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Abstract

Background

Truncated tissue factor (1TF) retargeted by NGR-peptides to aminopeptidase N (CD13) in
tumor vasculature is effective in experimental tumor therapy. tTF-NGR induces tumor
growth inhibition in a variety of human tumor xenografts of different histology. To improve on
the therapeutic efficacy we have combined tTF-NGR with radiotherapy.

Methods

Serum-stimulated human umbilical vein endothelial cells (HUVEC) and human HT1080 sar-
coma cells were irradiated in vitro, and upregulated early-apoptotic phosphatidylserine (PS)
on the cell surface was measured by standard flow cytometry. Increase of cellular procoagu-
lant function in relation to irradiation and PS cell surface concentration was measured in a
tTF-NGR-dependent Factor X activation assay. /n vivo experiments with CD-1 athymic mice
bearing human HT1080 sarcoma xenotransplants were performed to test the systemic ther-
apeutic effects of tTF-NGR on tumor growth alone or in combination with regional tumor ion-
izing radiotherapy.

Results

As shown by flow cytometry with HUVEC and HT1080 sarcoma cells in vitro, irradiation with
4 and 6 Gy in the process of apoptosis induced upregulation of PS presence on the outer
surface of both cell types. Proapoptotic HUVEC and HT1080 cells both showed significantly
higher procoagulant efficacy on the basis of equimolar concentrations of tTF-NGR as mea-
sured by FX activation. This effect can be reverted by masking of PS with Annexin V.
HT1080 human sarcoma xenografted tumors showed shrinkage induced by combined
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regional radiotherapy and systemic tTF-NGR as compared to growth inhibition achieved by
either of the treatment modalities alone.

Conclusions

Irradiation renders tumor and tumor vascular cells procoagulant by PS upregulation on their
outer surface and radiotherapy can significantly improve the therapeutic antitumor efficacy
of tTF-NGR in the xenograft model used. This synergistic effect will influence design of
future clinical combination studies.

Introduction

Innovative new therapies with defined tumor-associated targets are urgently needed in almost
every metastatic malignant disease. New blood vessels invading growing and spreading tumor
deposits are essential for oxygen and nutrient supply as well as removal of metabolic waste,
and this was reported as one of the hallmarks of cancer [1]. Tumor vasculature exhibits multi-
ple targets for therapeutic approaches such as anti-angiogenic treatment to interfere with for-
mation of neo-vasculature, or vascular disruption and vascular infarction to target existing
tumor blood vessels. Denekamp et al. proposed existing tumor vessels and endothelial cells of
the tumor vasculature as carrying targets for antivascular treatment approaches [2]. Later,
tumor infarction by targeted tissue factor (TF) was proposed [3]. Among multiple potential
target molecules on tumor endothelium Pasqualini et al. characterized and proposed small
NGR (asparagine-glycine-arginine) containing peptides. These peptides can bind to amino-
pepdidase N (APN; CD13) [4]. NGR-human tumor necrosis factor (NGR-hTNF), a molecule
already studied in clinical trials, was described to particularly bind to a tumor vessel specific
CD13 isoform [5]. Additionally, studies with CD13 [6] reported this molecule to play a role in
angiogenesis, tumor growth, and also metastasis [7]. However, a prognostic impact of CD13
expression in tumors and tumor vasculature was reported for patients suffering from malig-
nant disease with only some histologies [8-12].

We have designed and produced a large series of fusion proteins with NGR-peptides on the
C-terminus of truncated tissue factor (tTF) with the objective of tumor vasculature occlusion
by coagulation and resulting infarction [13-17]. A lead protein tTF-NGR (Hisog-tTF; 5;5-
GNGRAHA) has recently entered clinical phase I studies in late stage cancer patients
(NCT02902237). tTE-NGR was reported to significantly inhibit growth of human tumor xeno-
grafts of different histologies, among them small-cell and non-small cell lung cancer, breast,
sarcoma, glioblastoma, and melanoma. As the main mode of action leading to anti-tumor
activity of this molecule, tumor vascular thrombosis and infarction has been shown by differ-
ent in vivo or ex vivo imaging methods [14-17].

Since monotherapy with tTF-NGR only lead to tumor growth inhibition and only rarely to
complete tumor remissions, and since we have observed combinatorial therapeutic effects of
tTF-NGR combined with cytotoxic anticancer drugs such as doxorubicin when given in spe-
cific pharmacokinetically defined sequences [18], we here have investigated possible synergis-
tic effects of tTF-NGR with radiotherapy. Synergistic therapeutic effects by combining these
two treatment modalities were observed in a human sarcoma xenograft model and mechanis-
tic studies suggest radiation-induced increased phosphatidylserine (PS) concentration in the
tumor vasculature leading to higher procoagulant effects of tTF-NGR as a molecular basis.
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Materials and methods
Cell lines

Handling of cell lines was described previously [18]. In brief, human umbilical vein endothelial
cells (HUVEC; PromocCell, Heidelberg, Germany) were exclusively used at low passage num-
bers. Cells were cultured in MCDB 131 medium supplemented with 20% fetal calf serum
(FCS), 2 mM glutamine (Gibco, Eggenstein, Germany), 50 pg/ml endothelial cell growth sup-
plement (ECGS; Sigma, Taufkirchen, Germany), 5 U/ml heparin (Sigma, Taufkirchen, Ger-
many), and kept at 37°C in 5% CO, and high humidity. Cell culture dishes were coated with
0.2% gelatine. The human HT1080 fibrosarcoma cell line was purchased from ATCC (Manas-
sas, VA, USA; RRID: CVCL_0317) and cultured in Dulbecco’s medium (Gibco) supplemented
with 10% FCS. Cell line identity was regularly authenticated and confirmed by short tandem
repeat (STR) profiling. Both cells stained positive for CD13, the binding target of tTF-NGR,
with or without irradiation.

tTF-NGR

Good Manufacturing Practice (GMP) cloning, expression and purification of His,g-tTF;_5;5-
GNGRAHA has been described in detail before [14,15]. Experiments were mainly done with
clinical grade tTF-NGR material.

Irradiation of cells in vitro

HUVEC (6 x 10 cells per flask) and HT1080 (2 x 10” cells per flask) cells were seeded into T25
culture flasks of identical size and preincubated for 18 h to guarantee identical confluency at
the time of irradiation (approx. 80% confluency). Cells were then irradiated in vitro using a
TrueBeam linear accelerator (Varian, Palo Alto, CA, USA). Dosimetry was done by the dose-
control system within the accelerator with an automatic switch-off mechanism. Doses of 4 and
6 Gy were applied at a dose rate of 4.8 Gy per minute. After screening a broader dose range,
we have chosen these lower doses, since the relation of cells in early apoptosis (PS-positive and
propidium iodide (PI)-negative, see below) versus destroyed cells (PS and PI-positive) was
advantageous for performing the Factor X assay with identical numbers of PS-positive but oth-
erwise intact (PI-negative) cells (see below). After irradiation cells were cultivated at 37°C and
5% CO, for further 24 h, 48 h or 72 h, respectively, and then analyzed for their surface phos-
phatidylserine (PS) concentration by flow cytometry.

Annexin V and propidium iodide staining and flow cytometric analysis

General methods have been decribed before [18]. Briefly, Annexin V staining of phosphatidyl-
serine (PS) in the outer leaflet of the phospholipid bilayer of a cellular membrane using flow
cytometry is widely used as a standard assay for cellular apoptosis, as increase of PS staining is
observed to be directly connected with early apoptosis. PS staining technique was described in
detail earlier [18] and applied with minor modifications: After a post-incubation time of 24 h,
48 h or 72 h, respectively, irradiated cells and untreated control cells were harvested, washed in
phosphate-buffered saline (PBS) and each 1x10° cells were resuspended in 500 pl binding
buffer. To measure the surface concentration of PS on early apoptotic cells, samples were
stained with Annexin V fluorescein isothiocyanate (FITC) at a final concentration of 0.375 pg/
ml (Becton Dickinson, San Jose, CA, USA) according to the manufacturer’s instructions. To
distinguish between early apoptotic cells with intact cellular membranes and necrotic or late-
apoptotic cells with cellular membranes destroyed and thus permeable for intracellular mate-
rial such as nucleic acids, 1 pg of the nucleic acid binding propidium iodide (PI) was added to
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each sample. The cells were subsequently incubated for 10 minutes at room temperature in the
dark. For cytometric analysis we used a FACSCalibur flow cytometer (Becton Dickinson), and
cells were washed twice and finally resuspended in 500 pl binding buffer before analysis. For
each measurement, 1x10* cells were counted and results were analyzed with the CellQuest Pro
software (Becton Dickinson). Experiments were done at least 3 times.

Factor X activation assay

Factor X (FX) activation assay is a validated quality control assay in our Good Manufacturing
Practice (GMP)-laboratory and was described earlier [18]. The assay was originally established
and reported by Ruf et al. [19] and is based on the ability of tTF-NGR to enhance the specific
proteolytic activation of FX by a complex of tissue factor (TF), FVIIa, and FX (tTF-NGR:FVIIa:
FX instead of TF:FVIIa:FX). In brief, 20 pl of the following was added to each well in a microti-
ter plate: (a) 50 nM recombinant FVIIa (Novo-Nordisc, Bagsveerd, Denmark) in Tris-buffered
saline (TBS) containing 0.1% bovine serum albumin (BSA); (b) 750 pM tTF-NGR in TBS-BSA;
(c) 25 mM CaCl,, and in place of phospholipids (d) 5,000 or 10,000 non-irradiated or irradiated
HUVEC or HT1080 cells with a post-incubation time of 48 h at 37°C and 5% CO, or control
cells. Radiation doses (4 and 6 Gy) were also chosen to upregulate PS, but leave the bulk of cells
undestroyed (PI negative or low), to be able to add exactly counted and thus identical cell num-
bers to the Factor X assay. Constant tTF-NGR concentration was chosen on the basis of the K
values in our validated Factor X assay used for quality control of the clinical tTF-NGR sub-
stance. To mask and inhibit PS on HUVEC or HT1080 cell surfaces, cells were incubated with 5
(+) or 10 (++) pg/ 10° cells of recombinant human Annexin V (Becton Dickinson, San Jose, CA,
USA) for 15 minutes before any reagents were added. After 10 minutes at room temperature,
the substrate FX (Enzyme Research Laboratories, Swansea, UK) was added (final concentration
1 uM). After further 10 minutes, the reaction was stopped in 100 mM EDTA; and Spectrozyme
FXa (American Diagnostica, Greenwich, USA; final concentration 0.7 mM) was added immedi-
ately prior to analysis on a microplate reader (Bio-Rad, Miinchen, Germany). Pro-coagulant
activity within the assays without irradiation of the HUVEC or HT1080 cells was set as 100%.

Xenograft model

Basic experimental procedures have been recently published by us [18]. In brief, CD-1 nude
mice were purchased from Charles River Laboratories (Sulzfeld, Germany) and acclimated to
our animal-experiment facility for at least 1 week before any experimentation. Mice were kept
in individually-ventilated cages (IVC) on a 12:12 h light:dark cycle in a low-stress environment
(22°C, 50% humidity, low noise) and given food and water ad libitum. All procedures on ani-
mals were performed in agreement with German regulations (Tierversuchsgesetz §8, Abs. 2)
and approved by the North-Rhine Westfalian “Landesamt fuer Natur, Umwelt und Verbrau-
cherschutz NRW” (LANUV) in form of a specific project license (50.0835.1.0 (G35/2005)).
Single HT1080 cell suspensions (5 x 10° per mouse) were injected subcutaneously (s.c.) into
the flank of female CD-1 nude mice. Tumor growth was observed to a mean volume as indi-
cated in the Results section. Subsequently, mice were randomly assigned to different experi-
mental groups. Tumors were irradiated with 6 MV Photons from a linear accelerator (Clinac,
Varian Medical Systems, Palo Alto, USA) with a dose rate of 4.8 Gy/min at room temperature
while shielding of the remaining mouse body. The mice were fixed in special boxes with anes-
thesia by an intraperitoneal injection of ketamine (125 mg/kg body weight [b.w.]) and xylazine
(12.5 mg/kg b.w.) according to the animal project licence. A tissue equivalent material was
used to reduce the build-up effect. The dose distribution was verified using thermolumines-
cence dosimetry. tTF-NGR or control 0.9% NaCl solution (saline control) were slowly applied
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intravenously (i.v.) via the tail veins in the indicated doses and time schedules. Tumor size was
evaluated using a standard caliper measuring tumor length and width; tumor volumes were
calculated using standardized formulas [18]. According to our project license, animals had to
be sacrificed when tumors became too large, if mice lost too much body weight, or at signs of
pain. In this case, mice were sacrificed by cervical dislocation in deep ketamine/xylazine anes-
thesia in agreement with standard regulations and the project license.

Statistical analysis

Statistical significance of differences were tested by t-test or by Mann-Whitney rank sum test
for independent groups. For the in vitro experiments we have used the t-test (2-tailed). The
Mann-Whitney test was used for the tumor growth comparison in the tumor therapy experi-
ments. Since we have a large Gaussian normal value distribution, we have used the t-test for
the mouse body weight comparisons. Two-tailed P values </ = 0.05 were considered as indi-
cating significant differences. All data are presented in means with standard error (SE) bars.

Results

In vitro irradiation increases phosphatidylserine (PS) concentration on the
outer cell surface of human endothelial and HT1080 sarcoma cells

We have irradiated HUVEC and HT1080 sarcoma cells, seeded at 6 x 10°> (HUVEC) and 2 x
10° (HT1080) cells into culture flasks and preincubated for 18 h, in vitro with different dosing
(0,4, 6, and 8 Gy) and time (24, 48, 72 h incubation after irradiation) schedules to induce apo-
ptosis with PS externalization into the outer cellular membrane. Following irradiation and
incubation, we have subjected the cells to flow cytometry for phosphatidylserine (PS) and pro-
pidium iodide (PI). After screening this wider range of experimental conditions, we have stan-
dardized experiments to 4 and 6 Gy, as we here have observed satisfactory upregulation of PS
and still tolerable values of cellular destruction (PI). As was shown by flow cytometry before
and after irradiation, PS concentrations on the cell surface of HUVEC (Fig 1) could be signifi-
cantly increased by irradiation as a sign for early apoptosis, whereas cells were not completely
destroyed (PI-positive) so that they could be further used at identical cell numbers for FX
assays. Fig 1A and 1B show one representative experiment without (A) and with 4 Gy (B) irra-
diation out of 3 independent experiments. Fig 1C shows the complete sets of different radia-
tion doses with the numbers of independent experiments given as n (n number variation due
to technical reasons). As can be seen PS was e.g. upregulated approx. 2.5 times under 6 Gy at
48 h, with >95% of the cells not being necrotic (Fig 1C). Values at 72 hours were lower and dif-
ferences not significant since spontaneous apoptosis of the cells varied more without radiation
and PI staining increased, which was deduced from the total to get the numbers of exclusively
PS-positive cells being of interest here.

Next, we tested irradiation effects on the human sarcoma cell line HT1080, since also
tumor cells can express CD13 and form part of the inner cell lining of the tumor neo-vascula-
ture (see below), and tTF-NGR might be pro-coagulatory also within these regions. Similar
results were obtained irradiating and testing these cells. HT1080 was considerably less sensitive
to in vitro cultivation but more sensitive to radiation damage than the endothelial cells. Fig 2A
and 2B show one representative experiment out of 3 independent experiments without (A)
and with 4 Gy (B) irradiation. Fig 2C shows the complete sets of different radiation doses with
the numbers of independent experiments given as n. Spontaneous signs of early apoptosis
were lower, but irradiation with e.g. 6 Gy and a following incubation for 48 h upregulated PS
expression approx. 4-fold, with >95% of the cells not being necrotic (Fig 2C).
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Fig 1. Upregulation of phosphatidylserine (PS) on the cell surface of human endothelial cells (HUVEC) by radiation in vitro. (A) PS (Annexin V positive, R1)
versus propidium iodide (PI; R3) staining without irradiation (control) after 48 hours of incubation. 2.2% of the cells were PI-positive (necrotic) and 7.73% of the cells
stained positive for PS. (B) PS versus PI staining after irradiation with 4 Gy and 48 hours of incubation. (C) Quantitative results of all independent experiments (3- to
5-fold for control and 6 Gy, 5-fold for 4 Gy). Asterisks represent comparisons with two-sided p-values <0.05 (24 hours: control vs. 4 Gy, p = 0.022; control vs. 6 Gy,

p =0.092 (n was only 3, variation was larger). 48 hours: control vs. 4 Gy, p = 0.0002; control vs. 6 Gy, p = 0.043). Values at 72 hours were not significant since
spontaneous apoptosis of the cells without radiation varied and increased. The no-treatment control (NTC) values have been normalized to 100% and the other values
have been given as mean percentages of control with standard error (SE) bars.

https://doi.org/10.1371/journal.pone.0229271.9001

Taken together, we have shown significant upregulation of PS as an early sign of apoptosis
by irradiation with otherwise intact cells, which could be used in following Factor X assays.

Increased pro-coagulant activity of irradiated human endothelial and
sarcoma cells and dependence from phosphatidylserine (PS) on the outer
cell surface

Experiments by different laboratories have shown phospholipid/PS-dependency of the pro-
coagulant state [20-22]. Thus, we hypothesized that increasing PS externalization to the outer
cell surface of endothelial and tumor cells in the process of apoptosis induced by radiation can
lead to a better pro-coagulant milieu and consecutively to a more efficient factor X (FX) activa-
tion at equimolar concentrations of tTF-NGR present in the membrane bound tTF-NGR:
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Fig 2. Upregulation of phosphatidylserine (PS) on the cell surface of human sarcoma cells (HT1080) by radiation in vitro. (A) PS (Annexin V positive, R1) versus
propidium iodide (PI; R3) staining without radiation (control) after 48 hours of incubation. 1.67% of the cells were PI-positive (necrotic) and 2.30% of the cells stained
positive for PS. (B) PS versus PI staining after radiation with 4 Gy and 48 hours of incubation. (C) Quantitative results of all independent experiments (n). Asterisks
represent comparisons with two-sided p-values <0.05 (24 hours: control vs. 4 Gy, p = 0.047; control vs. 6 Gy, p = 0.027. 48 hours: control vs. 4 Gy, p = 0.05; control vs. 6
Gy, p = 0.019. 72 hours: control vs. 4 Gy, p = 0.037; control vs. 6 Gy p = 0.06). The no-treatment control (NTC) values have been normalized to 100% and the other
values have been given as mean percentages of control with standard error (SE) bars.

https://doi.org/10.1371/journal.pone.0229271.9002

FVIIa:FX complex resulting in FX activation. In the next set of 3 independent experiments
shown in Fig 3A (n, total numbers of assays of all experiments) we have subjected HUVEC
after irradiation with 4 Gy and a post-incubation time of 48 h to our FX activation assay. The
assay was performed with equal amounts of tTF-NGR present together with the cells. We have
performed the FX assay with two different numbers of cells in the assay (5000 or 10,000 cells)
to rule out a cell number effect.

Indeed, as tested by this comparative FX activation HUVEC with equimolar concentrations
of tTF-NGR and other components in the assay revealed a significantly higher procoagulant
state after irradiation than without irradiation (Fig 3A). In the experiment shown in Fig 3B the
same effect could be shown with HT1080 cells (Fig 3B).

To further proof causal relationship between higher pro-coagulant state of the cells and PS
externalization following irradiation, we masked PS on the cells by pre-incubation with
Annexin V before subjecting them to the FX activation assay. In 3 independent experiments
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Fig 3. Factor X activation assay in the presence of human endothelial cells or human sarcoma cells. (A) Different numbers of human endothelial cells
(HUVEC; 5000 or 10,000 cells per assay) were tested without or with previous irradiation in a validated FX activation assay as described in the Methods
section with identical amounts of tTF-NGR and all other test components present. Results with cells without previous irradiation (Ctrl, control) were given
as 100%. Results with cells after irradiation (Rx, 4 Gy) are represented by the black columns. Results of 3 independent experiments with total numbers of
assays given as n are shown with mean values and standard error (SE) bars. Asterisk represents comparisons with two-tailed p values <0.05 (5000 cells:
control vs. 4 Gy, p = 0.074; 10,000 cells: control vs. 4 Gy, p = 0.0001). (B) Different numbers of human sarcoma cells (HT1080) were tested in the FX
activation assay as described for (A). Results of FX experiment with total numbers of assays given as n are shown with mean values and standard error (SE)
bars. Asterisks represent comparisons with two-tailed p values <0.05 (5000 cells: control vs. 4 Gy, p = 0.0001; 10,000 cells: control vs. 4 Gy, p = 0.00461).

https://doi.org/10.1371/journal.pone.0229271.9003
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we could show, that irradiated HUVEC (Fig 4A; n, total numbers of assays of all experiments)
lost pro-coagulant properties upon pre-incubation with and PS masking by Annexin V. For
the HUVEC experiment, we tested a dose range of Annexin V in addition and observed a
dose-effect relationship (Fig 4A). As the proposed mechanism possibly is also relevant for the
combinatorial effects of radiation and tTF-NGR in vivo when tumor cells are forming smaller
areas of the inner cell layer of the tumor neovasculature, we have repeated the experiment with
HT1080 cells testing one Annexin V concentration, and observed an identical “masking effect”
(Fig 4B; 2 independent experiments, n represents total numbers of assays of all experiments).
Interestingly, in both cell types the basis presence of PS in the outer layer of the cell surface
membrane without irradiation lead to a certain pro-coagulant activity which could be signifi-
cantly reduced by masking PS with Annexin V (Fig 4A and 4B, grey and dark grey columns).

Combination of radiotherapy with tTF-NGR in vivo using the HT1080
xenograft model

Since we were able to show that cells forming the tumor vasculature, such as endothelial cells
and tumor cells, can be rendered pro-coagulant by radiation-induced externalization of PS
and thereby can increase the pro-coagulant activity of tTF-NGR, we have tested combination
therapy with tTF-NGR and regional tumor irradiation in a human sarcoma xenograft system
in vivo. Combination of regional tumor radiotherapy with systemic tTF-NGR showed signifi-
cantly higher therapeutic activity against HT1080 fibrosarcoma xenografts than either of the
treatment modalities alone. Whereas both therapeutic modalities at the doses applied alone
effectively stopped tumor growth, combination therapy lead to tumor shrinkage with better
outcome at the end of the experiment. Fig 5A depicts one of two experiments, with the second
showing additive effects.

Tolerability of the treatment in general was good. There were modest, but significant body
weight reductions in all treatment groups during therapy except in the saline group (body
weight reduction non-significant), however, with no significant differences of body weight
between the groups at the end of observation (Fig 5B). Body weight differences have to be
interpreted with due caution, since the influence by the tumor-disease and the differences in
tumor growth and weight between the groups might interfere. Further, some of the animals
injected with tTF-NGR developed tail vein thrombosis and necrosis at the injection site of the
tail, probably due to the high concentrations of the substance injected in a short time with vas-
cular damage by the injection needle. Otherwise, observation revealed no toxicity of the differ-
ent treatments.

Discussion

Earlier reports by different laboratories have described phospholipid/PS-dependency of the
pro-coagulant state [20-22]. Furthermore, an increasing PS externalization to the outer leaflet
of the cellular phospholipid bilayer has been shown to be achieved by pro-apoptotic maneuvers
[22-24]. In consequence of both, i.e. dependence of pro-coagulant state by PS presence on
outer cell surface and induction of this state by apoptotic stimuli, we and other groups could
show increased pro-coagulant activity of endothelial cells by PS externalization induced by
cytotoxics such as doxorubicin [18, 25, 26] or by low-energy ultrasound [27].

In this study, we have observed significantly improved antitumor therapeutic activity of a
combination using regional ionizing tumor irradiation with systemic tTF-NGR. Our results
further suggest that this synergism is based on the radiation-induced early-apoptotic externali-
zation of PS on stimulated HUVEC, which increases the pro-coagulant activity of tTF-NGR as
the important mechanism of action of this molecule leading to tumor vascular thrombosis,
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Fig 4. Factor X activation assay in the presence of human endothelial cells or human sarcoma cells with the variables of preceding irradiation
and Annexin V incubation. (A) Human endothelial cells (HUVEC) were tested without (grey columns) versus with (red columns) previous
irradiation (4 Gy) in a validated FX activation assay as described in the Methods section with identical amounts of tTF-NGR and all other test
components present. Tests with 5 (+) or 10 (++) pg/ 10° cells of recombinant human Annexin V versus without (w/o) previous incubation of the
cells with Annexin V (binding and masking PS) were compared. Results with cells without previous irradiation and without Annexin V incubation
(Ctrl, control; w/o, without Annexin V) were given as 100%. Results with cells after irradiation (Rx, 4 Gy) are represented by the red columns (light
red, without and dark red, with previous incubation with Annexin V). Results of 3 different experiments with numbers of assays given as n are

PLOS ONE | https://doi.org/10.1371/journal.pone.0229271  February 21, 2020 10/15


https://doi.org/10.1371/journal.pone.0229271

@ PLOS | O N E Combination of tTF-NGR and radiation

shown with mean values and standard error (SE) bars. Asterisks represent comparisons with two-tailed p values <0.0001. (B) Human sarcoma cells
(HT1080) were tested in the FX activation assay as described for (A). Results of 2 different experiments with numbers of assays given as n are shown
with mean values and standard error (SE) bars. Asterisks represent comparisons with two-tailed p values <0.0001.
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infarction, and tumor growth inhibition. Since tumor cells, such as HT1080 sarcoma cells,
express CD13 and can also form part of the inner cellular lining of tumor neo-vasculature, this
being described as vascular mimicry [28], we have also tested the pro-coagulant behaviour of
HT1080 sarcoma cells following irradiation as a further mechanism explaining the combinato-
rial effect, and have obtained similar results as with stimulated HUVEC. In this respect it is of
interest, that the anti-PS antibody Bavituximab, which was tested in clinical trials with cancer
patients (NCT01999673), can be enhanced in its antitumor efficacy by radiation [29]. The dose
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Fig 5. HT1080 human sarcoma xenograft growth in CD-1 athymic mice and body weight comparison under therapy with intravenous (i.v.) tTF-NGR, tumor
radiotherapy, and a combination of both therapeutic modalities, respectively. (A) Arrows show treatment intervention for tTF-NGR (1.5 mg/kg body weight (bw) x
5) or tumor radiotherapy (4.8 Gy x 2). Control group (0.9% NaCl (= saline) i.v. at identical days as tTF-NGR, n = 6) is represented by grey dots, tTF-NGR group (n = 5)
by blue triangles, radiotherapy (n = 8) by red diamonds, and combination (n = 6) by black dots. Given are mean values plus standard error (SE) bars. *, first day of
significant tumor size difference between combination therapy and control (Mann-Whitney rank sum test, two sided p value <0.05); **, significant tumor size
difference between tTF-NGR monotherapy and combination (two sided p value <0.05); ***, significant tumor size difference between irradiation monotherapy and
combination therapy (two sided p value <0.05). (B) Body weight (b.w.) comparison of the mice at the beginning and at the end of the observation (day 8). Given are
mean values (g, gram) with standard error (SE) bars. Dark grey columns represent b.w. before start of experiment, light grey columns represent b.w. at the end of
observation (day 8). Statistical comparison (-test) revealed b.w. decrease, when values before treatment and at day 8 were compared: two-tailed p-values for 0.9% NaCl
control (p = 0.1449), tTF-NGR (p = 0.0211), radiation (p = 0.0006), combination treatment (p = 0.015), with significant decrease for all groups except the controls.
When the b.w. values at day 8 were compared between the different groups there were no significant differences (all two-tailed p-values > 0.2) indicating no significantly
lower b.w. in any group as compared to any other.
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for in vivo irradiation in the experiments reported here was chosen to be therapeutically active
against the tumor, but still tolerable for the animals according to a previous experimental series
[30]. Spot checks for macroscopic and microscopic organ damage in animals after stop of the
experiments revealed no specific treatment effects.

The authors can envisage the following limitations of this study. HUVEC taken as model
cell system in our study, although serum-stimulated, are biologically not exactly identical to
tumor neovasculature endothelial cells, and further, the hypothesis that radiation-induced
apoptotic PS upregulation and subsequent higher pro-coagulant state of cells forming the
inner layer of the tumor neovasculature is shown to be operative in vitro, but formal in vivo
proof is not presented. However, we have seen comparable effects with another regional treat-
ment, low-energy ultrasound treatment [27] and other confounding factors such as intratu-
moral entrapment of cytotoxics, as observed with doxorubicin combinations [18], should not
interfere in this study. Further, we cannot exclude regrowth of the treated tumors after stop of
treatment, since animal protection regulations require to stop the complete experiment when
tumor size has reached a certain size in the first group. Finally, we have restricted our thera-
peutic experiments to one xenograft model. However, since xenografts from tumors of differ-
ent germ layers when transplanted as single cell suspensions are supported by a tumor vascular
system originating from the host, and since CD13 on the tumor vascular cells is the main target
for tTF-NGR, this synergistic effect may be also operative in models using other tumor
histologies.

Our experiments reported here are part of the examination of a larger series of fusion pro-
teins targeting truncated tissue factor (tTF) to the tumor vasculature by small NGR-peptides at
the C-terminus of tTF with the result of tumor vessel thrombotic occlusion, infarction, and
human tumor xenograft growth inhibition [13-18]. The lead protein, tTF-NGR (Hisg-tTF;_
21s-GNGRAHA), has recently entered a clinical phase I dose-escalation study in patients with
advanced solid tumors or lymphomas beyond standard therapies (NCT02902237). Its main
binding target is the aminopeptidase N (APN; CD13) [6], a transmembrane enzyme expressed
on a variety of tissues and cells, which is upregulated on endothelial cells in tissues with active
formation of new blood vessels, such as in tumors of various histologies, and which has been
described as being operative for capillary tube formation [6, 31]. Thus, CD13 is often reported
as a target in studies describing experimental imaging of tumors by a variety of molecules and
methods [32-34]. Interestingly, NGR-coupled to the N-terminus of TNF has been reported to
bind specifically to a CD13 isoform preferentially present in the tumor vascular cells [5]. How-
ever, this was found with an NGR-coupled TNF having other amino-acid flanking regions
than our tTF-NGR protein.

Treating HT1080 and other human tumor xenografts with tTF-NGR alone or in combina-
tion, intratumoral blood pooling and vascular disruption by tumor vascular occlusion through
thrombosis was described as the main mode of action of this new therapeutic approach [13-
18]. It was possible to directly visualize intravascular fibrin deposition as the consequence of
tTF-NGR application by fluorescence reflectance imaging with fluorochrome-labelled fibrino-
gen [15, 17].

At present, two NGR-peptide linked investigational medicinal products are in clinical trials
in cancer patients. Besides tTF-NGR, being in clinical phase I (NCT02902237), NGR-human
tumor necrosis factor (NGR-hTNF) is studied in phase II and phase III [35-37], and recent
phase III results (NCT01098266) are published. Further, CD13 is targeted by a variety of differ-
ent compounds other than NGR-molecules [38]. As an example, in a randomized trial postop-
eratively given bestatin has been reported to improve overall survival of patients with stage I
squamous-cell lung cancer [39]. This further supports the possible role of CD13 as a tumor
vascular target for new cancer therapies.
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Conclusion

In conclusion, radiation therapy and systemic tTF-NGR have synergistic antitumor efficacy.
As similar effects can also be observed with combinations of cytotoxics and tTF-NGR, further
clinical trials should focus on combination protocols.
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