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Abstract: Cancer cells frequently upregulate surface receptors that promote growth and survival.
These receptors constitute valid targets for intervention. One strategy involves the delivery of
toxic payloads with the goal of killing those cancer cells with high receptor levels. Delivery can be
accomplished by attaching a toxic payload to either a receptor-binding antibody or a receptor-binding
ligand. Generally, the cell-binding domain of the toxin is replaced with a ligand or antibody that
dictates a new binding specificity. The advantage of this “immunotoxin” approach lies in the potency
of these chimeric molecules for killing cancer cells. However, receptor expression on normal tissue
represents a significant obstacle to therapeutic intervention.
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1. Introduction

Cancer cells frequently upregulate surface receptors that promote growth and survival. These
receptors constitute valid targets for intervention. One strategy involves the delivery of toxic
payloads with the goal of killing those cancer cells with high levels of specific receptors. Delivery
can be accomplished by attaching a toxic payload to either a receptor-binding antibody or ligand.
Antibody-toxin agents are called “immunotoxins” while ligand toxins retain their own designation.
Receptors provide an entry pathway for the delivery of cytotoxic drugs or proteins to the cell interior.
Here, we confine our discussion to the use of bacterial or plant protein toxins that act catalytically
within cells to inhibit protein synthesis. Generally, the cell-binding domain of the toxin is replaced with
a ligand or antibody that dictates a new binding specificity (Figure 1). Further, while this review will
cover both antibody-toxin and ligand-toxin therapeutics, it is important to highlight key differences
among these two types of chimeric molecules. Anti-receptor antibodies rarely stimulate signaling
pathways while ligands certainly will. Additionally, the effectiveness of ligand-toxins can be blocked
by high local concentrations of endogenous ligand which is rarely an issue with antibody-based agents.
Finally, anti-receptor antibodies, unlike ligands, can target portions of the external domains of receptors
that are not directly involved in ligand binding—thus there may be many more binding sites available
to antibodies than to ligands.

Receptors, especially those tied to oncogenic progression, represent attractive targets. In addition
to high expression levels, surface receptors can provide an efficient gateway for internalization
(Figure 2). Normally, internalization by signaling receptors (e.g., growth factor or cytokine receptors)
leads to receptor downregulation and destruction of both ligand and receptor. Targeted toxins can
use the receptor internalization feature but must avoid destruction. Likewise, internalization by
nutrient-related (e.g., lipoprotein or transferrin receptors) receptors allows for cargo uptake but
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recycling of the receptor to the cell surface allows additional rounds of internalization. For these
receptors, the toxin must leave the recycling pathway—or risk being returned to the media. In either
case, it is possible to deliver cytotoxic payloads to surface receptors on cancer cells. However, receptor
expression on normal tissue represents a significant obstacle to therapeutic intervention.

Figure 1. Immunotoxin and ligand toxin constructs. In examples 1 and 2, antibodies (blue) are joined
with toxins (red) to form immunotoxins. Shown in example 1, a toxin is attached chemically to a
full-length antibody. Example 2 is a genetic fusion between the single-chain Fv portion of an antibody
and a toxin. In examples 3 and 4, the two most common ligand toxin constructs are shown. Example 3
shows a ligand toxin whereby the ligand (blue) is placed at the N-terminus of the construct, in place of
pseudomonas exotoxin’s (PE’s) native binding domain. Example 4 shows the ligand at the C-terminus,
replacing the native binding domain of diphtheria toxin (DT).

Figure 2. Anti-receptor targeting by immunotoxins and ligand toxins. A ligand toxin is shown
interacting with a target receptor at the ligand-binding site. Similarly, an immunotoxin is shown
binding the same receptor but at a distinct site. Following binding, internalization results in delivery to
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endosomes. In endosomes, toxins are processed (often by furin-like proteases) to separate the antibody
or ligand from the toxin. After the processing step, some toxins such as DT translocate directly from
endosomes (yellow arrow) to the cell cytosol while others traffic further into the cell to the endoplasmic
reticulum where translocation is noted for pseudomonas exotoxin (PE) and some plant toxins (purple
arrow). Once in the cytosol, toxins shut down protein synthesis.

Below, we focus first on targeting the epidermal growth factor receptor (EGFR) and related
receptors, then consider the transferrin receptor (TFR), interleukin receptors and finally a “basket” of
other receptors.

2. Immunotoxin Production

Protein toxins are lethal for mammalian cells. This has led to production schemes where
bacterial expression systems are used to make the entire immunotoxin or the toxin component of the
immunotoxin. A standard method for pseudomonas exotoxin (PE)-based immunotoxins has been
developed [1]. Plant toxins are usually attached to antibodies using chemical cross-linking agents.
Methods for this have been well described [2,3]. It has also been possible to construct cytotoxic
immunotoxins using gene fusion technology with gelonin as the toxin [4].

3. Immunotoxins Targeting EGFR

Several decades ago, EGFR was identified as an attractive cancer target because a high level of
expression led to oncogenesis [5]. The high expression was due in many cases to gene amplification [6].
EGFR mutants are also identified with activating mutations including point mutations and large
deletions [7,8]. Structurally, EGFR has a large extracellular domain with four subdomains, a
transmembrane domain and an intracellular tyrosine kinase domain [7]. Ligand binding to the
extracellular domain leads to receptor dimerization, internalization and receptor degradation [7].
Because of efficient internalization, EGFR was considered an attractive target for the delivery of
cytotoxic compounds. While EGFR can bind up to twelve distinct ligands, cancer targeting has been
attempted mainly with two ligands, EGF and TGF-alpha. Targeting with anti-receptor antibodies has
also been attempted (see below). Historically, ligand-toxins targeting EGFR were produced early on
and only after many years were toxic payloads added to receptor-binding antibodies.

Immunotoxins against EGFR were first produced in the 1980s where EGFR ligands were attached
chemically or fused with toxins [9,10]. The first attempt at making an EGFR-targeted ligand-based
immunotoxin was the fusing TGFα and to a fragment of PE, to produce TGFα-PE40 (TP40) [9]. This
immunotoxin was cytotoxic for cell lines that overexpressed EGFR (e.g., epidermoid carcinoma). In vivo
studies reported on the enhanced survival of nude mice bearing EGFR expressing xenografts [11]. In a
Phase I clinical trial, TP40 was tested as a treatment for patients with bladder cancer [12]. TP40 was
well tolerated with no dose-limiting toxicity. Patients with the invasive disease showed no evidence of
antitumor activity, whereas eight of nine patients with carcinoma in situ exhibited clinical improvement
following therapy [12]. A reengineered TP40, TP38, was made with a slightly smaller truncated PE,
that was more potent. TP38 was tested in a Phase I trial of patients with malignant brain tumors
using intracerebral infusion. Three of the fifteen patients demonstrated radiographic responses, with
one patient exhibiting nearly complete response and remained alive >260 weeks after therapy, two
dose-limiting toxicities, grade 3 hemiparesis and grade 4 fatigue, prevented the study from achieving
the planned maximum tolerated dose [13,14]. In addition, leakage of the infusion to the surrounding
area of the tumor was observed in >80% of the patients [13]. Given the dose-limiting toxicity and
infusion leakage, no further trial was pursued.

EGF was also used to construct ligand-based immunotoxins. A fusion of EGF and the catalytic and
translocation domains of diphtheria toxin (DT) produced DAB389EGF [15]. DAB389EGF was cytotoxic
for various EGFR-expressing tumor cell lines with IC50s values as low as 0.1 pM [15]. A Phase I/II
clinical trial of DAB389EGF was conducted in 52 patients with metastatic cancers [16]. There were a
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few minor responses with all the patients developing anti-DT or anti-EGF neutralizing antibodies.
Dose-limiting toxicities were due to liver or kidney damage and chest pain [16].

Another approach for targeting this receptor is to produce immunotoxins using anti-EGFR
antibodies. One such effort employed single-chain variable fragments (scFv) derived from the
antibodies Cetuximab or Panitumumab [17]. The scFvs were fused to PE and the two immunotoxins
derived from either Cetuximab (scFv2112-ETA) or Panitumumab (scFv1711-ETA) were tested against
multiple EGFR overexpressing cell lines. Both immunotoxins showed cytotoxicity toward the target
cells with IC50 values of 4 pM to 460 pM depending on the cell line. In addition, the immunotoxins
showed binding to patient sample tissue. Although preclinical results were promising, no clinical trials
were pursued.

4. EGFRvIII and “Cancer-Expressed” EGFR

Given that EGFR is expressed on normal cells, it would be worthwhile to target variants of EGFR
that are only expressed on cancer cells. One such variant is EGFR variant III (EGFRvIII) where exons
2–7 are deleted from wt EGFR [18]. This in-frame deletion produces a truncated extracellular domain
and introduces a novel glycine at the new junction [18] EGFRvIII exhibits persistent low-level tyrosine
kinase activity. Of interest, EGFRvIII is expressed only in tumor tissue and detected in ~30% of biopsies
from glioblastoma multiforme (GBM) patients. The median survival of GBM patients is around 2 years
with the current standard of care [19]. Given this poor prognosis, there is an urgent need for new
treatments and EGFRvIII constitutes an attractive target [20].

In terms of targeting EGFRvIII-expressing cells with immunotoxins, two have been evaluated in
clinical trials. A murine based scFv, MR1, was isolated against a peptide that included the novel glycine
at the exon 1-8 splice junction of EGFRvIII. The scfv was fused with PE38 to make MR1(Fv)-PE38.
MR1(Fv)-PE38 killed glioblastoma cells both in vivo and in vitro [21]. The binding affinity of MR1
for EGFRvIII was improved through targeted mutagenesis of CDR3 sequences resulting in MR1-1
which had a 15-fold higher binding affinity and a 3.5-fold increase in potency [21,22]. The improved
immunotoxin entered a Phase I trial which was terminated due to low patient accrual (ClinicalTrials.gov
Identifier: NCT01009866).

In GBM, poor responses can be due to molecular heterogeneity where the tumor often includes
cells with either EGFRvIII or wt EGFR expression [23]. Therefore, a therapeutic agent that only
targets EGFRvIII might not reduce tumor burden in a substantial way [24,25]. Immunotoxins with
dual specificity for both EGFRvIII and EGFR might overcome this limitation. The D2C7 antibody
was shown to react with both EGFRvIII and wild type EGFR [26]. A disulfide-stabilized scFv of
D2C7 fused with PE38 was further modified with the addition of a “KDEL” sequence at the carboxyl
terminus to generate, D2C7(scdsFv)-PE38KDEL or D2C7-IT for short [27]. The addition of the KDEL
sequence was to allow more efficient retrograde transport of the toxin to the endoplasmic reticulum.
D2C7-IT displayed a high level of killing against tumor cell lines expressing EGFR, EGFRvIII or a
mixture of both EGFR/EGFRvIII [27]. In vivo D2C7-IT reduced tumor growth where survival was
enhanced by 166% versus control [27]. Following a successful GLP study of D2C7-IT in rats, D2C7-IT
entered a Phase I/II clinical trial for patients with recurrent malignant glioma (ClinicalTrials.gov
Identifier: NCT02303678) [28,29]. Another clinical trial using D2C7-IT, currently in Phase I, examines
the efficacy of combining D2C7-IT with checkpoint inhibitor Atezolizumab in recurrent GBM patients
(ClinicalTrials.gov Identifier: NCT04160494). These trials are ongoing.

Given the heterogeneity of GBM gene expression and the potential value of dual targeting
antibodies against EGFR and EGFRvIII, additional efforts have been made to make immunotoxins
that include this type of reactivity. The 806 monoclonal antibody, mab806, originally raised in mice,
was shown to bind to EGFRvIII as well as EGFR when overexpressed [30,31]. Antibody reactivity
was directed to a conformational-dependent loop (aa 287–302) in the extracellular domain that is fully
exposed in EGFRvIII and partially exposed in cells overexpressing EGFR [32]. Further, this loop is
masked in active or dimerized EGFR [32]. This allowed for mab806, and antibodies derived from it,
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to target not only EGFRvIII but also overexpressed EGFR when expressed on particular cancerous
cells [32]. The utility of this antibody was examined by constructing an immunotoxin and testing its
activity against triple-negative breast cancer with EGFR amplification/overexpression but no expression
of EGFRvIII. Regarding triple-negative breast cancer, EGFR amplification has been reported to occur in
approximately 60% of cases when analyzed by silver in situ hybridization, validating this receptor
as a target in this malignancy [6]. The scFv of 806 was fused with PE38 to produce the 806-PE38
immunotoxin [33]. In vitro analysis indicated that it killed triple-negative breast carcinoma cell lines
with EGFR overexpression but not lines that only expressed wildtype EGFR at normal levels [33].
In vivo data with xenografts showed tumor size reduction and increased survival when mice were
treated with 806-PE38 [33].

More recently, efforts were made to produce another dual specificity antibody with improved
properties that targets the same EGFR conformational loop (aa 287–302). Given the identity of the
cryptic epitope, a more targeted approach was made by producing antibodies against KLH-conjugated
peptide corresponding to the (aa 287–302) loop [34]. A new antibody, 40H3, was raised and in vitro
data suggest that it binds to both EGFRvIII and overexpressed EGFR but not wild type EGFR [34].
Its immunotoxin, 40H3-PE38, was also shown to kill both EGFRvIII, and EGFR overexpressing cell
lines [34].

5. HER2

Efforts have also been made to generate immunotoxins against another member of the ErbB family,
ErbB-2 or HER2. Although structurally similar to other members of the ErbB family, no binding ligand
has been identified for HER2. Without a known ligand, the development of targeted toxins against
HER2 has been antibody-based. One of the first anti-HER2 immunotoxins, Erb-38, was made by fusing
the dsFv of anti-HER2 antibody, Mab e23, with PE38 [35,36]. Erb-38 killed HER2 expressing tumor cell
lines and caused complete regressions in nude mice bearing epidermoid or breast carcinomas [36].
A Phase I trial was initiated in patients with advanced breast (five patients) or esophageal cancer
(one patient) all of whom had failed standard therapy [35]. However, dose-limiting hepatotoxicity
was observed in all patients due to unappreciated HER2 expression on hepatocytes [35]. Given the
resulting liver toxicity, the clinical trial was terminated.

Another HER2 directed immunotoxin that reached clinical trial was scFv(FRP5)-ETA, also known as
Zemab [37,38]. In vitro data indicated that Zemab displayed potent cytotoxicity against both established
and primary human tumor cells including breast, ovarian, and squamous cell carcinomas [38,39].
In vivo data indicated that Zemab successfully inhibited the growth of human tumor xenografts in mice
when the immunotoxin was applied both locally and systemically [38,40,41]. Zemab was evaluated in
a Phase I trial of patients (n = 18) with metastatic breast, prostate, head and neck, non-small cell lung,
or transitional cell carcinoma [42]. Although dose-limiting hepatotoxicity was observed in three of
the patients, two patients showed stable disease while three saw responses (such as lesion healing
and lymph node size reduction) [42]. Of note, only five of eleven patients produced neutralizing
antibodies to the immunotoxin [42]. For strategic reasons, no further development of Zemab was
pursued (Citeline Informa: Zemab). HER2 has also been targeted with the “herceptin-based” scFv
designated 4D5 fused to recombinant gelonin, with cytotoxic activity achieved in both tissue culture
and tumor xenografts [4].

Currently, there is one anti-HER2 immunotoxin, MT-5111, that is being evaluated in a Phase I trial
for patients with HER2-positive breast cancers (ClinicalTrials.gov Identifier: NCT04029922). MT-5111
is composed of an scFv from the anti-HER2 antibody that binds to a different region from either
pertuzumab or trastuzumab [43]. It was fused with a de-immunized Shiga-like toxin-A subunit. This
immunotoxin was cytotoxic for cell lines expressing HER2 but resistant to trastuzumab (i.e., HCC1954)
or T-DM1 (i.e., JIMT-1 and gastric SNU-216) [43,44]. A Phase I clinical trial is currently underway but
no data are available yet.

ClinicalTrials.gov
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6. HER3

Unlike EGFR and HER2, HER3 has not been widely targeted by immunotoxin-type agents.
Recently, however, Capone et al. reported a saporin conjugate with high potency for HER3-expressing
melanomas. The EV-20 antibody, conjugated to saporin via a disulfide bridge, exhibited an IC50 in
viability assays of 0.2 nM when added to SK-MEL2 cells [45].

7. UPAR and Bispecific Targeting of EGFR

Because of potential toxicity to normal tissue, ligand-toxin proteins have been modified. One
modification was the addition of the amino-terminal fragment (ATF) of urokinase with the goal of
bispecific targeting to cells with dual expression of EGFR and urokinase plasminogen activator receptor
(uPAR) [46]. The recombinant ligand toxin termed eBAT has shown promise as a targeting agent for
tumors with an expression of both EGFR and uPAR [47,48]. Small and large animal data suggest eBAT
has fewer toxicity problems than EGF-toxin [49–51]. The clinical trial evaluation will be needed to
determine utility for this agent against a variety of solid tumors.

Targeting of uPAR is also possible with a single binding specificity. ATF-saporin was constructed
as a gene fusion and expressed in Pichia pastoris. When added to uPAR expressing leukemic cells, this
ligand toxin proved to be a potent cell-killing agent [52]. More recent studies have expanded to include
more tumor types, including bladder cancer [53].

8. Immunotoxins Targeting the Transferrin Receptor

Receptors for nutrients including lipid or protease metabolites are known to be internalized
efficiently. When these receptors are present at high levels on cancer cells, they constitute valid targets.
The transferrin receptor has been studied intensively both as a model and as a clinical target [54].
Transferrin is the main protein that regulates and distributes circulating iron. Further, the transferrin
receptor is overexpressed in many cancers where increased expression is correlated with a poor
prognosis [55]. High receptor expression may be due to an increased iron requirement [56] leading to a
high turnover of the transferrin receptor [57]. Therefore, transferrin-mediated endocytosis and the
subsequent recycling pathway are highly efficient in cancer cells [58–61].

Both plant and bacterial toxins have been chemically conjugated or fused through DNA cloning
to transferrin or to anti-transferrin receptor antibodies to deliver toxic payloads to cancer cells. The
ribosome-inactivating proteins are potent plant toxins. Through their N-glycosidase activity, they
remove specific purine bases from the sugar moiety of the 28S ribosome, arresting protein synthesis at
the translocation step [60–62]. Ricin, gelonin and saporin have been conjugated to both transferrin and
monoclonal antibodies against the human transferrin receptor and tested in different cancer settings.
Anti-transferrin receptor antibody-ricin and transferrin-ricin immunotoxins have been tested in a
variety of cancer settings where their cytotoxic activity was demonstrated to be highly potent, tumor
cell type-specific and correlated with the expression of the transferrin receptor [63,64]. In vivo studies
showed that ricin immunotoxins reduced tumor growth in xenografts model of human glioblastoma
and melanoma [63,65,66]. The effectiveness of the ricin immunotoxin, 454A12-rRA, in murine models
of glioblastoma was the rationale for a Phase I human clinical trial in eight patients with leptomeningeal
spread of systemic malignancies. Four out of the eight patients responded to treatment, with a 50% or
greater reduction of tumor cell counts in their lumbar cerebrospinal fluid; however, no patient had
their CSF cleared of tumors, and tumor progression was demonstrated in seven of the eight patients
after treatment [65]. Saporin transferrin-targeted immunotoxins were able to enter into the cells via
TfR binding and inhibit cell proliferation of leukemia, HepG2, GL-15 and U87 glioblastoma multiform
human cell lines [67–69]. An immunoconjugate containing the monoclonal antibody (5E9), against the
human transferrin receptor and the protein gelonin was extremely toxic to human leukemia, lymphoma
and cervical cancer cell lines. In a xenograft model of Burkitt’s lymphoma, it prolonged survival and
delayed or prevented the growth of subcutaneous nodules [70].
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Chemically coupling Pseudomonas exotoxin A to anti-transferrin receptor antibodies or fusing
them recombinantly generated potent immunotoxins that inhibited protein synthesis and induced
cell death in human ovarian and breast carcinoma cell lines and primary cells from ovarian
metastasis [71–73]. The efficacy of PE-based immunotoxins was also confirmed in vivo in a nude
mouse model of human ovarian cancer [74], A431 epidermoid tumors [75] and colon cancer [76].
While no clinical trials followed the preclinical results, the anti-transferrin receptor-PE immunotoxin
has been an excellent tool to elucidate the mechanism of resistance to PE-based immunotoxins. For
instance, it was shown that protein synthesis inhibition by immunotoxins decreased not only the
well-known prosurvival Bcl-2 family member, Mcl-1, but also the level of three major proapoptotic
BH3-only proteins, Bim, PUMA and Noxa but only Bim protein levels correlated with the ability of
immunotoxins to induce an apoptotic response [77].

In another study, a point-mutant form of diphtheria toxin (DT), CRM 107, which reduces the
affinity for the DT receptor compared to native toxin [78], was conjugated to transferrin [79]. This
transferrin-DT conjugate, Tf-CRM107, was evaluated in patients with malignant brain tumors. In
Phase I testing, the protein was delivered directly into the tumoral mass with high-flow interstitial
microinfusion, bypassing the blood–brain barrier, obtaining high local drug concentration in the
tumor, and reducing systemic toxicity. At least a 50% reduction in tumor volume, determined by
magnetic resonance imaging occurred in 9 of 15 patients who could be evaluated (60%), including two
patients with a complete response. One patient remained tumor-free for 24 months after treatment.
Peritumoral toxicity developed 1-4 weeks after treatment only in patients treated with the highest
dose of the immunotoxin (1.0 ug/mL), but no toxicity was detected in patients treated at lower
concentrations [80]. The Phase II study was a multicenter trial using intratumoral infusions of
Tf-CRM107 to treat refractory and recurrent glioblastoma and anaplastic astrocytoma [81]. The results
of the Phase II clinical trial confirmed the safety and tumor response data of the Phase I trial: Tf-CRM107
treatments resulted in both complete and partial tumor responses without severe toxicity in 35% of
the evaluable patients. Two Phase III clinical trials were initiated: one was completed with no results
posted (ClinicalTrials.gov Identifier: NCT00088400) and the other one (ClinicalTrials.gov Identifier:
NCT00083447) was withdrawn prior to recruitment of patients because Tf-CRM107 would not meet
trial criteria for efficacy. A Phase I trial where children who have progressive or recurrent glioblastoma
multiforme or anaplastic astrocytoma, were treated with Tf-CRM107 was opened but the status is
unknown (ClinicalTrials.gov Identifier: NCT00052624).

9. Immunotoxins Targeting Cytokine Receptors

Cytokine receptors along with their ligands contribute to cancer progression and can be targeted
by ligands or anti-receptor antibodies. While two of the most prominent include the IL2 and IL3
receptors (there are approved agents targeting each of these receptors), others that clearly warrant
study include IL4R, IL6R, IL7R and IL13R. For this review, the IL2 and IL3 receptors will be considered
first and then the remainder of the cytokine receptor family. Both DT and PE cytokine-toxins have
been produced as gene fusions but similar constructs have not been described for the plant toxins due
to constraints posed by constructing gene fusions that retain both ligand binding and toxin activity. Of
clinical interest, two of the DT fusions have been approved for human use. The approval of DT-IL2
(DAB389-IL2) was granted for the treatment of cutaneous T-cell lymphoma and DT-IL3 (DAB389-IL3)
for the treatment of blastic plasmacytoid dendritic cell neoplasm.

10. Targeting the Interleukin-2 Receptor (IL2R)

Interleukin-2 was one of the first cytokines described for T-cell activation [82]. In the years that
followed its discovery, the biology of its receptor, a heterotrimer, was gradually uncovered. We now
know that the IL2R comprises an alpha chain (identified via its interaction with the anti-Tac antibody
and now also called CD25), a beta chain (CD122) and a gamma chain (CD125). The high-affinity
binding of IL2 requires all three chains. For targeting IL2R, early ligand-toxin constructs included
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DT-IL2, IL2-PE40 and immunotoxins constructed with the anti-Tac antibody joined with various PE
fragments [83–86]. Aberrant IL2R expression occurs in several malignant hematopoietic malignancies
including adult T-cell leukemia and hairy cell leukemia and thus this receptor is a legitimate cancer
target. However, CD25 is also expressed on (non-malignant) regulatory T-cells and thereby constitutes
a target, while relevant to cancer therapy, that is in fact expressed on normal cells. DT-IL2 was
produced first from a longer DT transcript and was later shortened to DT389-IL2. Preclinical studies
and various clinical trials led to its approval as Denileukin diftitox for the treatment of cutaneous T-cell
lymphoma [87,88]. Despite its early promise, Denileukin diftitox has been discontinued in the US.

Ricin-based immunotoxins were also produced targeting IL2R. A second-generation immunotoxin,
RFT5-SMPT-dgA, which joined the whole anti-CD25 monoclonal antibody RFT5 to deglycosylated
ricin A-chain, was evaluated in patients with refractory Hodgkin’s lymphoma, with some partial
remissions [89,90]. A later study showed that RFT5-SMPT-dgA induced a decrease in Treg cells in six
metastatic melanoma patients [91]. To date, ricin-based immunotoxins targeting IL2R have not been
approved for human use.

With the advent of scFv fusions, the anti-Tac immunotoxin was recreated as LMB-2 and has been
developed both for treating leukemias and eliminating T-reg cells [92,93]. The latter treatment strategy
is an approach to reduce immune suppression and allow effective T-cell responses to tumor antigens.
In cancer settings, LMB-2 has produced objective responses in both adult T-cell leukemia and hairy cell
leukemia, but regulatory approval has not yet been achieved.

11. Targeting Interleukin-3 Receptor (IL3R)

The human interleukin-3 receptor (IL3R) is a cell-surface heterodimer composed of α-subunit
domains and an N-terminal domain with unknown function. The α subunit is essential for ligand
binding and confers specificity on the receptor. IL3R also has a common γ (γc) subunit. The γc subunit
is shared by the granulocyte macrophage-colony stimulating factor (GM-CSF) and IL-5 receptors and
is required for high-affinity ligand binding and signal transduction. IL3 is a pleiotropic cytokine
produced mainly by activated T lymphocytes and physiologically stimulates the production and
function of multiple hematopoietic cells including dendritic cells. The IL3R is overexpressed in acute
(AML) and chronic myeloid leukemia (CML) progenitor cells. IL3R is also detected on subpopulations
of AML blasts enriched for malignant progenitors that engraft nonobese diabetic severe combined
immunodeficient (NOD/SCID) mice [94,95]. The immunotoxin targeting IL3R is constructed via fusing
human IL3 to a truncated form of diphtheria toxin (DT388) [96]. DT388-IL3 showed antitumor activities
in an SCID model of acute myeloid leukemia (AML). More recently, this molecule was developed for
Phase I trials in patients with chemorefractory AML and myelodysplasia (MDS) [97]. A commercially
available construct composed of human IL3 and a truncated diphtheria toxin was developed by
Stemline Therapeutics, Inc. the compound, called Tagraxofusp (tagraxofusp-erzs-Elzonris™), is used
for the treatment of blastic plasmacytoid dendritic cell neoplasm. It was approved in 2008 in the USA
for the treatment of adults and pediatric patients aged 2 years and older [98].

12. Targeting the Interleukin-4 (IL4R) and Interleukin-13 (IL13R) Receptors

The interleukin-4 receptor (IL4R) is a type I cytokine receptor. It is composed of the IL4R α

chain and the common γ chain (γc). The binding of ligand activates a signaling cascade that leads to
phosphorylation events mediated by receptor-associated kinases and, in turn, these recruit mediators of
cell growth, resistance to apoptosis and gene activation [99]. Two ligands that bind this receptor are IL4
and IL13. IL4 and IL13 are pleiotropic cytokines produced by a variety of cell types. They are known
as Th2 cytokines that mediate host defense against parasites, allergies and inflammatory responses.
IL4Rs are expressed on the surface of several human cancers including melanoma, ovarian and breast
carcinoma [100], neurological cancers [101], head and neck cancers [102], bladder cancer [103], renal
cell carcinomas [99] and AIDS-associated Kaposi’s sarcoma cells [104]. In contrast, human B cells,
monocytes, T cells, and endothelial cells express undetectable or low amounts of these receptors [105].
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IL4R is composed of several distinct chains [106], on several tumor cells IL4Rα and IL13Rα’ chains are
expressed and bind IL4, while in many solid tumor IL13 binds the chains IL-4Rα and IL13Rα1 and
IL13Rα2 [107]. The functional overexpression of IL4Rα and its ligand on several human cancer cells has
been the rationale for generating immunotoxins targeting IL4R and IL13R [108]. These immunotoxins
are composed of an IL4 or IL13 moiety and a truncated fragment of PE. IL4-PE was developed as a
circularly permuted protein: the single-chain circularly permuted IL-4 mutant IL4(38-37) was created,
containing aa 38-129 of IL-4, a GGNGG linker and aa 1-37 of IL-4 which are then fused to the toxin [109].
This immunotoxin was highly and specifically toxic to tumor cells, including brain tumor cells, and
showed in vivo antitumor activity in animal xenograft models of a variety of human cancers [107–109].
The clinical efficacy of IL4-PE was reported for the first time by Rainov and Heidecke and Rand, et
al. [110,111] in the treatment of patients with recurrent malignant glioma following intracranial infusion
of cytotoxin [109]. Moreover, this immunotoxin showed strong cytotoxic activity against IL-4R-positive
carcinomas in pre-clinical studies and several studies have been conducted in patients with several
types of solid tumors. IL-4-PE in combination with gemcitabine was targeted to pancreatic carcinoma
cells [107,112,113]. This immunotoxin showed a potent in vitro and in vivo antitumor activity against
human biliary tract carcinoma.

In addition to these PE fusions, a DT-IL4 fusion protein was produced from the murine IL4
gene (DT389mIL4) and was reported as an immunosuppressive agent that blunted delay-type
hypersensitivity responses in mice [114].

Concerning IL-13, it was incorporated into another immunotoxin targeting IL-4/13R, called
IL-13-PE38QQR (also known as cintredekin besudotox or IL13-PE). IL-13R, as mentioned above,
consists of an IL-13Rα1 chain and IL-4Rα and the signaling is similar to IL-4R. Physiologically, IL-13
receptors are expressed on human B cells, basophils, eosinophils, mast cells, endothelial cells, fibroblasts,
monocytes, macrophages, respiratory epithelial cells, and smooth muscle cells [115]. To generate
IL-13 cytotoxin, the NH2-terminal domain, especially the Glu13, (binding ubiquitously to receptors
on eukaryotic cells) was removed to avoid specific binding, and the DNA sequence encoding IL-13
was inserted upstream of PE. Three amino acids (K590, K606, and K613) in domain III were replaced
by Q, Q, and R, respectively. IL13-PE was highly selective and potent for killing human tumor cells
in vitro, in particular glioblastoma cells that expressed high levels of IL-13Rα2 chain. Since this chain
is undetectable in immune cells, endothelial cells, and normal human astrocyte, the killing of tumor
cells is more specific [113]. Most studies were conducted in vitro on glioma cell lines and glioma
cells derived from patients and xenografts models [116]. This immunotoxin was evaluated in various
trials from Phase I to III. In most of these trials, IL13-PE was administered via convection-enhanced
delivery, a method of direct drug delivery, optimizing the distribution of macromolecules within the
brain [116–119]. In 2004, another immunotoxin was generated whereby a mutant of human IL-13, in
which a glutamic acid (E) residue at position 13 was substituted by a lysine (K) residue (this mutant
was termed IL-13E13K and was fused to a mutated form of PE). This fusion protein had an increased
binding to IL-13Rα2 and showed more cytotoxicity at lower doses compared to wild type, in studies
conducted on glioma cell lines in vitro and in xenografts models [120]. IL-13-PE38QQR was cytotoxic
for human renal cell carcinoma cells [121], prostate cancer cells [122] and Squamous Cell Carcinoma of
Head and Neck tumor cell lines. Based on the selectivity of IL-13α2 expression, another immunotoxin
was developed, DT-IL13QM. In this construct, a quadruple-mutated IL-13-based construct was fused
to the first 389 amino acids of DT. This ligand toxin was more specifically cytotoxic to glioblastoma
multiforme cells and less toxic in general, in an intracranial rodent model compared to a flank tumor
model in previous studies [123,124].

A bispecific immunotoxin targeting IL-13 and uPAR, called DTAT13, was also constructed. This
immunotoxin can bind IL-13R expressing cells and uPA-expressing tumor neovasculature. In vivo,
DTAT13 caused the regression of small tumors and was able to target both overexpressed uPAR and
the vasculature, as demonstrated by activity against HUVEC cells [125].
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Another bispecific immunotoxin targeting IL-13R and EGFR (DTEGF13) was constructed in order
to react with overexpressed receptors on cancer cells and on normal cells. This cytotoxin was generated
to reduce binding to normal receptors while still targeting receptors over-expressed on cancer cells
thereby decreasing toxicity while maintaining efficacy, The DTEGF13 promotes efficacy in a model of
orthotopic pancreatic cancer, showing promise for treating refractory pancreatic carcinomas [126]. This
cytotoxin also has activity against other tumors, e.g., in xenografts models of prostate cancer [127] and
by intracranial injection in a glioblastoma rat model [50].

13. Targeting Interleukin-7 Receptor (IL-7R)

The IL7 receptor (IL7R) is formed from IL7Rα (CD127) and the common cytokine receptor gamma
chain (γ-chain, CD132). The binding of IL7 induces proliferative and anti-apoptotic signals mainly
by activating the JAK-STAT pathway [128]. IL-7R is mainly expressed on conventional mature T
lymphocytes (except on T-regs, where expression is low) while IL-7 is mainly produced by epithelial
and stromal cells. The deregulation of IL7/IL7R signaling can promote cancer development [129]. In
particular, this deregulation is associated with leukemogenesis, e.g., acute lymphoblastic leukemia
(ALL) of T- and B-cell origin development [130,131] and chronic lymphocytic leukemia [132]. To target
lymphoblastic cancer cells, DAB389IL7, was constructed. DAB389IL7 immunotoxin targets malignant
cells expressing the IL-7R, such as cutaneous T lymphoma, acute T cell leukemia, acute and chronic B
cell malignancies, Burkitt’s lymphoma, and Hodgkin’s disease.

14. Targeting Interleukin-6 Receptor (IL6R)

The interleukin-6 receptor (IL6R or CD126) recognizes and binds interleukin-6 (IL6), a
multifunctional cytokine with both pro- and anti-inflammatory properties. The IL6 signaling cascade
is initiated by binding of IL6 to IL6R and a second transmembrane protein, gp130 (ubiquitously
expressed) [133]. Under non-pathogenic conditions, IL6R expression is restricted to hepatocytes,
monocytes, and lymphocytes. The IL6/IL6R interaction activates JAK-mediated phosphorylation of
STAT3 and the formation of STAT3 homodimers. Additionally, IL6 activates MAP-kinase and the
phosphatidylinositol-3 kinase (PI3K)/protein kinase B (AKT) pathways [134]. Excessive IL-6 production
and dysregulation of the IL6/IL6R axis can lead to inflammation or cancer. During cancer progression,
high levels of both IL6 and ILR6 have been reported [135,136]. IL6 signaling plays an important role
in tumor cell growth, survival, angiogenesis, immunomodulation of the tumor microenvironment,
stromal cell activation, and cancer progression [137]. In the tumor microenvironment, IL6/JAK/STAT3
signaling drives proliferation, survival, invasiveness, and metastasis of tumor cells, while strongly
suppressing the anti-tumor immune response [138]. IL6 and IL6R also play important roles in the
development of several hematological malignancies, including myeloma, B-cell leukemias, lymphomas
and non-B cell malignancies.

To target IL6R-expressing cells a recombinant fusion protein, IL6-PE4E, was constructed from
human IL6 fused to a mutated PE. The mutations in PE prevented binding to the PE receptor. This
chimeric toxin was potently cytotoxicity against a variety of different tumor cell lines displaying IL6Rs
including multiple myeloma, prostate, hepatoma and carcinoma [139]. In two studies of pediatric
cancer, IL6-PE was cytotoxic for freshly isolated (IL6R-expressing) patient cells diagnosed with either
Acute Myelogenous Leukemia or Acute Lymphoblastic Leukemia [140,141]. The killing was roughly
proportional to the number of receptors per cell.

To target multiple myeloma, another IL6-based immunotoxin was constructed, called
IL6(T23)-PE38KDEL, with greater potency than IL6-PE40 in vitro and fewer side effects than
IL6-PE4E [142]. This immunotoxin is a chimeric molecule composed of interleukin 6 (IL6), missing
the N-terminal 23 amino acids, and fused to a truncated mutant form of PE (PE38KDEL). The
antitumor activity of IL6(T23)-PE38KDEL depended not only on IL6R, but also on the levels of IL6 and
soluble IL6R.
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15. Other Receptors

15.1. Targeting C-C Chemokine Receptor Type 9 (CCR9)

CCR9 belongs to the β-chemokine receptor family and is expressed on immature T lymphocytes,
regulating their development and tissue-specific homing and on intestinal cells [143]. The ligand
for this receptor is the chemokine CCL25, mainly expressed in thymus and by epithelial cells of the
small intestine. CCR9 expression is increased in various cancers (breast, prostate, ovarian and lung
cancer [144]), and CCL25/CCR9 signaling has been found in several tumors. Moreover, the expression
of CCR9 and has been associated with tumor chemoresistance and metastasis [145]. CCL25 fused to
PE38 was constructed to target CCR9-bearing cancer cells including CCR9-high-expressing human
T-ALL cells. However, this immunotoxin did not eliminate all cancer cells, as some parts of the
expanding tumor did not express CCR9, rendering CCL25-PE38 less than completely effective [145].

15.2. The EPH Receptors

Some of the ephrin receptor family of protein–tyrosine kinases (there are 14 known receptors)
are expressed at high levels in cancers, leading to the design of several immunotoxins. Ephrin B2
receptor expression was targeted on colorectal cancer cells with an antibody–drug conjugate [146],
gliomas were targeted with an Ephrin A2 receptor immunotoxin [147]. Ephrin A3 receptor and ephrin
A2 receptors were also targeted [148,149].

15.3. MSH Receptors

The Murphy Lab began the gene fusion approach for targeting toxins to receptors by fusing
portions of melanocyte-stimulating hormone (MSH) with truncated DT [150]. The goal was to produce
fusion proteins that would kill malignant melanoma cells expressing the alpha-MSH receptors [151].
DT-MSH was not evaluated in clinical trials. However, a similarly conceived molecule was reported
more recently as a fusion protein with truncated PE (MSH-PE38KDEL) [152]. It is not clear if this
molecule will be developed as a clinical candidate.

16. Conclusions

Receptors that are expressed at high levels on cancer cells are attractive targets for ligands
or antibodies that are armed with toxic payloads. Potent payload types include enzymatically
active protein toxins such as plant or bacterial toxins. Here, we summarized several decades of
research and development where receptors that internalize efficiently were targeted with chimeric
therapeutic molecules. At least two of these ligand-toxin molecules, DAB389IL2 and DAB389IL3, have
been approved with several other candidates in late-stage clinical evaluation. Recently, a PE-based
immunotoxin, targeting CD22, was approved for treating patients with hairy cell leukemia [153,154].
Because many of these patients were immunosuppressed, multiple cycles of therapy could be given
before anti-toxin antibodies were produced. This has not been the case when treating patients with
solid tumors, where anti-toxin antibodies frequently appear after one or two cycles with immunotoxin
agents. Going forward, two issues must be addressed: the immunogenicity of the toxin portion of the
molecule and toxin-mediated damage to normal tissue expressing target receptors. The former is being
addressed by using mutant toxins with fewer immunogenic epitopes [155]. Damage to normal tissues
can be addressed with improved antibody specificity or with the use of immunotoxin-enhancing agents
that, in combination, target malignant cells over normal cells. Screening efforts for immunotoxin
enhancers are underway [156].
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Abbreviations

DT diphtheria toxin
PE pseudomonas exotoxin
EGFR epidermal growth factor receptor
EGFRvIII EGFR with a deletion of exons 2–7
DT388/DAB388 truncated DT including the first 388 amino acids
PE40 truncated PE including domains 2 and 3
PE38 truncated PE including domains 2 and 3 without a disulfide loop
TP40 Transforming growth factor alpha-PE40
scFv antibody, single-chain Fv
ETA exotoxin A (alternative name for PE)
ATF amino-terminal fragment
uPAR urokinase plasminogen activator receptor
LMB-2 immunotoxin from the scFv of the antiTac antibody and PE40

References

1. Onda, M. Recombinant immunotoxins with low endotoxins for clinical and animal studies. Antib. Eng. 2012,
907, 627–643. [CrossRef]

2. Barth, S.; Huhn, M.; Wels, W.; Diehl, V.; Engert, A. Construction and in vitro evaluation of RFT5(scFv)-ETA’ a
new recombinant single-chain immunotoxin with specific Cytotoxicity toward CD25+ Hodgkin-derived cell
lines. Int. J. Mol. Med. 1998, 1, 249–256. [CrossRef] [PubMed]

3. Vitetta, E.S.; Thorpe, P.E. Immunotoxins containing ricin or its a chain. Semin. Cell Biol. 1991, 2, 47–58. [PubMed]
4. Cao, Y.; Marks, J.W.; Liu, Z.; Cheung, L.H.; Hittelman, W.N.; Rosenblum, M.G. Design optimization and

characterization of Her2/neu-targeted immunotoxins: Comparative in vitro and in vivo efficacy studies.
Oncogene 2014, 33, 429–439. [CrossRef]

5. Cohen, S. The epidermal growth factor (EGF). Cancer 1983, 51, 1787–1791. [CrossRef]
6. Secq, V.; Villeret, J.; Fina, F.; Carmassi, M.; Carcopino, X.; Garcia, S.; Metellus, I.; Boubli, L.; Iovanna, J.;

Charpin, C. Triple negative breast carcinoma EGFR amplification is not associated with EGFR, Kras or ALK
mutations. Br. J. Cancer 2014, 110, 1045–1052. [CrossRef]

7. Lemmon, M.A.; Schlessinger, J.; Ferguson, K.M. The EGFR family: Not so prototypical receptor tyrosine
kinases. Cold Spring Harb. Perspect. Biol. 2014, 6, a020768. [CrossRef]

8. Red Brewer, M.; Yun, C.H.; Lai, D.; Lemmon, M.A.; Eck, M.J.; Pao, W. Mechanism for activation of mutated
epidermal growth factor receptors in lung cancer. Proc. Natl. Acad. Sci. USA 2013, 110, E3595–E3604. [CrossRef]

9. Chaudhary, V.K.; FitzGerald, D.J.; Adhya, S.; Pastan, I. Activity of a recombinant fusion protein between
transforming growth factor type alpha and Pseudomonas toxin. Proc. Natl. Acad. Sci. USA 1987, 84,
4538–4542. [CrossRef]

10. Simon, N.; FitzGerald, D. Immunotoxin therapies for the treatment of epidermal growth factor
receptor-dependent cancers. Toxins 2016, 8, 137. [CrossRef]

11. Heimbrook, D.C.; Stirdivant, S.M.; Ahern, J.D.; Balishin, N.L.; Patrick, D.R.; Edwards, G.M.; Defeo-Jones, D.;
FitzGerald, D.J.; Pastan, I.; Oliff, A. Transforming growth factor alpha-Pseudomonas exotoxin fusion protein prolongs
survival of nude mice bearing tumor xenografts. Proc. Natl. Acad. Sci. USA 1990, 87, 4697–4701. [CrossRef]

12. Mellon, J.K.; Cook, S.; Chambers, P.; Neal, D.E. Transforming growth factor alpha and epidermal growth
factor levels in bladder cancer and their relationship to epidermal growth factor receptor. Br. J. Cancer 1996,
73, 654–658. [CrossRef] [PubMed]

13. Sampson, J.H.; Akabani, G.; Archer, G.E.; Berger, M.S.; Coleman, R.E.; Friedman, A.H.; Friedman, H.S.;
Greer, K.; Herndon, J.E., 2nd; Kunwar, S.; et al. Intracerebral infusion of an EGFR-targeted toxin in recurrent
malignant brain tumors. Neuro. Oncol. 2008, 10, 320–329. [CrossRef]

http://dx.doi.org/10.1007/978-1-61779-974-7_35
http://dx.doi.org/10.3892/ijmm.1.1.249
http://www.ncbi.nlm.nih.gov/pubmed/9852227
http://www.ncbi.nlm.nih.gov/pubmed/1954343
http://dx.doi.org/10.1038/onc.2012.612
http://dx.doi.org/10.1002/1097-0142(19830515)51:10&lt;1787::AID-CNCR2820511004&gt;3.0.CO;2-A
http://dx.doi.org/10.1038/bjc.2013.794
http://dx.doi.org/10.1101/cshperspect.a020768
http://dx.doi.org/10.1073/pnas.1220050110
http://dx.doi.org/10.1073/pnas.84.13.4538
http://dx.doi.org/10.3390/toxins8050137
http://dx.doi.org/10.1073/pnas.87.12.4697
http://dx.doi.org/10.1038/bjc.1996.114
http://www.ncbi.nlm.nih.gov/pubmed/8605103
http://dx.doi.org/10.1215/15228517-2008-012


Biomolecules 2020, 10, 1331 13 of 20

14. Sampson, J.H.; Akabani, G.; Archer, G.E.; Bigner, D.D.; Berger, M.S.; Friedman, A.H.; Friedman, H.S.;
Herndon, J.E., 2nd; Kunwar, S.; Marcus, S.; et al. Progress report of a Phase I study of the intracerebral
microinfusion of a recombinant chimeric protein composed of transforming growth factor (TGF)-alpha and
a mutated form of the Pseudomonas exotoxin termed PE-38 (TP-38) for the treatment of malignant brain
tumors. J. Neurooncol. 2003, 65, 27–35. [CrossRef] [PubMed]

15. Shaw, J.P.; Akiyoshi, D.E.; Arrigo, D.A.; Rhoad, A.E.; Sullivan, B.; Thomas, J.; Genbauffe, F.S.; Bacha, P.;
Nichols, J.C. Cytotoxic properties of DAB486EGF and DAB389EGF, epidermal growth factor (EGF)
receptor-targeted fusion toxins. J. Biol. Chem. 1991, 266, 21118–21124. [PubMed]

16. Theodoulou, M.; Baselga, J.; Scher, H.; Trainor, K.; Mendelsohn, J. Phase I dose-escalation study of the safety,
tolerability, pharmacokinetics and biologic effects of DAB389EGF in patients with solid malignancies that
express EGF receptors (EGFR). Proc. Am. Soc. Clin. Oncol. 1995, 14, 480.

17. Niesen, J.; Stein, C.; Brehm, H.; Hehmann-Titt, G.; Fendel, R.; Melmer, G.; Fischer, R.; Barth, S. 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, 2079–2095. [CrossRef]

18. Gan, H.K.; Cvrljevic, A.N.; Johns, T.G. The epidermal growth factor receptor variant III (EGFRvIII): Where
wild things are altered. FEBS. J. 2013, 280, 5350–5370. [CrossRef]

19. Paolillo, M.; Boselli, C.; Schinelli, S. Glioblastoma under Siege: An Overview of current therapeutic strategies.
Brain Sci. 2018, 8, 15. [CrossRef]

20. An, Z.; Aksoy, O.; Zheng, T.; Fan, Q.W.; Weiss, W.A. Epidermal growth factor receptor and EGFRvIII in
glioblastoma: Signaling pathways and targeted therapies. Oncogene 2018, 37, 1561–1575. [CrossRef]

21. Kuan, C.T.; Wikstrand, C.J.; Archer, G.; Beers, R.; Pastan, I.; Zalutsky, M.R.; Bigner, D.D. Increased binding affinity
enhances targeting of glioma xenografts by EGFRvIII-specific scFv. Int. J. Cancer 2000, 88, 962–969. [CrossRef]

22. Archer, G.E.; Sampson, J.H.; Lorimer, I.A.; McLendon, R.E.; Kuan, C.T.; Friedman, A.H.; Friedman, H.S.;
Pastan, I.H.; Bigner, D.D. Regional treatment of epidermal growth factor receptor vIII-expressing neoplastic
meningitis with a single-chain immunotoxin, MR-1. Clin. Cancer Res. 1999, 5, 2646–2652. [PubMed]

23. Frederick, L.; Wang, X.Y.; Eley, G.; James, C.D. Diversity and frequency of epidermal growth factor receptor
mutations in human glioblastomas. Cancer Res. 2000, 60, 1383–1387. [PubMed]

24. Choi, B.D.; Yu, X.; Castano, A.P.; Bouffard, A.A.; Schmidts, A.; Larson, R.C.; Bailey, S.R.; Boroughs, A.C.;
Frigault, M.J.; Leick, M.B.; et al. CAR-T cells secreting BiTEs circumvent antigen escape without detectable
toxicity. Nat. Biotechnol. 2019, 37, 1049–1058. [CrossRef]

25. O’Rourke, D.M.; Nasrallah, M.P.; Desai, A.; Melenhorst, J.J.; Mansfield, K.; Morrissette, J.J.D.;
Martinez-Lage, M.; Brem, S.; Maloney, E.; Shen, A.; et al. A single dose of peripherally infused
EGFRvIII-directed CAR T cells mediates antigen loss and induces adaptive resistance in patients with
recurrent glioblastoma. Sci. Transl. Med. 2017, 9, 586. [CrossRef]

26. Zalutsky, M.R.; Boskovitz, A.; Kuan, C.T.; Pegram, C.N.; Ayriss, J.; Wikstrand, C.J.; Buckley, A.F.; Lipp, E.S.;
Herndon, J.E., 2nd; McLendon, R.E.; 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. [CrossRef] [PubMed]

27. Chandramohan, V.; Bao, X.; Keir, S.T.; Pegram, C.N.; Szafranski, S.E.; Piao, H.; Wikstrand, C.J.; McLendon, R.E.;
Kuan, C.T.; Pastan, I.H.; et al. Construction of an immunotoxin, D2C7-(scdsFv)-PE38KDEL, targeting EGFRwt
and EGFRvIII for brain tumor therapy. Clin. Cancer Res. 2013, 19, 4717–4727. [CrossRef]

28. Bao, X.; Chandramohan, V.; Reynolds, R.P.; Norton, J.N.; Wetsel, W.C.; Rodriguiz, R.M.; Aryal, D.K.;
McLendon, R.E.; Levin, E.D.; Petry, N.A.; et al. Preclinical toxicity evaluation of a novel immunotoxin,
D2C7-(scdsFv)-PE38KDEL, administered via intracerebral convection-enhanced delivery in rats. Invest. New
Drugs 2016, 34, 149–158. [CrossRef]

29. Bao, X.; Pastan, I.; Bigner, D.D.; Chandramohan, V. EGFR/EGFRvIII-targeted immunotoxin therapy for the
treatment of glioblastomas via convection-enhanced delivery. Recept. Clin. Investig. 2016, 3. [CrossRef]

30. Gan, H.K.; Lappas, M.; Cao, D.X.; Cvrljevdic, A.; Scott, A.M.; Johns, T.G. Targeting a unique EGFR epitope
with monoclonal antibody 806 activates NF-kappaB and initiates tumour vascular normalization. J. Cell Mol.
Med. 2009, 13, 3993–4001. [CrossRef]

http://dx.doi.org/10.1023/a:1026290315809
http://www.ncbi.nlm.nih.gov/pubmed/14649883
http://www.ncbi.nlm.nih.gov/pubmed/1939154
http://dx.doi.org/10.1007/s00432-015-1975-5
http://dx.doi.org/10.1111/febs.12393
http://dx.doi.org/10.3390/brainsci8010015
http://dx.doi.org/10.1038/s41388-017-0045-7
http://dx.doi.org/10.1002/1097-0215(20001215)88:6&lt;962::AID-IJC20&gt;3.0.CO;2-U
http://www.ncbi.nlm.nih.gov/pubmed/10499644
http://www.ncbi.nlm.nih.gov/pubmed/10728703
http://dx.doi.org/10.1038/s41587-019-0192-1
http://dx.doi.org/10.1126/scitranslmed.aaa0984
http://dx.doi.org/10.1016/j.nucmedbio.2011.06.005
http://www.ncbi.nlm.nih.gov/pubmed/21958852
http://dx.doi.org/10.1158/1078-0432.CCR-12-3891
http://dx.doi.org/10.1007/s10637-015-0318-3
http://dx.doi.org/10.14800/rci.1430
http://dx.doi.org/10.1111/j.1582-4934.2009.00783.x


Biomolecules 2020, 10, 1331 14 of 20

31. Luwor, R.B.; Johns, T.G.; Murone, C.; Huang, H.J.; Cavenee, W.K.; Ritter, G.; Old, L.J.; Burgess, A.W.;
Scott, A.M. Monoclonal antibody 806 inhibits the growth of tumor xenografts expressing either the de2-7 or
amplified epidermal growth factor receptor (EGFR) but not wild-type EGFR. Cancer Res. 2001, 61, 5355–5361.
[PubMed]

32. Orellana, L.; Thorne, A.H.; Lema, R.; Gustavsson, J.; Parisian, A.D.; Hospital, A.; Cordeiro, T.N.; Bernadó, P.;
Scott, A.M.; Brun-Heath, I.; et al. Oncogenic mutations at the EGFR ectodomain structurally converge
to remove a steric hindrance on a kinase-coupled cryptic epitope. Proc. Natl. Acad. Sci. USA 2019, 116,
10009–10018. [CrossRef] [PubMed]

33. Simon, N.; Antignani, A.; Sarnovsky, R.; Hewitt, S.M.; FitzGerald, D. Targeting a cancer-specific epitope of
the epidermal growth factor receptor in triple-negative breast cancer. J. Natl. Cancer Inst. 2016, 108, djw028.
[CrossRef] [PubMed]

34. Ho, E.C.H.; Antignani, A.; Sarnovsky, R.; FitzGerald, D. Characterization of monoclonal antibodies generated
to the 287-302 amino acid loop of the human epidermal growth factor receptor. Antib. Ther. 2019, 2, 88–98.
[CrossRef] [PubMed]

35. Pai-Scherf, L.H.; Villa, J.; Pearson, D.; Watson, T.; Liu, E.; Willingham, M.C.; Pastan, I. Hepatotoxicity in
cancer patients receiving erb-38, a recombinant immunotoxin that targets the erbB2 receptor. Clin. Cancer
Res. 1999, 5, 2311–2315.

36. Reiter, Y.; Brinkmann, U.; Jung, S.H.; Lee, B.; Kasprzyk, P.G.; King, C.R.; Pastan, I. Improved binding and
antitumor activity of a recombinant anti-erbB2 immunotoxin by disulfide stabilization of the Fv fragment. J.
Biol. Chem. 1994, 269, 18327–18331.

37. Dosio, F.; Brusa, P.; Cattel, L. Immunotoxins and anticancer drug conjugate assemblies: The role of the
linkage between components. Toxins 2011, 3, 848–883. [CrossRef]

38. Wels, W.; Harwerth, I.M.; Mueller, M.; Groner, B.; Hynes, N.E. Selective inhibition of tumor cell growth by a
recombinant single-chain antibody-toxin specific for the erbB-2 receptor. Cancer Res. 1992, 52, 6310–6317.

39. Wels, W.; Beerli, R.; Hellmann, P.; Schmidt, M.; Marte, B.M.; Kornilova, E.S.; Hekele, A.; Mendelsohn, J.;
Groner, B.; Hynes, N.E. EGF receptor and p185erbB-2-specific single-chain antibody toxins differ in their
cell-killing activity on tumor cells expressing both receptor proteins. Int. J. Cancer 1995, 60, 137–144.
[CrossRef]

40. Azemar, M.; Schmidt, M.; Arlt, F.; Kennel, P.; Brandt, B.; Papadimitriou, A.; Groner, B.; Wels, W. Recombinant
antibody toxins specific for ErbB2 and EGF receptor inhibit the in vitro growth of human head and neck
cancer cells and cause rapid tumor regression in vivo. Int. J. Cancer 2000, 86, 269–275. [CrossRef]

41. Maurer-Gebhard, M.; Schmidt, M.; Azemar, M.; Altenschmidt, U.; Stocklin, E.; Wels, W.; Groner, B. Systemic
treatment with a recombinant erbB-2 receptor-specific tumor toxin efficiently reduces pulmonary metastases
in mice injected with genetically modified carcinoma cells. Cancer Res. 1998, 58, 2661–2666. [PubMed]

42. von Minckwitz, G.; Harder, S.; Hovelmann, S.; Jager, E.; Al-Batran, S.E.; Loibl, S.; Atmaca, A.; Cimpoiasu, C.;
Neumann, A.; Abera, A.; et al. Phase I clinical study of the recombinant antibody toxin scFv(FRP5)-ETA
specific for the ErbB2/HER2 receptor in patients with advanced solid malignomas. Breast Cancer Res. 2005, 7,
R617–R626. [CrossRef] [PubMed]

43. Waltzman, R.J.; Sarkar, A.; Williams, E.T.; Iberg, A.T.; Higgins, J.T.; Willert, E.K. MT-5111: A novel HER2
targeting engineered toxin body in clinical development. J. Clin. Oncol. 2020, 38, 433. [CrossRef]

44. Higgins, J.P.; Sarkar, A.; Williams, E.T.; Iberg, A.; Waltzman, R.; Willert, E.K. Abstract P1-18-35: MT-5111,
a novel HER2 targeting engineered toxin body, under clinical development to overcome mechanisms of
resistance to existing HER2 targeted therapies. Cancer Res. 2020, 80. [CrossRef]

45. Capone, E.; Giansanti, F.; Ponziani, S.; Lamolinara, A.; Iezzi, M.; Cimini, A.; Angelucci, F.; Sorda, R.;
Laurenzi, V.; Natali, P.G.; et al. EV20-Sap, a novel anti-HER-3 antibody-drug conjugate, displays promising
antitumor activity in melanoma. Oncotarget 2017, 8, 95412–95424. [CrossRef]

46. Tsai, A.K.; Oh, S.; Chen, H.; Shu, Y.; Ohlfest, J.R.; Vallera, D.A. A novel bispecific ligand-directed toxin
designed to simultaneously target EGFR on human glioblastoma cells and uPAR on tumor neovasculature. J.
Neurooncol. 2011, 103, 255–266. [CrossRef]

47. Oh, S.; Tsai, A.K.; Ohlfest, J.R.; Panoskaltsis-Mortari, A.; Vallera, D.A. Evaluation of a bispecific biological
drug designed to simultaneously target glioblastoma and its neovasculature in the brain. J. Neurosurg. 2011,
114, 1662–1671. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/11454674
http://dx.doi.org/10.1073/pnas.1821442116
http://www.ncbi.nlm.nih.gov/pubmed/31028138
http://dx.doi.org/10.1093/jnci/djw028
http://www.ncbi.nlm.nih.gov/pubmed/27075852
http://dx.doi.org/10.1093/abt/tbz011
http://www.ncbi.nlm.nih.gov/pubmed/31934685
http://dx.doi.org/10.3390/toxins3070848
http://dx.doi.org/10.1002/ijc.2910600120
http://dx.doi.org/10.1002/(SICI)1097-0215(20000415)86:2&lt;269::AID-IJC18&gt;3.0.CO;2-8
http://www.ncbi.nlm.nih.gov/pubmed/9635594
http://dx.doi.org/10.1186/bcr1264
http://www.ncbi.nlm.nih.gov/pubmed/16168106
http://dx.doi.org/10.1200/JCO.2020.38.4_suppl.433
http://dx.doi.org/10.1158/1538-7445.sabcs19-p1-18-35
http://dx.doi.org/10.18632/oncotarget.20728
http://dx.doi.org/10.1007/s11060-010-0392-5
http://dx.doi.org/10.3171/2010.11.JNS101214


Biomolecules 2020, 10, 1331 15 of 20

48. Schappa, J.T.; Frantz, A.M.; Gorden, B.H.; Dickerson, E.B.; Vallera, D.A.; Modiano, J.F. Hemangiosarcoma
and its cancer stem cell subpopulation are effectively killed by a toxin targeted through epidermal growth
factor and urokinase receptors. Int. J. Cancer 2013, 133, 1936–1944. [CrossRef] [PubMed]

49. Borgatti, A.; Fieberg, A.; Winter, A.L.; Stuebner, K.; Taras, E.; Todhunter, D.; Masyr, A.; Rendhal, A.;
Vallera, D.A.; Koopmeiners, J.S.; et al. Impact of repeated cycles of EGF bispecific angiotoxin (eBAT)
administered at a reduced interval from doxorubicin chemotherapy in dogs with splenic haemangiosarcoma.
Vet. Comp. Oncol. 2020. [CrossRef]

50. Oh, S.; Ohlfest, J.R.; Todhunter, D.A.; Vallera, V.D.; Hall, W.A.; Chen, H.; Vallera, D.A. Intracranial elimination
of human glioblastoma brain tumors in nude rats using the bispecific ligand-directed toxin, DTEGF13 and
convection enhanced delivery. J. Neurooncol. 2009, 95, 331–342. [CrossRef]

51. Waldron, N.N.; Oh, S.; Vallera, D.A. Bispecific targeting of EGFR and uPAR in a mouse model of head and
neck squamous cell carcinoma. Oral Oncol. 2012, 48, 1202–1207. [CrossRef] [PubMed]

52. Errico Provenzano, A.; Posteri, R.; Giansanti, F.; Angelucci, F.; Flavell, S.U.; Flavell, D.J.; Fabbrini, M.S.;
Porro, D.; Ippoliti, R.; Ceriotti, A.; et al. Optimization of construct design and fermentation strategy for the
production of bioactive ATF-SAP, a saporin based anti-tumoral uPAR-targeted chimera. Microb. Cell Fact.
2016, 15, 194. [CrossRef] [PubMed]

53. Zuppone, S.; Assalini, C.; Minici, C.; Bertagnoli, S.; Branduardi, P.; Degano, M.; Fabbrini, M.S.; Montorsi, F.;
Salonia, A.; Vago, R. The anti-tumoral potential of the saporin-based uPAR-targeting chimera ATF-SAP. Sci.
Rep. 2020, 10, 2521. [CrossRef] [PubMed]

54. Daniels, T.R.; Bernabeu, E.; Rodriguez, J.A.; Patel, S.; Kozman, M.; Chiappetta, D.A.; Holler, E.; Ljubimova, J.Y.;
Helguera, G.; Penichet, M.L. The transferrin receptor and the targeted delivery of therapeutic agents against
cancer. Biochim. Biophys. Acta 2012, 1820, 291–317. [CrossRef]

55. Tortorella, S.; Karagiannis, T.C. The significance of transferrin receptors in oncology: The development of
functional nano-based drug delivery systems. Curr. Drug. Deliv. 2014, 11, 427–443. [CrossRef]

56. Daniels, T.R.; Delgado, T.; Rodriguez, J.A.; Helguera, G.; Penichet, M.L. The transferrin receptor part I:
Biology and targeting with cytotoxic antibodies for the treatment of cancer. Clin. Immunol. 2006, 121, 144–158.
[CrossRef]

57. Hopkins, C.R.; Trowbridge, I.S. Internalization and processing of transferrin and the transferrin receptor in
human carcinoma A431 cells. J. Cell Biol. 1983, 97, 508–521. [CrossRef] [PubMed]

58. Dautry-Varsat, A.; Ciechanover, A.; Lodish, H.F. pH and the recycling of transferrin during receptor-mediated
endocytosis. Proc. Natl. Acad. Sci. USA 1983, 80, 2258–2262. [CrossRef]

59. Klausner, R.D.; Ashwell, G.; van Renswoude, J.; Harford, J.B.; Bridges, K.R. Binding of apotransferrin to
K562 cells: Explanation of the transferrin cycle. Proc. Natl. Acad. Sci. USA 1983, 80, 2263–2266. [CrossRef]

60. Lord, J.M.; Roberts, L.M.; Robertus, J.D. Ricin: Structure, mode of action, and some current applications.
FASEB J. 1994, 8, 201–208. [CrossRef]

61. Stirpe, F.; Battelli, M.G. Ribosome-inactivating proteins: Progress and problems. Cell Mol. Life Sci. 2006, 63,
1850–1866. [CrossRef] [PubMed]

62. Stirpe, F. Ribosome-inactivating proteins. Toxicon 2004, 44, 371–383. [CrossRef] [PubMed]
63. Trowbridge, I.S.; Domingo, D.L. Anti-transferrin receptor monoclonal antibody and toxin-antibody conjugates

affect growth of human tumour cells. Nature 1981, 294, 171–173. [CrossRef] [PubMed]
64. Zovickian, J.; Johnson, V.G.; Youle, R.J. Potent and specific killing of human malignant brain tumor cells by

an anti-transferrin receptor antibody-ricin immunotoxin. J. Neurosurg. 1987, 66, 850–861. [CrossRef]
65. Laske, D.W.; Muraszko, K.M.; Oldfield, E.H.; DeVroom, H.L.; Sung, C.; Dedrick, R.L.; Simon, T.R.;

Colandrea, J.; Copeland, C.; Katz, D.; et al. Intraventricular immunotoxin therapy for leptomeningeal
neoplasia. Neurosurgery 1997, 41, 1039–1049. [CrossRef]

66. Pirker, R.; FitzGerald, D.J.; Willingham, M.C.; Pastan, I. Enhancement of the activity of immunotoxins made
with either ricin A chain or Pseudomonas exotoxin in human ovarian and epidermoid carcinoma cell lines.
Cancer Res. 1988, 48, 3919–3923.

67. Bergamaschi, G.; Cazzola, M.; Dezza, L.; Savino, E.; Consonni, L.; Lappi, D. Killing of K562 cells with
conjugates between human transferrin and a ribosome-inactivating protein (SO-6). Br. J. Haematol. 1988, 68,
379–384. [CrossRef]

http://dx.doi.org/10.1002/ijc.28187
http://www.ncbi.nlm.nih.gov/pubmed/23553371
http://dx.doi.org/10.1111/vco.12590
http://dx.doi.org/10.1007/s11060-009-9932-2
http://dx.doi.org/10.1016/j.oraloncology.2012.06.002
http://www.ncbi.nlm.nih.gov/pubmed/22818892
http://dx.doi.org/10.1186/s12934-016-0589-1
http://www.ncbi.nlm.nih.gov/pubmed/27842546
http://dx.doi.org/10.1038/s41598-020-59313-8
http://www.ncbi.nlm.nih.gov/pubmed/32054892
http://dx.doi.org/10.1016/j.bbagen.2011.07.016
http://dx.doi.org/10.2174/1567201810666140106115436
http://dx.doi.org/10.1016/j.clim.2006.06.010
http://dx.doi.org/10.1083/jcb.97.2.508
http://www.ncbi.nlm.nih.gov/pubmed/6309862
http://dx.doi.org/10.1073/pnas.80.8.2258
http://dx.doi.org/10.1073/pnas.80.8.2263
http://dx.doi.org/10.1096/fasebj.8.2.8119491
http://dx.doi.org/10.1007/s00018-006-6078-7
http://www.ncbi.nlm.nih.gov/pubmed/16799768
http://dx.doi.org/10.1016/j.toxicon.2004.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15302521
http://dx.doi.org/10.1038/294171a0
http://www.ncbi.nlm.nih.gov/pubmed/6272120
http://dx.doi.org/10.3171/jns.1987.66.6.0850
http://dx.doi.org/10.1097/00006123-199711000-00005
http://dx.doi.org/10.1111/j.1365-2141.1988.tb04218.x


Biomolecules 2020, 10, 1331 16 of 20

68. Cimini, A.; Mei, S.; Benedetti, E.; Laurenti, G.; Koutris, I.; Cinque, B.; Cifone, M.G.; Galzio, R.; Pitari, G.; Di
Leandro, L.; et al. Distinct cellular responses induced by saporin and a transferrin-saporin conjugate in two
different human glioblastoma cell lines. J. Cell Physiol. 2012, 227, 939–951. [CrossRef]

69. Ippoliti, R.; Lendaro, E.; D’Agostino, I.; Fiani, M.L.; Guidarini, D.; Vestri, S.; Benedetti, P.A.; Brunori, M. A
chimeric saporin-transferrin conjugate compared to ricin toxin: Role of the carrier in intracellular transport
and toxicity. FASEB J. 1995, 9, 1220–1225. [CrossRef]

70. Scott, C.F., Jr.; Goldmacher, V.S.; Lambert, J.M.; Jackson, J.V.; McIntyre, G.D. An immunotoxin composed of a
monoclonal antitransferrin receptor antibody linked by a disulfide bond to the ribosome-inactivating protein
gelonin: Potent in vitro and in vivo effects against human tumors. J. Natl. Cancer Inst. 1987, 79, 1163–1172.
[CrossRef]

71. FitzGerald, D.J.; Trowbridge, I.S.; Pastan, I.; Willingham, M.C. Enhancement of toxicity of antitransferrin
receptor antibody-Pseudomonas exotoxin conjugates by adenovirus. Proc. Natl. Acad. Sci. USA 1983, 80,
4134–4138. [CrossRef] [PubMed]

72. Pirker, R.; FitzGerald, D.J.P.; Willingham, M.C.; Pastan, I.; Hamilton, T.C.; Ozols, R.F. Anti-transferrin receptor
antibody linked to pseudomonas exotoxin as a model immunotoxin in human ovarian carcinoma cell lines.
Cancer Res. 1985, 45, 751–757. [PubMed]

73. Batra, J.K.; Fitzgerald, D.J.; Chaudhary, V.K.; Pastan, I. Single-chain immunotoxins directed at the human
transferrin receptor containing Pseudomonas exotoxin A or diphtheria toxin: Anti-TFR(Fv)-PE40 and
DT388-anti-TFR(Fv). Mol. Cell Biol. 1991, 11, 2200–2205. [CrossRef] [PubMed]

74. FitzGerald, D.J.; Willingham, M.C.; Pastan, I. Antitumor effects of an immunotoxin made with Pseudomonas
exotoxin in a nude mouse model of human ovarian cancer. Proc. Natl. Acad. Sci. USA 1986, 83, 6627–6630.
[CrossRef]

75. Batra, J.K.; Jinno, Y.; Chaudhary, V.K.; Kondo, T.; Willingham, M.C.; FitzGerald, D.J.; Pastan, I. Antitumor
activity in mice of an immunotoxin made with anti-transferrin receptor and a recombinant form of
Pseudomonas exotoxin. Proc. Natl. Acad. Sci. USA 1989, 86, 8545–8549. [CrossRef]

76. Shinohara, H.; Fan, D.; Ozawa, S.; Yano, S.; Van Arsdell, M.; Viner, J.L.; Beers, R.; Pastan, I.; Fidler, I.J.
Site-specific expression of transferrin receptor by human colon cancer cells directly correlates with eradication
by antitransferrin recombinant immunotoxin. Int. J. Oncol. 2000, 17, 643–651. [CrossRef]

77. Antignani, A.; Segal, D.; Simon, N.; Kreitman, R.J.; Huang, D.; FitzGerald, D.J. Essential role for Bim in
mediating the apoptotic and antitumor activities of immunotoxins. Oncogene 2017, 36, 4953–4962. [CrossRef]

78. Greenfield, L.; Johnson, V.G.; Youle, R.J. Mutations in diphtheria toxin separate binding from entry and
amplify immunotoxin selectivity. Science 1987, 238, 536–539. [CrossRef]

79. Johnson, V.G.; Wilson, D.; Greenfield, L.; Youle, R.J. The role of the diphtheria toxin receptor in cytosol
translocation. J. Biol. Chem. 1988, 263, 1295–1300.

80. Laske, D.W.; Youle, R.J.; Oldfield, E.H. Tumor regression with regional distribution of the targeted toxin
TF-CRM107 in patients with malignant brain tumors. Nat. Med. 1997, 3, 1362–1368. [CrossRef]

81. Weaver, M.; Laske, D.W. Transferrin receptor ligand-targeted toxin conjugate (Tf-CRM107) for therapy of
malignant gliomas. J. Neurooncol. 2003, 65, 3–13. [CrossRef] [PubMed]

82. Waldmann, T.A. The structure, function, and expression of interleukin-2 receptors on normal and malignant
lymphocytes. Science 1986, 232, 727–732. [CrossRef]

83. FitzGerald, D.J.; Waldmann, T.A.; Willingham, M.C.; Pastan, I. Pseudomonas exotoxin-anti-TAC. Cell-specific
immunotoxin active against cells expressing the human T cell growth factor receptor. J. Clin. Investig. 1984,
74, 966–971. [CrossRef] [PubMed]

84. Batra, J.K.; FitzGerald, D.; Gately, M.; Chaudhary, V.K.; Pastan, I. Anti-Tac(Fv)-PE40, a single chain antibody
Pseudomonas fusion protein directed at interleukin 2 receptor bearing cells. J. Biol. Chem. 1990, 265,
15198–15202.

85. Chaudhary, V.K.; Gallo, M.G.; FitzGerald, D.J.; Pastan, I. A recombinant single-chain immunotoxin composed
of anti-Tac variable regions and a truncated diphtheria toxin. Proc. Natl. Acad. Sci. USA 1990, 87, 9491–9494.
[CrossRef]

86. Reiter, Y.; Brinkmann, U.; Kreitman, R.J.; Jung, S.H.; Lee, B.; Pastan, I. Stabilization of the Fv fragments in
recombinant immunotoxins by disulfide bonds engineered into conserved framework regions. Biochemistry
1994, 33, 5451–5459. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/jcp.22805
http://dx.doi.org/10.1096/fasebj.9.12.7672515
http://dx.doi.org/10.1093/jnci/79.5.1163
http://dx.doi.org/10.1073/pnas.80.13.4134
http://www.ncbi.nlm.nih.gov/pubmed/6306663
http://www.ncbi.nlm.nih.gov/pubmed/2981613
http://dx.doi.org/10.1128/MCB.11.4.2200
http://www.ncbi.nlm.nih.gov/pubmed/2005905
http://dx.doi.org/10.1073/pnas.83.17.6627
http://dx.doi.org/10.1073/pnas.86.21.8545
http://dx.doi.org/10.3892/ijo.17.4.643
http://dx.doi.org/10.1038/onc.2017.111
http://dx.doi.org/10.1126/science.3498987
http://dx.doi.org/10.1038/nm1297-1362
http://dx.doi.org/10.1023/A:1026246500788
http://www.ncbi.nlm.nih.gov/pubmed/14649881
http://dx.doi.org/10.1126/science.3008337
http://dx.doi.org/10.1172/JCI111516
http://www.ncbi.nlm.nih.gov/pubmed/6432853
http://dx.doi.org/10.1073/pnas.87.23.9491
http://dx.doi.org/10.1021/bi00184a014
http://www.ncbi.nlm.nih.gov/pubmed/7910034


Biomolecules 2020, 10, 1331 17 of 20

87. Foss, F.M.; Saleh, M.N.; Krueger, J.G.; Nichols, J.C.; Murphy, J.R. Diphtheria toxin fusion proteins. Curr. Top.
Microbiol. Immunol. 1998, 234, 63–81. [CrossRef]

88. LeMaistre, C.F.; Saleh, M.N.; Kuzel, T.M.; Foss, F.; Platanias, L.C.; Schwartz, G.; Ratain, M.; Rook, A.;
Freytes, C.O.; Craig, F.; et al. Phase I trial of a ligand fusion-protein (DAB389IL-2) in lymphomas expressing
the receptor for interleukin-2. Blood 1998, 91, 399–405.

89. Engert, A.; Diehl, V.; Schnell, R.; Radszuhn, A.; Hatwig, M.T.; Drillich, S.; Schon, G.; Bohlen, H.; Tesch, H.;
Hansmann, M.L.; et al. A phase-I study of an anti-CD25 ricin A-chain immunotoxin (RFT5-SMPT-dgA) in
patients with refractory Hodgkin’s lymphoma. Blood 1997, 89, 403–410. [CrossRef]

90. Schnell, R.; Borchmann, P.; Staak, J.O.; Schindler, J.; Ghetie, V.; Vitetta, E.S.; Engert, A. Clinical evaluation
of ricin A-chain immunotoxins in patients with Hodgkin’s lymphoma. Ann. Oncol. 2003, 14, 729–736.
[CrossRef]

91. Powell, D.J., Jr.; Attia, P.; Ghetie, V.; Schindler, J.; Vitetta, E.S.; Rosenberg, S.A. Partial reduction of human
FOXP3+ CD4 T cells in vivo after CD25-directed recombinant immunotoxin administration. J. Immunother.
2008, 31, 189–198. [CrossRef] [PubMed]

92. Kreitman, R.J.; Stetler-Stevenson, M.; Jaffe, E.S.; Conlon, K.C.; Steinberg, S.M.; Wilson, W.; Waldmann, T.A.;
Pastan, I. Complete remissions of adult T-cell leukemia with Anti-CD25 recombinant immunotoxin LMB-2
and chemotherapy to block immunogenicity. Clin. Cancer Res. 2016, 22, 310–318. [CrossRef] [PubMed]

93. Onda, M.; Kobayashi, K.; Pastan, I. Depletion of regulatory T cells in tumors with an anti-CD25 immunotoxin
induces CD8 T cell-mediated systemic antitumor immunity. Proc. Natl. Acad. Sci. USA 2019, 116, 4575–4582.
[CrossRef]

94. Broughton, S.E.; Hercus, T.R.; Nero, T.L.; Kan, W.L.; Barry, E.F.; Dottore, M.; Cheung Tung Shing, K.S.;
Morton, C.J.; Dhagat, U.; Hardy, M.P.; et al. A dual role for the N-terminal domain of the IL-3 receptor in cell
signalling. Nat. Commun. 2018, 9, 386. [CrossRef]

95. Hogge, D.E.; Yalcintepe, L.; Wong, S.H.; Gerhard, B.; Frankel, A.E. Variant diphtheria toxin-interleukin-3
fusion proteins with increased receptor affinity have enhanced cytotoxicity against acute myeloid leukemia
progenitors. Clin. Cancer Res. 2006, 12, 1284–1291. [CrossRef]

96. Liu, T.F.; Urieto, J.O.; Moore, J.E.; Miller, M.S.; Lowe, A.C.; Thorburn, A.; Frankel, A.E. Diphtheria toxin
fused to variant interleukin-3 provides enhanced binding to the interleukin-3 receptor and more potent
leukemia cell cytotoxicity. Exp. Hematol. 2004, 32, 277–281. [CrossRef]

97. Li, M.; Liu, Z.S.; Liu, X.L.; Hui, Q.; Lu, S.Y.; Qu, L.L.; Li, Y.S.; Zhou, Y.; Ren, H.L.; Hu, P. Clinical targeting
recombinant immunotoxins for cancer therapy. Onco. Targets. Ther. 2017, 10, 3645–3665. [CrossRef]

98. Syed, Y.Y. Tagraxofusp: First global approval. Drugs 2019, 79, 579–583. [CrossRef]
99. Obiri, N.I.; Hillman, G.G.; Haas, G.P.; Sud, S.; Puri, R.K. Expression of high affinity interleukin-4 receptors on

human renal cell carcinoma cells and inhibition of tumor cell growth in vitro by interleukin-4. J. Clin. Invest.
1993, 91, 88–93. [CrossRef]

100. Obiri, N.I.; Siegel, J.P.; Varricchio, F.; Puri, R.K. Expression of high-affinity IL-4 receptors on human melanoma,
ovarian and breast carcinoma cells. Clin. Exp. Immunol. 1994, 95, 148–155. [CrossRef] [PubMed]

101. Puri, R.K.; Leland, P.; Kreitman, R.J.; Pastan, I. Human neurological cancer cells express interleukin-4 (IL-4)
receptors which are targets for the toxic effects of IL4-Pseudomonas exotoxin chimeric protein. Int. J. Cancer
1994, 58, 574–581. [CrossRef] [PubMed]

102. Kawakami, K.; Leland, P.; Puri, R.K. Structure, function, and targeting of interleukin 4 receptors on human
head and neck cancer cells. Cancer Res. 2000, 60, 2981–2987. [PubMed]

103. Joshi, B.H.; Leland, P.; Lababidi, S.; Varrichio, F.; Puri, R.K. Interleukin-4 receptor alpha overexpression in
human bladder cancer correlates with the pathological grade and stage of the disease. Cancer Med. 2014, 3,
1615–1628. [CrossRef]

104. Husain, S.R.; Obiri, N.I.; Gill, P.; Zheng, T.; Pastan, I.; Debinski, W.; Puri, R.K. Receptor for interleukin 13 on
AIDS-associated Kaposi’s sarcoma cells serves as a new target for a potent Pseudomonas exotoxin-based
chimeric toxin protein. Clin. Cancer Res. 1997, 3, 151–156.

105. May, R.D.; Fung, M. Strategies targeting the IL-4/IL-13 axes in disease. Cytokine 2015, 75, 89–116. [CrossRef]
106. Murata, T.; Obiri, N.I.; Debinski, W.; Puri, R.K. Structure of IL-13 receptor: Analysis of subunit composition

in cancer and immune cells. Biochem. Biophys. Res. Commun. 1997, 238, 90–94. [CrossRef]
107. Shimamura, T.; Husain, S.R.; Puri, R.K. The IL-4 and IL-13 pseudomonas exotoxins: New hope for brain

tumor therapy. Neurosurg. Focus 2006, 20, 1–7. [CrossRef]

http://dx.doi.org/10.1007/978-3-642-72153-3_5
http://dx.doi.org/10.1182/blood.V89.2.403
http://dx.doi.org/10.1093/annonc/mdg209
http://dx.doi.org/10.1097/CJI.0b013e31815dc0e8
http://www.ncbi.nlm.nih.gov/pubmed/18481388
http://dx.doi.org/10.1158/1078-0432.CCR-15-1412
http://www.ncbi.nlm.nih.gov/pubmed/26350263
http://dx.doi.org/10.1073/pnas.1820388116
http://dx.doi.org/10.1038/s41467-017-02633-7
http://dx.doi.org/10.1158/1078-0432.CCR-05-2070
http://dx.doi.org/10.1016/j.exphem.2003.11.010
http://dx.doi.org/10.2147/OTT.S134584
http://dx.doi.org/10.1007/s40265-019-01087-z
http://dx.doi.org/10.1172/JCI116205
http://dx.doi.org/10.1111/j.1365-2249.1994.tb06029.x
http://www.ncbi.nlm.nih.gov/pubmed/8287600
http://dx.doi.org/10.1002/ijc.2910580421
http://www.ncbi.nlm.nih.gov/pubmed/8056454
http://www.ncbi.nlm.nih.gov/pubmed/10850446
http://dx.doi.org/10.1002/cam4.330
http://dx.doi.org/10.1016/j.cyto.2015.05.018
http://dx.doi.org/10.1006/bbrc.1997.7248
http://dx.doi.org/10.3171/foc.2006.20.4.6


Biomolecules 2020, 10, 1331 18 of 20

108. Ishige, K.; Shoda, J.; Kawamoto, T.; Matsuda, S.; Ueda, T.; Hyodo, I.; Ohkohchi, N.; Puri, R.K.; Kawakami, K.
Potent in vitro and in vivo antitumor activity of interleukin-4-conjugated Pseudomonas exotoxin against
human biliary tract carcinoma. Int. J. Cancer 2008, 123, 2915–2922. [CrossRef]

109. Kreitman, R.J. Immunotoxins. Expert Opin. Pharmacother. 2000, 1, 1117–1129. [CrossRef] [PubMed]
110. Rainov, N.G.; Heidecke, V. Long term survival in a patient with recurrent malignant glioma treated with

intratumoral infusion of an IL4-targeted toxin (NBI-3001). J. Neurooncol. 2004, 66, 197–201. [CrossRef]
111. Rand, R.W.; Kreitman, R.J.; Patronas, N.; Varricchio, F.; Pastan, I.; Puri, R.K. Intratumoral administration of

recombinant circularly permuted interleukin-4-Pseudomonas exotoxin in patients with high-grade glioma.
Clin. Cancer Res. 2000, 6, 2157–2165. [PubMed]

112. Kawakami, K.; Kawakami, M.; Husain, S.R.; Puri, R.K. Targeting interleukin-4 receptors for effective
pancreatic cancer therapy. Cancer Res. 2002, 62, 3575–3580. [PubMed]

113. Shimamura, T.; Royal, R.E.; Kioi, M.; Nakajima, A.; Husain, S.R.; Puri, R.K. Interleukin-4 cytotoxin therapy
synergizes with gemcitabine in a mouse model of pancreatic ductal adenocarcinoma. Cancer Res. 2007, 67,
9903–9912. [CrossRef] [PubMed]

114. Lakkis, F.; Steele, A.; Pacheco-Silva, A.; Rubin-Kelley, V.; Strom, T.B.; Murphy, J.R. Interleukin 4 receptor
targeted cytotoxicity: Genetic construction and in vivo immunosuppressive activity of a diphtheria
toxin-related murine interleukin 4 fusion protein. Eur. J. Immunol. 1991, 21, 2253–2258. [CrossRef]

115. Hershey, G.K. IL-13 receptors and signaling pathways: An evolving web. J. Allergy. Clin. Immunol. 2003, 111,
677–690. [CrossRef]

116. Debinski, W.; Obiri, N.I.; Powers, S.K.; Pastan, I.; Puri, R.K. Human glioma cells overexpress receptors
for interleukin 13 and are extremely sensitive to a novel chimeric protein composed of interleukin 13 and
pseudomonas exotoxin. Clin. Cancer Res. 1995, 1, 1253–1258.

117. Kunwar, S. Convection enhanced delivery of IL13-PE38QQR for treatment of recurrent malignant glioma:
Presentation of interim findings from ongoing phase 1 studies. Acta Neurochir. Suppl. 2003, 88, 105–111.
[CrossRef]

118. Kunwar, S.; Chang, S.; Westphal, M.; Vogelbaum, M.; Sampson, J.; Barnett, G.; Shaffrey, M.; Ram, Z.;
Piepmeier, J.; Prados, M.; et al. Phase III randomized trial of CED of IL13-PE38QQR vs Gliadel wafers for
recurrent glioblastoma. Neuro. Oncol. 2010, 12, 871–881. [CrossRef]

119. Prados, M.; Kunwar, S.; Lang, F.F.; Ram, Z.; Westphal, M.; Barnett, G.; Sampson, J.H.; Croteau, D.; Puri, R.K.
Final results of phase I/II studies of IL13-PE38QQR administered intratumorally (IT) and/or peritumorally
(PT) via convection-enhanced delivery (CED) in patients undergoing tumor resection for recurrent malignant
glioma. J. Clin. Oncol. 2005, 23, 1506. [CrossRef]

120. Kioi, M.; Kawakami, K.; Puri, R.K. Analysis of antitumor activity of an interleukin-13 (IL-13) receptor-targeted
cytotoxin composed of IL-13 antagonist and Pseudomonas exotoxin. Clin. Cancer Res. 2004, 10, 6231–6238.
[CrossRef]

121. Puri, R.K.; Leland, P.; Obiri, N.I.; Husain, S.R.; Kreitman, R.J.; Haas, G.P.; Pastan, I.; Debinski, W. Targeting of
interleukin-13 receptor on human renal cell carcinoma cells by a recombinant chimeric protein composed
of interleukin-13 and a truncated form of Pseudomonas exotoxin A (PE38QQR). Blood 1996, 87, 4333–4339.
[CrossRef] [PubMed]

122. Maini, A.; Hillman, G.; Haas, G.P.; Wang, C.Y.; Montecillo, E.; Hamzavi, F.; Pontes, J.E.; Leland, P.; Pastan, I.;
Debinski, W.; et al. Interleukin-13 receptors on human prostate carcinoma cell lines represent a novel target
for a chimeric protein composed of IL-13 and a mutated form of Pseudomonas exotoxin. J. Urol. 1997, 158,
948–953. [CrossRef]

123. Liu, T.F.; Cai, J.; Gibo, D.M.; Debinski, W. Reoxygenation of hypoxic glioblastoma multiforme cells potentiates
the killing effect of an interleukin-13-based cytotoxin. Clin. Cancer Res. 2009, 15, 160–168. [CrossRef]
[PubMed]

124. Rustamzadeh, E.; Hall, W.A.; Todhunter, D.A.; Low, W.C.; Liu, H.; Panoskaltsis-Mortari, A.; Vallera, D.A.
Intracranial therapy of glioblastoma with the fusion protein DTIL13 in immunodeficient mice. Int. J. Cancer
2006, 118, 2594–2601. [CrossRef]

125. Todhunter, D.A.; Hall, W.A.; Rustamzadeh, E.; Shu, Y.; Doumbia, S.O.; Vallera, D.A. A bispecific immunotoxin
(DTAT13) targeting human IL-13 receptor (IL-13R) and urokinase-type plasminogen activator receptor (uPAR)
in a mouse xenograft model. Protein. Eng. Des. Sel. 2004, 17, 157–164. [CrossRef]

http://dx.doi.org/10.1002/ijc.23865
http://dx.doi.org/10.1517/14656566.1.6.1117
http://www.ncbi.nlm.nih.gov/pubmed/11249483
http://dx.doi.org/10.1023/B:NEON.0000013478.27604.01
http://www.ncbi.nlm.nih.gov/pubmed/10873064
http://www.ncbi.nlm.nih.gov/pubmed/12097255
http://dx.doi.org/10.1158/0008-5472.CAN-06-4558
http://www.ncbi.nlm.nih.gov/pubmed/17942922
http://dx.doi.org/10.1002/eji.1830210937
http://dx.doi.org/10.1067/mai.2003.1333
http://dx.doi.org/10.1007/978-3-7091-6090-9_16
http://dx.doi.org/10.1093/neuonc/nop054
http://dx.doi.org/10.1200/jco.2005.23.16_suppl.1506
http://dx.doi.org/10.1158/1078-0432.CCR-04-0700
http://dx.doi.org/10.1182/blood.V87.10.4333.bloodjournal87104333
http://www.ncbi.nlm.nih.gov/pubmed/8639793
http://dx.doi.org/10.1016/S0022-5347(01)64369-6
http://dx.doi.org/10.1158/1078-0432.CCR-08-2151
http://www.ncbi.nlm.nih.gov/pubmed/19118043
http://dx.doi.org/10.1002/ijc.21647
http://dx.doi.org/10.1093/protein/gzh023


Biomolecules 2020, 10, 1331 19 of 20

126. Oh, S.; Stish, B.J.; Vickers, S.M.; Buchsbaum, D.J.; Saluja, A.K.; Vallera, D.A. A new drug delivery method
of bispecific ligand-directed toxins, which reduces toxicity and promotes efficacy in a model of orthotopic
pancreatic cancer. Pancreas 2010, 39, 913–922. [CrossRef]

127. Stish, B.J.; Chen, H.; Shu, Y.; Panoskaltsis-Mortari, A.; Vallera, D.A. A bispecific recombinant cytotoxin
(DTEGF13) targeting human interleukin-13 and epidermal growth factor receptors in a mouse xenograft
model of prostate cancer. Clin. Cancer Res. 2007, 13, 6486–6493. [CrossRef]

128. McElroy, C.A.; Dohm, J.A.; Walsh, S.T. Structural and biophysical studies of the human IL-7/IL-7Ralpha
complex. Structure 2009, 17, 54–65. [CrossRef]

129. Barata, J.T.; Durum, S.K.; Seddon, B. Flip the coin: IL-7 and IL-7R in health and disease. Nat. Immunol. 2019,
20, 1584–1593. [CrossRef]

130. Akkapeddi, P.; Fragoso, R.; Hixon, J.A.; Ramalho, A.S.; Oliveira, M.L.; Carvalho, T.; Gloger, A.; Matasci, M.;
Corzana, F.; Durum, S.K.; et al. A fully human anti-IL-7Ralpha antibody promotes antitumor activity against
T-cell acute lymphoblastic leukemia. Leukemia 2019, 33, 2155–2168. [CrossRef]

131. Oliveira, M.L.; Akkapeddi, P.; Ribeiro, D.; Melao, A.; Barata, J.T. IL-7R-mediated signaling in T-cell acute
lymphoblastic leukemia: An update. Adv. Biol. Regul. 2019, 71, 88–96. [CrossRef] [PubMed]

132. Long, B.W.; Witte, P.L.; Abraham, G.N.; Gregory, S.A.; Plate, J.M. Apoptosis and interleukin 7 gene expression
in chronic B-lymphocytic leukemia cells. Proc. Natl. Acad. Sci. USA 1995, 92, 1416–1420. [CrossRef]
[PubMed]

133. Murakami, M.; Kamimura, D.; Hirano, T. Pleiotropy and specificity: Insights from the interleukin 6 family of
cytokines. Immunity 2019, 50, 812–831. [CrossRef]

134. Burger, R. Impact of interleukin-6 in hematological malignancies. Transfus. Med. Hemother. 2013, 40, 336–343.
[CrossRef] [PubMed]

135. Bergmann, J.; Muller, M.; Baumann, N.; Reichert, M.; Heneweer, C.; Bolik, J.; Lucke, K.; Gruber, S.;
Carambia, A.; Boretius, S.; et al. IL-6 trans-signaling is essential for the development of hepatocellular
carcinoma in mice. Hepatology 2017, 65, 89–103. [CrossRef] [PubMed]

136. Weidle, U.H.; Klostermann, S.; Eggle, D.; Kruger, A. Interleukin 6/interleukin 6 receptor interaction and its
role as a therapeutic target for treatment of cachexia and cancer. Cancer Genom. Proteom. 2010, 7, 287–302.

137. Taher, M.Y.; Davies, D.M.; Maher, J. The role of the interleukin (IL)-6/IL-6 receptor axis in cancer. Biochem.
Soc. Trans. 2018, 46, 1449–1462. [CrossRef]

138. Johnson, D.E.; O’Keefe, R.A.; Grandis, J.R. Targeting the IL-6/JAK/STAT3 signalling axis in cancer. Nat. Rev.
Clin. Oncol. 2018, 15, 234–248. [CrossRef]

139. Kreitman, R.J.; Pastan, I. Purification and characterization of IL6-PE4E, a recombinant fusion of interleukin 6
with Pseudomonas exotoxin. Bioconjug. Chem. 1993, 4, 581–585. [CrossRef]

140. Boayue, K.B.; Gu, L.; Yeager, A.M.; Kreitman, R.J.; Findley, H.W. Pediatric acute myelogenous leukemia cells
express IL-6 receptors and are sensitive to a recombinant IL6-Pseudomonas exotoxin. Leukemia 1998, 12,
182–191. [CrossRef]

141. Gu, L.; Zhou, M.; Jurickova, I.; Yeager, A.M.; Kreitman, R.J.; Phillips, C.N.; Findley, H.W. Expression of
interleukin-6 receptors by pediatric acute lymphoblastic leukemia cells with the t(4;11) translocation: A
possible target for therapy with recombinant IL6-Pseudomonas exotoxin. Leukemia 1997, 11, 1779–1786.
[CrossRef] [PubMed]

142. Guo, D.J.; Han, J.S.; Li, Y.S.; Liu, Z.S.; Lu, S.Y.; Ren, H.L. In vitro and in vivo antitumor effects of the
recombinant immunotoxin IL6(T23)-PE38KDEL in multiple myeloma. Oncol. Lett. 2012, 4, 311–318.
[CrossRef] [PubMed]

143. Uehara, S.; Grinberg, A.; Farber, J.M.; Love, P.E. A role for CCR9 in T lymphocyte development and migration.
J. Immunol. 2002, 168, 2811–2819. [CrossRef]

144. King, J.; Mir, H.; Singh, S. Association of cytokines and chemokines in pathogenesis of breast cancer. Prog.
Mol. Biol. Transl. Sci. 2017, 151, 113–136. [CrossRef]

145. Tu, Z.; Xiao, R.; Xiong, J.; Tembo, K.M.; Deng, X.; Xiong, M.; Liu, P.; Wang, M.; Zhang, Q. CCR9 in cancer:
Oncogenic role and therapeutic targeting. J. Hematol. Oncol. 2016, 9, 10. [CrossRef]

146. Mao, W.; Luis, E.; Ross, S.; Silva, J.; Tan, C.; Crowley, C.; Chui, C.; Franz, G.; Senter, P.; Koeppen, H.; et al.
EphB2 as a therapeutic antibody drug target for the treatment of colorectal cancer. Cancer Res. 2004, 64,
781–788. [CrossRef]

http://dx.doi.org/10.1097/MPA.0b013e3181cbd908
http://dx.doi.org/10.1158/1078-0432.CCR-07-0938
http://dx.doi.org/10.1016/j.str.2008.10.019
http://dx.doi.org/10.1038/s41590-019-0479-x
http://dx.doi.org/10.1038/s41375-019-0434-8
http://dx.doi.org/10.1016/j.jbior.2018.09.012
http://www.ncbi.nlm.nih.gov/pubmed/30249539
http://dx.doi.org/10.1073/pnas.92.5.1416
http://www.ncbi.nlm.nih.gov/pubmed/7877993
http://dx.doi.org/10.1016/j.immuni.2019.03.027
http://dx.doi.org/10.1159/000354194
http://www.ncbi.nlm.nih.gov/pubmed/24273487
http://dx.doi.org/10.1002/hep.28874
http://www.ncbi.nlm.nih.gov/pubmed/27770462
http://dx.doi.org/10.1042/BST20180136
http://dx.doi.org/10.1038/nrclinonc.2018.8
http://dx.doi.org/10.1021/bc00024a025
http://dx.doi.org/10.1038/sj.leu.2400914
http://dx.doi.org/10.1038/sj.leu.2400757
http://www.ncbi.nlm.nih.gov/pubmed/9324301
http://dx.doi.org/10.3892/ol.2012.733
http://www.ncbi.nlm.nih.gov/pubmed/22844376
http://dx.doi.org/10.4049/jimmunol.168.6.2811
http://dx.doi.org/10.1016/bs.pmbts.2017.07.003
http://dx.doi.org/10.1186/s13045-016-0236-7
http://dx.doi.org/10.1158/0008-5472.CAN-03-1047


Biomolecules 2020, 10, 1331 20 of 20

147. Sun, X.L.; Xu, Z.M.; Ke, Y.Q.; Hu, C.C.; Wang, S.Y.; Ling, G.Q.; Yan, Z.J.; Liu, Y.J.; Song, Z.H.; Jiang, X.D.; et al.
Molecular targeting of malignant glioma cells with an EphA2-specific immunotoxin delivered by human
bone marrow-derived mesenchymal stem cells. Cancer Lett. 2011, 312, 168–177. [CrossRef]

148. Ferluga, S.; Tome, C.M.; Herpai, D.M.; D’Agostino, R.; Debinski, W. Simultaneous targeting of Eph receptors
in glioblastoma. Oncotarget 2016, 7, 59860–59876. [CrossRef]

149. Rezaie, E.; Amani, J.; Bidmeshki Pour, A.; Mahmoodzadeh Hosseini, H. A new scfv-based recombinant
immunotoxin against EPHA2-overexpressing breast cancer cells; High in vitro anti-cancer potency. Eur. J.
Pharmacol. 2020, 870, 172912. [CrossRef]

150. Murphy, J.R.; Bishai, W.; Borowski, M.; Miyanohara, A.; Boyd, J.; Nagle, S. Genetic construction, expression,
and melanoma-selective cytotoxicity of a diphtheria toxin-related alpha-melanocyte-stimulating hormone
fusion protein. Proc. Natl. Acad. Sci. USA 1986, 83, 8258–8262. [CrossRef] [PubMed]

151. Tatro, J.B.; Wen, Z.; Entwistle, M.L.; Atkins, M.B.; Smith, T.J.; Reichlin, S.; Murphy, J.R. Interaction of an
alpha-melanocyte-stimulating hormone-diphtheria toxin fusion protein with melanotropin receptors in
human melanoma metastases. Cancer Res. 1992, 52, 2545–2548. [PubMed]

152. Hui, Q.; Ma, J.; Song, J.; Liu, Z.; Ren, H.; Jiang, W.; Wang, Y.; Xu, Y.; Guo, D.; Zhang, X.; et al. In vitro
and in vivo studies of antitumor effects of the recombinant immunotoxin MSH-PE38KDEL on melanoma.
Neoplasma 2014, 61, 392–400. [CrossRef] [PubMed]

153. Kreitman, R.J. Hairy cell leukemia: Present and future directions. Leuk. Lymphoma. 2019, 60, 2869–2879.
[CrossRef]

154. Kreitman, R.J.; Pastan, I. Development of recombinant immunotoxins for hairy cell leukemia. Biomolecules
2020, 10, 1140. [CrossRef] [PubMed]

155. Mazor, R.; King, E.M.; Pastan, I. Strategies to reduce the immunogenicity of recombinant immunotoxins. Am.
J. Pathol. 2018, 188, 1736–1743. [CrossRef]

156. Antignani, A.; Mathews Griner, L.; Guha, R.; Simon, N.; Pasetto, M.; Keller, J.; Huang, M.; Angelus, E.;
Pastan, I.; Ferrer, M.; et al. Chemical screens identify drugs that enhance or mitigate cellular responses to
antibody-toxin fusion proteins. PLoS ONE 2016, 11, e0161415. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.canlet.2011.07.035
http://dx.doi.org/10.18632/oncotarget.10978
http://dx.doi.org/10.1016/j.ejphar.2020.172912
http://dx.doi.org/10.1073/pnas.83.21.8258
http://www.ncbi.nlm.nih.gov/pubmed/3095831
http://www.ncbi.nlm.nih.gov/pubmed/1314697
http://dx.doi.org/10.4149/neo_2014_048
http://www.ncbi.nlm.nih.gov/pubmed/25027740
http://dx.doi.org/10.1080/10428194.2019.1608536
http://dx.doi.org/10.3390/biom10081140
http://www.ncbi.nlm.nih.gov/pubmed/32756468
http://dx.doi.org/10.1016/j.ajpath.2018.04.016
http://dx.doi.org/10.1371/journal.pone.0161415
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Immunotoxin Production 
	Immunotoxins Targeting EGFR 
	EGFRvIII and “Cancer-Expressed” EGFR 
	HER2 
	HER3 
	UPAR and Bispecific Targeting of EGFR 
	Immunotoxins Targeting the Transferrin Receptor 
	Immunotoxins Targeting Cytokine Receptors 
	Targeting the Interleukin-2 Receptor (IL2R) 
	Targeting Interleukin-3 Receptor (IL3R) 
	Targeting the Interleukin-4 (IL4R) and Interleukin-13 (IL13R) Receptors 
	Targeting Interleukin-7 Receptor (IL-7R) 
	Targeting Interleukin-6 Receptor (IL6R) 
	Other Receptors 
	Targeting C-C Chemokine Receptor Type 9 (CCR9) 
	The EPH Receptors 
	MSH Receptors 

	Conclusions 
	References

