptake by normal tissues. The increased molecule size
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also limits the transport of PEGylated immunotoxin from
blood to normal tissues like the lung, kidney and liver
[42]. On the other hand, PEGylation increases serum
half-life and stability of immunotoxin while reducing
immunogenicity. The same strategy was used to reduce the
antigen-independent toxicity of a non-binding ADC with
a hydrophobic MMAE payload [43]. Similarly, shielding of
the hydrophobic payload with optimal PEGylation reduced
systemic toxicity by slower clearance and dramatically
decreased nonspecific cellular uptake in normal tissues
(Fig. 1A) [43]. Even though PEGylation improves the
therapeutic efficacy of a drug, this technology is also
facing many challenges [44]. The steric hindrance caused
by long PEG chains may either interfere with the targeting
moiety binding to its receptor or limit the furin cleavage
efficiency of pseudomonas exotoxin. More importantly,
PEGylation sometimes leads to inefficient endosomal
escape, which may adversely limit the therapeutic efficacy
of immunotoxin. Therefore, many parameters, including
the site of PEGylation, the degree of PEGylation, the
radius of hydration, and the size and format of targeting
moiety impact the therapeutic efficacy of PEGylated
immunotoxins. Zheng et al. developed a maleimide-based
site-specific PEGylation method to precisely control the
degree of PEGylation for improved therapeutic efficacy.
A cysteine residue was introduced and PEGylated in the
linker region between the Fv and the toxin domains [39].
Unlike the lysine-specific PEGylation of LMB-2 [40], the
heterogeneity of PEGylated immunotoxin was properly
addressed by cysteine-specific PEGylation on spatially and
functionally distinct domains on various LMB immuno-
toxins specifically targeting the human Mesothelin. Two
PEGylated LMB variants (LMB-244-PEG and LMB-
163-PEG) showed substantial tumor regression in murine
models [39]. Beyond lysine and cysteine tagging, residues
like tyrosine, serine, threonine and histidine can also be used
for site-specific PEGylation, which represents unexplored
opportunities in the immunotoxin field [45]. Some other
strategies like releasable PEGylation or albumin-binding
were also attempted and had demonstrated preclinical
efficacy [46–48]. Notably, the weight loss of treated mice,
indicative of drug treatment-related toxicity, was still
commonly observed with PEGylated immunotoxins [39,
46]. In the case of recombinant immunotoxins, LMB-244-
PEG and LMB-163-PEG treatment, an approximately 10%
weight loss was still observed when the immunotoxins were
administrated using a dose and schedule that previously
did not cause weight loss over 3 weeks [39].

Despite many attempts with elegant drug designs
and preclinical experiments, site-specific PEGylation of
immunotoxins did not translate into expected clinical
success. Inadequate PEGylation of immunotoxin does not
help to reduce immunogenicity, while over PEGylation
obviously kills the toxin activity. Other than finding the
“sweet spot” of PEGylation, the drug development process
is further complicated by site-specific mutagenesis of
immunotoxins, production of engineered immunotoxins,
maleimide PEGylation and subsequent re-purification
steps. Site-specific introduction of a single cysteine, on
one hand, may help the site-specific PEGylation to
reduce immunogenicity. On the other hand, it also creates

aggregation and product heterogeneity issues in the
downstream development process. Besides, PEGylation
technology itself is also facing substantial challenges. The
presence of anti-PEG antibodies in roughly 25% of the
healthy population and the increased IgM titers following
repeated dosing of PEGylated drugs might limit the poten-
tial of PEGylated immunotoxins in cancer therapy [49,
50]. PEGylation could be very difficult to achieve selective
delivery of immunotoxins due to many challenges in the
technology itself and the engineering of immunotoxins.
Indeed, very limited clinical success was achieved with
PEGylated immunotoxins in the past. To overcome the
limitations of PEG, alternative biodegradable bulking
agents like polysaccharides and unstructured polypeptide
polymers were developed and tested in human clinical trials
[51]. Of particular interest is the Pro-XTEN (Protease-
releasable XTEN mask) technology developed by Amunix
(now a Sanofi company). The Pro-XTEN technology
combines half-life extension using a class of tunable
unstructured polypeptide polymers to act as spatial shields
with off-tumor toxicity mitigation by exploiting the tumor-
specific protease activity in the tumor microenvironment
to conditionally activate therapeutic candidates. Such a
switchable biologics concept will be further discussed in
the conditionally activatable immunotoxin section.

MODULATING THE AFFINITY OF BINDING MOIETY
FOR SELECTIVE TUMOR TARGETING

Immunotoxins must target tumor tissues so that cytotoxic
agents can be delivered into the cytosol of the tumor cells to
achieve clinical benefits. Aside from many factors, the anti-
tumor efficacy of biotherapeutics is a function of antibody
binding affinity and target antigen density [52, 53]. It is
well accepted in the field that high-affinity antibodies pen-
etrate solid tumors poorly due to the “binding site effect,”
while antibodies with moderate or low binding affinity
could effectively penetrate tumors and achieve uniform
diffusion [54]. High-affinity antibodies with slow dissoci-
ation can bind to target antigens in a monovalent form
(Fab arm/receptor interaction), thus narrow binding curve
differentiation is achieved when binding to tumor cells
with high antigen density from normal cells with low to
medium antigen density. In contrast, antibodies with low
to medium affinity tend to fall off normal cells with low
antigen density but are retained on tumor cells with high
antigen density via the avidity effect (Fig. 1B) [55]. The
same principle was applied to Her2-based ADC to achieve
a better safety profile by screening for antibody candi-
dates with “just right” selective binding, internalization
and cytotoxicity. Herceptin-based immunotoxins targeting
Her2 were also designed and optimized for cytotoxic activ-
ity in Her2-positive SKBR-3 cells, but not in Her2-low
expressing MCF-7 cells [56]. The right affinity helps tumor-
specific targeting and cytosolic delivery. Tight binding to
the target receptor usually leads to the lysosomal degrada-
tion of internalized immunotoxins [31]. Optimal affinity to
shed antigen in the circulation is also critically important
for the efficacy of targeted therapeutics like immunotoxins
[57]. To determine the impact of affinity on anti-tumor
efficacy, Cao et al. evaluated various anti-Her2/neu scFv
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Figure 1. Reducing on- and off-target toxicities by PEGylation of immunotoxins (A) or by modulating the binding affinity (B) and/or valency (C, D)
of the targeting moiety. (A) PEGylation or XTENylation is a passive mechanism for selective tumor targeting by reducing normal tissue absorption
of PEGylated immunotoxins. (B) By taking advantage of target antigen density on tumor cells, immunotoxins with the optimal binding affinity get
retained on tumor cells, while they fall off normal cells with less target antigen expression. (C) By modulating the valency of the binding moiety, bispecific
immunotoxins targeting the same antigen (same or dual epitope) for tumor selectivity. (D) By modulating the valency of the binding moiety, monovalent
bispecific immunotoxins target the co-expression of two different antigens on tumor cells, while sparing healthy cells only expressing one target antigen.
Pseudomonas exotoxin A PE24 inhibition of protein synthesis by ADP-ribosylating elongation factor 2 was illustrated here.

with a wide affinity range fused to recombinant gelonin.
High-affinity B1D3-rGel immunotoxin induced significant
liver toxicity and weight loss, while intermediate MH3-
B1/rGel immunotoxin showed effective tumor growth inhi-
bition without hepatotoxicity [57]. This suggested off-target
hepatotoxicity induced by immune complexes formed when
high-affinity immunotoxin binds to the shed antigen in
the circulation. In addition, the presence of shed antigen
in the circulation or extracellular environment serves as
a target sink, which leads to poor delivery of recombi-
nant immunotoxins to the tumor and reduced anti-tumor
effect. Indeed, reducing Mesothelin (MSLN) shedding by
80% using an MSLN mutant cell line showed a 2–3-fold
increase in MSLN-targeted immunotoxin uptake [58]. The
affinity of immunotoxins likely needs to be optimized in
an optimal range to achieve selective tumor targeting for
better anti-tumor efficacy and to avoid on- and off-target
toxicities. Cell-based immunotoxin screening system was
established to provide a rapid and direct approach for
screening functional antibodies with internalization capac-

ities [59]. Such a screening system, when applied to cell
lines with different target protein densities, helps to identify
functional antibody hits with selective tumor targeting and
cytotoxicity.

By modulating antibody affinity, valency and target anti-
gen density, increased therapeutic index could be achieved
by selective tumor targeting while limiting normal tissue
toxicity [55, 60–62]. The biological nature of the target anti-
gens such as receptor density on the cell surface or the inter-
nalization rate upon antibody–ligand binding is equally
important for optimal tumor targeting [52, 60]. For optimal
anti-tumor efficacy and tumor targeting by immunotoxins,
an ideal target must meet the following criteria: (1) target
antigen expression is highly tumor-specific with no or very
low expression in normal tissues [63], (2) high expression
level on tumor cells [64] and (3) high internalization rate
or recycling rate that is largely unaffected by the binding
affinity of immunotoxins [32]. These will ensure sufficient
immunotoxins enter tumor cells and help to avoid normal
tissue toxicity [65].
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MODULATING THE VALENCY OF THE BINDING
MOIETY FOR IMPROVED THERAPEUTIC INDEX

For improved solid tumor penetration and better anti-
tumor efficacy, the targeting moiety of immunotoxins
usually takes the format of single-chain variable fragments
(scFv) or novel scaffolds [66]. scFv, while maintaining
binding specificity to the target antigen, is faced with
limitations like lower tumor retention due to its monova-
lency. To overcome such low tumor retention challenges,
immunotoxins with bi- or trivalent targeting moieties
against the same epitope or non-competing epitopes were
designed and evaluated [67–69]. For target antigens like
CD64 whose internalization is facilitated by receptor
cross-linking, modulating the valency of the binding
moiety to facilitate receptor cross-linking is a viable
approach to increase the cytotoxicity of immunotoxins
(Fig. 1C) [70]. The bivalent anti-CD64 immunotoxin
H22(scFv)2-ETA′ showed 10-fold increased efficacy
compared with the monovalent H22(scFv)-ETA′ [70].
A trivalent immunotoxin targeting carcinoembryonic anti-
gen (CEA) (IMTXTRICEAαS) also showed superior anti-
tumor activity in mice bearing human colorectal cancer
xenografts compared with the conventional monovalent
counterpart [67]. Increased valency of the binding moiety
to the singular target antigen often leads to higher binding
affinity due to the target avidity effect, which inevitably
raises the aforementioned need to modulate the binding
affinity to balance anti-tumor activity and on-target
normal tissue toxicity.

To avoid limitations in targeting a singular receptor in
complex and multifactorial diseases like cancer and inflam-
matory diseases, dual targeting strategies using bispecific
antibodies were contemplated [71]. The initial proof-of-
concept in the immunotoxin field was actually achieved
using monoclonal antibodies with dual binding specificity.
Antibodies D2C7 and 14E1 bind to the same epitope
on both wild-type EGFR and the truncated EGFRvIII.
D2C7- and 14E1-based immunotoxins, D2C7(scdsFv)-
PE38KDEL and scFv(14E1)-ETA, showed the effective
killing of glioblastoma cells overexpressing both forms
of EGFR [72, 73]. To further increase tumor selectivity
and therapeutic index, monovalent bispecific antibody
targeting of EGFR and Her2 double-positive tumor cells
over single-positive normal tissue was evaluated using
a dual-flank tumor xenograft model system [55]. This
demonstrated the feasibility of efficient tumor selectivity
by targeting two tumor-associated antigens co-expressed on
the same tumor cell using affinity-modulated monovalent
bispecific antibodies in cancer therapy (Fig. 1D). However,
one must keep in mind that challenges still remain with
regards to shedding antigens in the circulation or the
tumor microenvironment. Dual targeting of urokinase-
type plasminogen activator receptor (uPAR) and EGFR
receptor using a de-immunized bispecific diphtheria
toxin showed improved anti-tumor efficacy than target-
ing uPAR alone using a rhabdomyosarcoma cell line
RH30-derived xenograft murine model [74]. Compared
with singular targeting of uPAR, the increase of therapeutic
index by dual targeting is marginal, which suggests
dual targeting alone is not sufficient enough for tumor

selectivity [74]. OXS-1550, a CD19XCD22 bispecific
diphtheria immunotoxin designed to overcome cancer
resistance mechanisms induced by loss or down-regulation
of either CD19 or CD22, was evaluated in phase I clinical
trial (NCT00889408) for relapsed or refractory CD19+,
CD22+ B-lineage leukemia or lymphoma [75]. The trial
was later discontinued due to dose-limiting toxicity issues.
A de-immunized version of DT2219 is currently explored
to address such dose-limiting toxicity encountered in
phase I clinical trials [76]. Such a marginal therapeutic
index and dose-limiting toxicity further emphasize the
importance of fine-tuning the affinity of each Fab arm
to improve its overall toxicity profile. Such a “just right”
affinity usually involves the extensive screening of a large
panel of bispecific antibody variants to achieve desired
clinical efficacy and safety profile. For example, both
JNJ-61186372 (EGFR/c-Met bispecific antibody) and
zenocutuzumab were obtained by functionally screening
hundreds of variants [77, 78]. Cell-based immunotoxin
screening system could facilitate such a process [59].
However, one must also keep in mind that in vitro cell-
based screening sometimes shows poor correlation with
primary tumor cells residing in a heterogeneous and
complex disease setting. Such lack of correlation could
be partially due to the fact that cell lines differ from
primary tumors transcriptionally or biologically, thus not
all cell lines serve as appropriate models of primary tumors.
The clinical relevance of in vitro cell line models needs
to be scrutinized on-target receptor density, especially
when screening for antibodies with “just right” binding
affinity or screening for avidity-based binders. Patient-
derived xenograft (PDX) models are considered better
preclinical cancer models than cell culture models with
regards to molecular characteristics, disease mechanisms
and clinical relevance [79]. In the establishment of PDX
models, serial transplantation of human patient-derived
tumors led to inconsistency in molecular characteristics,
genomic instability over passages and altered tumor
microenvironment, which raises the concern of cancer cell
fidelity in PDX models [80]. If applicable, primary tumor
samples are recommended in the early discovery stage. In
vitro cell lines with various target receptor densities should
also be established and used as alternatives in the screening
process for more informed decision-making.

Beyond affinity and valency modulation, it will be more
impactful to develop new technologies for cancer-selective
antibody discovery. Cancer-selective antibodies can be
generated using an antibody engineering approach like
conditionally active biologics (reviewed later) or using a
discovery approach by directly selecting antibodies with
tumor-specific binding properties. Conventional antibody
discovery utilizes animal immunization or rationally
designed antibody libraries to generate a panel of binders
with pre-defined requirements. The panel of binders is
then vigorously screened using in vitro cell-based assays
for tumor binding preference over normal tissues. Such a
workflow only showed limited success with tumor-specific
targets. For tumor-associated antigens, results of in vitro
cell-based screening could not effectively translate into the
cancer-selective binding in vivo. In addition, antibodies
are usually discovered at a physiological pH, whereas
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tumor-targeting antibodies are expected to function at an
acidic pH in the tumor microenvironment. These warrant
an antibody discovery need to generate cancer-selective
antibodies in the tumor microenvironment, preferably in
vivo. Recent advances in the rational design of synthetic
antibody-mimetic or alternative scaffold libraries made
it possible for biologics to penetrate solid tumors deeper
[81, 82]. When such phage libraries are injected into
mice carrying PDXs or tumor organoids, cancer-selective
antibodies or antibody mimetics can be enriched and
isolated directly from the native tumor microenvironment.
Such an in vivo panning concept, pioneered by Ruoslahti
and Schnitzer [83, 84], should generate cancer-selective
antibodies that function in the tumor microenvironment
and recognize tumor-intrinsic features that do not exist in
normal tissues.

CONDITIONALLY ACTIVATABLE IMMUNOTOXINS
FOR IMPROVED OVERALL SAFETY PROFILE

Conditionally activatable biologics represent a class of
novel biologics targeting solid tumors with a favorite
therapeutic window. This concept takes advantage of
the unique biological conditions in the tumor microen-
vironment such as acidic pH or tumor tissue-specific
protease activity to activate biologics in tumor tissues
to achieve tumor-selective targeting while keeping them
inactive in normal tissues (Fig. 2A) [85, 86]. A variety of
stimuli can be applied to activate biologics at the tumor
site, including light, temperature, high reducing potential,
pH, oxygen level, tumor-specific protease activity and
ion concentration [87–89]. Some activatable antibodies
have advanced into the early stages of human clinical
trials like “probodies” or “recycling antibodies,” includ-
ing the probody of Yervoy BMS-986249 and CX-2029
targeting previously undruggable CD71 [90–92]. Probody
therapeutics, a class of new protein therapeutics, are
specifically designed to restrict the drug activity in the
tumor microenvironment to enhance the therapeutic index.
The targeting domain of the probody is usually masked by
a masking peptide via a protease-cleavable substrate linker.
De-masking by tumor-associated protease cleavage releases
the masking peptide and enables the target binding [91,
93]. Probodies take advantage of the deregulated tumor-
associated protease activity to conditionally activate the
targeting domain, whereas conditionally active biologics
(CAB) rely on the acidic tumor microenvironment for
tumor-selective targeting. Tumor-selective conditionally
active biologic anti-CTLA4 antibodies that are only active
in the acidic tumor microenvironment were developed and
demonstrated equivalent tumor inhibition as Ipilimumab
in a human CTLA-4 knock-in mouse model [85, 94]. Such
CAB molecules bind to targets on tumor cells in an acidic
tumor microenvironment. However, the binding to targets
in normal tissues under physiological conditions was
reversibly inhibited by a novel mechanism called protein-
associated chemical switches [85], which leads to reduced
normal tissue toxicity and a widened therapeutic index.
Nevertheless, from an antibody engineering point of view,
both the probody and the CAB concepts require extensive
customized antibody engineering to make the biologics

conditionally functional in the specific tumor microenvi-
ronment of interest. Such extensive engineering efforts will
likely incur incomplete in vivo masking, poly-specificity,
immunogenicity, poor pharmacokinetics and/or other
developability issues that the industry would, by all means,
like to avoid. For example, in a phase I first-in-human
study of CX-2029, a probody drug conjugate targeting
CD71, anemia was frequently reported [90]. Early clinical
data suggested undesired dose-dependent on-target toxicity
in the bone marrow, although MMAE might complicate
the observed toxicity [90]. To overcome such customized
engineering needs and to avoid the undesired consequences
of binding to the functional region of therapeutic candi-
dates, the Pro-XTEN technology by Amunix provides a
class of universal and tunable unstructured polypeptide
masks with favorable physiochemical properties. In the
Pro-XTEN concept, the low immunogenic XTEN masks
reduce systemic exposure by serving as spatial shields that
can be removed by the intrinsically high protease activity
in the tumor [51]. Beyond such a genetic engineering
approach, biocompatible polymers were also used to
enlarge the therapeutic window by limiting the systemic
exposure of therapeutic candidates [95]. In the concept
of switchable immune modulators (Sw-IM), biologics
were reversibly blocked by biocompatible polymers via
a tumor microenvironment responsive covalent chemical
linker. The redox-responsive and/or pH-responsive stimuli
in the tumor microenvironment degrade the chemical
linker to achieve selective activation [95]. Such a concept
was validated with several immune-modulating antibodies
against immune checkpoints like 4-1BB, PD-1 and CTLA-4
[95].

Taking advantage of the glioma-associated metallopro-
teinase activity, blood–brain barrier (BBB)-penetrating
nanohybrid protein toxin was constructed for the cross-
BBB delivery of trichosanthin to the glioma cells [96].
This was achieved by the construction of a fusion pro-
tein toxin consisting of lactoferrin (targeting moiety),
MMP-2 substrate peptide, cell-penetrating peptide and
trichosanthin toxin. Lactoferrin, via binding to low-density
lipoprotein receptor-related protein-1, facilitated cross-
BBB delivery of nanohybrid toxin. On the tumor surface,
MMP-2 cleavage of the substrate peptide led to the release
of CPP-trichosanthin. The cell-penetrating peptide then
delivered the trichosanthin to the cytosol of glioma to
kill the tumor cells [96]. A favorable in vivo efficacy
and toxicity profile was observed using an orthotopic
GL261-bearing immunocompetent C57BL/6 mouse model
but the clinical application of such a multistage booster
delivery strategy was limited by the immunogenicity of
the nanohybrid protein toxin. Pore-forming immunotoxin
with caged cytotoxicity was also explored. Activation of
toxins by proteolysis on the tumor cell surface triggers
pore formation and cell killing [97]. Whether or not this
caged cytotoxicity strategy can be translated into a better
therapeutic index is still unknown due to the lack of in vivo
efficacy data.

Among the abovementioned conditionally active tech-
nologies, the Pro-XTEN technology could be a very
impactful approach for the systemic delivery of immuno-
toxins to achieve both an enlarged therapeutic window
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Figure 2. Tumor selective targeting by conditionally active immunotoxins (A) or by the split toxin technology of various mechanisms (B, C). (A)
Conditionally active immunotoxins rely on the tumor microenvironment to activate the tumor targeting, while remaining inactive in normal tissues.
The tumor microenvironment herein includes but not limited to tumor-specific protease activity. (B) Cell surface reconstitution of split toxin targets the
co-expression of two different tumor-associated antigens, while sparing normal cells only expressing one of them. (C) Cytosolic reconstitution of split
toxin utilizes different routes of tumor targeted delivery to improve the tumor selectivity. Pseudomonas exotoxin A PE24 inhibition of protein synthesis
by ADP-ribosylating elongation factor 2 was illustrated here.

and reduced immunogenicity. The Pro-XTEN technology
has the following advantages: First, spatial shielding by
unstructured polypeptide polymers reduces the need for
customized protein engineering and avoids the undesired
consequences of engineering the binding site. XTENylation
can be achieved by direct fusion or site-specific conjugation
to immunotoxins. Second, XTENylation not only prolongs
the half-life of immunotoxins but also reduces the immuno-
genicity of XTENylated immunotoxins. Immunogenicity
is currently a significant challenge in immunotoxin
research and development. Last, the XTEN polymers
are highly soluble, stable and tunable, direct fusion to
immunotoxins might help the large-scale production of
immunotoxins. Scaled-up production of immunotoxins is
another imminent challenge the field is facing. Moreover,
the tunability of XTENylation enables the modulation
of immunotoxins to improve the tumor-to-normal-tissue
ratio for optimal biodistribution and bioavailability. At
the same time, the unknown clinical risks of delivering

unstructured polypeptide polymers to the tumor microen-
vironment need to be identified and managed properly if
necessary.

The conditional activation that heavily relies on the
components of the tumor microenvironment is also faced
with many challenges. Both Probody and Pro-XTEN
technologies need intrinsically high protease activity
in the tumor microenvironment to turn the inactive
toxin from the pro-drug form to the active form. The
interpatient heterogeneity of tumor protease expression
levels makes it difficult to balance clinical efficacy and
safety [91, 98]. Low tumor protease activity generates
inadequate active toxins to be clinically efficacious, whereas
high-dose to compensate for low tumor protease activity
will inevitably result in off-target toxicity. Thus, a clinically
relevant biomarker and patient stratification strategy are
needed for the desired clinical benefits of conditionally
active immunotoxins. The intratumor and intermetastatic
heterogeneity of the tumor microenvironment pose another
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challenge [99]. Large lesions with intrinsically high protease
activity are favored killing by conditionally active immuno-
toxins. Micro-metastatic lesions without an established
tumor microenvironment likely will be spared killing, which
inevitably leads to cancer relapse. To further augment
the clinical efficacy of conditionally active immunotoxins,
combination therapies targeting multiple pathways simul-
taneously should be explored to prevent the selection of
resistant populations [99].

RECONSTITUTED SPLIT TOXIN FOR WIDENED
THERAPEUTIC INDEX

Beyond tumor microenvironment-assisted conditionally
active strategy, other concepts of conditional activation like
protein fragmentation or split toxin were also explored [100,
101]. PE38, the 38KDa protein of Psuedomonas exotoxin
A, was split into two inactive fragments at residues 407–
408. The resulting fragments were fused to Npu DnaE
intein. Upon binding to the same tumor cells expression
of human Her2/neu, PE38 toxin was reconstituted via
the intein mediated trans-splicing reaction (Fig. 2B).
The reconstituted PE38 toxin showed comparable but
slightly lower cytotoxicity than the original immunotoxin
[100]. Noncovalent transcomplementation of Pseudomonas
aeruginosa exotoxin A via a hetero-specific coiled-coil
interaction also reconstituted toxin with reduced cytotoxic
activity [102]. Splitting toxins into dysfunctional fragments
reduced the on- and off-target toxicities induced by the
target-specific and nonspecific absorption of immunotox-
ins. When combined with a dual-targeting strategy, split
immunotoxin can further improve the safety profile by
binding to dual targets co-expressed on the same tumor
cell. The advantage of such approaches need to be further
tested and likely will face the immunogenicity challenge.
To improve the reconstitution efficiency and to properly
address the immunogenicity challenges, Purde et al.
adopted the prodrug concept [103, 104] and improved the
tumor-targeting precision by intein-mediated cytoplasmic
reconstitution of diphtheria toxin (split-DTAC/PA) via
independent, selective pathways (Fig. 2C) [101]. One dys-
functional part of the toxin (PA/LFN-IC-DTAC, protective
antigen C-terminal DTA split fragment) was delivered to
the cytosol via a receptor-mediated pathway, while the
cells stably expressing the matching dysfunctional part
(tdTomato-DTAN-IN-p66α). In tumor xenografts harbor-
ing tdTomato-DTAN-IN-p66α, cytoplasmic reconstitution
of split toxin strongly delayed tumor growth without side
toxicity [101]. This concept needs to be further validated in
human clinical trials to demonstrate that such cytoplasmic
reconstitution of split toxin can translate into favorable
efficacy and safety profiles. The short 3-hour half-life
of PA/LFN-IC-DTAC, the dysfunctional partial toxin
delivered via receptor-mediated endocytosis, may render
immunogenicity problems after repeated dosing. Neverthe-
less, the combinatorial therapy using both protein and viral
therapeutics to achieve widened therapeutic index might
provide unprecedented benefits in human clinical trials.

Overall, the improved therapeutic index can be achieved
using the above strategies, including XTENylation, modu-
lating the binding affinity of a targeting moiety, modulating

valency of the targeting moiety, conditional activation of
immunotoxins and reconstitution of split toxins. Other
strategies for improved efficacy include local application
of immunotoxins like H22(scFv)2-ETA′ or MOC31PE to
avoid vascular leak syndrome that is commonly observed
with systemic application of immunotoxins [70, 105].
In combination with CTLA-4 blockade, Leshem Y.
et al demonstrated that local delivery of recombinant
immunotoxin SS1P or LMB-100 initiated immunotoxin-
mediated cell death. The immunogenic cell death induced
anti-tumor T cell responses, which leads to the elimination
of malignant cells at distant sites in a cell line-derived
xenograft murine model [106]. This presents new opportu-
nities for recombinant immunotoxins to treat patients with
multiple lesions or metastatic distant sites. Dual targeting
cocktail therapy of anti-CD3 immunotoxin and anti-CD7
immunotoxin in steroid-refractory acute graft-versus-host
disease showed an overall response rate of 60% (12 of 20),
with 10 patients (50%) achieving a complete response [107].
Combination therapy with immune checkpoint inhibitors
or small molecule drugs like endosomal escape enhancers
also helped to improve the efficacy of immunotoxins
[108–110]. Engineered protein toxin variant with reduced
vascular toxicity also showed a superior activity window in
preclinical studies. For example, the Denileukin diftitox
V6A variant s-DAB-IL-2(V6A) led to a 3.7-fold less
lethality in mice with no weight loss observed [110]. These
are largely irrelevant to the main topic here and will not be
reviewed further.

FUTURE PERSPECTIVES

Targeted cancer therapy with immunotoxins showed
remarkable efficacy in hematological malignancies as
evidenced by the FDA approval of moxetumomab pasu-
dotox [4]. However, poor safety profile due to on- and off-
target toxicities is still a major hurdle in the development
of immunotoxin cancer therapies. In many ways, such
on- and off-target toxicity could likely be mitigated by
modulating the affinity, valency and/or both to precisely
target the immunotoxins to tumor cells of interest, by
making the immunotoxins to be conditionally active in
the tumor microenvironment, by modulating the cytotoxic
killing potency of the toxin moiety and by site-specific
XTENylation to reduce binding to normal tissues. Such
measures, if clinically successful, might improve the thera-
peutic index of immunotoxins and therefore bring clinical
benefits to the patients to fulfill their unmet medical needs.
One also has to keep in mind that the toxicity of targeted
therapy goes beyond early research and development.
Beyond what’s been described above, emerging masking/de-
masking and conformational activation technologies were
developed to make antibodies responsive to various stimuli
to achieve targeted tumor delivery. Antibody function
can be allosterically regulated by circularly permutated
calmodulins [111] or by chemical rescue using small
molecules [112]. Antibody binding can be inactivated by
various masking strategies, including epitope-mimetics,
anti-idiotypic masks, allosteric disruption of the binding
conformation and masking by steric hindrance [113, 114].
If transferrable to immunotoxins after fine-tuning binding
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specificity, affinity and immunogenicity, these strategies
could further help to widen the therapeutic index.

For ADCs with cleavable linkers, the cytotoxic membrane-
permeable payload, upon release from the cytosol, can
trigger the killing of nearby proliferating tumor cells in a
target-independent manner [115]. Such a bystander-killing
effect is not expected with immunotoxins as the protein
toxin payload is only expected to exert its functions in the
cytosol of the tumor cells it enters. The lack of bystander
killing effect, on one side, curbs the off-target toxicity
of immunotoxins [116]. On the other side, it also limits
the anti-tumor efficacy of immunotoxins as a sufficient
amount of protein toxins need to enter the cancer cells.
Efficient delivery of immunotoxins to each cancer cell in
a complex, heterogeneous, hypoxic, acidic and immune-
suppressive tumor microenvironment remains challenging.
Additional immune-modulating mechanisms of action like
combo therapy with immune checkpoint inhibitors could
further boost the efficacy of immunotoxins [108, 109].

Inefficient endosomal escape remains a rate-limiting step
as a single potency curve was observed regardless of vari-
ations in antigen expression level, intracellular trafficking
kinetics, exposure time and extracellular immunotoxin con-
centrations. With the help of a recently established flow
cytometric method to quantify the endosomal escape [117],
new strategies and designs to facilitate the cytosolic delivery
efficiency of protein toxins should be explored [31]. One
has to keep in mind that such in vitro cell-based functional
screening system may not fully recapitulate primary tumor
cells with regard to the receptor expression level, inter-
nalization rate, lysosomal degradation, redundant signal-
ing pathways and tumor microenvironment [118]. There-
fore, a disease indication-relevant animal model serves as
a better screening tool for efficacy and safety profiles to
avoid the loss of translation between preclinical studies
and human clinical trials. One of the pain points in the
industry is the loss of translation between disease animal
models and human clinical trials as animal testing did not
sufficiently identify human safety and toxicity [119]. This
is exactly the case with immunotoxin therapy for solid
tumors. Immunotoxin therapy for hairy cell leukemia has
achieved a remarkable clinical success but it is currently
wrestling with solid tumors and other hematologic malig-
nancies like non-Hodgkin lymphoma or B cell chronic
lymphocytic leukemia due to toxicities, immunogenicity
issues and multiple mechanisms of resistance including the
resistance to cell death via the elevated expression of pro-
survival signaling pathways [120]. Such a loss of translation
may also need to be considered in immunotoxins research
and development and potential alternatives like artificial
intelligence or machine learning-based approaches should
be explored [121].

Efficient production of immunotoxins is yet another
hurdle that limits the clinical potential of immunotoxins.
Early generations of immunotoxins rely on chemical con-
jugation to link targeting domains to protein toxins, which
inevitably leads to heterogeneity and low stability issues in
final products. PEGylation, when applicable, makes it even
worse [39, 40]. A newer generation of immunotoxins takes
advantage of appropriate expression hosts for recombinant
expression of immunotoxins in a single-step procedure.

So far, various expression hosts like bacteria, yeast, plant
cells and animal cells like Chinese hamster ovary (CHO)
cells were investigated. Please refer to the review article
by Zuppone et al. [122]. A universal expression host for
efficient recombinant immunotoxin production is still in
the look. Generally speaking, CHO cell-based expression
platforms are preferred industrial scaled-up production
platforms to ensure the high quality of final products.
Potential endotoxin contamination and heterogeneous
N-glycosylation patterns in the final products limited
the therapeutic potential of bacteria- and yeast-derived
recombinant immunotoxins, respectively. Other technical
challenges remain. New strategies beyond “cytosolic
immunization” are needed to avoid auto-intoxication of
expression host cells [123]. Further engineering of the
CHO cell lines to eliminate the retro-translocation of
newly synthesized immunotoxins to the cytosol from
ER. Alternatively, knockout host factors involved in
the ER protein quality control check might boost yield
by reducing proteolysis. Advanced protein design might
help to ensure the quality, yield and developability of
immunotoxins.

Tremendous efforts have been put into the early discov-
ery/engineering of immunotoxins. For clinical and transla-
tional success, pharmacokinetics and biodistribution stud-
ies of immunotoxins might help to further define the clinical
dosing strategy, to understand how the drug is metabolized
in the body, and to profile the target antigen expression
beyond tumors for overall safety profiles [124]. To fill the
gap between preclinical studies and human clinical trials,
protein toxin payload-sensitive biomarkers need to be iden-
tified to stratify patients, to further improve the therapeutic
index of immunotoxins, and augment the probability of
clinical success [125].

DATA AVAILABILITY

Not applicable.

ACKNOWLEDGEMENTS

The authors would like to acknowledge Ms. Zhifang Bai
and Dr. Yang Bai for legal review and apsval of this
manuscript for unlimited public release.

FUNDING
None.

CONFLICT OF INTEREST STATEMENT
M.L., S.M., Y.Y., Y.S. and L.C. are current employees of
Biocytogen and declare no conflict of interest.

ETHICS AND CONSENT STATEMENT
Not applicable.

ANIMAL RESEARCH STATEMENT
Not applicable.



174 Antibody Therapeutics, 2022

REFERENCES
1. Baudino, TA. Targeted cancer therapy: the next generation of

cancer treatment. Curr Drug Discov Technol 2015; 12: 3–20.
2. Johannes, L, Decaudin, D. Protein toxins: intracellular trafficking

for targeted therapy. Gene Ther 2005; 12: 1360–8.
3. Dhillon, S. Moxetumomab Pasudotox: first global approval. Drugs

2018; 78: 1763–7.
4. Kuruvilla, D, Chia, YL, Balic, K et al. Population

pharmacokinetics, efficacy, and safety of moxetumomab pasudotox
in patients with relapsed or refractory hairy cell leukaemia. Br J
Clin Pharmacol 2020; 86: 1367–76.

5. Prince, HM, Duvic, M, Martin, A et al. Phase III
placebo-controlled trial of denileukin diftitox for patients with
cutaneous T-cell lymphoma. J Clin Oncol 2010; 28: 1870–7.

6. Pemmaraju, N, Lane, AA, Sweet, KL et al. Tagraxofusp in Blastic
Plasmacytoid dendritic-cell neoplasm. N Engl J Med 2019; 380:
1628–37.

7. Mazor, R, Pastan, I. Immunogenicity of immunotoxins containing
pseudomonas exotoxin a: causes, consequences, and mitigation.
Front Immunol 2020; 11: 1261.

8. Shafiee, F, Aucoin, MG, Jahanian-Najafabadi, A. Targeted
diphtheria toxin-based therapy: a review article. Front Microbiol
2019; 10: 2340.

9. Thoma, G. Furin at the cutting edge: from protein traffic to
embryogenesis and disease. Nat Rev Mol Cell Biol 2002; 3:
753–66.

10. Girod, A, Storrie, B, Simpson, JC et al. Evidence for a
COP-I-independent transport route from the Golgi complex to the
endoplasmic reticulum. Nat Cell Biol 1999; 1: 423–30.

11. Morlon-Guyot, J, Mere, J, Bonhoure, A et al. Processing of
Pseudomonas aeruginosa exotoxin a is dispensable for cell
intoxication. Infect Immun 2009; 77: 3090–9.

12. Senzel, L, Huynh, PD, Jakes, KS et al. The diphtheria toxin
channel-forming T domain translocates its own NH2-terminal
region across planar bilayers. J Gen Physiol 1998; 112: 317–24.

13. Sugiman-Marangos, SN, Gill, SK, Mansfield, MJ et al. Structures
of distant diphtheria toxin homologs reveal functional
determinants of an evolutionarily conserved toxin scaffold.
Communications Biology 2022; 5: 375.

14. Kaplan, G, Lee, F, Onda, M et al. Protection of the furin cleavage
site in low-toxicity immunotoxins based on pseudomonas exotoxin
A. Toxins 2016; 8: 217.

15. Chiron, MF, Ogata, M, FitzGerald, DJ. Pseudomonas exotoxin
exhibits increased sensitivity to furin when sequences at the cleavage
site are mutated to resemble the arginine-rich loop of diphtheria
toxin. Mol Microbiol 1996; 22: 769–78.

16. McKee, ML, FitzGerald, DJ. Reduction of Furin-nicked
pseudomonas exotoxin A: an unfolding story. Biochemistry 1999;
38: 16507–13.

17. Michalska, M, Wolf, P. Pseudomonas exotoxin A: optimized by
evolution for effective killing. Front Microbiol 2015; 6: 963.

18. Weldon, JE, Skarzynski, M, Therres, JA et al. Designing the
furin-cleavable linker in recombinant immunotoxins based on
pseudomonas exotoxin A. Bioconjug Chem 2015; 26: 1120–8.

19. Pai, LH, Wittes, R, Setser, A et al. Treatment of advanced solid
tumors with immunotoxin LMB-1: an antibody linked to
pseudomonas exotoxin. Nat Med 1996; 2: 350–3.

20. 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: 3792–800.

21. Weldon, JE, Pastan, I. A guide to taming a toxin – recombinant
immunotoxins constructed from pseudomonas exotoxin a for the
treatment of cancer. FEBS Journal 2011; 278: 4683–700.

22. Flavell, DJ. Countering immunotoxin immunogenicity. Br J Cancer
2016; 114: 1177–9.

23. Lin, P, Qi, J, Liu, W. Expert’s views and perspectives: an interview
with distinguished investigator Dr. Ira Pastan at the National
Cancer Institute at NIH. Antib Ther 2020; 3: 163–6.

24. Vallera, DA, Kreitman, RJ. Immunotoxins targeting B cell
malignancy—progress and problems with immunogenicity.
Biomedicine 2019; 7: 1.

25. Alewine, C, Ahmad, M, Peer, CJ et al. Phase I/II study of the
mesothelin-targeted immunotoxin LMB-100 with nab-paclitaxel for

patients with advanced pancreatic adenocarcinoma. Clin Cancer
Res 2019; 26: 828–36.

26. Mathew, M, Verma, R. Humanized immunotoxins: a new
generation of immunotoxins for targeted cancer therapy. Cancer
Sci 2009; 100: 1359–65.

27. Ibáñez-Pérez, R, Guerrero-Ochoa, P, Al-Wasaby, S et al.
Anti-tumoral potential of a human granulysinbased, CEA-targeted
cytolytic immunotoxin. Onco Targets Ther 2019; 8: e1641392.

28. Liu, X, Zhang, P, Rödl, W et al. Towards artificial immunotoxins:
traceless reversible conjugation of RNase a with receptor
targeting and endosomal escape domains. Mol Pharm 2017; 14:
1439–49.

29. Jumper, J, Evans, R, Pritzel, A et al. Highly accurate protein
structure prediction with AlphaFold. Nature 2021; 596: 583–9.

30. Baek, M, DiMaio, F, Anishchenko, I et al. Accurate prediction of
protein structures and interactions using a three-track neural
network. Science 2021; 373: 871–6.

31. Kim, J-S, Jun, S-Y, Kim, Y-S. Critical issues in the development of
immunotoxins for anticancer therapy. J Pharm Sci 2020; 109:
104–15.

32. Ackerman, ME, Pawlowski, D, Wittrup, KD. Effect of antigen
turnover rate and expression level on antibody penetration into
tumor spheroids. Mol Cancer Ther 2008; 7: 2233–40.

33. Yamaizumi, M, Mekada, E, Uchida, T et al. One molecule of
diphtheria toxin fragment a introduced into a cell can kill the cell.
Cell 1978; 15: 245–50.

34. Gilabert-Oriol, R, Furness, SGB, Stringer, BW et al. Dianthin-30
or gelonin versus monomethyl auristatin E, each configured with an
anti-calcitonin receptor antibody, are differentially potent in vitro
in high-grade glioma cell lines derived from glioblastoma. Cancer
Immunol Immunother 2017; 66: 1217–28.

35. Liu, X-F, Wei, J, Zhou, Q et al. Immunotoxin SS1P is rapidly
removed by proximal tubule cells of kidney, whose damage
contributes to albumin loss in urine. Proc Natl Acad Sci U S A
2020; 117: 6086–91.

36. Morgensztern, D, Besse, B, Greillier, L et al. Efficacy and safety of
Rovalpituzumab Tesirine in third-line and beyond patients with
DLL3-expressing, relapsed/refractory small-cell lung cancer: results
from the phase II TRINITY study. Clin Cancer Res 2019; 25:
6958–66.

37. Lin, A, Giuliano, CJ, Palladino, A et al. Off-target toxicity is a
common mechanism of action of cancer drugs undergoing clinical
trials. Sci Transl Med 2019; 11: eaaw8412.

38. Ackerman, SE, Pearson, CI, Gregorio, JD et al.
Immune-stimulating antibody conjugates elicit robust myeloid
activation and durable antitumor immunity. Nature Cancer 2021; 2:
18–33.

39. Zheng, Z, Okada, R, Kobayashi, H et al. Site-specific PEGylation
of anti-Mesothelin recombinant immunotoxins increases half-life
and antitumor activity. Mol Cancer Ther 2020; 19: 812–21.

40. Tsutsumi, Y, Onda, M, Nagata, S et al. Site-specific chemical
modification with polyethylene glycol of recombinant immunotoxin
anti-tac(Fv)-PE38 (LMB-2) improves antitumor activity and
reduces animal toxicity and immunogenicity. Proc Natl Acad Sci
U S A 2000; 97: 8548–53.

41. Kreitman, RJ, Pastan, I. Targeting pseudomonas exotoxin to
hematologic malignancies. Semin Cancer Biol 1995; 6: 297–306.

42. Mishra, P, Nayak, B, Dey, RK. PEGylation in anti-cancer therapy:
an overview. Asian Journal of Pharmaceutical Sciences 2016; 11:
337–48.

43. Simmons, J, Burke, P, Cochran, J et al. Reducing the
antigen-independent toxicity of antibody-drug conjugates by
minimizing their non-specific clearance through PEGylation.
Toxicol Appl Pharmacol 2020; 392: 114932.

44. Fang, Y, Xue, J, Gao, S et al. Cleavable PEGylation: a strategy for
overcoming the “PEG dilemma” in efficient drug delivery. Drug
Deliv 2017; 24: 22–32.

45. Dozier, JK, Distefano, MD. Site-specific PEGylation of
therapeutic proteins. Int J Mol Sci 2015; 16: 25831–64.

46. Filpula, D, Yang, K, Basu, A et al. Releasable PEGylation of
Mesothelin targeted immunotoxin SS1P achieves single dosage
complete regression of a human carcinoma in mice. Bioconjug
Chem 2007; 18: 773–84.



Antibody Therapeutics, 2022 175

47. Wei, J, Bera, TK, Liu, X et al. Recombinant immunotoxins with
albumin-binding domains have long half-lives and high antitumor
activity. Proc Natl Acad Sci U S A 2018; 115: E3501–8.

48. Fleming, BD, Urban, DJ, Hall, M et al. The engineered anti-GPC3
immunotoxin, HN3-ABD-T20, produces regression in mouse liver
cancer xenografts via prolonged serum retention. Hepatology 2021;
71: 1696–711.

49. Garay, RP, El-Gewely, R, Armstrong, JK et al. Antibodies against
polyethylene glycol in healthy subjects and in patients treated with
PEG-conjugated agents. Expert Opin Drug Deliv 2012; 9: 1319–23.

50. Wang, X, Ishida, T, Kiwada, H. Anti-PEG IgM elicited by
injection of liposomes is involved in the enhanced blood clearance
of a subsequent dose of PEGylated liposomes. J Control Release
2007; 119: 236–44.

51. Podust, VN, Balan, S, Sim, B-C et al. Extension of in vivo half-life
of biologically active molecules by XTEN protein polymers. J
Control Release 2016; 240: 52–66.

52. Rudnick, ST, Adams, GP. Affinity and avidity in antibody-based
tumor targeting. Cancer Biother Radiopharm 2009; 24: 155–60.

53. Thurbera, GM, Schmidtb, MM, Wittrup, KD. Antibody tumor
penetration: transport opposed by systemic and antigen-mediated
clearance. Adv Drug Deliv Rev 2008; 60: 1421–34.

54. Juweid, M, Neumann, R, Paik, C et al. Micropharmacology of
monoclonal antibodies in solid tumors: direct experimental
evidence for binding site barrier. Cancer Res 1992; 52: 5144–53.

55. Mazor, Y, Sachsenmeier, KF, Yang, C et al. Enhanced
tumor-targeting selectivity by modulating bispecific antibody
binding affinity and format valence. Sci Rep 2017; 7: 40098.

56. Goleija, Z, Hosseinia, HM, Sedighiana, H et al. Breast cancer
targeted/therapeutic with double and triple fusion immunotoxins. J
Steroid Biochem Mol Biol 2020; 200: 105651.

57. Cao, Y, Marks, JD, Huang, Q et al. Single-chain antibody-based
immunotoxins targeting Her2/neu: design optimization and impact
of affinity on antitumor efficacy and off-target toxicity. Mol Cancer
Ther 2011; 11: 143–53.

58. Awuah, P, Bera, TP, Folivi, M et al. Reduced shedding of surface
Mesothelin improves efficacy of Mesothelin targeting recombinant
immunotoxins. Mol Cancer Ther 2016; 15: 1648–55.

59. Hamamichi, S, Fukuhara, T, Hattori, N. Immunotoxin screening
system: a rapid and direct approach to obtain functional antibodies
with internalization capacities. Toxins 2020; 12: 658.

60. Zuckier, LS, Berkowitz, EZ, Sattenberg, RJ et al. Influence of
affinity and antigen density on antibody localization in a
modifiable tumor targeting model. Cancer Res 2000; 60: 7008–13.

61. Slaga, D, Ellerman, D, Lombana, TN et al. Avidity-based binding
to HER2 results in selective killing of HER2-overexpressing cells by
anti-HER2/CD3. Sci Transl Med 2018; 10: eaat5775.

62. Drent, E, Themeli, M, Poels, R et al. A rational strategy for
reducing on-target off-tumor effects of CD38-chimeric antigen
receptors by affinity optimization. Mol Ther 2017; 25: 1946–58.

63. Simon, N, FitzGerald, D. Immunotoxin therapies for the treatment
of epidermal growth factor receptor-dependent cancers. Toxins
2016; 8: toxins8050137.

64. Zhang, Y, Phung, Y, Gao, W et al. New high affinity monoclonal
antibodies recognize non-overlapping epitopes on mesothelin for
monitoring and treating mesothelioma. Sci Rep 2015; 5: 09928.

65. Fleming, BD, Ho, M. Development of Glypican-3 targeting
immunotoxins for the treatment of liver cancer: an update.
Biomolecules 2020; 10: biom10060934.

66. Bannas, P, Hambach, J, Koch-Nolte, F. Nanobodies and
Nanobody-based human heavy chain antibodies as antitumor
therapeutics. Front Immunol 2017; 8: 1603.

67. Lázaro-Gorines, R, Ruiz-de-la-Herrán, J, Navarro, R et al. A novel
carcinoembryonic antigen (CEA)-targeted trimeric immunotoxin
shows significantly enhanced antitumor activity in human
colorectal cancer xenografts. Sci Rep 2019; 9: 11680.

68. Meng, J, Liu, Y, Gao, S et al. A bivalent recombinant
immunotoxin with high potency against tumors with EGFR and
EGFRvIII expression. Cancer Biol Ther 2015; 16: 1764–74.

69. Zhang, C, Cai, Y, Dai, X et al. Novel EGFR-bispecific
recombinant immunotoxin based on cucurmosin shows potent
anti-tumor efficiency in vitro. Oncol Rep 2021; 45: 493–500.

70. Ribbert, T, Thepen, T, Tur, MK et al. Recombinant, ETA’-based
CD64 immunotoxins: improved efficacy by increased valency, both

in vitro and in vivo in a chronic cutaneous inflammation model in
human CD64 transgenic mice. Br J Dermatol 2010; 163: 279–86.

71. Kontermann, RE. Dual targeting strategies with bispecific
antibodies. MAbs 2012; 4: 182–97.

72. Zalutsky, MR, Boskovitz, A, Kuan, C-T et al.
Radioimmunotargeting of malignant glioma by monoclonal
antibody D2C7 reactive against both wild-type and variant III
mutant epidermal growth factor receptors. Nucl Med Biol 2012; 39:
23–34.

73. Chandramohan, V, Bao, X, Keir, ST et al. Construction of an
immunotoxin, D2C7-(scdsFv)-PE38KDEL, targeting EGFRwt and
EGFRvIII for brain tumor therapy. Clin Cancer Res 2013; 19:
4717–27.

74. Pilbeam, K, Wang, H, Taras, E et al. Targeting pediatric sarcoma
with a bispecific ligand immunotoxin targeting urokinase and
epidermal growth factor receptors. Oncotarget 2018; 9: 11938–47.

75. Bachanova, V, Frankel, AE, Cao, Q et al. Phase I study of a
bispecific ligand-directed toxin targeting CD22 and CD19
(DT2219) for refractory B cell malignancies. Clin Cancer Res 2015;
21: 1267–72.

76. Schmohl, J, Todhunter, D, Taras, E et al. Development of a
deimmunized bispecific immunotoxin dDT2219 against B cell
malignancies. Toxins 2018; 10: 32.

77. Geuijen, CAW, de Nardis, C, Maussang, D et al. Unbiased
combinatorial screening identifies a bispecific IgG1 that potently
inhibits HER3 signaling via HER2-guided ligand blockade. Cancer
Cell 2018; 33: 922–36.

78. Grugan, KD, Dorn, K, Jarantow, SW et al. Fc-mediated activity of
EGFR x c-met bispecific antibody JNJ-61186372 enhanced killing
of lung cancer cells. MAbs 2017; 9: 114–26.

79. Bhimani, J, Ball, K, Stebbing, J. Patient-derived xenograft
models—the future of personalised cancer treatment. Br J Cancer
2020; 122: 601–2.

80. Shi, J, Li, Y, Jia, R et al. The fidelity of cancer cells in PDX models:
characteristics, mechanism and clinical significance. Int J Cancer
2020; 146: 2078–88.

81. Feng, M, Bian, H, Wu, X et al. Construction and next-generation
sequencing analysis of a large phage-displayed VNAR
single-domain antibody library from six naïve nurse sharks. Antib
Ther 2018; 2: 1–11.

82. Wang, H, Yan, K, Wang, R et al. Antibody heavy chain CDR3
length-dependent usage of human IGHJ4 and IGHJ6 germline
genes. Antib Ther 2021; 4: 101–8.

83. Pasqualini, R, Ruoslahti, E. Organ targeting in vivo using phage
display peptide libraries. Nature 1996; 380: 364–6.

84. Valadon, P, Garnett, JD, Testa, JE et al. Screening phage display
libraries for organ-specific vascular immunotargeting in vivo. Proc
Natl Acad Sci U S A 2006; 103: 407–12.

85. Wang, J, Xing, C, Liu, H et al. Conditionally active biologics
(CAB): a novel class of molecules targeting solid tumors. Cancer
Res 2020; 80: Abstract nr 4560.

86. Polu, KR, Lowman, HB. Probody therapeutics for targeting
antibodies to diseased tissue. Expert Opin Biol Ther 2014; 14:
1049–53.

87. Lucchi, R, Bentanachs, J, Oller-Salvia, B. The masking game:
Design of Activatable Antibodies and Mimetics for selective
therapeutics and cell control. ACS Cent Sci 2021; 7: 724–38.

88. Ward, C, Langdon, SP, Mullen, P et al. New strategies for targeting
the hypoxic tumour microenvironment in breast cancer. Cancer
Treat Rev 2013; 39: 171–9.

89. Choi, KY, Swierczewska, M, Lee, S et al. Protease-activated drug
development. Theranostics 2012; 2: 156–78.

90. Johnson, M, El-Khoueiry, A, Hafez, N et al. Phase I,
first-in-human study of the Probody therapeutic CX-2029 in adults
with advanced solid tumor malignancies. Clin Cancer Res 2021; 27:
4521–30.

91. Autio, KA, Boni, V, Humphrey, RW et al. Probody therapeutics:
an emerging class of therapies designed to enhance on-target effects
with reduced off-tumor toxicity for use in Immuno-oncology. Clin
Cancer Res 2020; 26: 984–9.

92. Gutierrez, M, Long, GV, Friedman, CF et al. Anti-CTLA-4
probody BMS-986249 alone or in combination with nivolumab in
patients with advanced cancers: initial phase I results. J Clin Oncol
2020; 38: 3058.



176 Antibody Therapeutics, 2022

93. Desnoyers, LR, Vasiljeva, O, Richardson, JH et al. Tumor-specific
activation of an EGFR-targeting probody enhances therapeutic
index. Sci Transl Med 2013; 5: 207ra144.

94. Changa, HW, Freya, G, Liu, H et al. Generating tumor-selective
conditionally active biologic anti-CTLA4 antibodies via
protein-associated chemical switches. Proc Natl Acad Sci U S A
2021; 118: e2020606118.

95. Zhao, Y, Xie, Y-Q, Van Herck, S et al. Switchable immune
modulator for tumor-specific activation of anticancer immunity.
Sci Adv 2021; 7: eabg7291.

96. Chen, Y, Zhang, M, Jin, H et al. Glioma dual-targeting
Nanohybrid protein toxin constructed by Intein-mediated
site-specific ligation for multistage booster delivery. Theranostics
2017; 7: 3489–503.

97. Mutter, NL, Soskine, M, Huang, G et al. Modular pore-forming
immunotoxins with caged cytotoxicity tailored by directed
evolution. ACS Chem Biol 2018; 13: 3153–60.

98. Poreba, M. Protease-activated prodrugs: strategies, challenges, and
future directions. FEBS J 2020; 287: 1936–69.

99. El-Sayes, N, Vito, A, Mossman, K. Tumor heterogeneity: a great
barrier in the age of cancer immunotherapy. Cancer 2021; 13: 806.

100. Wang, J, Han, L, Chen, J et al. Reduction of non-specific toxicity
of immunotoxin by intein mediated reconstitution on target cells.
Int Immunopharmacol 2019; 66: 288–95.

101. Purde, V, Kudryashova, E, Heisler, DB et al. Intein-mediated
cytoplasmic reconstitution of a split toxin enables selective cell
ablation in mixed populations and tumor xenografts. Proc Natl
Acad Sci U S A 2020; 117: 22090–100.

102. Boland, EL, Van Dyken, CM, Duckett, RM et al. Structural
complementation of the catalytic domain of pseudomonas exotoxin
A. J Mol Biol 2014; 426: 645–55.

103. Bachran, C, Leppla, SH. Tumor targeting and drug delivery by
anthrax toxin. Toxins 2016; 8: 197.

104. Arora, N, Leppla, SH. Fusions of anthrax toxin lethal factor with
Shiga toxin and diphtheria toxin enzymatic domains are toxic to
mammalian cells. Infect Immun 1994; 62: 4955–61.

105. Frøysnes, IS, Andersson, Y, Larsen, SG et al. ImmunoPeCa trial:
Long-term outcome following intraperitoneal MOC31PE
immunotoxin treatment in colorectal peritoneal metastasis. Eur J
Surg Oncol 2021; 47: 134–8.

106. Leshem, Y, O’Brien, J, Liu, X et al. Combining local immunotoxins
targeting Mesothelin with CTLA-4 blockade synergistically
eradicates murine cancer by promoting anti-cancer immunity.
Cancer Immunol Res 2017; 5: 685–94.

107. Groth, C, van Groningen, LFJ, Matos, TR et al. Phase I/II trial of
a combination of anti-CD3/CD7 immunotoxins for
steroid-refractory acute graft-versus-host disease. Biol Blood
Marrow Transplant 2019; 25: 712–9.

108. Chandramohan, V, Bao, X, Yu, X et al. Improved efficacy against
malignant brain tumors with EGFRwt/EGFRvIII targeting
immunotoxin and checkpoint inhibitor combinations. J
Immunother Cancer 2019; 7: 142.

109. Jiang, Q, Ghafoor, A, Mian, I et al. Enhanced efficacy of
mesothelin-targeted immunotoxin LMB-100 and anti–PD-1
antibody in patients with mesothelioma and mouse tumor models.
Sci Transl Med 2020; 12: eaaz7252.

110. Cheung, LS, Fu, J, Kumar, P et al. Second-generation IL-2
receptor-targeted diphtheria fusion toxin exhibits antitumor
activity and synergy with anti–PD-1 in melanoma. Proc Natl Acad
Sci U S A 2019; 116: 3100–5.

111. Kellmann, S-J, Duebel, S, Thie, H. A strategy to identify linker-
based modules for the allosteric regulation of antibody-antigen
binding affinities of different scFvs. MAbs 2017; 9: 404–18.

112. Yu, D, Lee, H, Hong, J et al. Optogenetic activation of intracellular
antibodies for direct modulation of endogenous proteins. Nat
Methods 2019; 16: 1095–100.

113. Erster, O, Thomas, JM, Hamzah, J et al. Site-specific targeting of
antibody activity in vivo mediated by disease-associated proteases.
J Control Release 2012; 161: 804–12.

114. Panchal, A, Seto, P, Wall, R et al. COBRA: a highly potent
conditionally active T cell engager engineered for the treatment of
solid tumors. MAbs 2020; 12: 1792130.

115. Szot, C, Saha, S, Zhang, XM et al. Tumor stroma–targeted
antibody-drug conjugate triggers localized anticancer drug release.
J Clin Invest 2018; 128: 2927–43.

116. Hassan, R, Alewine, C, Pastan, I. New life for immunotoxin cancer
therapy. Clin Cancer Res 2016; 22: 1055–8.

117. Wensley, HJ, Johnston, DA, Smith, WS et al. A flow cytometric
method to quantify the endosomal escape of a protein toxin to the
cytosol of target cells. Pharm Res 2020; 37: 16.

118. Moffat, JG, Vincent, F, Lee, JA et al. Opportunities and challenges
in phenotypic drug discovery: an industry perspective. Nat Rev
Drug Discov 2017; 16: 531–43.

119. Van Norman, GA. Limitations of animal studies for predicting
toxicity in clinical trials. JACC Basic Transl Sci 2020; 5: 387–97.

120. Ouellette, MM, Yan, Y. Radiation-activated prosurvival signaling
pathways in cancer cells. Precision Radiation Oncology 2019; 3:
111–20.

121. Lu, J, Bender, B, Jin, JY et al. Deep learning prediction of patient
response time course from early data via
neural-pharmacokinetic/pharmacodynamic modelling. Nature
Machine Intelligence 2021; 3: 696–704.

122. Zuppone, S, Fabbrini, MS, Vago, R. Hosts for hostile protein
production: the challenge of recombinant immunotoxin expression.
Biomedicine 2019; 7: 38.

123. Fabbrini, MS, Carpani, D, Soria, MR et al. Cytosolic
immunization allows the expression of preATF-saporin chimeric
toxin in eukaryotic cells. FASEB J 2000; 14: 391–8.

124. Johnson, DE. Biotherapeutics: challenges and opportunities for
predictive toxicology of monoclonal antibodies. Int J Mol Sci 2018;
19: 3685.

125. Coats, S, Williams, M, Kebble, B et al. Antibody–drug conjugates:
future directions in clinical and translational strategies to improve
the therapeutic index. Clin Cancer Res 2019; 25: 5441–8.


	 Strategies to mitigate the on- and off-target toxicities of recombinant immunotoxins: an antibody engineering perspective
	INTRODUCTION
	PEGYLATION OF IMMUNOTOXINS DID NOT PRODUCE THE DESIRED CLINICAL BENEFITS
	MODULATING THE AFFINITY OF BINDING MOIETY FOR SELECTIVE TUMOR TARGETING
	MODULATING THE VALENCY OF THE BINDING MOIETY FOR IMPROVED THERAPEUTIC INDEX 
	CONDITIONALLY ACTIVATABLE IMMUNOTOXINS FOR IMPROVED OVERALL SAFETY PROFILE
	RECONSTITUTED SPLIT TOXIN FOR WIDENED THERAPEUTIC INDEX
	FUTURE PERSPECTIVES
	DATA AVAILABILITY
	FUNDING
	CONFLICT OF INTEREST STATEMENT
	ETHICS AND CONSENT STATEMENT
	ANIMAL RESEARCH STATEMENT


