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Abstract: Conventional cancer treatments lack specificity and often cause severe side
effects. Targeted therapeutic approaches are therefore preferred, including the use of
immunotoxins (ITs) that comprise cell-binding and cell death-inducing components to
allow the direct and specific delivery of pro-apoptotic agents into malignant cells. The first
generation of ITs consisted of toxins derived from bacteria or plants, making them
immunogenic in humans. The recent development of human cytolytic fusion proteins
(hCFP) consisting of human effector enzymes offers the prospect of highly-effective
targeted therapies with minimal side effects. One of the most promising candidates is
granzyme B (GrB) and this enzyme has already demonstrated its potential for targeted
cancer therapy. However, the clinical application of GrB may be limited because it is
inactivated by the overexpression in tumors of its specific inhibitor serpin B9 (PI-9). It is
also highly charged, which means it can bind non-specifically to the surface of non-target
cells. Furthermore, human enzymes generally lack an endogenous translocation domain,
thus the endosomal release of GrB following receptor-mediated endocytosis can be
inefficient. In this review we provide a detailed overview of these challenges and introduce
promising solutions to increase the cytotoxic potency of GrB for clinical applications.
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1. Introduction

Typical treatment strategies for cancer include surgery, chemotherapy and radiotherapy, but success
is limited by the concurrent killing of nonmalignant cells, which can result in serious and often life-
threatening side effects. Many tumor cells also become resistant to drugs, which substantially reduces
the response to treatment and results in a poor prognosis. Surgical resection of primary tumors leads to
high relapse rates reflecting the incomplete removal of tumor cells as well as the ineffective control of
metastatic disease. Therefore, there is a strong demand for more potent and selective treatment options.

Targeted immunotherapeutic approaches for the specific elimination of malignant cells have the
potential to meet these criteria. Immunotherapy generally involves the induction of several
mechanisms that interfere with carcinogenesis and tumor cell proliferation, although active
immunotherapy is a more specialized approach in which the immune system itself is stimulated to
remove malignant cells [1,2]. Targeted therapy involves either the direct activation or inactivation of
(soluble) enzymes, growth factors or surface receptors in signaling pathways that are necessary for
tumor maintenance and proliferation (e.g., growth factor receptors such as EGFR (Epidermal Growth
Factor Receptor), Her2, BRAF and Kit) or the indirect targeted delivery of effector molecules to tumor
cells, leading to growth arrest or remission [3,4]. This may involve drugs that penetrate the tumor cell
plasma membrane allowing the targeting of intracellular tumor antigens, or the use of monoclonal
antibodies (mAbs) that target cell surface molecules.

Monoclonal antibody therapy (passive immunotherapy) is a rapidly-expanding immunotherapeutic
treatment platform for cancer, and at least 12 therapeutic mAbs for oncologic indications have already
been approved by the FDA [5] while several more are in clinical development [6]. However, the
activity of mAbs is limited by their relatively large size, resulting in poor tumor penetration and the
need for high doses to compete with serum IgGs, leading to severe side-effects. Furthermore the
unfavorable Fc receptor polymorphisms can reduce the impact of Fc-mediated effector functions.
Therefore, unmodified antibodies are rarely suitable as therapeutics [7,8].

Several strategies have been developed to enhance the anti-tumor activity of mAbs, including the
humanization of antibodies [9], the optimization of antibody effector functions [10] and the fusion of
antibodies to a potent cytotoxic drug. In the early 1900s, Paul Ehrlich considered the idea of a “magic
bullet” forming the basis of the antibody-drug conjugate (ADC) and immunotoxin (IT) concepts in
which antibodies or antibody fragments specifically targeting tumor antigens deliver cytotoxic
payloads and trigger their internalization into abnormal cells [11]. ADCs usually comprise a full-size
antibody chemically linked to a toxin, drug or radionuclide. The therapeutic potential of ADCs has
been demonstrated in numerous preclinical studies [7,12]. The FDA has approved Brentuximab
vedotin, a CD30-directed ADC consisting of the anti-CD30 mAb brentuximab linked to the antimitotic
agent monomethyl auristatin E for the treatment of Hodgkin’s lymphoma and anaplastic large cell
lymphoma [13]. The FDA also approved gemtuzumab ozogamicin (Mylotarg), a humanized anti-CD33
mADb conjugated to calicheamicin for the treatment of acute myeloid leukemia (AML) [14], although
this has now been withdrawn from the market due to systemic adverse effects.
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In the case of ITs the effector domain is a naturally-occurring toxin (initially of bacterial or plant origin)
that inhibits protein synthesis or induces apoptosis by modifying signal transduction pathways [15,16].
Cell death-inducing toxins and chemotherapeutics use different mechanisms of action, therefore ITs
are promising for the treatment of chemoresistant tumors. The first generation of ITs, comprising
full-size antibodies chemically conjugated to whole-protein toxins, have now been replaced by second
and third generation ITs comprising truncated toxins (with their natural binding domain deleted to
reduce adverse effects) genetically linked to shorter antibody fragments (scFv) or natural ligands
which makes them easier to manufacture and also improves stability and tumor penetration [17].

First-generation ITs have shown promising results in in vitro studies and preclinical tests [18-28]
and have also been tested in a small number of clinical trials [29,30]. The most prominent example is a
recombinant IT comprising the diphtheria toxin and interleukin-2, which has been approved by the
FDA for the treatment of T-cell lymphoma [31]. However, the clinical deployment of first-generation
ITs is limited by their immunogenicity, which results in the generation of neutralizing antibodies that
prevent the use of repetitive doses.

The complete humanization of ITs is therefore an important criterion for the development of fourth-
generation molecules [29,32], named human cytolytic fusion proteins (hCFPs). This concept is supported
by the use of endogenous human enzymes that induce cell death, fused to humanized or even fully
human antibody fragments. Candidate human enzymes include proteases, RNases and kinases [32—35].

In this review we focus on granzyme B (GrB), a human immunoprotease involved in the granule-
mediated apoptosis of virus-infected or transformed tumor cells. This enzyme has several inherent
advantages as an IT component such as its high cytotoxic efficacy reflecting its status as an effector
molecule in the cellular immune system, its broad portfolio of apoptosis inducing mechanisms, and its
low immunogenicity. Even so, there are three major factors that have limited the clinical application of
GrB: (i) it is specifically inhibited by serpin B9, which usually protects cells from misdirected GrB but
is also upregulated in certain tumors; (ii) it has a high isoelectric point, resulting in a positive surface
charge contributing to non-specific binding to healthy cells; and (iii) it is released slowly after uptake
by the receptor-mediated endocytosis which reduces its cytotoxic impact.

Our group and others have developed a number of innovative strategies to optimize hCFPs based
on GrB, including the production of engineered variants that are insensitive to PI-9, having lower
surface charge to reduce off-target effects, and to promote endosomal release by the insertion of
functional elements.

2. Generation of hCFPs
2.1. Humanization of the Tumor-Targeting Component

The major limitation of second and third generation ITs reflects the long-term nature of cancer
treatment and the need for repeated doses, which means any component of nonhuman origin can
induce neutralizing antibodies in patients with a functional immune system, thereby reducing
therapeutic efficiency [36—39]. These problems can be caused either by the tumor-selective ligand or
the cytotoxic component so that the complete humanization of ITs is preferable when repeated dose
schedules are required, to improve safety and to ensure a positive clinical outcome.
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If the tumor-selective ligand is an antibody or antibody fragment of murine origin, it can induce a
human anti-mouse antibody (HAMA) response in some patients [40,41]. HAMA responses not only
reduce treatment efficiency, but also have been shown to cause allergic reactions, in extreme cases
leading to life-threatening complications such as renal failure.

Several strategies can be used to humanize the tumor-selective ligand including the fusion of the
effector moiety to human cytokines and growth factors that target tumor receptors, e.g., IL-2, 1L-4,
EGF (epidermal growth factor), TGFa (tumor growth factor alpha) or the CD30 ligand [29,34,42].
Recombinant DNA technology can also be used to engineer antibodies for reduced immunogenicity [43].
The generation of chimeric antibodies comprising a murine Fab fragment and a human Fc region can
reduce HAMA responses because the constant region makes the most significant contribution to
immunogenicity [44,45]. Another strategy is the generation of humanized antibodies by grafting
murine complementarity determining regions onto human V-region frameworks, an approach known
as CDR replacement [46—48]. Complete humanization is also possible by selecting the V-regions from
human antibody libraries or using transgenic knock-out mice or rats in which the gene loci for the light
and heavy antibody chains are replaced by their human counterparts [49,50]. Single chain fragment
variable (scFv) antibodies used for the production of fourth-generation ITs can be derived from
humanized or human monoclonal antibodies or selected directly from a human scFv library.

2.2. Humanization of the Cell-Death Inducing Component

The conventional use of plant or bacterial toxins can induce an undesirable immune response and
therefore several strategies have been investigated to reduce the immunogenicity of the cytotoxic
component. These include the identification and removal (by mutation) of major immunogenic B-cell
and T-cell epitopes within the toxins [51,52] as well as the derivatization of ITs using polyethylene
glycol [53] or the co-application of immunosuppressive drugs [54,55].

A more favorable strategy for complete humanization is the use of endogenous human cytolytic
enzymes, such as enzymes that induce cell death by a variety of mechanisms. Pro-apoptotic human
proteins that are potentially useful for targeted cancer therapy include proteases and RNases such as
angiogenin as well as death receptor ligands such as sSTRAIL and FASL and pro-apoptotic members of
the Bel-2 family [32]. In addition to pro-apoptotic proteins, enzymes with tumor suppressive function
such as DAPK2 (death-associated protein kinase 2) allow the targeted restoration of tumor suppressor
activity in cancer cells [33,42].

3. Granzyme B in Targeted Cancer Therapy: Advantages and Challenges
3.1. Resistance of Tumor Cells to the Induction of Apoptosis

The efficacy of ITs/hCFPs depends on the sensitivity of tumor cells to pro-apoptotic signals. One of
the major challenges in both targeted cancer therapy and standard chemotherapy approaches that
induce programmed cell death is the tendency for tumor cells to develop resistance to pro-apoptotic
signals allowing the invasion of host immunosurveillance [56]. Tumor cells can evolve multiple
intrinsic and extrinsic escape mechanisms to overcome innate and adaptive immune responses. These
include impaired tumor antigen presentation by the downregulation of MHC class I molecules, and the
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expression of factors that either directly kill or inhibit effector cells or recruit regulatory T-cells and
thereby induce immunotolerance [57].

Tumor cells can regulate apoptosis by overexpressing different classes of anti-apoptotic proteins.
For example, FLICE-inhibitory proteins (FLIPs) interfere with death receptor signal transduction
pathways [58], whereas anti-apoptotic proteins of the Bcl-2 family regulate apoptosis at the
mitochondrial level [59,60] and IAPs (inhibitors of apoptosis proteins) inhibit caspase activity [61].
Apoptosis-related escape mechanisms in tumor cells can reduce the efficiency of targeted therapy
using human pro-apoptotic enzymes, but GrB is unusual because it utilizes multiple apoptosis
induction mechanisms (see below) and is therefore more likely to overcome resistance mechanisms
that evolve in tumors. The inherent pro-apoptotic activity of recombinant GrB in vitro emphasizes its
potential in targeted cancer therapy (Table 1).

3.2. Cell Death Pathways Induced by Granzyme B

Granzyme B, a pro-apoptotic serine protease produced by effector cells of the innate and adaptive
immune system, is involved in both non-specific and specific host rejection of tumors and cells
infected with viruses [62,63]. GrB belongs to a family of serine proteases stored in the cytotoxic
granules of natural killer (NK) cells and cytotoxic T-lymphocytes (CTLs) [64]. Five different human
granzymes have been identified (A, B, H, K and M), each with unique expression profiles and
substrate specificities [65]. The most intensively studied enzymes are GrB and GrA, both of which are
considered to be major inducers of granule-mediated apoptosis [66]. Active GrB is stored as a complex
on a scaffold comprising the chondroitin sulfate proteoglycan serglycin, the pore-forming protein
perforin (PFN) and other members of the granzyme family [67,68]. During NK cell-mediated
immunosurveillance, secretory granules are deposited into an immunological synapse that forms
following the specific recognition of abnormal cells through an elaborate repertoire of cell surface
receptors [69]. The precise mechanism by which GrB is taken up into cells and released from the
endosome into the cytosol is still controversial. Two potential models for delivery into target cells have
been reviewed in detail [70]. Following the recognition of the target cell, granules release their
cytolytic contents into the immunological synapse and this directs GrB, probably with the assistance of
perforin, into the cytosol of the target cell. Once released, GrB activates different signal transduction
pathways to induce cell death.

The classical induction of apoptosis by GrB is comparable to the Fas mediated pathway, and
involves the cleavage of several executive and downstream caspases mediated by both the caspase-
pathway and the BID-pathway, the latter associated with the BAX/BAK-dependent release of
cytochrome ¢ from the mitochondria into the cytosol [71-73]. Direct activation of the effector caspase 3
is controlled by the inhibitor of apoptosis protein (IAP), and this must be inactivated, e.g., by
HtrA2/OMI, a pro-apoptotic effector released from disrupted mitochondria (see below). Successful
processing of pro-caspase-3 leads to the cleavage of several downstream death substrates including the
inhibitor of caspase-activated DNase (ICAD), poly(ADP ribose) polymerase (PARP), DNA-dependent
protein kinase (DNA-PK), the nuclear mitotic apparatus protein (NuMA) and the nuclear-envelope
intermediate-filament protein lamin B. This results in the typical morphological changes associated
with apoptosis, i.e., DNA fragmentation, chromatin condensation, membrane blebbing, cell shrinkage
and the formation of apoptotic bodies [71,74-77].
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Table 1. Overview of different granzyme B-based cytolytic fusion proteins (CFPs) published so far.
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CFP Indication Target receptor / Target cells ICs¢ values PI-9 expression Structural hallmarks Reference
(expression system) antigen reported from others

Gb-H22 (scFv) AML, CD64" CDo64 U937 1.7-17 nM no * In vitro activation via EK | [78,79]
(HEK2937) malignancies AML cells (ex vivo) -

HL60 ~4-7nM no *
GrB-scFvMEL Melanoma gp240 A375-M ~20 nM n.d. In vitro activation via EK | [80]
(E.coli)
GrB-scFvMEL Melanoma gp240 A375-M (in vivo) ~30 nM n.d. In vitro activation via EK | [81]
(E.coli) MEL-526 ~50 nM n.d.

TXM-18L ~150 nM n.d.
GrB-TGFa Breast carcinoma EGFR, MDA-MB468 0.25 nM n.d. In vivo activation by Kex2 | [82]
GrB-scFv (FRPS) ErbB2 (Her2) 0.29 nM
(P.pastoris) (+chloroquin for both)
B3-GzmB*, GzmB- | Breast carcinoma Lewis Y antigen SK-BR3 98 nM, 1595 nM Yes [83] Polyionic adapters [85]
CD8* Yes, after induction by | between GrB and
(E.coli) MCF-7 (MCF-7°%P%) 140 nM (35 nM), | estrogens [84] dsFv-B3

198 nM (394 nM)

GrB-VEGF | Tumor vascular Vascular endothelial | PAE/FLK-1 ~10 nM n.d. In vitro activation via EK | [86]
(E.coli) endothelial cells growth factor PAE/FLT-1 -- n.d.
ImmunoGrB-PEAII Breast and ovarian Her2 SK-BR3 (in vivo) Not applicable since Yes [83] PEAII translocation motif | [87]
(Hela, Jurkat) carcinoma supernatant was used | n.d. to allow endogenous furin

SKOV-3 activation: e23sFv-PEAII-

GrB

ImmunoGrB- Breast, gastric and Her2 SK-BR3 Not applicable since Yes [83] Introduction of novel [88]
Fpe/Fdt/R, * hepatocellular supernatant was used | n.d. furin cleavable sites
(Hela, Jurkat) carcinoma SGC-7901 (in vivo) n.d. between e23Fv and GrB

AGS Hep G2 n.d. (compare above)
GrB-YCG Ovarian, breast, hLHR MA-10 (murine) 0.16 uM No PI-9 expected in | In vitro activation via EK | [89]
(insect SfY cells) endometrial and MCE-7 - murine cell line prior to use

prostate carcinoma

PC-3

Abbreviations: hLHR: human luteinizing hormone receptor; Her2: human epidermal growth factor receptor 2; Kex2: killer expression defective 2; EGFR: epidermal growth factor receptor;
dsFv: disulfide stabilized Fv fragment; n.d.: not determined in other publications; EK: Enterokinase; PEAIIL: second domain of Pseudomonas Exotoxin A (residues 253-364); (in vivo): cell
line was successful killed in mice; * compare Table 2; * Fpe: furin site sequence from PEA (amino acids 273-282), Fdt: furin site sequence from diphtheria toxin (amino acids 187-196),
Ry: poly-arginine tract.
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The activation of the BID pathway (either directly by GrB or indirectly via caspase-8) leads to the
cleavage of mitochondrial BID (BH3-interacting domain death agonist) involving BAX (BCL-2-
associated X protein) and BAK (BCL-2 antagonist). The translocation of tBID (truncated BID) to the
mitochondria results in the permeabilization of the outer mitochondrial membrane and thus
mitochondrial depolarization and the subsequent release of cytochrome c (cyt c¢) and other pro-
apoptotic molecules such as endonuclease G and HtrA2/OMI [90,91]. Cytochrome ¢ must be present
in the cytosol for the apoptosome to form, which requires the assembly of apoptotic protease activation
factor APAF-1 which in turn leads to the autocatalytic activation of pro-caspase-9 and the subsequent
processing of the effector caspase-3. In addition to the BID-mediated loss of mitochondrial
transmembrane potential, GrB can directly induce mitochondrial depolarization without the assistance
of cytosolic mediators, but the exact mechanisms remain unclear [59,92-95]. The natural apoptotic
pathways induced by GrB have been comprehensively reviewed [96-98].

GrB cleaves downstream of aspartic or glutamic acid residues and therefore has a substrate
specificity similar to that of caspases. GrB can therefore also directly target and activate the
downstream caspase substrates [CAD, PARP, DNA-PK, NuMA and lamin B [99,100]. Taken together,
these data show that GrB is not only a highly potent inducer of apoptosis due to its status as the major
mediator of cellular immunity, but also because of its ability to induce apoptosis at multiple levels
using distinct pathways.

3.3. Heterologous Expression of Active Granzyme B

Production according to good manufacturing practice (GMP) guidelines is a prerequisite before
biopharmaceuticals can enter clinical studies. The production of GrB (and CFPs derived therefrom) in
various heterologous expression systems is relatively straightforward, and success has been achieved
in Escherichia coli, Pichia pastoris, insect cells and mammalian cells such as HEK 293T, HeLa, Jurkat
and COS [78,82,85,87-89,101-103]. GrB requires a free N-terminus for enzymatic activity, therefore
native GrB is expressed as an inactive zymogen containing an N-terminal pre-pro leader sequence. The
signal peptide is cleaved by a signal peptidase in the endoplasmic reticulum to produce an inactive
proenzyme with an N-terminal pro-peptide, protecting the cell from the induction of apoptosis, thus the
pro-peptide must be removed to generate an active protease [104]. In the Golgi apparatus, a mannose-
6-phosphate tag is attached which directs GrB to the cytotoxic granules [105]. The pro-peptide is
removed by the dipeptidyl peptidase I (DPPI) (also known as cathepsin C) [106].

Several strategies have been developed to accomplish the correct in vitro or in vivo processing and
activation of recombinant GrB, including the insertion of an enterokinase cleavage site (ECS)
upstream of the sequence of the mature GrB polypeptide, to allow activation after purification by
in vitro processing [78,80,81,86,89]. Secretory expression in the methylotropic yeast P. Pastoris has
been achieved by the direct N-terminal fusion of the mature polypeptide to the Saccharomyces
cerevisiae mating factor a prepro-leader sequence, allowing the straightforward purification of active
GrB from the culture supernatant based on local Kex2-protease activity in the trans-Golgi
compartment [82,107]. Secretion and functional in vivo activation by a host cell signal peptidase has
been achieved in insect cells and COS cells using the native sequence of the GrB precursor protein
with the propeptide deleted, or the genetic fusion of a furin recognition motif allowing in vivo
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processing by endogenous P. pastoris furin-like proteases [102,103,108]. In addition, in vitro and
in vivo activation has been achieved by either coexpression of rat DPPI in COS cells or subsequent
incubation with bovine spleen DPPI [109].

3.4. Clinical Limitations of Granzyme B

Despite encouraging data confirming the targeted cytotoxicity of GrB in the context of hCFPs, the
involvement of GrB in natural cellular defense is a mixed blessing in targeted cancer therapy. On one
hand, the induction of multiple apoptosis pathways allows GrB to evade typical apoptosis inhibitors
and it is easy to express in heterologous systems. On the other hand however, two structural features
reduce its therapeutic potential.

First, the endogenous GrB inhibitor PI-9 protects cytotoxic lymphocytes from misdirected GrB
during an immune response, but the same molecule can be overexpressed by tumor cells allowing them
to escape from the impact of GrB secreted by NK cells and CTLs (compare Tables 2 and 3). Second,
GrB has a significant positive surface charge which allows it to bind non-specifically to the negatively-
charged cell surface and cause off-target effects. CFPs based on human enzymes have shown
promising results in vitro and in preclinical evaluations, but are less efficacious than the more potent
bacterial ITs. This probably reflects the lack of an endogenous translocation domain typically present
in bacterial toxins, which is required for efficient delivery to the cytosol where the apoptotic
machinery is located. The endosomal trapping of human pro-apoptotic enzymes is a major bottleneck
in the development of highly effective humanized ITs.

Table 2. Overview of PI-9 expression on protein level based on western blot analysis
within different cell lines used in our laboratory.

Cell line Cell type PI-9 expression Reference
L3.6pl Pancreatic carcinoma + [79]
L428 Hodgkin lymphoma + [79]
L1236 Hodgkin lymphoma + [79]
L540 Hodgkin lymphoma - [79]
K562 Chronic myeloid. I?ukemia in blast N [110]

crisis

A431 Epidermoid carcinoma - [79]
Jurkat T cell leukemia - [110]
PT45 Pancreatic adenocarcinoma - [79]
Kasumi 1 Acute myeloid leukemia ) [79]
Karpas 299 T cell lymphoma - [79]
HL60 Acute myeloid leukemia - [79]

U937 Histiocytic lymphoma - [79]
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Table 3. Overview of PI-9 expression in different carcinomas / melanomas.
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Cancer type

Detection

Hallmarks

Reference

Lung cancer

In vitro (cell lines)
In vivo (primary cancer
cells)

PI-9 highly expressed in lung cancer cell lines

PI-9 expression was increased in primary lung cancer cells
and significantly correlated with cancer stage (dependent
on granzyme B expression of CTLs)

[111]

Prostate cancer

In vitro (cell lines —
gPCR and flow
cytometry)

In vivo (prostate tumor
tissue — qPCR and

immunohistochemistry)

PI-9 expression in cell lines PC3 and DU-145

PI-9 expression is up-regulated in pre-cancerous states,
which is dysregulated in later stages whereas it remains in

some tumors (pilot study)

[112]

Non-small cell
lung carcinoma
cells (NSCLCs)

and tissues

In vitro (cell lines — RT-
PCR and western blot
analysis)

In vivo (lung tissue
samples from biopsies —
RT-PCR)

Strong PI-9 expression in 6 and low in 4 of 10 cell lines

on mRNA level correlating with detection on protein level

PI-9 mRNA and protein expression in all of 150 patients
at variable levels in NSCLC cells and tumors,

the less differentiated lung adenocarcinomas showed
significantly higher expression of PI-9 mRNA as

compared to the well-differentiated tumors

[113]

Breast cancer In vitro (cell line MCF-7 | PI-9 expression is induced by estrogens and depends on an | [84]
— western blot and QRT- | interplay between estrogens, estrogen receptor and
PCR) EGF/EGFR
In vivo (MCF-7 xenograft | Induction of PI-9 by the estrogen “genistein” [114]
mouse model)
Stage Il and IV | In vitro (cell lines — PI-9 expression in 6 of 14 melanoma cell lines [115]
melanoma western blot of cell
lysates)
In vivo (paraffin PI-9 expression in 21 of 26 cases of primary melanoma
embedded tissue of and in 22 of 28 metastases
patients — After categorizing in respect to percentage of PI-9
immunohistochemistry) expressing tumor cells (+ if > 50% of cells expressed PI-9,
—if < 50% of cells expressed PI-9) 15 of 26 primary
tumors and 12 of 28 metastases were +
PI-9 expression in melanoma metastases correlates with
poor clinical outcome following active specific
immunotherapy (ASI) therapy of stage 11l and IV
melanoma patients
Nasopharyngeal | In vivo (formalin-fixed, PI-9 expression in 3 of 43 cases [116]
carcinoma paraffin-embedded tumor | Presence of many tumor infiltrating activate CTLs within
biopsies — immunohisto- | patient biopsies is related to bad clinical outcome
chemistry)
Melanoma, In vitro (cell lines — PI-9 expression in a subset of determined tumor lines [83]
breast, PCR) (e.g., MCF-7, SK-BR3)

cervical and

colon carcinoma

In vivo (primary colon
carcinoma cells — PCR)

PI-9 expression in 2 of 4 primary surgical specimens
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4. Bioengineering of Granzyme B
4.1. Granzyme B Variants Insensitive to PI-9—Motivation and Strategies
4.1.1. Expression of PI-9 in Different Cell Types

Because granzymes are an integral component of the human immunosurveillance system they must
be tightly controlled at the posttranslational level. This is accomplished by the serpin superfamily, a
group of structurally-related proteins that regulate proteases in the vertebrate adaptive and innate
immune systems [117,118]. The best-known granzyme-regulating serpin is PI-9, the most important
inhibitor of GrB. This 42 kDa protein is a member of the clade B serpin superfamily, and accumulates
in the cytosol of lymphocytes to avoid self-inflicted injury caused by granule leakage and the
subsequent misdirected activity of GrB. Cells at immune-privileged sites therefore express PI-9,
including the lens capsula, ovaries, placenta, testes and embryonic stem cells [119,120]. The inhibition
of GrB by PI-9 involves a stoichiometric interaction leading to the irreversible inactivation of both the
enzyme and the inhibitor.

Many studies have focused on the expression profile of PI-9 and its induction by different stimuli.
PI-9 is also expressed in inflammatory cells [121] and in human peripheral blood mesenchymal stem
cells [122]. It is also present in cells infected by cytomegalovirus, Epstein-Barr virus and the BK
polyomavirus [123—125] as well as in endothelial and mesothelial cells [126] and dendritic cells [119].
PI-9 can be induced in different cell lines by nuclear factor-kxB (NF-kB), activator protein-1 (AP-1),
pro-inflammatory cytokines such as TNFa, and lipopolysaccharides [121,125,127]. PI-9 is also
induced by phorbol myristate acetate and interleukin (IL-2) in CD8" T cells [128,129], by viral dsRNA
sensors in human renal tubular epithelial cells [123] and by estrogens and estrogen receptor-a in breast
cancer cells [84,114]. The expression of PI-9 in renal tubular cells is upregulated following renal
allograft rejection, suggesting that its induction could be used to confer resistance against
GrB-mediated cytotoxic effects leading to improved graft survival [130]. The widespread expression
of PI-9 is to be taken into account when developing therapeutic strategies based on GrB, particularly
because malignant cells can also involve multiple mechanisms to evade the pro-apoptotic signals
induced by CTLs and NK cells [131].

The impact of resistance on GrB-based immunotherapeutics is controversial, with some reports
claiming that resistance to perforin-dependent pathways is not a relevant escape mechanism in
lymphoma [110] and that the induction of apoptosis by GrB can be achieved in cells expressing or
upregulating PI-9. For example a CFP comprising GrB and dsFv-B3, targeting the antigen Lewis Y,
has been shown to kill the human breast cancer lines SK-BR3 and MCF-7 in an antigen-dependent
manner [85]. The reported ICs, values are rather low compared to the PE-based reference, which might
reflect the expression of PI-9 in SK-BR3 cells and the ability of MCF-7 cells to upregulate PI-9 in the
presence of estrogen [84]. This group also showed that the same CFP was able to kill chronic myeloid
leukemia (CML) cell line K562, which expresses PI-9 at a low level [110] independent of the antigen,
via the pore-forming reagent streptolysin O (SLO). However, the exaggerated delivery of GrB to the
cells by SLO might allow PI-9 inhibition to be overcome by a natural mechanism, which may also
explain the ability of GrB to kill SK-BR3 cells when fused to cell-specific ligands [80,87,88,101].
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However, it is difficult to confirm retrospectively whether these cells actually expressed PI-9,
because cell lines can diverge depending on their source and the cultivation conditions and timing [132].
Indeed, several studies using xenograft mouse models have revealed a direct correlation between PI-9
expression and the loss of GrB pro-apoptotic activity in vitro and in vivo [83,111,112,117,133]. We
accordingly observed a reduction in the apoptotic efficacy of GrB based hCFPs, in the absence of
SLO, in some target cell lines despite effective internalization and the presence of adequate amounts of
the corresponding receptor [134]. This led us to investigate the potential influence of PI-9 on the
cytotoxic potency of GrB. Therefore we studied PI-9 protein expression profiles in the target cell lines
typically used in our laboratory by carrying out western blots (Table 2) and compared the results to
PI-9 levels detected in primary cancer cells by other groups (Table 3 and 4). These studies revealed
that PI-9 is expressed in a heterogeneous manner within the tumor cell population, leading to the
survival of a small number of malignant cells surrounded by innate immune cells. PI-9 was expressed
primarily in tumors containing many GrB-positive infiltrating CTLs and the high incidence of PI-9
positive tumor cells often predicted an unfavorable clinical outcome [135]. These data suggest that
PI-9-positive tumor cells are positively selected because they evade immunosurveillance, which is
clinically relevant for the treatment of hematological disorders or solid tumors in which PI-9
expression is upregulated during immunosurveillance or tumor therapy. Therefore the development of
drugs that are effective against such resistant cells is highly advantageous.

Table 4. Overview of PI-9 expression in different lymphomas.

Cancer type Detection Hallmarks Reference
Classical In vivo (lymph node PI-9 expression determined in 6 EBV+ and 10 EBV- cases: [136]
Hodgkin sections — gene EBV+ are PI-9+, EBV- PI-9-
lymphoma expression via

microarrays)
Leukemia In vitro (cell lines — PI-9 expression in 4 of 6 cell lines [137]
western blot analysis)
Ex vivo (monocytes from | PI-9 expression in 0 of 2 ALL cases, 3 of 4 AML cases, 2 of 3
peripheral blood) CLL cases
NK/ T cell In vivo (deparaffinized PI-9 expression in 26 of 39 cases [138]
lymphoma tissue sections of patient PI-9 expression level was heterogeneous from case to case
biopsies — immunohisto- | with clusters of negative cells suggesting the emergence of
chemistry) PI-9 down-regulated subclones associated with
aggressiveness and invasive potential
High levels of PI-9 associated with favorable clinical
outcome
Lymphomas In vitro (cell lines — flow | PI-9 expression in 10 of 18 lymphoma cell lines (e.g., K562) | [110]
cytometry)
Ex vivo (isolation of PI-9 expression in 9 of 14 primary lymphomas
monocytes from Using highly activated CL in vitro no inhibition of the
peripheral blood — flow | perforin-dependent cytotoxic pathway has been observed.
cytometry)
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Table 4. Cont.

Cancer type Detection Hallmarks Reference
ALCL In vivo (biopsies of PI-9 expression in 6 of 45 cases (percentages of PI-9+ cells [135]
(anaplastic systemic ALCL patients ranged from 5% to 75%), primarily found in tumors
large cell — mmunohistochemistry) | harboring many Gb+ infiltrating CTLs
lymphoma) High numbers of PI-9+ tumor cells predict resistance to

chemotherapy-induced apoptosis and unfavorable outcome

Different non- In vivo (formalin-fixed, Sub-division into 5 categories depending on percentage of PI- | [139]
Hodgkin and paraffin-embedded tumor | 9 positive cells

Hodgkin biopsies — immunohisto- | PI-9 expression in neoplastic cells in 36 of 92 cases of T-cell
lymphomas chemistry) lymphoma, 20 of 75 of B-cell lymphoma and 6 of 57 of

Hodgkin lymphoma (expression varied between 5 and 100 %)
For further differentiation of PI-9 expression and lymphoma

type see reference.

4.1.2. Downregulation of PI-9 Expression and Activity

Strategies to optimize the efficacy of GrB-based CFPs on primarily PI-9-positive cells include
either the downregulation of PI-9 expression/activity in target cells or the generation of GrB variants
that are insensitive to PI-9. The former may be achieved by RNA interference (RNA1) or antisense
technology to knock down PI-9 gene expression. The successful use of siRNA to inhibit the expression
of PI-9 has been described in stem cells [122] and in breast cancer [84]. However, the development of
siRNA-based therapies has fallen out of favor following the Phase III failure of Bevasiranib, which
targeted the expression of vascular endothelial growth factor (VEGF) for the treatment of age-related
wet macular degeneration. In alternative approaches, the NFxB inhibitor pyrrolidin dithiocarbamate
(PTDC) has been used to suppress PI-9 gene expression in PBMCs cultivated in vitro [125], whereas
the serine protease granzyme M (found in the cytotoxic granules of NK cells) can inhibit PI-9 at the
protein level [140]. We propose that the genetic fusion of granzyme M to a specific binding domain
should facilitate cellular uptake, leading to the inactivation of endogenous PI-9. Therefore, the
co-administration of granzymes M and B could potentially clear the way for GrB-based therapy.

4.1.3. Generation of Granzyme B Variants Insensitive to PI-9

The strategies described above are indirect approaches which require the administration of GrB and
a separate therapeutic modality. In contrast, GrB can be modified in such a way that it retains its
enzymatic activity but becomes insensitive to PI-9. In an analogous approach, a human tissue-type
plasminogen activator was mutated at a few critical contact residues to achieve resistance against a
complex mixture of endogenous serpins [70,141]. The activity of serpins has been elucidated and
reviewed already [118,142—144]. The three-dimensional structure of serpins comprises nine a-helices,
three B-helices and a variable reactive center loop (RCL), which is the primary site of interaction with
target proteases and is therefore critical for serpin specificity. The amino acid residues in the RCL of
PI-9 are necessary for its activity [145] and the residue at the P1 position is a glutamate, explaining its
specificity for GrB, favoring acidic P1 amino acids such as glutamate or asparate [99,100]. The RCL
of PI-9 acts as a pseudo-substrate, which is recognized by the protease so that the two molecules dock
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and form a reversible Michaelis complex. Rapidly, the protease cleaves at the favored P1 position
resulting in a covalent stoichiometric complex, in which both proteins remain inactive [143,146].
Thus, PI-9 acts as a suicide substrate. The interaction between GrB and PI-9 has a K, value of
1.7 x 10°M ™ 's™"; ST~ 1 [99].

We generated GrB mutants insensitive to PI-9 by computationally identifying the most important
amino acids responsible for the interaction between the serine protease and the RCL of its specific
inhibitor leading to the irreversible inactivation of the enzyme by the formation of a covalent complex.
In order to investigate complex formation in detail and thereby predict the structure of the Michaelis
complex, we chose the published crystal structure of GrB and a crystallized complex of rat trypsin and
Maduca sexta serpin [147], which are structurally similar to GrB and PI-9, respectively. We used
homology modeling to adapt the backbone of human GrB to rat trypsin, choosing the X-ray structure
of GrB which is bound to a five-residue peptide solved at 2 A resolution (PDB ID 11IAU) [148]. The
structure of PI-9 has not been determined so we built the structure by homology modeling based on the
X-ray structure of the rat trypsin-Maduca sexta serpin B1 complex. At first we screened for key
interactions at the interface of the two proteins using the ROBETTA server [149]. Residues R28 and
R201 were found to be the most relevant, using the numbering of residues in GrB according to a
previous publication [150], but they were not located in the active site so they were not expected to
affect enzymatic activity. We substituted arginine with alanine, glutamate and lysine (neutral, opposite
and same charge as the original amino acid, respectively) by site-directed mutagenesis. In total, seven
putative PI-9 resistant variants were generated: R28A, R28K, R28E, R201A, R201K, R201E and the
double mutant R28A-R201A. Molecular dynamic simulations of PI-9 complexes with wild-type and
mutated GrB were then carried out in aqueous solution, showing that R28K, R201A and R201K were
the most promising variants, fulfilling the requirements for preventing GrB inhibition by PI-9. These
in silico findings were confirmed by in vitro studies, in which the proteolytic activity of wild-type and
mutant GrB was analyzed before and after challenge with recombinant PI-9 in a comparative in vitro
enzymatic assay. In the presence of PI-9, GrBR28K retained 76% of its original activity, and
GrBR201A retained 46%. The enzymatic activity of GrBR201K was almost the same in the presence
and absence of PI-9 (6% reduction after PI-9 challenge) so this variant was the most promising. In
contrast to the computational findings, GrBR28A retained 54% of its activity. With the combination of
these techniques we were able to identify novel GrB mutants which retained their enzymatic activity
even after incubation with recombinant PI-9 [150]. The PI-9 insensitivity of the recently described GrB
variant K27A by Sun et al. [145] could not be reproduced during our in silico and in vitro experiments.
Cell-based studies using the three most promising mutants from the in silico and in vitro experiments
as fusion proteins with tumor antigen specific scFvs are now in progress and are showing promising
results [134]. The corresponding schematic structure of a GrB-based CFP including R201K is shown
in Figure 1. A GrB variant that can kill both PI-9 positive and PI-9 negative tumor cells will provide a
significant advantage, particularly for the treatment of relapsing tumors.
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Figure 1. Schematic structure of granzyme B (GrB) -based cytolytic fusion protein (CFP)
containing the R201K modification.

GrB R20TK SYGKNNG

GrB |SYGR%|
| lg-k | ECS | GrB | scFv |H |

4.2. Reduction of Off-Target Effects

Recombinant GrB-based CFPs have been shown to bind non-specifically to non-target cells which
has the potential to cause adverse effects [151]. Different receptors have been shown to facilitate the
uptake of GrB after its release from cytotoxic granules, which could lead to the non-specific delivery
of recombinant GrB after systemic administration. GrB may bind non-specifically to the mannose-6-
phosphate receptor [152—155] but this can be prevented by deglycosylation following secretory
expression in mammalian cells, or by manufacturing the protein in Escherichia coli, which does not
glycosylate proteins, or the yeast Pichia pastoris, which does not support mannose-6-phosphate
modification [156]. Glycosylation has no impact on the cytotoxic activity of GrB [80,85,86] and might
improve the clinical potential of GrB-based ITs. Other structures that may interact with GrB include
the CD44 receptor [157] and cell surface-bound heat shock protein 70 (Hsp70) [158], which should be
considered when designing GrB-based ITs to prevent off-target effects.

The high isoelectric point (pI) of GrB is a more challenging issue because the net positive charge on
the protein surface facilitates electrostatic interactions with the negatively-charged heparan sulfate
proteoglycans found on the surface of almost all cells [154,159,160]. The non-specific binding of GrB
to the cell-surface does not generally increase off-target cytotoxic activity because the enzyme is not
taken up into the cytosol so that it does not interact with its intracellular substrates, but this
nevertheless reduces the therapeutic efficacy of the enzyme because it becomes trapped on non-target
tissues [151]. Endogenous GrB is stored as a complex with perforin with the negatively-charged
chondroitin sulfate proteoglycan serglycin, helping to shield the positive charges [64,161]. The pl of
recombinant GrB can be reduced in the context of CFPs by engineering the antibody component with a
low pl so that the overall charge is lower but the cytotoxic efficacy is unaffected [162]. Additionally,
extracellular proteolytic GrB activity is important for tissue remodeling during an immune response [63],
during which the most prominent proteins cleaved by GrB are vitronectin, fibronectin and laminin [163].
Excessive extracellular GrB activity can cause pathophysiological tissue destruction, resulting in
disorders such as rheumatoid arthritis [164—166], atherosclerosis or abdominal aortic aneurysm [166—168].

The amino acids that confer a positive surface charge and thereby facilitate the interaction with
glucosaminoglycans on the cell surface are mainly found within the two major heparin-binding motifs
RKAKRTRA (residues 96—103 of mature GrB) and KKTMKR (residues 221-226 of mature GrB).
The basic amino acid residues involved in heparan sulfate binding were substituted for alanine to
reduce cell binding and endocytosis [159]. The substitution of cationic sequences has no impact on the
enzymatic and pro-apoptotic activity of GrB [159,169] so that a recombinant version of GrB modified
in this matter is evaluated in the context of a hCFP targeting EFGR-positive cancer cells, by
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exchanging the following amino acids for alanine by site-directed mutagenesis: R96, R100, R102,
K221, K222, K225 and R226 [151]. The mutant version of GrB was then fused to the EGFR ligand
TGFa, expressed in P. Pastoris and purified from the culture supernatant [82].

Comparative studies with wild-type GrB involving flow cytometric binding analysis on breast
cancer cell lines revealed that the modified GrB (GrBcs) showed much weaker binding to EGFR-negative
MDA-MB453 cells. Furthermore, cytotoxicity assays using mixed EGFR-positive and EGFR-negative
cells showed no reduction in GrBcs cytotoxicity due to trapping by non-target cells, which has been
demonstrated for wild-type GrB. The mutations did not interfere with ligand binding or enzyme
activity and reduced the negative impact of extracellular matrix effects. Therefore, the specific
cytotoxicity of GrB against the EGFR-positive MDA-MB468 cell line could be increased by using the
GrBcs variant [151].

We therefore suggest using the PI-9 insensitive and surface-charged modified GrB variant
GrBR201Kcs for immunotherapeutic applications. A GrB-based CFP including both modifications is

shown in Figure 2.

Figure 2. Schematic structure of GrB-based CFP containing the R201K and surface charge

(cs) modification.
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5. Effective Endosomal Release is Facilitated by Synthetic, Multifunctional Adapters

The efficacy of receptor-targeted toxins is dependent on three major steps that deliver the
therapeutic cargo to its specific site of action: (1) specific binding to cell surface receptors;
(2) internalization by receptor-mediated endocytosis; and (3) directed release into the cytosol. One of
the major bottlenecks limiting the development of highly efficient hCFPs is the transfer of the
therapeutic cargo from the endosome into the cytosol.

Bacterial toxins usually comprise three domains, one targeting the cells, a second promoting
transfer from the endosomes to the cytosol and a third catalytic domain, which induces cell death. In
second and third generation ITs, the binding domain is replaced by a tumor cell-targeting component,
but the toxins still possess their endogenous translocation domains facilitating the translocation of the
enzymatically active domain into the cytosol. Pseudomonas exotoxin A (ETA) contains such a
translocation domain downstream of a furin cleavage site, and when ETA is taken up by receptor-
mediated endocytosis, local furin activity in the endosomes cleaves the toxin and thus exposes the
translocation domain. Furin is a type I transmembrane endoprotease involved in the proteolytic
maturation of a panel of pro-protein substrates including foreign substances such as bacterial toxins
and viral coat proteins [170,171]. After endosomal processing, ETA undergoes retrograde transport
through the endoplasmic reticulum to the cytosol, where it ADP-ribosylates the eukaryotic elongation
factor 2 (eEF-2) and inhibits protein synthesis, which ultimately induces cell death [172-174].
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A similar mechanism is responsible for the cellular uptake and cytosolic release of diphtheria toxin.
After binding to specific receptors and following internalization, the acidification of endocytotic
vesicles and processing of the toxin by local furin activity triggers the translocation of the toxic A
chain into the cytosol. The catalytic domain then inhibits protein synthesis by the ADP-ribosylation of
EF-2 [175,176].

Protein transduction domains (PTDs) as found on ETA and diphtheria toxin are also known as
Trojan peptides, cell penetrating peptides or cell permeable peptides (CPPs), membrane transfer
peptides (MTPs) or membrane transfer sequences (MTSs). They are not solely restricted to bacterial
toxins, e.g., there are also viral transduction domains like the Human immunodeficiency virus (HIV)
transactivation factor (TAT protein), the Influenzavirus HA2 hemagglutinin subunit, and the
Herpes simplex virus VP22 protein [177-181]. Most PTDs are small cationic peptides that bind by
electrostatic interactions to negatively-charged heparan sulfate proteoglycans found in membranes.
They mediate the direct cytosolic uptake of their (chemically or genetically linked) protein cargoes,
without depending on receptor-mediated endocytosis [182—184]. In addition to natural PTDs, synthetic
peptides derived from naturally occurring sequences or selected from random peptide libraries have
been screened as vehicles for the efficient delivery of therapeutic cargos [185,186]. PTDs for the
delivery of therapeutic macromolecules have been comprehensively reviewed [187—-189]. With only a
few exceptions [190-194], PTDs contradict the concept of targeted therapy, because they lack (tumor)
specificity potentially resulting in undesirable off-target effects and preventing systemic
administration. Nevertheless, specificity can be engineered by restricting the activity of the cargo to
target cells (e.g., the replacement of a tumor suppressor), conjugating specific-cell targeting molecules
(e.g., ITs) or modifying the PTD to restrict entry solely to target cells (e.g., PTD activation by tumor-
associated proteases) [189].

Human enzymes like granzyme B lack an endogenous translocation domain. Therefore endosomal
release is the least efficient step in the therapeutic pathway of hCFPs because the active component
can be trapped within the endosomes. To optimize the cytosolic release of human enzymes,
recombinant PTDs have been inserted between the cell-targeting and cytotoxic components of the
latest generation of ITs. Several proof-of-concept studies have confirmed the ability of PTDs to
achieve endosomal escape. For example, two anticancer peptides have been delivered into the cytosol
of cancer cells by joining them to the HIV TAT protein [195] and the translocation domain of ETA
(PEAII) has been inserted into a GrB based hCFP and shown to be superior to furin-cleavable peptides
from ETA and diphtheria toxin as well as a synthetic peptide [87,88]. This suggests that engineering of
PTDs still has the potential to improve the translocation of effector molecules from endosomes to the
cytosol, thus increasing the efficacy of hCFPs.

Previous studies have shown that PTDs used for targeted therapy can be optimized by the
integration of functional, cleavable elements. For example, decoupling the toxin and cell targeting
domain by inserting a synthetic, multifunctional cleavable adapter composed of a membrane transfer
peptide (MTP) flanked by a cytosolic cleavable peptide (CCP) and an endosomal cleavable peptide
(ECP) irreversibly targeted the toxin into the cytosol [196]. Engineering PTDs by the insertion of
cleavable elements guarantees both the efficient transport of the toxic cargo into the cytosol and the
prevention of its release from the cytosol to affect non-target cells. The exact mechanism of adapter-
mediated toxin uptake can be summarized as follows:
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e The ECP is recognized by an endogenous endosomal enzyme, which processes the CFP
following receptor-mediated endocytosis, thus exposing the MTP.

e Only following the endosomal cleavage of the ECP, the MTP promotes translocation of the
effector molecule across the membrane. Since the activation of the MTP is restricted to the
endosomes, non-specific uptake based on the interaction between the MTP and the
membranes of bystander cells is significantly reduced.

¢ Once in the cytosol, cleavage of the CCP releases the active enzyme (potentially facilitating
its activity by avoiding steric hindrance or conformational changes). In addition, removing the
MTP prevents further undesirable membrane translocation and therefore the potential non-
specific impact of the effector molecule on surrounding, healthy cells.

A closer insight into the specific composition of a molecular adapter was provided by Heisler et al.
combining the PreS2 domain translocation motif of the Hepatitis B virus surface antigen (TLM) with
(1) cleavable peptides processed by furin in the endosomes; and (ii) cytosolic caspases. These
constructs were developed to improve the cytosolic delivery of a plant-based IT targeting the EGF
receptor (Saporin-EGF) [197]. Enzymatic digestion of the endosomal cleavable peptide (ECP) was
based on two recognition sites for furin, derived from ETA and diphtheria toxin (see above).
Enzymatic release of the toxic payload inside the cytosol was accomplished by two cleavage sites for
caspases (caspase-1 and caspase-3) of the N-terminal CCP. Caspases are key mediators of apoptosis
and are predominantly localized in the cytosol.

We previously described the successful use of molecular adapters as a tool to enhance the cytotoxic
potency of hCFPs [198]. We could also demonstrate the efficacy of the functional domains derived
from such adapters for the optimization of a hCFP. The construct comprised the human RNase
angiogenin and the humanized scFv(H22) targeting CD64 (FcyR1), which is upregulated in leukemic
and inflammatory diseases. The insertion of the adapter resulted in a 20-fold increase in cytotoxic
activity, compared to the version lacking the adapter [199]. The engineering of GrB-based hCFPs by
the insertion of functional adapter elements therefore promises to improve their therapeutic potential in
the near future.

6. Conclusions

Targeted therapies provide strong and versatile weapons in the continuous fight against cancer.
Using sophisticated methods, batteries of different treatment options can be developed that can even
counteract tumor cell escape mechanisms and selectively eliminate them. The first and second
generations of ITs are still the gold standard in terms of cytotoxic efficacy, but they have significant
disadvantages in terms of immunogenicity, which remain to be overcome. Although those ITs
comprised tumor-targeting components of murine origin, we now use only humanized or completely
human antibody factors for this purpose. The concept of recombinant human granzyme B as effector
domains instead of toxins derived from bacteria and plants was developed simultaneously in our
laboratory and by the group of Michael G. Rosenblum (M.D. Anderson Cancer Center, Houston, Texas).

We have discussed the recent optimization of humanized ITs and the road to future hCFPs based on
the human serine protease granzyme B (GrB). Several proof of concept studies have clearly
demonstrated that engineered GrB variants can overcome drawbacks of the wild-type enzyme, such as
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the inactivation of GrB by the endogenous inhibitor PI-9, charge-mediated cell binding (causing drug
sequestration by non-target cells) and undesirable extracellular matrix effects. Modified hCFPs
containing functional elements resembling the natural translocation domain of bacterial toxins promote
endosomal release and can significantly increase the cytotoxic potency of human effector domains. By
combining these strategies, we have the opportunity to generate novel GrB-based hCFPs with
improved qualities that compete with established IT platforms promising a new wave of hCFP-based
therapies in the future.
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