Reviews

UDC[577.112.083/616.931]:[615(331+371+375)+616-006.04]
https://doi.org/10.15407 /biotech11.03.027

BIOLOGICAL PROPERTIES AND MEDICAL
APPLICATION OF DIPHTHERIA TOXIN
DERIVATIVES

K. Y. MANOILOV

Palladin Institute of Biochemistry of the National Academy of Sciences of Ukraine,
Kyiv, Ukraine

E-mail: manoilov.inbox@gmail.com
Received 02.02.2018

The aim of the review was to analyze the literature data related to the application of a variety of
diphtheria toxin derivatives. Although the studies interaction with sensitive and resistant mammalian
cells have been held for a relatively long time, there are still some unresolved issues concerning the
molecular mechanisms of diphtheria toxin functioning. Native diphtheria toxin and parts of its molecule
which preserve toxicity are used as instruments in the newest biotechnological methods for specific cell
subtype ablation in multicellular organisms. New recombinant derivatives of diphtheria toxin are
periodically obtained in the laboratories throughout the world. Most of these analogs of DT are used in
biological studies as the convenient tools for analysis of the functions of natural toxin. A non-toxic analog
of diphtheria toxin, protein CRM197, is used in clinical practice as a component of vaccines and as an
anticancer agent. Diphtheria toxin — based targeted toxin therapy is another perspective trend for
cancer treatment. Therefore, studying of diphtheria toxin derivatives is of a great relevance for
biotechnology and medicine.
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Over the past few decades, a lot of the
new information related to diphtheria toxin
(DT) have appeared. However, in the most
cases, not the DT itself was in the spotlight,
but rather its derivatives. There are many
different derivatives of DT obtained in cells of
a natural producent, such as Corynebacterium
diphtheriae. However, for several reasons,
considerable attention is paid to recombinant
analogs of DT. For the first, natural DT
possesses one of the lowest values of semi-
lethal dose (LDjo,) for sensitive cells among
the other bacterial exotoxins [1]. The non-
toxic DT mutants allow carrying out the
research work in a much more safe and
convenient way, as they do not pose a threat
to laboratory personnel and do not require
the implementation of multiple biosafety
means. On the other hand, recombinant
derivatives of DT are much easier to obtain
in the laboratory than native toxin and its
fragments. Moreover, nowadays the methods
of genetic engineering allow altering the

molecules of studied proteins in a desired
way. The most commonly used recombinant
DNA approaches include introduction of
desired mutations and additional amino acid
sequences like a fused fluorescent label or a
specific affinity tag, deletion of undesired
amino acids, construction of the chimeric
molecules which combine the necessary
functions, etc. Sometimes, in order to study
the function of individual structural parts
of the whole protein, it is necessary to obtain
some certain separate parts of its molecule.
The wide possibilities and convenience of the
modern recombinant DNA technology led to
the almost complete replacement of DT natural
mutants and fragments obtained by proteolytic
cleavage by corresponding recombinant
products. Most of these derivatives are used in
the biological studies of native toxin functions
and interaction with cells.

Derivatives of DT are important tools for
biomedical research, as well as for the most
advanced biotechnological methods. For
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example, a combination of the catalytic and
translocation domain of DT is used for the
creation of the targeted toxins, which are mainly
used in cancer therapy. DT and its subunit A
(SbA) are used for the specific ablation of the
desired cell subtypes in multicellular organisms.
In medicine, the most common application
of the nontoxic derivatives of DT — is
production of wvaccines. For example,
formalinized diphtheria toxoid (anatoxin) is
a standard component of acellular vaccines
against diphtheria infection. Besides this
straightforward application of diphtheria
toxoid, the non-toxic point mutant of DT,
protein CRM197 is used as a carrier in
conjugate vaccines, as this derivative like the
native DT is highly immunogenic. But an even
more surprising application of CRM197 is the
therapy of oncological diseases — recently,
such a medication as BK-UM [2—-4] has been
successfully introduced in cancer therapy.
There are many other peculiar applications
of DT derivatives, as well as outstanding
questions relating to the biological functions
of respective DT structural parts. The purpose
of the present review was to summarize
the current literary data on the variety of
derivatives of DT molecule produced by
the C. diphtheriae or either in heterologous

systems, to analyze the main features,
advantages and problems related to practical
application of DT derivatives and provide a
description of their current use in the fields of
biology and medicine.

Structure and functions of the native
DT molecule. DT is produced by the gram-
positive cells of C. diphtheriae and some other
Corynebacterium species [5]. It is known that
the tox™ gene which encodes DT [6] is not
a native part of Corynebacterium genome.
The tox locus is present in the genomes of
several bacteriophages [1]. Most often, this
gene is introduced in C. diphtheriae with a
corynephage 3 during lysogenic transformation
[7, 8]. It is interesting that the synthesis of
this foreign to bacteria gene is regulated by
the system of bacterial host cells in response to
environmental iron concentrations[9, 10].

The precursor of DT [11], is synthesized
on polyribosomes in the form of a single-
chain polypeptide with the approximate M,
of 68 kDa. This precursor has a signal peptide
on its N-terminus, that guides the toxin for
cotranslational secretion in the extracellular
environment by a bacterial Sec translocation
system [12]. After the cleavage of the signal
peptide during the process of translocon
transfer, a mature DT is already formed (Fig. 1).

Fig. 1. The elements of the secondary structure of secreted form of DT superimposed on the amino acid
sequence in a single-letter code:
PDB code — 1GSK, according to [15] by UCSF Chimera software: o-helices are highlighted by yellow,
B-strands — by green, non-structured regions are not highlighted , the area of the hinge loop which was not
visible on the electronic density maps is marked by a red frame

28



Reviews

Mature DT is a single-chain protein
of 535 amino acid residues with the SDS-
PAGE-estimated M, of 62 kDa (58.342 kDa
according to the theoretical calculations based
on the gene sequence). This toxin contains
no unusual amino acids and no non-protein
moieties [13]. DT belongs to the A-B group of
bacterial exotoxins, because the molecule of
DT is traditionally divided into two subunits:
A and B (SbB). Among the toxins of this group,
DT was a first characterized member [1].
Division of DT molecule on subunits emerged
historically, because during the proteolysis
under mild conditions and in the presence of a
reducing agent, the original molecule of toxin
breaks up into these two parts. According to
SDS-PAGE, SbA possesses the M, of 24 kDa
and SbB — 38 kDa. It should be mentioned
that unlike SbB, SbA is characterized by an
increased thermostability [14].

At the level of the tertiary structure, DT
consists of a C-terminal receptor-binding
or R-domain (residues 385—-535), a central
translocation or T-domain (residues 201-—
384), and an N-terminal catalytic or C-domain
(residues 1-191) [15]. SbA is represented
only by the C-domain while SbB includes
two domains: T- and R-. The fine structure
of particular domains of DT molecule was
investigated by X-ray diffraction in protein
crystals (Fig. 1): the C-domain contains
a-helices and B-strands, T-domain is entirely
a-helical and R-domain is a flattened B-barrel
with a jelly-roll-like topology, similar to that
of the immunoglobulin variable domain [16].

DT contains four cysteine residues, which
form two disulfide bonds: Cys186 — Cys201,
and Cys461 — Cys471 [17]. The hinge loop
that is formed by the disulfide bridge between
Cys186 and Cys201 combines the C- and
T-domains together. The second disulfide bond
is located inside the R-domain.

DT binding to its receptor on a plasma
membrane triggers internalization of
DT::receptor complex through the clathrin-
dependent endocytosis [18].

After DT binding to its receptor,
transmembrane furin proteases at the surface
of sensitive cells, cleave the peptide bonds
that follows after residues Tyr190, Ala192 or
GIn193 inside the hinge loop after DT binding.
However, after such cleavage, C-domain
is still remaining covalently tethered to
B-subunit by a respective disulfide bond (the
“nicked” or proteolytically cleaved toxin). For
cytotoxicity, the mentioned disulfide bridge
should be reduced to release the C-domain
in the cell cytosol where it can implement

its cytotoxic action. It is believed that this
reduction occurs due to the glutathione GSH
of cytosol [13].

When C-domain is released from the
rest of the DT molecule, it is able to catalyze
ADP-ribosylation of eukaryotic translation
elongation factor 2 (eEF-2). The ADP-ribosyl
group from NADT' is transferred to the
diphthamide residue (post-translationally
modified histidine which is found in eEF2).
This leads to an almost complete arrest of
protein synthesis and cell death. It should be
mentioned here, that entire DT which was not
cleaved and treated with a reduction agent,
is incapable of ribosyltransferase activity in
cell lysates [14]. SbA is toxic for cells only in
the presence of SbB, which is required for the
binding to DT receptor, consequent uptake into
endosomes, and translocation of fragment A
into the cytosol [19].

Molecular mechanism of SbA translocation
through the lipid bilayer is still unknown but
it is obvious that T-domain which forms pores
in lipid bilayers [20,21] is crucial at this step.

Characterization of the DT receptor. DT
receptor is the precursor of heparin-binding
epidermal growth factor-like growth factor,
proHB-EGF [22]. ProHB-EGF is a single-chain
transmembrane glycoprotein of 208 amino
acid residues [22, 23]. Significant amounts
of this protein can be found on the surface of
epithelial, endothelial, smooth muscle cells,
fibroblasts, macrophages, etc [24]. ProHB-
EGF contains heparin-binding, EGF-like,
transmembrane and cytoplasmic domains [25].

R-domain of the DT binds to the EGF-
like domain of proHB-EGF. Binding of DT
to proHB-EGF is highly specific — the K,
of DT::HB-EGF interaction was estimated
to be 108-10"° M [26, 27]. The presence of
proHB-EGF on the cell surface causes cellular
sensitivity to DT. Cells that do not express
the proHB-EGF on plasma membrane are not
sensitive to DT.

It is known that proHB-EGF forms
complexes with some other membrane proteins,
such as integrin a3p1, heparan sulfate-
containing proteoglycans and CD9 [28,29].
Tetraspanin CD9 is known to sufficiently
enhance the DT binding activity of proHB-EGF
[30-32].

It was found that mice and rats can tolerate
relatively high doses of DT that are enough to
kill susceptible animals (dogs) which are much
larger in size and weight and with no necrosis
occurred at the seat of inoculation [33, 34]. In
cell culture experiments it was demonstrated
that DT dose which reduces the rate of protein
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synthesis by 50% is 10°-10° times bigger for
murine L929 cells than for human HeLa and
KB-S cells [35].

Not all the rodents possess resistance
to DT. Chinese hamsters and especially
guinea pigs are sensitive to DT. Information
on the resistance of other members of the
mammalian class, as well as on the proHB-EGF
polymorphism in various taxonomical groups
of mammals is limited.

The DT receptor from resistant and
sensitive organisms possess a different
primary structure due to the amino acid
substitutions. It is obvious that differences in
the amino acid sequence of proHB-EGF are the
main reason for DT resistance in mammals, as
murine cells which express human proHB-EGF
also become highly sensitive [26]. However,
there is no a definite opinion regarding how
these differences in receptor structure alter
the processes of DT binding and internalization
by resistant cells compared to sensitive.

According to one point of view, the
receptors of insensitive cells are unable to
bind DT [26, 35—39] which is the only reason
for DT resistance. As to another opinion, DT
binds proHB-EGF from insensitive cells and
internalized by endocytosis [40—42]. According
to the authors who found the endocytosis
of DT by cells of resistant organisms,
unsusceptibility to DT is due to the lack of the
SbA translocation in the cytosol of resistant
cells that may be caused by several factors:
a low binding constant of DT to the HB-EGF
receptor under low pH of endosomes [43, 44],
high activity of endosomal proteases [40], etc.

On the cell surface, proHB-EGF can
undergo splitting by metalloproteases to form
a soluble growth factor HB-EGF [45], which
carries only heparin-binding and EGF-like
domains (residues 106—147 of the proHB-
EGF primary translation product with signal
and pro-peptides [24]). HB-EGF is a natural
ligand for the EGF receptor and HER4 [46].
Soluble HB-EGF is a potential mitogen and
chemoattractant for wvarious cell types,
including smooth muscle cells, fibroblasts and
keratinocytes [47, 48]. This factor is involved
in many physiological and pathological
processes, which include the eyelid closure
[49], wound healing [50—-52], retinoid skin
hyperplasia [53], cardiac hypertrophy [54],
hyperplasia of the smooth muscle cells [55],
collecting duct morphogenesis [56], blastocyst
implantation [57], pulmonary hypertension
[568] and oncogenic transformation [59].

Since the binding of DT to its receptor is
very effective and highly specific (with the
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affinity that is close to that of an antigen-
antibody interaction), labeled DT derivatives
are very perspective for detecting of this
receptor in different biological samples and
studies of internalization and intracellular
transport of proBH-EGF [60].

Classification of DT derivatives. Now,
when we have considered the structure of
DT and its receptor, it’s time to get closer to
a variety of its derivatives, which have some
differences compared to the original toxin.
Derivatives may be ranked according to their
structural similarity to the natural toxin and
in order of decreasing of their M,. Compounds
with practically the same M, may differ in
the number of amino acid substitutions.
Derivatives may be classified by the presence
of additional amino acid sequences and tags
that are absent in the native toxin.

Besides, all the derivatives can be divided
according to some kind of their function:
the presence or absence of toxicity, receptor
binding, internalization, etc.

I suppose that it is also necessary to
distinguish between the DT derivatives that
were obtained in the cells of the natural
producer C. diphtheria and those derivatives
that were synthesized in the foreign host cells.
Such a division can be useful for systematizing
the historical information on the obtaining of
certain recombinant derivatives of DT, as at
first DT derivatives were produced exclusively
in C. diphtheria strains and lately — in
heterologous systems based on Escherichia coli
and other producents.

Structure and functions of DT derivatives
produced in C. diphtheria. According to [14],
the lytic cycle of corynephage  — was induced
in C. diphtheriae C7(p) strain by UV-light
exposure and then nitrosoguanidine was
added. The surviving phage particles produced
in presence of the mutagen were plated on
C.diphtheriae C7(— ) cells, that does not contain
prophage B. Lysogenised corynebacteria from
turbid plaques were spotted on agar and their
toxinogeny was firstly estimated by the rabbit
intradermal test.

By this method, a number of non-toxigenic
C. diphtheriae clones were found [14]. Obtained
mutants produced the non-toxic proteins
serologically related to DT. These toxoids were
called “crossreacting materials” that contained
single or multiple mutations in the tox™ gene
that resulted in deletions or substitutions of
individual amino acids in the polypeptide chain
of DT.

Among the obtained mutants, protein
CRM197 [61] become the best-studied non-
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toxic DT analog of same M,. Substitution of
Gly 52 to Glu in this toxoid leads to an almost
complete loss of SbA activity, however,
there are also some data that mild activity of
mutated SbA in CRM197 is preserved [62—64].
Despite the presence of a single mutation,
there is a strong evidence that CRM197 has
significant functional differences compared to
the native DT [65—69].

Another DT mutants — CRM176 and
CRM228 with same M, as that of the native
toxin, as well as truncated CRM45 (M, of
45 kDa) and CRM30 (30 kDa) were created
together with CRM197.

CRM45 includes residues 1-386 [70] that
appeared as a result of the “TAA” termination
signal introduced by the (C to T) point
mutation in the “CAA” codon for GIn387
which causes early termination at Thr386 and
therefore — the C-terminal lost of 149 amino
acid residues (M, is 16.530 kDa). CRM30
appeared similarly — by a transition of a sense
codon to a stop codon. The C-terminal residue
of this CRM is probably Ala280 [71], however
unknown exactly.

SbA of CRM228 has no transferase activity
while the respective activity of CRM176 was
approximately 2.6 times less than that of SbA
from DT. Besides, CRM228 was also much
less effective (10—15% of that of CRM197) in
binding to the cell receptor, which indicates
multiple mutations. The gene of CRM228 was
sequenced [72] and 8 mutations in the mature
form of CRM228 were revealed.

Among all the mutants described in work
[14], CRMs 197 and 176 turned out to be the
closest structural analogs of native DT, as they
contain the single point substitutions — Gly to
Gln at position 52 [70] for CRM197 and Gly
to Asp at position 128 for CRM176. Mutation
in CRM197 almost completely reduces its
toxicity [14], thus, it became the most widely
used and well studied non-toxic derivative of
DT. However, a lot of another non-toxic CRMs
were described in further works (Table 1)
which contain substitutions in their C-domains
and can be potentially used for the creation
of another non-toxic single-point mutant by
means of site-directed mutagenesis.

Another set of 11 CRMs was obtained
by nitrosoguanidine mutagenesis of
B-corynephage [73], among which CRM107
was shown to selectively kill cerebellar
Purkinje neurons [74]. Besides, CRMs 102
and 103 were characterized, as they were used
in the development of immunotoxins [75].
The sequences of the rest of the mentioned
above proteins are unknown as the particular

features of these mutants did not attract the
attention of researchers.

Some other CRMs produced in C. diphtheria
possess the unique and potentially valuable
properties. For instance, CRM26 is even
smaller than CRM30 and represents SbA with
a little bit more truncated T-domain [76, 77].
CRM1001 which possess the transition of
Cys471 to Tyr in R-domain was also produced
in C. diphtheria [78, 79]. CRM1001 was shown
to bind the proHB-EGF of the target cells
as well as DT but is deficient in cell entry
resulting in a reduced toxic effect [78].

Recombinant DT derivatives produced
in the foreign host cells. Only DT derivatives
from the C. diphtheriae cells were listed
above. However, production of proteins
in their natural producers can be rather
inconvenient. Recombinant analogs produced
in heterologous systems are much more easy to
obtain in the laboratory. Therefore, a variety
of recombinant forms of DT were created.

Native tox* gene of DT and some of its
truncated forms were expressed in E. coli
[80—82]. Perhaps, the creation of strains of
E. coli with the native DT gene can be rather
dangerous for humans and the environment.
Moreover, it is noteworthy that due to the
probability of a reverse mutation, production
of the single-point full-length DT mutants can
potentially provide the same threat.

The gene of CRM228 was inserted in
pKTHI637 vector and cloned in Bacillus
subtilis cells for secretion in bacterial culturing
media [83]. Two truncated forms of CRM228
which contain no R-domain were also described
in [83], from which one form contained the
C-terminal cysteine residue for conjugation
of chemical linkage of targeting molecules.
Thus, it was demonstrated that this expression
system with B. subtilis host cells is completely
suitable for the production of the full-length
and truncated toxoids and possibly, the entire
DT molecules. According to the opinion of
the author of this review, production of DT
derivatives in the culturing media is the most
reasonable biotechnological solution, because
folding of the proteins, in this case, can occur
in the most correct way. However, there is a
report that production of proteolytically split
CRM197 by B. subtilis may occur [84].

Some studies are devoted to the production
of recombinant CRM197 in the T7 RNA
polymerase-based expression system and E. coli
as a host cell [85]. In this case, recombinant
CRM197 is accumulated in the cytoplasm and
most frequently — in the inclusion bodies [86,
87]. In some cases, it was possible to obtain
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Table 1. The most important DT derivatives which were produced in C. diphtheria cells

DT derivative Structure alterations Function alterations References
CRM45 Deletion of the C-terminal portion Loss of the receptor-binding activity, [61, 70]
GIn387 — Ser560 however weak cytotoxicity is pre-
served
CRM30 Deletion of the unknown C-terminal | Loss of the receptor-binding activity, [61]
portion, possibly Ala280 — Ser560 however weak cytotoxicity is pre-
served
CRM26 Deletion of the unknown C-terminal | Loss of the receptor-binding activity, [76,77]
portion larger than in CRM30 however weak cytotoxicity is pre-
served
CRM228 Substitutions Gly79 to Asp, Glul62 | Loss of the SbA catalytic activity and [61, 72]
to Lys, Ser197 to Gly, Lys200 to Ser, receptor-binding activity
Asn389 to Phe, Gly431 to Ser,
Asnb507 to Asp and Lys528 to Ser in
C- and R-domains
CRM197 Substitution of Gly52 to Gln in the Loss of SbA catalytic activity [61, 70]
C-domain
CRM176 Substitution of Gly128 to Asp in the | Partially reduced catalytic activity of [61]
C-domain native SbA
CRM107 Substitutions Leu390 to Phe and Deficient binding to DT receptor, [73 75]
Ser525 to Phe in R-domain however selectively kills the Purkinje
neurons, about 10 times less toxic to
Vero and Jurkat cells than CRMs 102
and 103
CRM103 Substitution of Ser508 to Phe in Retained full enzymatic activity but [75]
R-domain had defective receptor binding, weak
toxicity
CRM102 Substitutions Pro308 to Ser and Retained full enzymatic activity but [75]
Ser508 to Phe in T- and R-domains | had defective receptor binding, weak
toxicity
CRM1001 Substitution of Cys471 to Tyr in the Preserving the ability to bind DT [78, 79]
R-domain resulter in the absence of a | receptor, but deficient in the internal-
disulphide bond between Cys461 and ization step of intoxication
Cys 461

CRM197 protein in the soluble fraction of
E. coli cell lysate [88, 89].

Recombinant SbB and SbA of DT —
another well-studied DT derivatives. There
are several studies in which for some reasons
production of SbA [90, 91] or SbB [90, 92, 93]
was established in E. coli.

R-domain is the part of DT molecule of
the smallest M, which preserves the ability to
bind the DT receptor. An attempt was made
to obtain a mutated R-domain, the binding
of which to the DT receptor would have an
enhanced affinity [94]. Besides, R-domain
was cloned in E. coli for the purposes of
enhancement of bioavailability of curcumin to
cells [95]. Curcumin, a perspective for cancer
treatment secondary metabolite of plant
cells is poorly soluble in water, however, it’s
solubility can be effectively increased when
it is adsorbed to protein and also R-domain.
Cloning of R-domain was also described in [96]
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for characterization of its interaction with the
DT receptor.

Of the particular interest are fluorescent
derivatives of DT fused to some fluorescent
proteins (EGFP, mCherry, etc.), which were
described in works [60, 97]. Such labeled
fragments of the toxin molecule can be
successfully used to study binding of living cell
receptors, the expression levels of DT receptor,
as well as its internalization by endocytosis in
cells [43, 44, 98].

The information about the most important
DT derivatives produced in foreign host cells is
summarized in Table 2.

Application of DT derivatives for studying
the biological functions of native toxin. The
most of DT recombinant derivatives with
specific mutations and functional tags have
been developed specifically to study the
biological properties of the native toxin and
the interaction of the eukaryotic cells with its
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Table 2. Fragments and analogs of DT molecule which were produced by cells of a foreign producents

DT derivative Host cells Specific features References
E. coli Non-toxic DT analog [86—89]
CRM197
B. subtilis Extracellular secretion, non-toxic [84]
CRM228 B. subtilis Extracellular secretion, non-toxic [83]

Truncated forms of CRM228
with no R-domain (with and B
without C-terminal Cys resi-

Extracellular secretion of the C- and T-do-
. subtilis mains combination for development of target- [83]
ed toxins, non-toxic

due)
Preserves catalytic activity, non-toxic (as it

SbA E. coli unable to translocate across lipid bilayer by [90, 91]
itself)

SbB E. coli Prgse_ryes receptor:blndlng and pore-forming [90, 92, 93]
activities, non-toxic

T-domain E. coli Preserves pore-forming activity, non-toxic [111,116-121]

R-domain E. coli Preserves receptor-binding activity, non-toxic [94-96]

molecules. For today all possible derivatives
that have a certain defective function of the
native toxin have been identified. For instance,
a variety of mutations were introduced by site-
directed mutagenesis into the recombinant
derivatives of DT in order to study the
biological functions of various amino acid
residues. Among them, there should be noted
mutations in the active site of C-domain [99—
105] and T-domain [75, 106-115].

However, until now, the question regarding
the mechanism of translocation of the
subunit A DT to the cytosol through the lipid
membrane remains unresolved. It is supposed
that translocation of the polypeptide chain of
the SbA moves through a protein-conducting
channel, which is formed by a T-domain of DT.
Recombinant T-domain and its pore-forming
activity in lipid bilayers have been extensively
studied in black lipid membranes [111, 116—
121]. In classical works on DT conductivity,
it was suggested that at least two T-domains
participate in the formation of a single pore
[20, 21]. However, recently appeared a message
that just a single T-domain is completely
sufficient for the formation of a typical DT
channel in black lipid membranes [122].

Nonetheless, the most unclear thing about
the SbA transport is not how the translocation
channel is arranged itself, but what is the
force that pulls the polypeptide chain through
this channel. There are some findings that
lethal and edema factors of anthrax toxin
could be translocated by a proton—protein
symport through the channel which is formed
by protective antigen, the third component

of this toxin [123]. It is natural to assume
that the polypeptide chain of subunit A can
also be transported by a similar mechanism.
Similar ideas were already presented in [20,
124] and [125]. There are some findings that
certain factors from the host cell can directly
participate in the transport of SbA and possibly
facilitate this process [126].

Specific cell ablation with DT and its
catalytic domain. As it was already mentioned
above, mice are resistant to the cytotoxic action
of DT. Toxin-resistant animals survive when
they are administered DT doses that lead to the
death of cells in their organism that contain
on their surface a receptor that is normally
expressed only in sensitive species. This fact
allowed the development a technique for specific
ablation of cells in the body of transgenic mice
using native DT — the toxin receptor-mediated
cell knockout (TRECK)[127].

The first step of TRECK is generation of
transgenic mice expressing human DT receptor
under the control of a cell type-specific
promoter. DT is injected into the transgenic
mice at the desired time points to ablate those
cells in which the promoter is active. One
disadvantage of this method was that due
to the high immunogenicity of DT, repeated
injections which are necessary for complete
cell ablation were ineffective. To solve this
complication, the authors created a murine line
with the immune tolerance against DT [127].
The receptor of DT deficient in epidermal
growth factor-like biological activity but
which preserves its ability of binding DT [128]
was also created for this purpose to avoid
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potential problems with DT receptor acting as
a growth factor in mice.

Specific cell ablation in multicellular
organisms serves mainly to study the functions
of certain cell populations which express a
specific marker that is non-expressed in other
cell types in the body of laboratory animals.
TRACK was used for generation of a murine
model of type 1 diabetes [129], a similar
conditional cell ablation was used by another
collective of authors for depletion of dendritic
cells [130, 131]. A large amount of work was
done by this approach to study the in vivo
functions of murine myeloid cells [132].

Expression of active SbA directly in the
cytoplasm — is another strategy for specific
cell ablation [133—137] which does not require
application of native DT. The gene of the
SbA in cells of the transgenic organisms can
be inserted under the controllable promoter,
so that gene expression can be induced by
a certain factor [134, 137] (conditional cell
ablation), or the promoter can be activated
by itself during ontogenesis only in certain
specific types of cells [133, 136, 138] (non-
conditional, promotor-dependent ablation).
The last approach is frequently used not only
in animals but also in plant organisms to study
the expression of certain genes in different
plant cells [138].

Derivatives of DT as vaccine components

Formalin-treated DT is a component
in combined pertussis-diphtheria-tetanus
vaccines (DTaP and Tdap) [139]. DTaP is a
vaccine that helps children younger than
age 7 develop immunity. Tdap is a booster
immunization given at age 11 that offers
continued protection from those diseases for
adolescents and adults.

The mechanism of formaldehyde
detoxification is based on the reactivity of
the carbonyl group regarding the primary
amine groups on the protein (i.e. side chain
of lysine and an N-terminal amino group of
the polypeptide chain). During a reaction,
a metilol intermediate is formed, which
condenses with water to form a Schiff base.
Then the Schiff base interacts mainly with a
5-position of the tyrosine ring to form stable
covalent methylene bridges. In detoxification
protocols for vaccine production, the resulting
Schiff-base is stabilized by glycine or lysine
[140]. Manufacturing of the anatoxin for
vaccination, which for the first glance has a
very simple principle, is a highly standardized
multi-week and multi-stage process that is
carefully regulated. Resulted anatoxin is
tested in numerous assays to ensure that the
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toxicity has been completely neutralized. For
more than 100 years, since the production of
anatoxins for vaccination was incepted, the
standard protocol for DT, tetanus and pertussis
toxins inactivation did not change much [140].
Recombinant genetically inactivated DT,
tetanus and pertussis toxins were proposed for
development of the next-generation of DTaP
and Tdap vaccines [141, 142].

Conjugate vaccines are created by covalently
attaching a poor antigen to a strong antigen
thereby eliciting a stronger immunological
response to the poor antigen. The strong
antigen to which the target poor antigens are
conjugated is called the carrier [143]. Diphtheria
anatoxin, tetanus toxoid, and CRM197 are also
used as carriers in several widely used, routine
childhood and adult conjugate vaccines against
encapsulated bacteria such as Haemophilus
influenzae type b, Streptococcus pneumoniae,
and Neisseria meningitidis [144, 145].

Derivatives of DT as anticancer agents

The ability of native DT to inhibit the
growth of malignant cells in resistant to toxin
mice has been already known for a relatively
long time [146]. The non-toxic to DT-sensitive
species CRM197 turned out to be promising in
applying to humans. It has been demonstrated
that this toxoid effectively inhibits the growth
of human malignant cells in vivo in nude mice
model [147-149] and increases the survival
of patients with progressive cancer [4, 150,
151]. There is a lot of evidence that CRM197
is effective in suppressing the cancer of breast
[149, 152, 153], oral cavity [154], stomach
[155], immune cells [156] and ovaries [147,
148].

CRM197 was introduced into a medical
practice for the treatment of human cancer
as the main component of BK-UM medication
[2—4]. Recombinant CRM197 was produced in
E. coli which greatly facilitates obtaining
of this protein for the manufacturing of
diphtheria toxoid-based HB-EGF-targeted
medications [86, 88, 89].

The effect of CRM197 on tumors is
implemented by the interaction of this protein
with soluble HB-EGF. It was demonstrated
that proHB-EGF is often overexpressed in
transformed cells and that HB-EGF promotes
the development of a malignant phenotype. The
gene of HB-EGF is considered to be strongly
responsible for chemotherapy resistance
[157] and oncogenic transformation [59].
Cell treatment with CRM197 leads to reduced
malignant potential since when CRM197 is
bound to HB-EGF is unable to interact with its
cell receptor EGFR [155,157,158]. Nowadays,
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it is generally accepted that the mechanism of
the CRM197 antitumor action is blocking of
the soluble HB-EGF.

However, as a medicine for intraperitoneal
administration, CRM197 possess an essential
disadvantage, as, like the native DT, it is
also highly immunogenic to humans. The
anticancer potential of less immunogenic than
CRM197 toxin derivatives was not studied
properly.

DT-based targeted toxin therapy

Monoclonal antibodies specific for tumor
cell surface antigens or their Fv-fragments
have been linked to toxins or toxin subunits
to generate a new class of therapeutic drugs
called immunotoxins. Most often antibodies
and their Fv to clusters of differentiation
proteins 3 (mostly to CD3¢) [159, 160], 19
[161, 162], and 22 [163, 164] are used as
immunotoxin targets. The most known
immunotoxin which is based on DT is
Resimmune [165]. More information on DT-
based immunotoxins could be found in works
[161, 162, 166, 167]. Another noteworthy
immunotoxin, Moxetumomab pasudotox, was
developed based on Pseudomonas aeruginosa
exotoxin A (PE) [164].

Not only antibodies can be used for targeted
toxin therapy — different ligands of the
overexpressed receptors in cancer cells, like
growth factors, hormones, cytokines and some
other specific molecules can be employed as well.

Sometimes, a complete DT molecule was
combined with a targeting molecule [168,169].
Since only C- and T-domains are necessary for
translocation of SbA, a variety of truncated
fragments with no R-domain were obtained.
At this point it should be noted that despite
R-domain is absent in some DT derivatives,
such fragments can still exhibit toxicity in
certain cell cultures [170].

For substitution of R-domain instead of
antibodies most commonly were used such
factors as vascular endothelial growth factor
[171, 172], a-melanocyte-stimulating hormone
[173], interleukin-2 [174], interleukin-3 [175—
177] and interleukine-13 [178], granulocyte-
macrophage colony-stimulating factor [179—
182], urokinase [183] and even transferrin
[184]. In introduction to the medical practice,
only interleukin-2 fused to the first 388 amino
acids of DT (Denileukin diftitox or Ontak) was
successful [185—188]. Interleukin-3 fused to
the same DT fragment also demonstrated good
results in clinical trials [189, 190], however, it
was not introduced in cancer therapy.

DT derivatives, used to construct the
targeted toxins are also should possess a high

immunogenicity, as they contain the sufficient
part of DT molecule.

Immunogenicity of DT derivatives. It
remains unclear why DT possesses such strong
immunogenic properties compared to other
proteins. There is no detailed comparison of
the immunogenicity of individual functional
domains of the DT molecule, but attempts
of such studies have been already done
[191]. There are some not systematic data on
immunogenicity of different fragments of
DT [91, 192, 193] or on the immunodominant
areas of DT surface [194], however, it is
unknown exactly, which of functional domains
is the most immunogenic.

Investigation of the immunogenicity of
individual fragments of the DT is valuable for
medicine since CRM197 and DT fragments
without R-domain for targeted toxins are
repeatedly administered in cancer therapy.

When immunogenic DT-based means
administered repeatedly, they are fast
eliminated from the bloodstream. Directed
modification of DT [161] and PE [195—
198] is carried out in order to reduce such
immunogenicity.

Therefore, the search for DT derivatives
that retain the most pronounced anti-tumor
effects and possess the least immunogenicity is
very perspective. Besides, it is also important
to compare the immunogenicity between the
variety of derivatives of other toxins (ricin,
PE, etc.) used for targeted toxin therapy
in order to find those that are the least
immunogenic.

In a biological study, DT derivatives are
used to investigate the function of respective
components of the entire toxin molecule. The
least understood question concerning DT
functions is the translocation of SbA through
the lipid bilayers. The phenomenon of the
resistance of some mammalian species to DT
has found a peculiar application for a specific
ablation of certain cell types in multicellular
organisms.

DT is excellent for use in vaccines, both
anti-diphtheria and as a carrier protein for
antigens of other pathogenic microorganisms.
However, the use of DT in medicine is much
broader.

Catalytically active SbA of DT complexed
to the T-domain is used for the construction of
recombinant means for targeted intoxication
of cancer cells, like immunotoxins. The
peculiarity of the anticancer effect of DT
compared to other toxins of different origin is
that its non-toxic derivatives, like CRM197,
also exert the antitumor effect. Anticancer
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properties of the non-toxic DT derivatives are
explained by the involvement of DT receptor,
which is inactivated by binding to a DT
R-domain, in cancerogenesis and versatile range
of other cell physiological functions. Therefore,
in the anticancer therapy, it is necessary to use
simultaneously both distinct functions of DT:
toxic for directional cell elimination by targeted
toxins and blocking of the soluble HB-EGF for
reducing para- and autocrine activation of
EGFR in malignant cells.

Thus, DT is suitable for developing on
its basis the newest biomedical products and
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BIOJIOTTYHI BJIACTHBOCTI TA
MEJUYHE SACTOCYBAHHSA IIOXITHUX
JUDPTEPIMHOI'O TOKCHUHY

K. JO. Manoiinos

IacturyT Gioximii im. O. B. ITannaxgiza
HAH Vxpainu, Kuis
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Mertoro orsiany OyB aHaJIi3 JaHUX JIiTepaTypH,
OB’ A3aHUX i3 IPaKTUYHUM 3aCTOCYBaHHAM Pis-
HOMAaHITHUX NOXiZHUX AudTepiiHOTO0 TOKCUHY.
HocnimxeHHa B3aeMoail nudTrepifiHOro TOKCUHY
3 YYTJIWBUMU i PEBUCTEHTHUMU KJIITUHAMU CCaB-
IiB IIPOBOIMJIN BiKe IIPOTSATOM BiJHOCHO TPHUBAJIO-
To yacy, OJHaK I JoTelep iCHYIOThH AesdKi HeBupi-
mIeHi mpo6JieMu, IO CTOCYIOTHCA MOJEKYIAPHUX
MexaHi3MiB fioro @yHkinionyBanHa. HaTuBHuit
InudTepitiHU TOKCUH i YacTUHU HOT0 MOJIEKYJINU,
AKi 30epiraroTh TOKCUYHICTh, BUKOPUCTOBYIOTH
AK 1IHCTPYMEHTH Yy HOBiTHiX 6GioTeXHOJOTiuHUX
MeTomax cHernu@iuHOro BHUINEHHS IIiATHUIIIB
KJITUH y O6araToKJiTUHHuUX opramiamax. Hosi
pexoM6iHaHTHI moxXigHI MUGTEPiiHOTO TOKCUHY
mepioguuHO OTPUMYIOTH Y JIabopaTopiaX ¥ BChO-
My cBiTi. ¥V 6iosoriuHux mociigiKeHHAX aHAJOTHU
Iu(GTEepiiHOTO TOKCUHY € 3PYUHHUMHU 3acobamMu
IJIs BUBUEHHS (PYHKI[IHl IPUPOJTHOTO TOKCUHY.
HeTokcuunuii anasor gu@TepiiHOrO TOKCUHY,
nporein CRM197, B:Ke BBeZleHO B KJIIHIUHY TpaK-
TUKY AK KOMIIOHEHT BaKIIWH i IPOTUNIYXJIUHHUN
areHT. Tepamia cupaMoBaHMMUN TOKCHHAMU Ha
OCHOBIi () TEePiiiHOrO TOKCUHY € IIOTEHI[IHO IIep-
CIIEKTUBHOIO AJIA JIIKYBaHHSA PaKy, TOMY BUBUEH-
HsA HOro MOXiTHMX Mae BeJnKe 3HAUeHH 1 0io-
TEeXHOJIOTi Ta MeIUITUHA.

Knwuosi cnoea: KiaituaHa abiaamis, CRM197,

nudTepifHUN TOKCHH, IMyHOTE€HHICTh, Tepalid
CIPAMOBAHUMU TOKCUHAMM, TOKCOI/I.
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BHOJIOTHYECKHE CBOICTBA 1
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K. 0. Maroiinos

Nucruryr ouoxumun um. A. B. ITamraguna
HAH Vkpaunsi, Kues

E-mail: manoilov.inbox@gmail.com

ITenbio 0630pa OBLT aHAMM3 HAHHBIX JUTEpPAa-
TYPBI, CBABAHHBIX C MPAKTUYECKUM ITPUMEHEHIEM
Pa3IUYHBIX ITPOUBBOAHBIX NUMTEPUIHOIO TOKCHU-
Ha. UccrenoBaHusa B3auMoJecTBUA AUDTEPUIi-
HOTO TOKCHHA C UyBCTBUTEJHHBIMU U PE3UCTEHT-
HBIMU KJIETKAMU MJIEKOIUTAIONMX ITPOBOJUIIN
B TeUeHUEe OTHOCUTEJIbHO JJINTEJIbHOTO BPEMEHHN,
OHAKO J0 CUX IIOP CYIIECTBYIOT HEKOTOPhIE HEpe-
IIeHHbIe TPO0JIeMbI, KACAIOIINEeCa MOJIEKYIAPHBIX
MeXaHU3MOB ero QYHKIIMOHUPOBaHUs. HaTUBHBIH
IUMPTepUMHBIA TOKCUH U YacTU €TI0 MOJEKYJIbI,
KOTOPBIE€ COXPAHAIT TOKCUYHOCTH, UCIOJIb3YIOT
B KaueCcTBe WHCTPYMEHTOB B HOBEHIINX OUOTEX-
HOJIOTUYECKUX MeTOJaX CIenu(MuUIecKoro yHuY-
TOXKEHUSA MOATUIIOB KJIETOK B MHOTOKJIETOUHBIX
opranuaMmax. HoBble peKOMOMHAHTHBIE ITPOU3-
BOJHBIE TUMTEPUNHOTO TOKCUHA MEPUOIUUECKHU
IMOJIy4JaroT B JilabopaTopusax IIo BceMy Mupy. B
OMOJIOTUYECKUX MCCIEeIOBAHUAX aHAJIOTU JudTe-
PUIHOTO TOKCHHA IPEACTABISAIOT CO00M yI00HbIE
cpeAcTBa AJIA U3ydyeHUA QYHKIUN IIPUPOTHOTO
ToOKCcuHA. HeTOKCMUHBIN aHANOT quMTEepUNHOTO
ToKCcuHA, npoTernas CRM197, y:ke BBeleH B KJIN-
HUYECKYI0 IPAKTUKY KaK KOMIIOHEHT BaKI[UH U
IPOTUBOONYXOJEeBbIN areHT. Tepanua Hampas-
JEeHHBIMU TOKCMHAMU Ha OCHOBe AUMTEPUIHOTO
TOKCUHA ABJIAETCSA IIOTEHIINAIbHO IEPCIeKTUBHOM
LI JIeUeHUsA paKa, II0dTOMY U3yUeHue ero IPOou3-
BOJHBIX UMeeT 00JIbIIIOe 3HAUEHNE /I OMOTeXHO-
JIOMU U MEIUITVHBIL.

Knroueevie cnoea: KiaerouHad abasamud,
CRM197, nu@TepuiiHBIA TOKCUH, NUMMYHOTE€H-
HOCTh, Tepanus HaIpaBJIeHHLBIMU TOKCHUHAMU,
TOKCOU/I.





