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Abstract: Angiogenesis is a critical process in numerous diseases, and intervention in
neovascularization has therapeutic value in several disease settings, including ocular diseases,
arthritis, and in tumor progression and metastatic spread. Various vascular targeting agents have been
developed, including those that inhibit growth factor receptor tyrosine kinases, blocking antibodies
that interfere with receptor signal transduction, and strategies that trap growth factor ligands. Limited
anti-tumor efficacy studies have suggested that the targeted delivery of the human pro-apoptotic
molecule Granzyme B to tumor cells has significant potential for cancer treatment. Here, we review
biological vascular targeting agents, and describe a unique vascular targeting agent composed of
Granzyme B and the VEGF receptor ligand VEGF121. The fusion protein GrB/VEGF121 demonstrates
cytotoxicity at nanomolar or sub-nanomolar levels, excellent pharmacokinetic and efficacy profiles,
and has significant therapeutic potential targeting tumor vasculature.
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1. Introduction

1.1. Angiogenesis and Vascular Targeting Agents in the Clinic

Neovascularization is a normal process that occurs during growth and development, and critical
during processes such as wound healing. It is also an important process in several disease states,
such as tumor maturation and during metastatic spread, and interfering with this process has been
shown to have therapeutic benefits [1–4]. As such, various elements of tumor neovascularization
have been the focus of drug development strategies, and interventions at different points have been
developed with varying levels of success in pre-clinical and clinical settings. Some such strategies
include: inhibiting the downstream signaling of growth factor receptor tyrosine kinases [5–7], the
development of blocking antibodies to attenuate receptor signal transduction [8–11], entrapment
of growth factor ligands to prevent receptor activation [12–14], and the use of vascular-targeted
photodynamic therapy [15]. Vascular targeting agents have also been tested in combination with other
therapies, such as radiotherapy [16].

1.2. VEGF Receptor Targeting to Inhibit Angiogenesis

Numerous factors have been identified as playing significant roles during tumor
neovascularization. Indeed, the complexity of this process is underscored by the fact that molecules
that play a role in driving critical events continue to be identified. One key factor is vascular endothelial
growth factor-A (VEGF-A) which, along with its receptors, is exceptionally important in many aspects
of neovascularization [7,17–19]. VEGFR-1 and VEGFR-2 are generally over-expressed in tumor
neovasculature and normalize as the vasculature matures [20]. Indeed, of the over 1600 clinical
trials on oncology interventions against pathways related to tumor vasculature reported worldwide
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since January 2010 (Table S1), 233 are related to VEGF, either novel targeting agents or post-anti-VEGF
therapy (Table S2).

1.3. Development of Fusion Proteins for Targeted Therapy

Protein-based therapeutics that precisely target cell surface receptors generally incorporate ligands
or antibodies as the targeting moiety. Ligand-based therapeutics include fusion proteins that utilize
the receptor-binding domains of native protein ligands to guide cytotoxic payloads to internalize
and kill the specifically targeted cell. On the other hand, antibody-based therapeutics, which include
antibody drug conjugates (ADCs) and immunotoxins (ITs), employ the antigen recognition domains of
immunoglobulin (Ig) molecules to identify the targeted cell. Since January 2010, just 65 studies with
fusion proteins as interventions have been initiated in oncology. Of these, just one has reached Phase 3
or 4 (Table S3): the use of recombinant human tumor necrosis factor-α receptor II IgG Fc fusion protein
injections in the treatment of active axial spondyloarthritis. Studies currently in Phase 2 include the
following fusion proteins targeting EphB4: Dalantercept, which binds to ALK1 ligands; L19IL2, which
contains the vascular targeting antibody L19; F16IL2, which targets the A1 domain of tenascin-C;
and cancer vaccines, among others. To date, relatively few ligand-based targeted proteins have been
FDA approved, the most prominent being denileukin diftitox (Ontak), a fusion protein comprising
the cytokine IL-2 fused to diphtheria toxin (DT) for treatment against CD25-positive cutaneous T-cell
lymphoma (CTCL) [21]. Ontak targets the IL-2 receptor (IL-2R) upregulated on tumor cells, and
internalizes to deliver diphtheria toxin into the cell, triggering an apoptotic response [21]. However, as
described below, there are some drawbacks to the use of non-human toxins as cytotoxic payloads.

As a targeting agent, VEGF-A itself has been utilized by numerous laboratories in recombinant
growth factor fusion proteins delivering various toxins [22–26] to VEGF receptor-bearing target cells.
Our laboratory focused on the VEGFR-targeting ability of VEGF121, the smallest VEGF-A isoform,
and developed VEGF121-based fusion proteins, particularly with gelonin, a potent plant toxin that
results in the irreversible inhibition of protein synthesis. VEGF121/rGel showed excellent efficacy in
subcutaneous, xenograft, orthotopic, and experimental metastasis models. The construct targeted
angiogenesis, osteoclastogenesis and bone formation, and significantly reduced overall tumor burden,
as well as inhibited tumor growth [27–33].

One of the concerns with fusion proteins with non-human payloads has been the potential
for immunogenicity. To mitigate this, studies have been undertaken to develop cytotoxic payloads
with reduced immunogenicity by identifying, and modifying, regions that potentially generate an
immunogenic response [34,35], which may alleviate part of the immunogenicity concern. On the other
hand, targeted cytotoxic fusion proteins composed entirely of human sequences represent an attractive
alternative for application as anticancer agents. Indeed, the vast majority of the fusion proteins used
in clinical trials recently contain human cytotoxic effectors or payloads, with the notable non-human
exception of fusion proteins containing a deimmunized form of DT.

2. Granzyme B as a Cytolytic Agent

2.1. Granzyme B Mechanism of Action

The granzyme family of serine proteases is established as a vital component of the immune system
and is important in preventing viral infection and tumor development. Granzymes, along with the
pore-forming protein perforin, are delivered to the target cell by cytotoxic T lymphocytes (CTLs) and
natural killer cells, resulting in apoptosis induced by direct and indirect activation of caspases and
damage to mitochondria [36]. The 25 kDa molecule Granzyme B (GrB) is generally considered to be
the most potent member of the granzyme family, capable of inducing both caspase-dependent and
caspase-independent apoptosis. Upon entry into the cytosol, GrB triggers the release of cytochrome c
from mitochondria and the onset of the apoptosis cascade by activating procaspases-3, -7 and -9 or, as
noted above, initiating apoptosis via caspase-independent mechanisms [37,38].



Biomedicines 2017, 5, 42 3 of 15

2.2. Advantages of GrB-Based Constructs over Other Immunotoxins or ADCs

Creation of an immunotoxin requires several factors to be taken into consideration. Among the
key criteria are the potential of the therapeutic to trigger an immunogenic response. In addition, the
resulting product cannot be too toxic or lack potency, and the linkers must be sufficiently stable in
circulation. The development of immunotoxins composed entirely of human sequences is a significant
advantage in mitigating against the possible development of immunogenicity. Bacterial and plant
toxin-based immunotoxins have demonstrated remarkable potency and specificity, but a number of
obstacles limit their clinical application [39,40]. For example, off-target binding to normal vasculature
of toxins such as DT and ricin A chain (RTA) has resulted in vascular damage, leading to the loss of
vascular integrity (vascular leak syndrome, VLS), a potentially life-threatening condition that can result
in organ failure [41,42]. In addition, instances of immunogenic responses have also been identified in
the case of DT as well as other bacterial and plant toxins [43], which limits the number of therapeutic
regimens and their potential value in long-term treatment [44]. Immune responses to the toxins in
patients also result in the rapid clearance of subsequent courses of therapy, and limit the number of
treatment cycles [45,46]. Toxin immunogenicity is being addressed by engineering B-cell epitopes on
the structure, but these molecules may be difficult to humanize completely [35,47,48].

There are now a number of clinically effective ADCs demonstrating remarkable activity, and
many of these constructs were driven by the impressive success of the Trastuzumab-DM1 (T-DM1)
conjugate [49,50]. On the other hand, there are limitations with antibody–drug conjugates, such as
facile aggregation, off-target toxicity and potential development of cells with multidrug resistance
(MDR) [51,52].

Granzyme B-based fusion proteins, on the other hand, exert a multi-modal and well-known
mechanism of cytotoxic action. It is of significance that inhibitors of caspase activation have little
impact on the overall cytotoxicity of some GrB constructs, which attests to the presence of multiple,
redundant, pro-apoptotic pathways activated by this molecule [53–55]. Limited studies against MDR+

tumor cells show that the expression of MDR does not seem to result in cross-resistance to GrB-based
fusion constructs, which suggests that the emergence of resistance to this class of agents may be
difficult from a biological perspective.

A key advantage of Granzyme B as a cytotoxic payload is its extremely limited ability to enter
the cell without a carrier (such as a targeting molecule) or via the generation of perforin-mediated
pores in the cell membrane, and its relative inertness outside of the cell. In addition, off-target in vivo
toxicity is limited, due to the presence of stable amino acid linkers between the targeting molecule and
the cytotoxic payload. To date, studies in mice with doses as high as 40 mg/kg have demonstrated
a complete lack of toxicity (Zhou, Mohamedali et al. 2014 [55]. Finally, while the upregulation of
resistance mechanisms has been observed in cells in response to some chemotherapeutic agents as
well as to ADCs, our studies with a limited number of GrB-based constructs have indicated that the
development of this resistance does not correlate to resistance to GrB-based targeting [53,55–57].

Because of the many advantages of GrB, as well as to mitigate for the possible development of
immunogenicity that has been observed in patients treated with ADCs and immunotoxin-based
therapies, several laboratories, including ours, initiated the development of recombinant cell
death-inducing fusion proteins, with human GrB as the cytotoxic payload [53–55,58–65]. We and
others have shown that fusion constructs delivering GrB by either antibody or ligand based targeting
have highly selective cytotoxic effects when delivered to the cytoplasm.

Below, we review some of the unique features, including specific cytotoxicity, mechanism of
action, and in vivo studies of a unique vascular targeting agent, GrB/VEGF121, a novel pro-apoptotic
agent targeting tumor vasculature.

3. Construction, Expression and Purification of GrB/VEGF121

Mammalian expression of the Granzyme B/VEGF121 construct was initiated by fusing the
GrB/VEGF121 DNA cassette into the pSecTag vector (Figure 1A). We have expressed GrB/VEGF121
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using HEK-293T, HEK-293E, and CHO-S cells, and harvested the secreted fusion protein under
serum-free conditions (Figure 1B). The construct is expressed as an inactive pro-GrB/VEGF121 form.
Removal of the N-terminus histidine tag results in an 80 kDa dimer. The expressed protein is
enzymatically active, as determined by a chromogenic assay measuring the rate of substrate turnover
(Figure 1C).
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Figure 1. Construction, expression and purification of Granzyme B (GrB)/VEGF121. (A) The Granzyme 
B/VEGF121 cassette includes an N-terminus leader peptide for secretion of the protein into the 
conditioned media, followed by a His6-tag and a peptide sequence recognized by enterokinase. The 
cassette is inserted into the mammalian expression vector pSecTag. (B) pro-GrB/VEGF121, purified by 
metal affinity chromatography, is activated by removal of the His6-tag by enterokinase. (C) The 
resulting 80 kDa dimer has the equivalent enzymatic activity of free Granzyme B. 

3.1 In Vitro Internalization and Cytotoxic Activity 

To ensure that toxicity of GrB/VEGF121 is both targeted and specific, we evaluated a panel of 
endothelial and tumor cells lines with varying levels of VEGFR-1 and VEGFR-2 on their cell surface. 
Porcine cell lines over-expressing human VEGFR-1 or VEGFR-2 are considered to model tumor 
neovasculature, and have been used as in vitro models of angiogenesis [66]. Other cell lines were 
selected based on our previously established cytotoxic profiles with VEGF121/rGel, as well as cell 
surface VEGFR-1 and VEGFR-2 levels, as established by flow cytometry. In vitro cytotoxicity studies 
over 72 h showed varying levels of sensitivity to GrB/VEGF121 that correlated closely to total VEGFR-
2 expression. IC50 levels were found to be in the nanomolar range (Figure 2A,B). The cytotoxicity was 
determined to be VEGFR-driven, as pre-incubation of VEGFR-2+ cells with 1 µM VEGF121 significantly 
reduced the cytotoxicity of GrB/VEGF121, but had no impact on the cytotoxicity of GrB alone (Figure 
2C). In VEGFR-2 positive endothelial cells, GrB/VEGF121 showed rapid internalization into the entire 
cytoplasmic space within 24 h, while the internalization into VEGFR-1-expressing cells was 
significantly reduced (Figure 3), further confirming the VEGFR-driven targeting. 
  

Figure 1. Construction, expression and purification of Granzyme B (GrB)/VEGF121. (A) The Granzyme
B/VEGF121 cassette includes an N-terminus leader peptide for secretion of the protein into the
conditioned media, followed by a His6-tag and a peptide sequence recognized by enterokinase. The
cassette is inserted into the mammalian expression vector pSecTag. (B) pro-GrB/VEGF121, purified
by metal affinity chromatography, is activated by removal of the His6-tag by enterokinase. (C) The
resulting 80 kDa dimer has the equivalent enzymatic activity of free Granzyme B.

3.1. In Vitro Internalization and Cytotoxic Activity

To ensure that toxicity of GrB/VEGF121 is both targeted and specific, we evaluated a panel of
endothelial and tumor cells lines with varying levels of VEGFR-1 and VEGFR-2 on their cell surface.
Porcine cell lines over-expressing human VEGFR-1 or VEGFR-2 are considered to model tumor
neovasculature, and have been used as in vitro models of angiogenesis [66]. Other cell lines were
selected based on our previously established cytotoxic profiles with VEGF121/rGel, as well as cell
surface VEGFR-1 and VEGFR-2 levels, as established by flow cytometry. In vitro cytotoxicity studies
over 72 h showed varying levels of sensitivity to GrB/VEGF121 that correlated closely to total VEGFR-2
expression. IC50 levels were found to be in the nanomolar range (Figure 2A,B). The cytotoxicity
was determined to be VEGFR-driven, as pre-incubation of VEGFR-2+ cells with 1 µM VEGF121

significantly reduced the cytotoxicity of GrB/VEGF121, but had no impact on the cytotoxicity of GrB
alone (Figure 2C). In VEGFR-2 positive endothelial cells, GrB/VEGF121 showed rapid internalization
into the entire cytoplasmic space within 24 h, while the internalization into VEGFR-1-expressing cells
was significantly reduced (Figure 3), further confirming the VEGFR-driven targeting.
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Figure 2. In vitro cytotoxicity of GrB/VEGF121. (A) Purified GrB/VEGF121 is preferentially cytotoxic to 
log-phase endothelial cells that over-express VEGFR-2. Other cells, such as the neuroblastoma cell 
line SK-N-SH and the glioblastoma cell line U87-MG, are also sensitive. (B) Expression levels of 
VEGFR-2 in some of the cell lines tested indicate some relationship between VEGFR-2 levels and 
sensitivity to GrB/VEGF121. (C) The impact on cytotoxicity upon pre-incubation of cells with 1 µM 
VEGF121. 
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Figure 2. In vitro cytotoxicity of GrB/VEGF121. (A) Purified GrB/VEGF121 is preferentially cytotoxic to
log-phase endothelial cells that over-express VEGFR-2. Other cells, such as the neuroblastoma cell line
SK-N-SH and the glioblastoma cell line U87-MG, are also sensitive. (B) Expression levels of VEGFR-2
in some of the cell lines tested indicate some relationship between VEGFR-2 levels and sensitivity to
GrB/VEGF121. (C) The impact on cytotoxicity upon pre-incubation of cells with 1 µM VEGF121.
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Figure 3. In vitro internalization of GrB/VEGF121 into target cells. (A) GrB/VEGF121 efficiently
internalized into VEGFR-2-overexpressing endothelial cells within 24 h. (B) The efficiency by
which GrB/VEGF121 internalizes into VEGFR-2-overexpressing endothelial cells over VEGFR-1-
overexpressing cells.

3.2. Pro-Apoptotic Activity of GrB/VEGF121

While Granzyme B has well known caspase-dependent and independent mechanisms of apoptosis,
it was important to examine whether the fusion protein itself elicited cytotoxicity by these pathways.
We first evaluated the physical method of cell death of cells treated with GrB/VEGF121. Over a 24 h
period, 35% of GrB/VEGF121-treated VEGFR-2+ cells mobilized into early apoptosis, compared to
4% of control cells. The impact on VEGFR-1+ endothelial cells and on the breast cancer cell line
MDA-MB-231 cells was minimal (Figure 4A). When compared over a 72 h period, the percent of
VEGFR-2+ endothelial cells undergoing apoptosis continued to increase compared to cells treated with
Granzyme B alone (Figure 4B).
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Figure 4. GrB/VEGF121 triggers apoptosis in target cells. (A) Annexin V/PI staining at 24 h after
onset of incubation with GrB/VEGF121. Circles indicate the percent of cells in early apoptosis.
(B) Induction of apoptosis over 72 h in VEGFR-2-overexpressing endothelial cells by the targeted
GrB/VEGF121 compared to the non-targeted GrB. Green: untreated control; red: GrB treatment; blue:
GrB/VEGF121 treatment.

To review whether apoptosis was triggered through well-characterized pathways, we analyzed
the cell pathways by which apoptosis occurred. Forty percent of VEGFR-2+ cells underwent
mitochondrial depolarization within 24 h of exposure to GrB/VEGF121, compared to 13% of controls,
while VEGFR-1+ cells seemed largely unaffected (Figure 5A). Over this same time period, both
Granzyme B and GrB/VEGF121 triggered caspase-3 activation in the VEGFR-2+ cells (Figure 5B).
Caspase-9 activation was also observed, with GrB/VEGF121 apparently more efficient in activating
this target than Granzyme B (Figure 5C). Finally, complete cleavage of Poly (ADP-ribose) polymerase-1
(PARP-1) was observed after 24h in VEGFR-2+ cells, whereas minimal cleavage was seen in
VEGFR-1+ cells (Figure 5D). Notably, there was no demonstrated impact of a pan-caspase inhibitor on
GrB/VEGF121-mediated cytotoxicity, while cleavage inhibition of both caspase-3 and caspase-9 showed.
Thus, various downstream mediators of apoptosis have been shown to be engaged and activated upon
treatment with GrB/VEGF121 in both a caspase-dependent and caspase-independent manner.
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Figure 5. GrB/VEGF121 triggers mitochondrial depolarization and caspase activation in target cells,
resulting in PARP-1 cleavage. (A) GrB/VEGF121 selectively triggered mitochondrial depolarization
over 48 h selectively in VEGFR-2-overexpressing endothelial cells. (B) Using a Caspase-3 chromogenic
substrate, Caspase-3 activation was also observed, as was (C) activation of Caspase-9 with
the appropriate chromogenic substrate. (D) PARP cleavage was more robust and complete in
VEGFR-2-overexpressing endothelial cells, compared to VEGFR-1-overexpressing endothelial cells.
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4. In Vivo Studies with GrB/VEGF121

4.1. Localization of GrB/VEGF121 into Tumor Tissue

We investigated the ability of GrB/VEGF121 to localize into primary tumors by the subcutaneous
placement of human prostate PC-3 tumors into male nude mice. This cell line is insensitive to
VEGF121-mediated targeting in vitro, suggesting that it expresses insufficient receptor levels for
targeted cytotoxicity. However, VEGF121-mediated targeting, in vivo with other cytotoxic payloads,
has resulted in a significant anti-tumor therapeutic effect, presumably due to the highly vascularized
nature of these tumors. Following tumor placement, mice were injected intravenously (tail vein)
with GrB/VEGF121 or GrB at molar-equivalent doses. Four hours after administration, tissues were
removed and snap frozen. Immunofluorescence staining revealed GrB/VEGF121 in tumor vessels as
well as in in perivascular tumor areas adjacent to tumor microvessels (Figure 6). Normal organs did
not show GrB/VEGF121 localization, nor did organs of mice treated with free Granzyme B, indicating
the specific localization of GrB/VEGF121 into tumor tissue. Similar results have been observed with
MDA-MB-231/Luc tumors [67].
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4.2. In Vivo Efficacy of GrB/VEGF121

The efficacy of GrB/VEGF121 was also evaluated in a PC-3 subcutaneous tumor model. Mice
received intravenous injections of saline, Granzyme B or GrB/VEGF121 every other day for a total of
six treatments, and tumor volume was monitored twice weekly. Mice treated with GrB/VEGF121 at
27 mg/mg had very limited tumor growth, whereas those treated with a lower dose of GrB/VEGF121

(11 mg/kg) showed tumor growth of about threefold over 30 days. In contrast, tumors of saline- or
Granzyme B-treated mice grew over 15-fold over the same period of time (Figure 7A). The reduced
growth rate of GrB/VEGF121-treated mice compared to vehicle was confirmed by determining the
number of cycling tumor cells in lesions, and found to be reduced by over 50% (Figure 7B). The impact
of tumor vasculature was assessed by histopathologic analysis of the vascular area, and found to be
significantly lower in GrB-VEGF121-treated mice compared to controls (Figure 7C).
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Figure 7. GrB/VEGF121 causes regression in established tumors and a reduction in tumor proliferation.
Once tumors were measurable, mice received intravenous injections of either saline, GrB (15 mg/kg)
or GrB/VEGF121 (11 or 27 mg/kg). (A) Treatment with GrB/VEGF121 caused a significant reduction
in the growth of the primary tumor in nude mice. i.v.: intravenous injection. (B) The reduction in
tumor growth is partially attributed to the reduction in the proliferation rate of the tumor cells. (C) In
addition, tumor vasculature was significantly reduced upon GrB/VEGF121 treatment, with a greater
than 14-fold reduction compared to mice treated with saline.
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5. Conclusions

The serine protease GrB appears to be an ideal payload for targeted therapy, in part because
GrB exerts a multimodal and well-known mechanism of cytotoxic action. Fusion constructs targeting
tumor cells or tumor vasculature and containing GrB are generally active in the low nanomolar range,
and studies in tumor xenograft models demonstrate excellent antitumor efficacy. Concerns regarding
immunogenicity should be mitigated by designing completely human constructs containing GrB,
and the lack of toxicity in animal model studies of GrB-based fusion proteins thus far is encouraging.
Expression of VEGFR on the cell surface of other potential targets, such as bone marrow-derived
cells that are involved in local or distant tumor development, suggest that this construct may have
promise in a multi-targeted approach. Indeed, the potential of other VEGFR-targeting constructs
in inhibiting tumor growth in this manner has previously been demonstrated [28]. In addition, the
relative lack of systemic toxicity of this agent points to potential utility in combination therapy with
standard chemotherapeutic agents. Overall, Granzyme B delivered directly to tumor cells or tumor
neovasculature appears to be a promising and exciting opportunity in the field of targeted therapy,
with significant therapeutic potential in primary and metastatic disease.

Supplementary Materials: The following are available online at www.mdpi.com/2227-9059/5/3/42/s1.

Acknowledgments: Research supported, in part, by the Clayton Foundation for Research.

Conflicts of Interest: The authors have co-inventorships with Granzyme B patents.

References

1. Aoun, E.; Taher, A. The clinical implications of angiogenesis in the treatment of cancer. J. Med. Liban. 2002,
50, 32–38. [PubMed]

2. Bogenrieder, T.; Herlyn, M. Axis of evil: Molecular mechanisms of cancer metastasis. Oncogene 2003, 22,
6524–6536. [CrossRef] [PubMed]

3. Folkman, J. Diagnostic and therapeutic applications of angiogenesis research. C. R. Acad. Sci. III 1993, 316,
909–918. [PubMed]

4. Verheul, H.M.; Voest, E.E.; Schlingemann, R.O. Are tumours angiogenesis-dependent? J. Pathol. 2004, 202,
5–13. [CrossRef] [PubMed]

5. Bergers, G.; Song, S.; Meyer-Morse, N.; Bergsland, E.; Hanahan, D. Benefits of targeting both pericytes and
endothelial cells in the tumor vasculature with kinase inhibitors. J. Clin. Investig. 2003, 111, 1287–1295.
[CrossRef] [PubMed]

6. Klohs, W.D.; Fry, D.W.; Kraker, A.J. Inhibitors of tyrosine kinase. Curr. Opin. Oncol. 1997, 9, 562–568.
[CrossRef] [PubMed]

7. Manley, P.W.; Martiny-Baron, G.; Schlaeppi, J.M.; Wood, J.M. Therapies directed at vascular endothelial
growth factor. Expert. Opin. Investig. Drugs 2002, 11, 1715–1736. [CrossRef] [PubMed]

8. Rosen, L.S. Inhibitors of the vascular endothelial growth factor receptor. Hematol. Oncol. Clin. N. Am. 2002,
16, 1173–1187. [CrossRef]

9. Ruegg, C.; Dormond, O.; Foletti, A. Suppression of tumor angiogenesis through the inhibition of integrin
function and signaling in endothelial cells: Which side to target? Endothelium 2002, 9, 151–160. [CrossRef]
[PubMed]

10. Veronese, M.L.; Stevenson, J.P.; Sun, W.; Redlinger, M.; Algazy, K.; Giantonio, B.; Hahn, S.; Vaughn, D.;
Thorn, C.; Whitehead, A.S.; et al. Phase I trial of UFT/leucovorin and irinotecan in patients with advanced
cancer. Eur. J. Cancer 2004, 40, 508–514. [CrossRef] [PubMed]

11. Zondor, S.D.; Medina, P.J. Bevacizumab: An angiogenesis inhibitor with efficacy in colorectal and other
malignancies. Ann. Pharmacother. 2004, 38, 1258–1264. [CrossRef] [PubMed]

12. Holash, J.; Davis, S.; Papadopoulos, N.; Croll, S.D.; Ho, L.; Russell, M.; Boland, P.; Leidich, R.; Hylton, D.;
Burova, E.; et al. Vegf-trap: A vegf blocker with potent antitumor effects. Proc. Natl. Acad. Sci. USA 2002, 99,
11393–11398. [CrossRef] [PubMed]

www.mdpi.com/2227-9059/5/3/42/s1
http://www.ncbi.nlm.nih.gov/pubmed/12841311
http://dx.doi.org/10.1038/sj.onc.1206757
http://www.ncbi.nlm.nih.gov/pubmed/14528277
http://www.ncbi.nlm.nih.gov/pubmed/7521270
http://dx.doi.org/10.1002/path.1473
http://www.ncbi.nlm.nih.gov/pubmed/14694516
http://dx.doi.org/10.1172/JCI200317929
http://www.ncbi.nlm.nih.gov/pubmed/12727920
http://dx.doi.org/10.1097/00001622-199711000-00012
http://www.ncbi.nlm.nih.gov/pubmed/9370078
http://dx.doi.org/10.1517/13543784.11.12.1715
http://www.ncbi.nlm.nih.gov/pubmed/12457433
http://dx.doi.org/10.1016/S0889-8588(02)00053-9
http://dx.doi.org/10.1080/10623320213635
http://www.ncbi.nlm.nih.gov/pubmed/12380640
http://dx.doi.org/10.1016/j.ejca.2003.10.022
http://www.ncbi.nlm.nih.gov/pubmed/14962716
http://dx.doi.org/10.1345/aph.1D470
http://www.ncbi.nlm.nih.gov/pubmed/15187215
http://dx.doi.org/10.1073/pnas.172398299
http://www.ncbi.nlm.nih.gov/pubmed/12177445


Biomedicines 2017, 5, 42 13 of 15

13. Kim, E.S.; Serur, A.; Huang, J.; Manley, C.A.; McCrudden, K.W.; Frischer, J.S.; Soffer, S.Z.; Ring, L.; New, T.;
Zabski, S.; et al. Potent vegf blockade causes regression of coopted vessels in a model of neuroblastoma.
Proc. Natl. Acad. Sci. USA 2002, 99, 11399–11404. [CrossRef] [PubMed]

14. Wulff, C.; Wilson, H.; Rudge, J.S.; Wiegand, S.J.; Lunn, S.F.; Fraser, H.M. Luteal angiogenesis: Prevention and
intervention by treatment with vascular endothelial growth factor trap(A40). J. Clin. Endocrinol. Metab. 2001,
86, 3377–3386. [PubMed]

15. Azzouzi, A.R.; Vincendeau, S.; Barret, E.; Cicco, A.; Kleinclauss, F.; van der Poel, H.G.; Stief, C.G.;
Rassweiler, J.; Salomon, G.; Solsona, E.; et al. Padeliporfin vascular-targeted photodynamic therapy versus
active surveillance in men with low-risk prostate cancer (CLIN1001 PCM301): An open-label, phase 3,
randomised controlled trial. Lancet Oncol. 2017, 18, 181–191. [CrossRef]

16. Ciric, E.; Sersa, G. Radiotherapy in combination with vascular-targeted therapies. Radiol. Oncol. 2010, 44,
67–78. [CrossRef] [PubMed]

17. Cavallaro, U.; Christofori, G. Molecular mechanisms of tumor angiogenesis and tumor progression.
J. Neurooncol. 2000, 50, 63–70. [CrossRef] [PubMed]

18. Shinkaruk, S.; Bayle, M.; Lain, G.; Deleris, G. Vascular endothelial cell growth factor (VEGF), an emerging
target for cancer chemotherapy. Curr. Med. Chem. Anticancer Agents 2003, 3, 95–117. [CrossRef] [PubMed]

19. Verheul, H.M.; Pinedo, H.M. The role of vascular endothelial growth factor (VEGF) in tumor angiogenesis
and early clinical development of VEGF-receptor kinase inhibitors. Clin. Breast Cancer 2000, 1, S80–S84.
[CrossRef] [PubMed]

20. Jain, R.K. Normalization of tumor vasculature: An emerging concept in antiangiogenic therapy. Science 2005,
307, 58–62. [CrossRef] [PubMed]

21. Manoukian, G.; Hagemeister, F. Denileukin diftitox: A novel immunotoxin. Expert Opin. Biol. Ther. 2009, 9,
1445–1451. [CrossRef] [PubMed]

22. Arora, N.; Masood, R.; Zheng, T.; Cai, J.; Smith, D.L.; Gill, P.S. Vascular endothelial growth factor chimeric
toxin is highly active against endothelial cells. Cancer Res. 1999, 59, 183–188. [PubMed]

23. Backer, M.V.; Budker, V.G.; Backer, J.M. Shiga-like toxin-VEGF fusion proteins are selectively cytotoxic to
endothelial cells overexpressing VEGFR-2. J. Control Release 2001, 74, 349–355. [CrossRef]

24. Hotz, H.G.; Gill, P.S.; Masood, R.; Hotz, B.; Buhr, H.J.; Foitzik, T.; Hines, O.J.; Reber, H.A. Specific
targeting of tumor vasculature by diphtheria toxin-vascular endothelial growth factor fusion protein reduces
angiogenesis and growth of pancreatic cancer. J. Gastrointest. Surg. 2002, 6, 159–166. [CrossRef]

25. Masood, R.; Kundra, A.; Zhu, S.; Xia, G.; Scalia, P.; Smith, D.L.; Gill, P.S. Malignant mesothelioma growth
inhibition by agents that target the VEGF and VEGF-C autocrine loops. Int. J. Cancer 2003, 104, 603–610.
[CrossRef] [PubMed]

26. Ramakrishnan, S.; Wild, R.; Nojima, D. Targeting tumor vasculature using VEGF-toxin conjugates.
Methods Mol. Biol. 2001, 166, 219–234. [PubMed]

27. Mohamedali, K.A.; Kedar, D.; Sweeney, P.; Kamat, A.; Davis, D.W.; Eve, B.Y.; Huang, S.; Thorpe, P.E.;
Dinney, C.P.; Rosenblum, M.G. The vascular-targeting fusion toxin VEGF121/rGel inhibits the growth of
orthotopic human bladder carcinoma tumors. Neoplasia 2005, 7, 912–920. [CrossRef] [PubMed]

28. Mohamedali, K.A.; Li, Z.G.; Starbuck, M.W.; Wan, X.; Yang, J.; Kim, S.; Zhang, W.; Rosenblum, M.G.;
Navone, N.M. Inhibition of prostate cancer osteoblastic progression with VEGF121/rGel, a single agent
targeting osteoblasts, osteoclasts, and tumor neovasculature. Clin. Cancer Res. 2011, 17, 2328–2338. [CrossRef]
[PubMed]

29. Mohamedali, K.A.; Niu, G.; Luster, T.A.; Thorpe, P.E.; Gao, H.; Chen, X.; Rosenblum, M.G.
Pharmacodynamics, tissue distribution, toxicity studies and antitumor efficacy of the vascular targeting
fusion toxin VEGF121/rGel. Biochem. Pharmacol. 2012, 84, 1534–1540. [CrossRef] [PubMed]

30. Mohamedali, K.A.; Poblenz, A.T.; Sikes, C.R.; Navone, N.M.; Thorpe, P.E.; Darnay, B.G.; Rosenblum, M.G.
Inhibition of prostate tumor growth and bone remodeling by the vascular targeting agent VEGF121/rGel.
Cancer Res. 2006, 66, 10919–10928. [CrossRef] [PubMed]

31. Mohamedali, K.A.; Ran, S.; Gomez-Manzano, C.; Ramdas, L.; Xu, J.; Kim, S.; Cheung, L.H.; Hittelman, W.N.;
Zhang, W.; Waltenberger, J.; et al. Cytotoxicity of VEGF121/rGel on vascular endothelial cells resulting in
inhibition of angiogenesis is mediated via VEGFR-2. BMC Cancer 2011, 11, 358. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.172398399
http://www.ncbi.nlm.nih.gov/pubmed/12177446
http://www.ncbi.nlm.nih.gov/pubmed/11443214
http://dx.doi.org/10.1016/S1470-2045(16)30661-1
http://dx.doi.org/10.2478/v10019-010-0025-9
http://www.ncbi.nlm.nih.gov/pubmed/22933894
http://dx.doi.org/10.1023/A:1006414621286
http://www.ncbi.nlm.nih.gov/pubmed/11245282
http://dx.doi.org/10.2174/1568011033353452
http://www.ncbi.nlm.nih.gov/pubmed/12678905
http://dx.doi.org/10.3816/CBC.2000.s.015
http://www.ncbi.nlm.nih.gov/pubmed/11970755
http://dx.doi.org/10.1126/science.1104819
http://www.ncbi.nlm.nih.gov/pubmed/15637262
http://dx.doi.org/10.1517/14712590903348135
http://www.ncbi.nlm.nih.gov/pubmed/19817678
http://www.ncbi.nlm.nih.gov/pubmed/9892205
http://dx.doi.org/10.1016/S0168-3659(01)00346-7
http://dx.doi.org/10.1016/S1091-255X(01)00040-3
http://dx.doi.org/10.1002/ijc.10996
http://www.ncbi.nlm.nih.gov/pubmed/12594815
http://www.ncbi.nlm.nih.gov/pubmed/11217369
http://dx.doi.org/10.1593/neo.05292
http://www.ncbi.nlm.nih.gov/pubmed/16242074
http://dx.doi.org/10.1158/1078-0432.CCR-10-2943
http://www.ncbi.nlm.nih.gov/pubmed/21343372
http://dx.doi.org/10.1016/j.bcp.2012.09.017
http://www.ncbi.nlm.nih.gov/pubmed/23022224
http://dx.doi.org/10.1158/0008-5472.CAN-06-0459
http://www.ncbi.nlm.nih.gov/pubmed/17108129
http://dx.doi.org/10.1186/1471-2407-11-358
http://www.ncbi.nlm.nih.gov/pubmed/21849059


Biomedicines 2017, 5, 42 14 of 15

32. Ran, S.; Mohamedali, K.A.; Luster, T.A.; Thorpe, P.E.; Rosenblum, M.G. The vascular-ablative agent
VEGF121/rGel inhibits pulmonary metastases of MDA-MB-231 breast tumors. Neoplasia 2005, 7, 486–496.
[CrossRef] [PubMed]

33. Veenendaal, L.M.; Jin, H.; Ran, S.; Cheung, L.; Navone, N.; Marks, J.W.; Waltenberger, J.; Thorpe, P.;
Rosenblum, M.G. In vitro and in vivo studies of a VEGF121/rGelonin chimeric fusion toxin targeting the
neovasculature of solid tumors. Proc. Natl. Acad. Sci. USA 2002, 99, 7866–7871. [CrossRef] [PubMed]

34. Onda, M.; Beers, R.; Xiang, L.; Lee, B.; Weldon, J.E.; Kreitman, R.J.; Pastan, I. Recombinant immunotoxin
against B-cell malignancies with no immunogenicity in mice by removal of B-cell epitopes. Proc. Natl. Acad.
Sci. USA 2011, 108, 5742–5747. [CrossRef] [PubMed]

35. Onda, M.; Beers, R.; Xiang, L.; Nagata, S.; Wang, Q.C.; Pastan, I. An immunotoxin with greatly reduced
immunogenicity by identification and removal of B cell epitopes. Proc. Natl. Acad. Sci. USA 2008, 105,
11311–11316. [CrossRef] [PubMed]

36. Chowdhury, D.; Lieberman, J. Death by a thousand cuts: Granzyme pathways of programmed cell death.
Annu. Rev. Immunol. 2008, 26, 389–420. [CrossRef] [PubMed]

37. Cullen, S.P.; Brunet, M.; Martin, S.J. Granzymes in cancer and immunity. Cell Death Differ. 2010, 17, 616–623.
[CrossRef] [PubMed]

38. Lord, S.J.; Rajotte, R.V.; Korbutt, G.S.; Bleackley, R.C. Granzyme B: A natural born killer. Immunol. Rev. 2003,
193, 31–38. [CrossRef] [PubMed]

39. De Lorenzo, C.; D’Alessio, G. From immunotoxins to immunornases. Curr. Pharm. Biotechnol. 2008, 9,
210–214. [CrossRef] [PubMed]

40. Frankel, A.E. Reducing the immune response to immunotoxin. Clin. Cancer Res. 2004, 10, 13–15. [CrossRef]
[PubMed]

41. Posey, J.A.; Khazaeli, M.B.; Bookman, M.A.; Nowrouzi, A.; Grizzle, W.E.; Thornton, J.; Carey, D.E.;
Lorenz, J.M.; Sing, A.P.; Siegall, C.B.; et al. A phase i trial of the single-chain immunotoxin SGN-10
(BR96 sFv-PE40) in patients with advanced solid tumors. Clin. Cancer Res. 2002, 8, 3092–3099. [PubMed]

42. Smallshaw, J.E.; Ghetie, V.; Rizo, J.; Fulmer, J.R.; Trahan, L.L.; Ghetie, M.A.; Vitetta, E.S. Genetic engineering of
an immunotoxin to eliminate pulmonary vascular leak in mice. Nat. Biotechnol. 2003, 21, 387–391. [CrossRef]
[PubMed]

43. Martin, A.; Gutierrez, E.; Muglia, J.; McDonald, C.J.; Guzzo, C.; Gottlieb, A.; Pappert, A.; Garland, W.T.;
Bagel, J.; Bacha, P. A multicenter dose-escalation trial with denileukin diftitox (ONTAK, DAB(389)IL-2) in
patients with severe psoriasis. J. Am. Acad. Dermatol. 2001, 45, 871–881. [CrossRef] [PubMed]

44. Rosenberg, A.S. Immunogenicity of biological therapeutics: A hierarchy of concerns. Dev. Biol. 2003, 112,
15–21.

45. Hall, P.D.; Virella, G.; Willoughby, T.; Atchley, D.H.; Kreitman, R.J.; Frankel, A.E. Antibody response
to DT-GM, a novel fusion toxin consisting of a truncated diphtheria toxin (DT) linked to human
granulocyte-macrophage colony stimulating factor (GM), during a phase I trial of patients with relapsed or
refractory acute myeloid leukemia. Clin. Immunol. 2001, 100, 191–197. [CrossRef] [PubMed]

46. Hertler, A.A.; Spitler, L.E.; Frankel, A.E. Humoral immune response to a ricin a chain immunotoxin in
patients with metastatic melanoma. Cancer Drug Deliv. 1987, 4, 245–253. [CrossRef] [PubMed]

47. Mathew, M.; Verma, R.S. Humanized immunotoxins: A new generation of immunotoxins for targeted cancer
therapy. Cancer Sci. 2009, 100, 1359–1365. [CrossRef] [PubMed]

48. Oh, S.; Todhunter, D.A.; Panoskaltsis-Mortari, A.; Buchsbaum, D.J.; Toma, S.; Vallera, D.A. A deimmunized
bispecific ligand-directed toxin that shows an impressive anti-pancreatic cancer effect in a systemic nude
mouse orthotopic model. Pancreas 2012, 41, 789–796. [CrossRef] [PubMed]

49. Alley, S.C.; Okeley, N.M.; Senter, P.D. Antibody-drug conjugates: Targeted drug delivery for cancer.
Curr. Opin. Chem. Biol. 2010, 14, 529–537. [CrossRef] [PubMed]

50. Casi, G.; Neri, D. Antibody-drug conjugates: Basic concepts, examples and future perspectives. J. Control.
Release 2012, 161, 422–428. [CrossRef] [PubMed]

51. King, H.D.; Dubowchik, G.M.; Mastalerz, H.; Willner, D.; Hofstead, S.J.; Firestone, R.A.; Lasch, S.J.; Trail, P.A.
Monoclonal antibody conjugates of doxorubicin prepared with branched peptide linkers: Inhibition of
aggregation by methoxytriethyleneglycol chains. J. Med. Chem. 2002, 45, 4336–4343. [CrossRef] [PubMed]

52. Tai, W.; Mahato, R.; Cheng, K. The role of HER2 in cancer therapy and targeted drug delivery.
J. Control. Release 2010, 146, 264–275. [CrossRef] [PubMed]

http://dx.doi.org/10.1593/neo.04631
http://www.ncbi.nlm.nih.gov/pubmed/15967101
http://dx.doi.org/10.1073/pnas.122157899
http://www.ncbi.nlm.nih.gov/pubmed/12060733
http://dx.doi.org/10.1073/pnas.1102746108
http://www.ncbi.nlm.nih.gov/pubmed/21436054
http://dx.doi.org/10.1073/pnas.0804851105
http://www.ncbi.nlm.nih.gov/pubmed/18678888
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090404
http://www.ncbi.nlm.nih.gov/pubmed/18304003
http://dx.doi.org/10.1038/cdd.2009.206
http://www.ncbi.nlm.nih.gov/pubmed/20075940
http://dx.doi.org/10.1034/j.1600-065X.2003.00044.x
http://www.ncbi.nlm.nih.gov/pubmed/12752668
http://dx.doi.org/10.2174/138920108784567254
http://www.ncbi.nlm.nih.gov/pubmed/18673286
http://dx.doi.org/10.1158/1078-0432.CCR-1216-3
http://www.ncbi.nlm.nih.gov/pubmed/14734445
http://www.ncbi.nlm.nih.gov/pubmed/12374676
http://dx.doi.org/10.1038/nbt800
http://www.ncbi.nlm.nih.gov/pubmed/12627168
http://dx.doi.org/10.1067/mjd.2001.117852
http://www.ncbi.nlm.nih.gov/pubmed/11712032
http://dx.doi.org/10.1006/clim.2001.5066
http://www.ncbi.nlm.nih.gov/pubmed/11465948
http://dx.doi.org/10.1089/cdd.1987.4.245
http://www.ncbi.nlm.nih.gov/pubmed/3502618
http://dx.doi.org/10.1111/j.1349-7006.2009.01192.x
http://www.ncbi.nlm.nih.gov/pubmed/19459847
http://dx.doi.org/10.1097/MPA.0b013e31823b5f2e
http://www.ncbi.nlm.nih.gov/pubmed/22258068
http://dx.doi.org/10.1016/j.cbpa.2010.06.170
http://www.ncbi.nlm.nih.gov/pubmed/20643572
http://dx.doi.org/10.1016/j.jconrel.2012.01.026
http://www.ncbi.nlm.nih.gov/pubmed/22306430
http://dx.doi.org/10.1021/jm020149g
http://www.ncbi.nlm.nih.gov/pubmed/12213074
http://dx.doi.org/10.1016/j.jconrel.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20385184


Biomedicines 2017, 5, 42 15 of 15

53. Cao, Y.; Mohamedali, K.A.; Marks, J.W.; Cheung, L.H.; Hittelman, W.N.; Rosenblum, M.G. Construction
and characterization of novel, completely human serine protease therapeutics targeting her2/neu.
Mol. Cancer Ther. 2013, 12, 979–991. [CrossRef] [PubMed]

54. Mohamedali, K.A.; Cao, Y.; Cheung, L.H.; Hittelman, W.N.; Rosenblum, M.G. The functionalized human
serine protease granzyme B/VEGF121 targets tumor vasculature and ablates tumor growth. Mol. Cancer Ther.
2013, 12, 2055–2066. [CrossRef] [PubMed]

55. Zhou, H.; Mohamedali, K.A.; Gonzalez-Angulo, A.M.; Cao, Y.; Migliorini, M.; Cheung, L.H.; LoBello, J.;
Lei, X.; Qi, Y.; Hittelman, W.N.; et al. Development of human serine protease-based therapeutics targeting
Fn14 and identification of Fn14 as a new target overexpressed in TNBC. Mol. Cancer Ther. 2014, 13, 2688–2705.
[CrossRef] [PubMed]

56. Hilgeroth, A.; Hemmer, M.; Coburger, C. The impact of the induction of multidrug resistance transporters in
therapies by used drugs: Recent studies. Mini Rev. Med. Chem. 2012, 12, 1127–1134. [CrossRef] [PubMed]

57. Tang, R.; Cohen, S.; Perrot, J.Y.; Faussat, A.M.; Zuany-Amorim, C.; Marjanovic, Z.; Morjani, H.; Fava, F.;
Corre, E.; Legrand, O.; et al. P-gp activity is a critical resistance factor against AVE9633 and DM4 cytotoxicity
in leukaemia cell lines, but not a major mechanism of chemoresistance in cells from acute myeloid leukaemia
patients. BMC Cancer 2009, 9, 199. [CrossRef] [PubMed]

58. Amoury, M.; Kolberg, K.; Pham, A.T.; Hristodorov, D.; Mladenov, R.; Di Fiore, S.; Helfrich, W.; Kiessling, F.;
Fischer, R.; Pardo, A.; et al. Granzyme B-based cytolytic fusion protein targeting EpCAM specifically kills
triple negative breast cancer cells in vitro and inhibits tumor growth in a subcutaneous mouse tumor model.
Cancer Lett. 2016, 372, 201–209. [CrossRef] [PubMed]

59. Kanatani, I.; Lin, X.; Yuan, X.; Manorek, G.; Shang, X.; Cheung, L.H.; Rosenblum, M.G.; Howell, S.B. Targeting
granzyme B to tumor cells using a yoked human chorionic gonadotropin. Cancer Chemother. Pharmacol. 2011,
68, 979–990. [CrossRef] [PubMed]

60. Kurschus, F.C.; Jenne, D.E. Delivery and therapeutic potential of human granzyme B. Immunol. Rev. 2010,
235, 159–171. [CrossRef] [PubMed]

61. Niesen, J.; Hehmann-Titt, G.; Woitok, M.; Fendel, R.; Barth, S.; Fischer, R.; Stein, C. A novel fully-human
cytolytic fusion protein based on granzyme B shows in vitro cytotoxicity and ex vivo binding to solid tumors
overexpressing the epidermal growth factor receptor. Cancer Lett. 2016, 374, 229–240. [CrossRef] [PubMed]

62. Oberoi, P.; Jabulowsky, R.A.; Bahr-Mahmud, H.; Wels, W.S. EGFR-targeted granzyme B expressed in NK
cells enhances natural cytotoxicity and mediates specific killing of tumor cells. PLoS ONE 2013, 8, e61267.
[CrossRef] [PubMed]

63. Rosenblum, M.G.; Barth, S. Development of novel, highly cytotoxic fusion constructs containing granzyme
B: Unique mechanisms and functions. Curr. Pharm. Des. 2009, 15, 2676–2692. [CrossRef] [PubMed]

64. Schiffer, S.; Hansen, H.P.; Hehmann-Titt, G.; Huhn, M.; Fischer, R.; Barth, S.; Thepen, T. Efficacy of an adapted
granzyme B-based anti-CD30 cytolytic fusion protein against PI-9-positive classical hodgkin lymphoma cells
in a murine model. Blood Cancer J. 2013, 3, e106. [CrossRef] [PubMed]

65. Stahnke, B.; Thepen, T.; Stocker, M.; Rosinke, R.; Jost, E.; Fischer, R.; Tur, M.K.; Barth, S. Granzyme
B-H22(scFv), a human immunotoxin targeting CD64 in acute myeloid leukemia of monocytic subtypes.
Mol. Cancer Ther. 2008, 7, 2924–2932. [CrossRef] [PubMed]

66. Kroll, J.; Waltenberger, J. A novel function of VEGF receptor-2 (KDR): Rapid release of nitric oxide in response
to VEGF-A stimulation in endothelial cells. Biochem. Biophys. Res. Commun. 1999, 265, 636–639. [CrossRef]
[PubMed]

67. Mohamedali, K.A. (University of Texas M.D. Anderson Cancer Center, Houston, TX, USA). Unpublished
work. 2013.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1158/1535-7163.MCT-13-0002
http://www.ncbi.nlm.nih.gov/pubmed/23493312
http://dx.doi.org/10.1158/1535-7163.MCT-13-0165
http://www.ncbi.nlm.nih.gov/pubmed/23858102
http://dx.doi.org/10.1158/1535-7163.MCT-14-0346
http://www.ncbi.nlm.nih.gov/pubmed/25239934
http://dx.doi.org/10.2174/138955712802762130
http://www.ncbi.nlm.nih.gov/pubmed/22512559
http://dx.doi.org/10.1186/1471-2407-9-199
http://www.ncbi.nlm.nih.gov/pubmed/19549303
http://dx.doi.org/10.1016/j.canlet.2016.01.027
http://www.ncbi.nlm.nih.gov/pubmed/26806809
http://dx.doi.org/10.1007/s00280-011-1573-4
http://www.ncbi.nlm.nih.gov/pubmed/21327682
http://dx.doi.org/10.1111/j.0105-2896.2010.00894.x
http://www.ncbi.nlm.nih.gov/pubmed/20536562
http://dx.doi.org/10.1016/j.canlet.2016.02.020
http://www.ncbi.nlm.nih.gov/pubmed/26912070
http://dx.doi.org/10.1371/journal.pone.0061267
http://www.ncbi.nlm.nih.gov/pubmed/23573299
http://dx.doi.org/10.2174/138161209788923958
http://www.ncbi.nlm.nih.gov/pubmed/19689338
http://dx.doi.org/10.1038/bcj.2013.4
http://www.ncbi.nlm.nih.gov/pubmed/23524591
http://dx.doi.org/10.1158/1535-7163.MCT-08-0554
http://www.ncbi.nlm.nih.gov/pubmed/18790773
http://dx.doi.org/10.1006/bbrc.1999.1729
http://www.ncbi.nlm.nih.gov/pubmed/10600473
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Angiogenesis and Vascular Targeting Agents in the Clinic 
	VEGF Receptor Targeting to Inhibit Angiogenesis 
	Development of Fusion Proteins for Targeted Therapy 

	Granzyme B as a Cytolytic Agent 
	Granzyme B Mechanism of Action 
	Advantages of GrB-Based Constructs over Other Immunotoxins or ADCs 

	Construction, Expression and Purification of GrB/VEGF121 
	In Vitro Internalization and Cytotoxic Activity 
	Pro-Apoptotic Activity of GrB/VEGF121 

	In Vivo Studies with GrB/VEGF121 
	Localization of GrB/VEGF121 into Tumor Tissue 
	In Vivo Efficacy of GrB/VEGF121 

	Conclusions 

