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Radiomitigation and Tissue Repair Activity of Systemically Administered
Therapeutic Peptide TP508 Is Enhanced by PEGylation
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Abstract. TP508 is a synthetically derived tissue repair peptide that has previously
demonstrated safety and potential efficacy in phase I/II clinical trials for the treatment of
diabetic foot ulcers. Recent studies show that a single injection of TP508 administered 24 h
after irradiation significantly increases survival and delays mortality in murine models of
acute radiation mortality. Thus, TP508 is being developed as a potential nuclear
countermeasure. Because of the short plasma half-life of TP508, we hypothesize that
increasing the peptide bioavailability would increase TP508 efficacy or reduce the dosage
required for therapeutic effects. We, therefore, evaluated the covalent attachment of various
sizes of polyethylene glycol to TP508 at either its N-terminus or at an internal cysteine. A
size-dependent increase in TP508 plasma half-life due to PEGylation was observed in blood
samples from male CD-1 mice using fluorescently labeled TP508 and PEGylated TP508
derivatives. Biological activity of PEGylated TP508 derivatives was evaluated using a
combination of biologically relevant assays for wound closure, angiogenesis, and DNA repair.
PEG5k-TP508 enhanced wound closure after irradiation and enhanced angiogenic sprouting
in murine aortic ring segments relative to equimolar dosages of TP508 without enhancing
circulating half-life. PEG30k-TP508 extended the plasma half-life by approximately 19-fold
while also showing enhanced biological activity. Intermediate-sized PEGylated TP508
derivatives had enhanced plasma half-life but were not active in vivo. Thus, increased half-
life does not necessarily correlate with increased biological activity. Nevertheless, these
results identify two candidates, PEG5k-TP508 and PEG30k-TP508, for potential develop-
ment as second-generation TP508 injectable drugs.
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INTRODUCTION

TP508 is a synthetically derived peptide with potent
tissue repair properties. The 23 amino acid sequence of
TP508 (AGYKPDEGKRGDACEGSDGGPFV-NH2) is
identical to that of residues 508–530 of human prothrombin
(1). Originally identified as a peptide sequence capable of
specifically competing for thrombin binding sites on fibro-
blasts, it was discovered that this peptide could stimulate anti-
inflammatory effects of thrombin without thrombin’s serine
protease and coagulation activity (1). Since then, investiga-
tions have shown that TP508 stimulates diverse wound
healing effects including acceleration of angiogenesis (2,3),
enhancement of osteogenesis (4), induction of vascular

endothelial nitric oxide signaling (5), and enhanced prolifer-
ation of stem cells (6). These activities have been shown in
various animal models to reduce time to full-thickness dermal
wound closure (2,7–9), accelerate bone fracture repair (10–
13), and attenuate damage from myocardial ischemic reper-
fusion injury and chronic ischemia in both normal and
diabetic models (14–17). It has also been determined that
the sequence of TP508 remains intact within an 11-kDa C-
terminal major fragment of thrombin that is released when
fibrin clots are broken down by neutrophil elastase (18). This
suggests that TP508 may represent the minimal peptide
sequence necessary for mimicking a signaling molecule that
naturally occurs at the late inflammation/early proliferation
stage of wound healing.

As an investigational drug product, TP508 (also known
as rusalatide acetate, CAS no. 87455-82-6, and by the brand
name Chrysalin®) has demonstrated safety and potential
efficacy in clinical trials for two indications. In a double-
blinded, placebo-controlled phase I/II clinical trial for accel-
erating closure of diabetic foot ulcers, 10 μg doses of TP508
applied twice weekly to the affected area reduced time to
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closure by 40% and increased total closure of the ulcers by
72% over placebo (9,19). In phase II and phase III clinical
trials, TP508 accelerated radiographic healing of distal radius
fractures, but in the phase III trial, the primary endpoint of
reducing time to cast or fixation removal was only met in
osteopenic subjects (9,10). During these trials, approximately
600 patients had TP508 administered with no adverse events.

Recent preclinical investigations demonstrate that TP508
also counteracts the effects of radiation exposure, possessing
both radioprotective and radiomitigating properties (20,21).
This suggests that TP508 may be used a nuclear countermea-
sure and to prevent radiation therapy damage to normal
tissue (22,23). For these indications, TP508 efficacy is greatest
when administered as a systemic injection. This represents a
new route of administration for TP508 since the diabetic foot
ulcer clinical trial used a topical application of TP508 and the
distal radius fracture repair trial used local injection into the
fracture site. It is anticipated that the therapeutic efficacy of
TP508 via systemic administration may be limited by its short
plasma half-life of approximately 14 min (15). This is a
common challenge for small protein therapeutics. Thus, a
substantial amount of research has been done to find ways to
enhance the pharmacokinetic bioavailability of polypeptide
drugs. These include cyclization (24,25), creation of chimeric
proteins and antibody drug conjugates (26,27), and attach-
ment to biocompatible polymers (28–31). This research
provides a drug development opportunity to improve the
therapeutic efficacy of TP508 systemic administration by
covalently modifying the peptide for enhanced plasma half-
life. We chose to examine TP508 covalently attached to
various lengths of polyethylene glycol (PEG) at the peptide
N-terminus to determine whether any of the derivatives
displayed increased plasma half-life while maintaining
TP508’s biological activity (Fig. 1). Since TP508 naturally
forms a biologically active homodimer by creating a disulfide
bridge between the Cys14 residues at neutral pH (14), we also
theorized that covalent attachment of PEG to the Cys14
residue of TP508 via a maleimide linkage might retain
biological activity. C-terminal attachment constructs were
not examined, as previous studies suggest that C-terminal

modifications of TP508 result in a loss of activity (unpub-
lished data). These peptides were prepared using fresh solid-
phase peptide synthesis at the American Peptide Company
(Sunnyvale, CA). These peptides had a minimum of 95%
purity by SDS-PAGE (Fig. 2a), consistent with the RP-HPLC
analysis performed by the American Peptide Company
(Fig. 2b–d).

This work characterizes the effects of PEGylation of
TP508 on its plasma half-life and resulting biological activity
when administered by injection. The plasma half-life of the
TP508 derivatives was evaluated using fluorescent TAMRA-
labeled variants of TP508 and each of the derivatives, using
blood taken from CD-1 outbred mice at various timepoints
after intravenous tail vein injection. The biological activity of
the TP508 derivatives was then assessed in a murine model of
radiation combined with injury, at an injection dose in which
TP508 improves the impairment of tissue repair by approx-
imately 50%. A complementary assay observing the angio-
genic potential of aortic rings harvested from mice injected
with TP508 or TP508 derivatives was used to confirm
enhanced biological activity of TP508 derivatives. Finally,
the effect of PEGylation on the specific activity of TP508 was
assessed using an in vitro assay analyzing the repair of DNA
double-strand breaks (DSBs) resulting from ionizing radia-
tion using the γ-H2AX assay.

MATERIALS AND METHODS

Materials

All TP508, PEGylated TP508 derivatives, and 5-
tetramethylrhodamine (5-TAMRA) fluorescently labeled
TP508 and derivatives were synthesized by the American
Peptide Company (Sunnyvale, CA). PEG5k-, PEG20k-, and
PEG30k-TP508 derivatives were synthesized using N-
hydroxysuccinimidyl ester (NHS)-functionalized PEGs to
bind to the N-terminal amine at the end of new solid-phase
peptide synthesis for site-specific N-terminal modification.
PEG20k-Cys14-TP508 was synthesized using a maleimide-
functionalized PEG20k to covalently bind to TP508 at the

Fig. 1. TP508 derivatives PEGylated at the N-terminus or Cys14 residue
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internal cysteine residue at position 14 (Cys14) of TP508.
Fluorescently labeled variants of the PEGylated TP508
derivatives were prepared by fresh synthesis with the
inclusion of 5-TAMRA on a 3× lysine residue spacer (Lys-
Lys(5-TAMRA)-Lys) between the N-terminus of TP508 and
the PEG moiety. All other reagents were purchased from
Sigma-Aldrich (St. Louis, MO) unless otherwise specified.

Animal Model

All experiments were conducted at the University of
Texas Medical Branch (UTMB) using an IACUC-approved
protocol. CD-1 outbred 11–21-week-old male mice (Harlan
Laboratories, Houston, TX) were housed, five per cage, in a
controlled environment with a 12:12-h light–dark schedule,
temperature of 21 ± 0.5°C and room humidity of 50 ± 20%
within the Animal Research Center at UTMB. Water and
chow were provided ad libitum. Mice were allowed to
acclimate for at least 14 days prior to initiation of
experiments.

SDS-PAGE

SDS-PAGE was performed using Novex 10-well 4–12%
Bis-Tris gels (Thermo Fisher, Waltham, MA) loaded with
6.5 nmol of each of the modified peptides. Lane no. 1 was
loaded with 5 μL Bio-Rad Kaleidoscope prestained stan-
dards (cat. no. 161-0324). Run conditions were 200 V and
120 mA for 35 min using MES buffer. Gel was stained using
Fisher Scientific EZ-Run protein staining solution (cat. no.
BP3620-1).

RP-HPLC

Reversed-phase HPLC was performed by the American
Peptide Company. Samples were analyzed on a Supelco
Discovery C18 column, 4.6 × 250 mm, 5 μm (cat. no. 504971-
40; Sigma-Aldrich) using a linear gradient method of 5–95%
mobile phase B in 20 min at room temperature. Mobile phase
A consisted of 0.1% trifluoroacetic acid (TFA) in water and
mobile phase B consisted of 0.1% TFA in acetonitrile.

Injection volume was 20 μL, flow rate 1 mL/min, and
wavelength 215 nm.

Plasma Half-Life

Male CD-1 mice were injected intravenously with 100 μL
of either 2.16 mM of TAMRA-labeled TP508, PEG5k-TP508,
PEG20k-TP508, and PEG20k-Cys14-TP508 (molar equiva-
lent of 5 mg/mL TP508), or 0.43 mM of TAMRA-labeled
PEG30k-TP508 (molar equivalent of 1 mg/mL TP508). At
each timepoint, mice were euthanized and blood was
collected into heparinized tubes by ventricular heart punc-
ture. Platelet-depleted plasma was isolated by centrifugation
and then measured for fluorescence alongside concentration
standards prepared in the same matrix using a Biotek
Synergy H1 hybrid microplate reader at an excitation
wavelength of 530 nm and an emission wavelength of
590 nm. Seven independent experiments were performed,
with mice ranging from 11 to 20 weeks of age. No age-
dependent differences in biological half-life were observed.

Radiation Combined with Injury

Male CD-1 mice aged 14 weeks received either 8 Gy of
ionizing radiation from a 137Cs gamma irradiator (Mark 30,
Shephard and Associates, San Fernando, CA) or sham
treatment at T = −2 days (prewounding). On T = −1 day
(prewounding), 10 mice per treatment group were injected
intraperitoneally (i.p.) with either 100 μL of 0.9% saline
(Hospira; Lake Forest, IN) or 43.4 nmol of TP508, PEG5k-
TP508, PEG20k-TP508, PEG20k-C14-TP508, or PEG30k-
TP508 in 100 μL of 0.9% saline. At wounding day 0, mice
were anesthetized with isoflurane followed by i.p. injection of
ketamine/xylazine. After clipping of dorsal fur to expose skin,
mice received a full-thickness 1.2 cm × 1.2 cm dorsal excision.
Day 0 wound area was imaged using a Wound Zoom camera
(Wound Zoom, Inc.; Stevens Point, WI). Wounds were
covered with TegaDerm transparent film dressings (3M
Health Care; St. Paul, MN) to prevent detritus contamination
and infection at the wound site. Mice were allowed to regain
consciousness in a temperature-controlled recovery area, and
received an i.p. injection of buprenorphine for pain. At

Fig. 2. Purity of synthesized TP508 derivatives. a SDS-PAGE of PEGylated TP508 derivatives. SDS-PAGE confirmed the specifications of
≥95% purity determined by the American Peptide Company using RP-HPLC for b PEG5k-TP508, c PEG20k-TP508, d PEG20k-Cys14-TP508,
and e PEG30k-TP508
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postwounding day 3, TegaDerm dressings were removed to
allow clear imaging of the wound site. Wound Zoom images
of each mouse were taken at days 3, 5, 7, 10, 13, and 15
postwounding. Wound areas were calculated automatically by
the Wound Zoom software by using four positioning lasers on
each image to determine distance of the camera from the
wound in combination with user definition of the wound
periphery in each image.

Aortic Ring Assay with In Vivo Administration

Male CD-1 mice aged 16–18 weeks were injected i.p.
with 100 μL of 0.9% saline or 43.4 nmol of TP508, PEG5k-
TP508, PEG20k-TP508, PEG20k-Cys14-TP508, or PEG30k-
TP508 in 100 μL 0.9% saline. Twenty-hours postinjection,
aortas were isolated, cleaned, sectioned, and placed into
chamber slides containing Growth Factor Reduced Matrigel
(Corning; Corning, NY). Explants were incubated for 7 days
at 37°C, 5% CO2, with EGM2-MV media (PromoCell,
Heidelberg, Germany) changes every 2–3 days. On days 4,
5, and 6, sprouts were counted in situ using phase contrast
microscopy.

γ-H2AX Assay

Human dermal microvascular endothelial cells
(HDMECs, cat. no. C-12215; PromoCell) were cultured
overnight on glass cover slips in 24-well plates at a concen-
tration of 2.5 × 104 cells per well. On the following morning,
culture media was removed and 450 μL of fresh EGM2-MV
media was added to each well. Cells were then pretreated
with either 50 μL of 0.9% saline solution as control or 50 μL
of 10× concentrated stocks of TP508 or the PEGylated TP508
derivatives in 0.9% saline solution. Final concentration in
media was 86.5 μM for TP508. PEG5k-TP508, PEG20k-
TP508, PEG20k-Cys14-TP508, and PEG30k-TP508 were
tested at 86.5, 434, or 1080 μM. After 1 h pretreatment, cells
received 6 Gy of ionizing radiation from a 137Cs gamma
irradiator. At 1 and 5 h postirradiation, cells were fixed in 4%
formalin and labeled with anti γ-H2AX primary antibody
(cat. no. 05-636; Millipore, Billerica, MA), followed by FITC-
conjugated secondary antibody (cat. no. A-11001; Life
Technologies, Grand Island, NY) to identify DNA damage
foci. Cover slips were counterstained with 0.1 mg/mL DAPI
to identify HDMEC nuclei and mounted onto glass slides.
Images were taken at ×40 objective using a Leica DMLB
fluorescent microscope. Foci per nucleus were automatically
counted with CellProfiler software (32,33).

RESULTS

PEGylation Increases the Plasma Half-Life of TP508
in a Size-Dependent Manner

The plasma half-life of fluorescently labeled TP508
follows a standard one-phase decay rate with a calculated
plasma half-life of 13.7 min (Fig. 3, blue). This value falls
within the range of 10–14 min previously reported (15). It is
believed that this rapid decay rate is primarily due to renal
clearance of the peptide through the kidneys. The addition of
PEG5k to the N-terminus of TP508 did not extend the half-

life of the molecule, with PEG5k-TP508 t1/2 = 11.5 min (Fig. 3,
purple). This is as expected since the molecular weight of
PEG5k-TP508 is only 7.3 kDa, well below the 20-kDa renal
filtration limit of proteins. Also, the murine plasma half-life of
a similar-sized PEG alone, monomethoxy PEG6000, is similar
to that of TP508 at 18 min (34).

The calculated plasma half-life of PEG20k-Cys14-TP508
was t1/2 = 70 min (Fig. 3, brown), while that of PEG20k-TP508
was t1/2 = 93 min (Fig. 3, orange). These equate to 5- and 7-
fold increases over the plasma half-life of TP508, respectively.
Due to limited fluorescent peptide availability and solubility
considerations, PEG30k-TP508 was injected at a concentra-
tion of 0.43 mM, one fifth of the amount of the other
peptides. This reduction in concentration led to a greater
relative error in the plasma fluorescence measurements and
greater uncertainty in the calculated plasma half-life.
Nevertheless, the PEG30k-TP508 plasma half-life was on
the order of t1/2 = 258 min (Fig. 3, green), equivalent to a 19-
fold increase over TP508.

Effect of TP508 and TP508 Derivatives on Wound Closure
in a Murine Model of Radiation Combined with Injury

It is well known that radiation delays wound healing. We
therefore used male CD-1 outbred mice in a model of
radiation combined with injury to determine whether the
extended plasma half-life of the PEGylated TP508 derivatives
results in enhanced wound healing as compared to TP508
when injected systemically. CD-1 mice were chosen because
they have previously been used to demonstrate
radiomitigation properties of TP508 (20,21). A Wound
Zoom camera, which makes use of four positioning lasers
(seen as red lighting at corners of images in Figs. 4 and 5) to
determine scale, was used for wound imaging, and its
onboard software was used to calculate wound areas based
on the user-defined periphery of each wound. To assess the
effects of TP508 derivatives with increased plasma half-life on
wound healing in this radiation-impaired model, a concentra-
tion of TP508 was selected based on previous studies to
stimulate an approximately half-maximal increase in wound
healing rate between the sham-irradiated animals and those
receiving 8 Gy ionizing radiation, leaving opportunity for the
TP508 derivatives to outperform TP508 at this concentration
by further increasing the wound healing rate toward that of
the unimpaired control. In order to dose n = 10 mice per
treatment group within the limits of ±30 min of 24 h after
irradiation, it was necessary to migrate from intravenous
injection (which can take 2–5 min per mouse to dilate the tail
vein with warming) to an intraperitoneal injection route.

CD-1 mice receiving a 1.2-cm × 1.2-cm full dorsal thick-
ness wound after sham irradiation at T = −2 days and
intraperitoneal injection of saline at T = −1 day display 84%
wound closure by day 15 postwounding (Fig. 4, top). When
these animals receive 8 Gy of ionizing radiation (Fig. 4,
bottom), wound healing is greatly impaired and the mean
wound closure is only 47% by day 15. The irradiated animals
also display a greater degree of wound spreading from the
initial square defect through day 5, resulting in more rounded
wounds that are slightly larger than those of the unirradiated
animals at day 3 and day 5 postwounding (ns).
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Representative wound areas from 8 Gy irradiated
animals at day 5 and day 15 postwounding are shown in
Fig. 4. At day 5, the TP508-treated animals display smaller
wounds that are closer in shape to the original square defect
than the 8-Gy saline control. By day 15, the mean wound area
of the TP508 treatment group was 0.57 mm2, equal to 60%
wound closure. The PEG5k-TP508 treatment group increased
wound closure at day 15 to 67%, while the PEG30k-TP508
treatment group reached 73% wound closure. The mean
wound areas from the PEG20k-TP508 and PEG20k-Cys14-
TP508 treatment groups were similar to the 8-Gy saline
control, at 50 and 51% wound closure by day 15, respectively
(Fig. 5).

To quantify the effects of the derivatives, we analyzed
the rates of wound closure from days 3 to 15. This analysis
showed that sham-irradiated animal wounds (vertical lined
bar, Fig. 6) closed at a rate of 9.5 ± 0.6 mm2/day. This rate is
reduced to 6.0 ± 0.6 mm2/day in the 8-Gy saline control group
(white bar, Fig. 6), a 37% reduction in wound healing rate as
compared to the sham-irradiated control. A single 43.4-nmol
intraperitoneal injection of TP508 (equivalent to 100 μg or
2.5 mg/kg) administered 24 h after irradiation significantly
increased the healing rate to 7.4 ± 0.6 mm2/day (p = 0.0043).
This represents a 40% recovery of the wound healing rate
impaired by 8 Gy irradiation and results in visibly smaller
wounds at both day 5 and day 15 postwounding (Fig. 6). For

the PEGylated TP508 derivatives, a 43.4-nmol injection of
either PEG5k-TP508 (9 ± 1 mm2/day, p = 0.009) or PEG30k-
TP508 (10 ± 1 mm2/day, p = 0.0008) enhanced the wound
healing rate to a level similar to the sham-irradiated control
(Figs. 5 and 6). These results indicate that the PEGylated
TP508 derivatives administered via i.p. injection enter circu-
lation at sufficient concentrations to enhance wound healing
in this RCI model. However, neither the PEG20k-Cys14-
TP08 nor the PEG20k-TP508 treatment groups significantly
increased the wound healing rate over the 8-Gy saline control
group at this dose.

In Vivo Administration of TP508 or Specific TP508
Derivatives Enhances Endothelial Sprouting in the Aortic
Ring Assay

The mouse aortic ring assay is used to study growth
factor, siRNA, or small molecule drug effects on angiogenic
sprouting on sections of aortic tissue cultured in extracellular
matrix ex vivo (35). Treatment of the aortic tissue tradition-
ally occurs in vitro after the thoracic aorta has been isolated
and prepared for culture. However, to capture the effect of
increased plasma half-life that PEGylation may have on
TP508 proangiogenic activity, we modified the mouse aortic
ring assay by administering 43.4 nmol of TP508 or the
PEGylated TP508 derivatives intraperitoneally 24 h before
isolating the aortic tissue. This is the same dosage of TP508
which was selected to demonstrate efficacy in increasing the
wound closure rate in the radiation combined with injury
model.

Aortic explanted rings from mice aged 14–21 weeks
begin to show sprouting on day 3 of incubation in Growth
Factor Reduced Matrigel, with exponential growth in the
number of branching sprouts occurring from days 4 to 6. On
each of these days, the number of endothelial sprouts per ring
was recorded manually, and by day 5, significant differences
in sprouting between treatments were observed. Rings from
TP508-treated animals (dark gray bars) showed a 46%
increase in mean number of sprouts over saline control
(white bars) on day 5 (Fig. 7a) and a 48% increase over
saline control at day 6 (white bars, Fig. 7b). In comparison,
aortas isolated from animals treated with the same dose of
PEG5k-TP508 (hatched bars) displayed significantly en-
hanced angiogenesis with a 175% increase in the number of
endothelial sprouts over the saline control by day 5 (p = 0.017,

Fig. 4. Wound closure comparison between CD-1 mice with and
without exposure to 8 Gy ionizing radiation. Male CD-1 mice receiving
0 Gy (top) or 8 Gy ionizing radiation (bottom) at day −2, followed with
i.p. injection with 100 μL 0.9% saline at day −1 prior to receiving a 1.2-
cm × 1.2-cm full dorsal excision. Representative Wound Zoom images
are shown for postwounding days 0, 5, 10, and 15

Fig. 3. Time course of TP508 and TP508 derivative concentrations in plasma after intravenous tail vein injection in male CD-1 mice. Plasma
half-life analysis performed using nonlinear regression–one-phase exponential decay function in GraphPad Prism 7.01. Data presented as
percentage of initial plasma concentration at T = 0 min. Data points represent mean ± SD at each time point (n = 3 mice per time point)
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Fig. 7a) and a 160% increase in sprouting on day 6 (p = 0.013,
Fig. 7b). The PEG30k-TP508 derivative (horizontal lined
bars) also significantly enhanced endothelial sprouting, with a
180% increase in sprouting on day 5 (180% increase, Fig. 7a)
and a 137% increase on day 6 (p = 0.021, Fig. 7b). The
PEG20k-TP508 and PEG20k-Cys14-TP508 derivatives (light
gray and medium gray bars, respectively) displayed levels of
endothelial sprouting similar to saline control on both day 5
and day 6, indicating no proangiogenic effect at this dosage.

The γ-H2AX Assay Demonstrates Enhanced DNA Repair
with TP508 Derivative Pretreatment In Vitro

To determine whether the PEG20k-TP508 and PEG20k-
Cys14-TP508 derivatives had lost biological activity due to
PEGylation or were simply at concentrations outside the
therapeutic window, the derivatives were also evaluated for
radioprotective activity in vitro. Our previous studies have

shown that TP508 accelerates DNA DSB repair in irradiated
HDMECs (21). Therefore, we chose to evaluate DNA repair
in HDMECs using the γ-H2AX assay for quantifying the
repair of DNA DSBs. Ionizing radiation resulting in DNA
DSBs induces phosphorylation of histone H2AX, an isoform
of histone H2A, within seconds of radiation exposure (36).
Phosphorylated H2AX, also known as γ-H2AX, then local-
izes to DSB sites to allow for assembly of DNA repair
machinery. This creates foci of γ-H2AX which can be
monitored using immunofluorescence to evaluate changes in
DNA DSB repair. By 5 h after 6 Gy ionizing radiation,
HDMECs that have received TP508 pretreatment at a
concentration of 0.2 mg/mL (86.5 μM) display a greater
degree of DSB repair, indicated by a reduced number of γ-
H2AX foci per nucleus (21). Since PEGylation of TP508 is
anticipated to reduce the specific activity of the molecule, we
screened each of the TP508 derivatives at 86.5 μM, 434 μM,
and 1.08 mM (corresponding to 0.2, 1.0, and 2.5 mg/mL

Fig. 6. Wound closure rates in a murine model of radiation combined with injury. Images from
postwounding days 3–15 were used to determine wound area using Wound Zoom software. Wound closure
rates were then calculated from wound area data using linear regression analysis in SigmaPlot version 12.
Data presented as mean ± SD (n = 10 mice, *p < 0.05, **p < 0.01, ***p < 0.001 vs 8 Gy saline control
treatment group)

Fig. 5. Wound closure in a murine model of radiation combined with injury. Male CD-1
mice receiving 8 Gy ionizing radiation at day −2, followed with 100 μL i.p. injection of
either 0.9% saline, 43.4 nmol TP508, or TP508 derivative in 0.9% saline at day −1 prior to
receiving a 1.2-cm × 1.2-cm full dorsal excision. Representative images from Wound Zoom
camera taken at days 5 and 15 postwounding. Dashed white lines represent wound
periphery used by Wound Zoom software to calculate wound area
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TP508, respectively) in the same model to determine if any of
these concentrations resulted in a reduction in γ-H2AX foci
at 1 and 5 h postirradiation.

No significant differences in the number of γ-H2AX foci
per nucleus in the irradiated HDMECs were observed at 1 h,
where the saline control had a mean of 22.7 speckles per
nucleus (data not shown). By 5 h, the γ-H2AX-labeled
immunofluorescent images demonstrate visible reductions of
foci per nucleus between the saline control and either TP508
or the TP508 derivatives (Fig. 8). At the 5-h timepoint, the
saline control has reduced to 18.3 foci per nucleus (Fig. 9,
white bar). This equates to a mean reduction of 4.4 foci per
nucleus in HDMECs between 1 and 5 h post 6 Gy ionizing
radiation. TP508 treatment at a dose of 86.5 μM significantly
enhances DSB repair as compared to saline control, with a
mean of 7.0 speckles per nucleus (Fig. 9, dark gray bar,
p < 0.0001). At the same dose, PEG5k-TP508 also enhances
DSB repair as compared to saline control, with a mean of 8.3
foci per nucleus (Fig. 9, hatched bar, p < 0.0001). At the 434-
μM concentration, no significant difference from saline
control was observed for TP508 or any of the TP508
derivatives. For the larger weight PEGylated TP508 deriva-
tives, accelerated DNA damage repair is only seen at the
highest concentration tested, 1.08 mM. At this concentration,

PEG20k-TP508 had a mean of 11.4 foci/nucleus (Fig. 9, light
gray bar, p < 0.0001), while PEG20k-Cys14-TP508 had a
mean of 5.9 foci/nucleus (Fig. 9, medium gray bar,
p < 0.0001) and PEG30k-TP508 had a mean of 14.4
foci/nucleus (Fig. 9, horizontal lined bar, p = 0.009).

DISCUSSION

A number of studies have demonstrated the potential
use of TP508 as a regenerative drug for tissue repair. More
recent studies show that systemic injection of TP508 mitigates
the effects of myocardial ischemia (15,16,37) and radiation
exposure (21,38). Because of the increasing potential for a
nuclear accident or intentional detonation, a great deal of
effort is being expended to determine if TP508 may be
developed as a nuclear countermeasure that could be field
delivered after a nuclear incident. In this scenario, TP508
administered as a single injection up to 24 h after exposure
must mitigate radiation damage and delay mortality while
emergency medical treatment is mobilized. Increasing the
bioavailability of TP508 after systemic injection by preventing
its rapid clearance through the kidney may enhance its
efficacy or reduce the dosage required for effective
radiomitigation. Reduced dosage requirements and the

Fig. 7. Angiogenic sprouting of aortic rings after in vivo treatment with TP508 and TP508
derivatives. Thoracic aortas were isolated 24 h after i.p. injection of 43.4 nmol TP508 or
TP508 derivatives in sterile saline or saline alone. Number of endothelial sprouts per ring
counted after a 5 days of incubation and b 6 days of incubation in growth factor reduced
Matrigel and EGM2-MV media. n = 3 mice, 8–12 explants/mouse. Data presented as mean
± SEM (n = 3 mice, 8–12 rings/mouse, *p < 0.05 vs saline control)
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commensurate reduced production cost per dose would allow
stockpiling of a greater number of doses in case of emergency.
In addition, enhancing the radiomitigation efficacy of TP508
could save additional lives in the event of a nuclear incident.
With these key goals in mind, we evaluated PEGylation of
TP508 to address the issue of its short circulating half-life.

Extending the plasma half-life of therapeutic proteins
prolongs their systemic availability, which can either enhance
or prolong their biological activity. Covalently modifying small
proteins with PEG at one or more sites greatly increases their
hydrodynamic volume, reducing their elimination through the
kidneys. Thus, for PEG5k-TP508, the size of the molecule is not
sufficient to prevent renal elimination, but PEG20k and 30k
derivatives prevent this rapid elimination and significantly
extend plasma half-life. One of the trade-offs for enhanced
circulating half-life of proteins due to PEGylation is a loss in

their specific activity, due to factors such as steric hindrance of
binding site access by the PEG, conformational changes in the
protein due to PEG conjugation, and diffusion effects caused by
the increased size of the molecule (39,40). Thus, for PEGylation
of TP508 to successfully enhance biological activity in vivo, the
contribution of increased biological half-life must outweigh any
loss of specific activity.

Plasma half-life analysis of the PEGylated TP508 deriv-
atives confirmed that the plasma half-life of TP508 increased
as the size of the covalently attached PEG increased. The
increased hydrodynamic volume of PEG5k-TP508 was insuf-
ficient to increase plasma half-life. Attachment of PEG20k to
the internal cysteine residue resulted in a 5-fold increase in
plasma half-life. When PEG20k was attached to the N-
terminus of TP508, it resulted in a 6-fold increase in plasma
half-life over TP508. PEG30k-TP508 had the greatest effect

Fig. 8. Repair of DNA double-stranded breaks in HDMEC 5 h after 6 Gy ionizing radiation
visualized by immunofluorescence of γ-H2AX foci. HDMECs were pretreated with the TP508
derivatives at concentrations of 86.5, 434, or 1080 μM 1 h prior to receiving 6 Gy of ionizing
radiation. At 5 h postirradiation, cells were fixed with paraformaldehyde and labeled with anti-γ-
H2AX antibody. Nuclei were counterstained with DAPI. Images were overlaid in CellProfiler
software for automated counting of γ-H2AX foci (green) per nucleus (blue outlines). Reductions in
the number of γ-H2AX foci per nucleus from a 0.9% saline were seen using 86.5 μM pretreatment
with either b TP508 or c PEG5k-TP508; or 1080 μM of either d PEG20k-TP508, e PEG20k-Cys14-
TP508, or f PEG30k-TP508
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on plasma half-life, on the close order of 19-fold, which
increases the plasma half-life of TP508 from less than 15 min
to over 4 h.

A combination of in vivo assays using systemic injection
to determine whether the increased circulating half-life of
PEGylated TP508 derivatives correlates with enhanced
bioactivity was used to assess their tissue repair effects with
and without radiation. For these assays, we selected a single
molar concentration for comparison of the PEGylated TP508
derivatives to monomeric TP508. At the chosen concentra-
tion, TP508 produced a roughly half-maximal stimulation of
angiogenesis and wound healing, allowing the TP508 deriva-
tives to demonstrate improvements in tissue repair over
TP508. Our study design also incorporated an established
in vitro assay of DNA repair using the γ-H2AX assay to
quantify DNA double-strand breaks to determine the extent
of reduction in specific activity of the TP508 derivatives
compared to TP508, and to verify that they all retained some
level of radioprotective activity.

The first in vivo assay, a murine model of radiation
combined with injury, was used to evaluate the ability of
PEGylated TP508 derivatives to enhance tissue repair after
radiation exposure. Impairment of cutaneous wound healing
shortly after ionizing radiation has been well characterized
due to its relevance to surgical procedures performed
following radiation therapy (41). Acute effects of ionizing
radiation leading to the impairment of wound healing include
reduced fibroblast proliferation and collagen formation
(42,43), delayed resolution of inflammation (44), and im-
paired revascularization of the wound (45). This leads to a
greater susceptibility to infection and less complete healing.
TP508 has been shown to help combat these impairments in
other models of impaired wound healing, including ischemic
wounds (8) and diabetic foot ulcers (10,19), leading to the
hypothesis that TP508 would improve healing in radiation
combined with injury.

This study confirmed that a single 100 μg i.p. injection of
TP508 (43.4 nmol) increases the wound healing rate of CD-1
mice receiving 8 Gy of ionizing radiation approximately 25%
over placebo. Intraperitoneal injections at the same molar
concentration of PEG5k-TP508 and PEG30k-TP508 in-
creased the wound healing rate by 50 and 67% over placebo,

respectively. In contrast, both the PEG20k-TP508 and
PEG20k-Cys14-TP508 were ineffective in stimulating wound
closure. Thus, the biological activity results did not simply
correlate with increased plasma half-life, since PEG5k-TP508
enhanced healing over TP508 despite having a similar half-
life, and both TP508 derivatives attached to PEG20k had no
activity despite having a 5–6-fold increase in plasma half-life
over TP508.

To confirm the wound healing results, we also evaluated
the effects of TP508 and the TP508 derivatives using a
modified version of the mouse aortic ring assay (35). In this
assay, TP508 or TP508 derivatives were injected intraperito-
neally into naive male CD-1 mice and their aortas isolated
24 h later for culture ex vivo. This assay has the advantage of
not relying on the complexities of radiation-impaired wound
healing and reduces the time period necessary to evaluate the
biological efficacy of TP508 and the derivatives.

Results for TP508 derivative administration in vivo are
consistent between the aortic ring model of angiogenesis and
the radiation combined with injury model, with PEG5k-
TP508 and PEG30k-TP508 enhancing angiogenesis and
wound healing, while PEG20k-TP508 and PEG20k-Cys14-
TP508 did not demonstrate any significant effects. In the case
of the PEG20k-Cys14-TP508 derivative, where PEGylation
occurs central to the polypeptide sequence of TP508, it was
possible that PEGylation at this location completely abolishes
activity due to steric hindrance of the TP508 active site in
binding to its cellular receptor, or prevents TP508 from
adopting a conformation necessary for receptor binding.
However, this does not explain the loss of in vivo activity
for the PEG20k-TP508 derivative, where PEGylation occurs
at the same location as the PEG5k-TP508 and PEG30k-
TP508.

Using the DNA repair γ-H2AX in vitro assay, we
observed a significant reduction in γ-H2AX foci per nucleus
at 5 h with TP508 treatment of HDMECs at a concentration
of 86.5 μM (equivalent to 0.2 mg/mL TP508), as was
previously reported (21). This reduction demonstrates that
TP508 accelerates DNA double-strand break repair in these
cells. PEG5k-TP508 showed similar results when adminis-
tered at the same concentration. At higher concentrations,
however, the TP508 and PEG5k-TP508 treatment effects on

Fig. 9. Dose-dependent effect of in vitro TP508 derivative treatment on DNA repair in
HDMECs 5 h after 6 Gy ionizing radiation. Data presented as mean ± 95% confidence
interval (n≤ 128 cells per treatment, **p < 0.01, #p < 0.0001 vs saline control)
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DNA repair in HDMECs were not significantly different
from saline control. This recapitulates previous in vivo
observations that there is a reduction in TP508 efficacy above
a certain therapeutic window (14,21). PEG30k-TP508 dem-
onstrated a small but significant amount of DNA repair
acceleration, but only at the 1080-μM concentration, 12.5×
higher than the effective concentration of TP508 and PEG5k-
TP508. PEG20k-TP508 and PEG20k-Cys14-TP508 also
showed radioprotective acceleration of DNA repair in
HDMECs only at the 1080-μM concentration. These results
may suggest that the 5–6-fold extension of biological half-life
for PEG20k-TP508 and PEG20k-Cys14-TP508 is insufficient
to overcome the loss of specific activity caused by PEG20k
attachment, while the PEG30k-TP508 compound, with its
much longer plasma half-life, retains in vivo activity despite
its loss of specific activity in vitro. However, it should be noted
that the in vivo assays were performed using i.p. injection,
while plasma half-life was determined using i.v. injection. The
increased hydrodynamic volume as PEG size increases may
slow tissue diffusion through the peritoneal cavity, adding an
additional factor to the resulting biological activity. The
plasma concentration of the PEGylated TP508 derivatives
using alternate routes of administration may be assessed in
future experiments once an optimal route of administration
for TP508 in radiomitigation applications has been identified.

CONCLUSIONS

PEGylation of TP508 increased the plasma half-life of
the TP508 derivatives in a size-dependent manner although
biological activity did not simply correlate with increased
half-life. The PEG20k-TP508 and PEG20k-Cys14-TP508
derivatives showed a 5–6-fold enhancement in plasma half-
life but did not demonstrate in vivo activity when adminis-
tered i.p. at concentrations equimolar to TP508. PEG5k-
TP508 displayed enhanced in vivo activity over TP508 using
i.p. injection, despite having the same plasma half-life.
PEG30k-TP508 increased plasma half-life on the order of
19-fold and also enhanced in vivo biological activity using i.p.
injection. This work identifies PEG5k-TP508 and PEG30k-
TP508 as potential second-generation TP508 molecules for
drug development.
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