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Abstract

In recent years, increasing threats of radiation exposure and nuclear disasters have become a 

significant concern for the United States and countries worldwide. Exposure to high doses of 

radiation triggers a number of potentially lethal effects. Among the most severe is the 

gastrointestinal (GI) toxicity syndrome caused by the destruction of the intestinal barrier, resulting 

in bacterial translocation, systemic bacteremia, sepsis and death. The lack of effective 

radioprotective agents capable of mitigating radiation-induced damage has prompted a search for 

novel countermeasures that can mitigate the effects of radiation post-exposure, accelerate tissue 

repair in radiation-exposed individuals, and prevent mortality. We report that a single injection of 

regenerative peptide TP508 (rusalatide acetate, Chrysalin®) 24h after lethal radiation exposure 

(9Gy, LD100/15) appears to significantly increase survival and delay mortality by mitigating 

radiation-induced intestinal and colonic toxicity. TP508 treatment post-exposure prevents the 

disintegration of gastrointestinal crypts, stimulates the expression of adherens junction protein E-

cadherin, activates crypt cell proliferation, and decreases apoptosis. TP508 post-exposure 
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treatment also up-regulates the expression of DCLK1 and LGR5 markers of stem cells that have 

been shown to be responsible for maintaining and regenerating intestinal crypts. Thus, TP508 

appears to mitigate the effects of GI toxicity by activating radioresistant stem cells and increasing 

the stemness potential of crypts to maintain and restore intestinal integrity. These results suggest 

that TP508 may be an effective emergency nuclear countermeasure that could be delivered within 

24h post-exposure to increase survival and delay mortality, giving victims time to reach clinical 

sites for advanced medical treatment.
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Introduction

The threat of a nuclear incident, with the potential to kill or injure thousands of people, has 

increased national and international recognition of the need for medicinal countermeasures 

that can prevent radiation-induced tissue damage and keep people alive, even if administered 

a day or more after nuclear exposure 1, 2. Exposure to high doses of total body radiation 

(≥9Gy) triggers an acute gastrointestinal radiation toxicity syndrome (GI toxicity) that often 

results in death, regardless of intervention with advanced therapeutics or bone marrow 

transplants3, 4. The high mortality associated with GI toxicity is believed to be caused by the 

radiation-induced damage to the intestinal and colonic mucosa leading to reduced fluid 

absorption, electrolyte imbalance, barrier function loss, bacterial translocation, systemic 

bacterial infection, sepsis, and organ failure 5-8. This sequence in the GI system is initiated 

by radiation-induced damage to stem cells that must continually proliferate to maintain crypt 

integrity and regeneration 9, 10. Crypt cells in both the small intestine and colon are 

susceptible to radiation damage and serve as an indicator of potential survival following 

total body radiation 11. Hence, it is crucial to develop novel therapeutic drugs capable of 

preventing damage to GI crypt stem cells in order to increase survival.

To date, only a few mitigating or radioprotective agents have been approved by the 

FDA 12, 13. Most of these are only effective in treating the hematopoietic syndrome 

triggered by low dose radiation, are unsuccessful in treating GI toxicity induced by high-

dose radiation exposures, or are ineffective as a post-exposure treatment for the thousands of 

potential exposed individuals 12, 13.

TP508 (Chrysalin®) is an investigational peptide drug that was developed for use in 

stimulating repair of dermal and musculoskeletal tissues 14. TP508 is a 23 amino acid 

peptide representing amino acids 508-530 of human prothrombin that was identified as the 

high-affinity binding domain of thrombin responsible for interaction with a subset of 

thrombin receptors on the surface of fibroblasts thought to initiate tissue repair 15, 16. 

Specificity of TP508 has been demonstrated in both in vitro and in vivo experiments by 

altering the sequence and/or using scrambled peptides17-20 . TP508 was shown to initiate 

tissue repair and regeneration by reversing endothelial dysfunction 21, stimulating 

revascularization 22-24, attenuating inflammation 25 and reducing apoptosis 26. In human 
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clinical trials, TP508 was shown to significantly increase healing of diabetic foot 

ulcers 14, 24, 27 and distal radius fractures with no drug-related adverse events 14, 24. Animal 

studies also showed that TP508 treatment regenerated bone in critical-size defects where 

new bone formation would not occur without intervention 28. Recently, this 23-amino acid 

regenerative peptide has been shown to target stem/progenitor cells isolated from tissues and 

stimulate their proliferation 29. Thus, many of the tissue repair and regeneration effects of 

TP508 may be mediated by activation of progenitor/stem cells within tissues.

It is well established that high-dose radiation exposure disrupts the normal homeostasis of 

crypts in the small intestine and colon 30. Certain growth factors and cytokines have been 

reported to have protective effects against radiation-induced damage to the intestinal 

epithelium31. These factors are known to stimulate proliferation of stem cells within the 

intestinal crypts 32, 33. Given that TP508 stimulates stem cell proliferation 29 and 

regeneration of tissues, we hypothesized that TP508 may protect intestinal crypts or 

accelerate their regeneration by up-regulation of stem/progenitor cells to mitigate lethal 

effects of radiation exposure.

In this study, we show that TP508 effectively protects the intestinal mucosa from radiation-

induced damage by increasing crypt stem cell proliferation, rescuing the stemness potential 

of the crypt cells, and preventing crypt disintegration post-radiation exposure by maintaining 

E-cadherin adherens junctions. These protective effects of TP508 are seen in intestinal 

crypts (Supplementary Figures 1-2) and in colonic crypts (Figures 1-4) following 9Gy 

(LD100/15) exposures. Importantly, mice treated with TP508 24h post 9Gy exposure show a 

significant delay in the onset of mortality and a significant increase in survival. Therefore, 

TP508 may be an effective post-exposure medicinal countermeasure for mitigating 

radiation-induced gastrointestinal damage and mortality following a nuclear incident.

Materials and Methods

Reagents used

Antibodies used in this study include: anti-DCLK1, anti-PCNA and anti-GPCR GPR49 

(Lgr5) (Abcam, Cambridge, MA); anti-E-cadherin (Cell Signaling, Boston, MA); anti-active 

caspase-3 (Millipore, Temecula, CA) and anti-β-actin (total) (Sigma, St Louis, MO). Alexa 

Fluor-594 and Alexa Fluor-488 coupled secondary IgG were purchased from Invitrogen 

(Carlsbad, CA). DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) was purchased 

from Life Technologies (Grand Island, NY). Saline (0.9% Sodium Chloride Injection, USP) 

was purchased from Hospira (Lake Forest, IL). Thrombin peptide TP508, a 23 amino acid 

peptide AGYKPDEGKRGDACEGDSGGPFV, also known as rusalatide acetate or 

Chrysalin®, was synthesized and purified (GMP manufactured >96% purity) by American 

Peptide Company (Sunnyvale, CA) and provided by Chrysalis BioTherapeutics, Inc. 

(Galveston, TX).

Irradiation and treatment of mice

ICR (CD-1®) Outbred male mice were purchased from Harlan Laboratories (Houston, TX). 

CD-1 outbred mice, which reflect natural heterogeneity in their radiosensitivity, were 

Kantara et al. Page 3

Lab Invest. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



selected for these studies over inbred strains, which are known to be radiosensitive or 

radioresistant (LD50/30 from 6.5Gy to 9.5Gy), based on specific genetic differences that 

affect their response to radiation-induced GI damage34-36. LD50/30 for ICR mice in our 

experiments is ~8.5Gy, which falls midway within the reported range for various inbred 

species. Mice tested negative for viruses, bacteria, mycoplasma or fungi and were 

considered Murine Pathogen Free. Mice were allowed to acclimate for at least 7 days in the 

Animal Research Center at UTMB and were 12-13 weeks old upon the start of experiments. 

Mice were irradiated at approximately the same time (10:00AM ± 1h) each day to minimize 

changes in circadian rhythms. Prior to irradiation, mice were anesthetized using isofluorane 

as per IACUC protocol and individually placed into a pie cage (10 mice/cage). The pie cage 

was then set inside a 137Cs irradiator chamber (JL Shepherd and Associates, San Fernando, 

CA) on a turntable to allow for uniform exposure. The mice were exposed to 9Gy whole 

body radiation at a rate of 458cGy/minute. To ensure accurate radiation dose exposure, a 

nanoDot™ OSLD dosimeter (LANDAUER®, Glenwood, IL) was simultaneously placed at 

the center of each pie and dosimetry analysis for each experiment was performed and 

recorded. 24h post-radiation exposure, mice were injected intraperitoneally with a single 

dose of either saline alone or saline containing TP508 (500μg or 12.5mg/kg).

Isolation and processing of colonic crypts from mice

Intact colonic crypts were isolated from mice 48h, 5 days and 9 days post-radiation exposure 

as per a previously published method 37, 38. Individual crypts were imaged with an inverted 

microscope at 10x and 40x magnifications using a white light microscope (Nikon Eclipse 

TS100, Melville, NY). Some crypts were also collected to be processed for western blot 

analysis.

Western blot analysis of intact colonic crypts

Cellular extracts were prepared from intact colonic crypts harvested 48h and 9 days post-

radiation exposure, as previously described 39, 40. Samples were processed by 

electrophoresis and transferred to PVDF-membranes 39, 40. Blots were cut into horizontal 

strips containing either the target or loading control protein (β-actin) and processed for 

detection of antigen-antibody complexes using a chemiluminescent reagent kit (GE Health 

Care, Piscataway, NJ) 39, 40. Membrane-strips containing target/loading control proteins 

were simultaneously exposed to autoradiographic films. β-actin was measured in 

corresponding samples containing equivalent-protein.

Immunofluorescence and Immunohistochemical analysis of small intestinal and colon 
sections

Small intestinal and colon tissues were fixed in formalin and processed using the UTMB's 

histology core for paraffin embedding and sectioning, followed by H&E (hemotoxylin and 

eosin), and immunofluorescent (IF) staining, as previously described 41. Based on the H&E 

staining of small intestine and colons tissue sections, crypt lengths were measured using a 

preset scale available on the Nikon NIS element software. Small intestinal and colon tissue 

paraffin sections were also stained by immunofluorescence using anti-DCLK1 (1:200), anti-

PCNA (1:300), anti-activated caspase-3 (1:100) and anti-E-cadherin (1:200). Images were 
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acquired using Zeiss Axioplan epifluorescent microscope and analyzed using 

METAMORPH, v6.0 software (Molecular Devices).

Survival analysis of mice

Irradiated mice were monitored twice a day for the duration of 30 total days. Mice were 

euthanized based on a pain assessment scoring system consistent with our IACUC approved 

protocol and/or at the veterinarian's discretion. For the purpose of our study, euthanasia/

sacrifice of a mouse equated to the occurrence of an event and therefore assigned a number 

of 1 whereas all surviving mice by the end of the study were assigned the number 0, 

indicative of no occurrence of an event. The data was analyzed using Kaplan-Meyer 

Survival curves (GraphPad Prism Software). P-values were calculated using both the Gehan-

Breslow-Wilcoxon test and the Log-rank (Mantel-Cox) test as a secondary test to confirm 

our results. P-values on the graphs presented are that of the Gehan-Breslow-Wilcoxon test. 

Statistical significance was determined based on P-values of less than 0.05.

Statistical analysis of quantitative data

Quantitative analysis of data is presented as mean±SEM of values obtained from 6 mice/

group/3 experiments. All quantitative data was normalized to the non-irradiated control 

group (0Gy+Saline). It is important to note that in this study the student T-test was 

employed using GraphPad Prism software, Inc. (La Jolla, CA) to test for significant 

statistical differences only between the two irradiated groups (9Gy+Saline vs 9Gy+TP508). 

P-values were considered statistically significant if less than 0.05.

Results

A single injection of TP508 delays crypt dissociation and accelerates regeneration of new 
crypts post-radiation treatment (RT)

ICR (CD-1®) mice (6 mice/group) were exposed to 9Gy radiation, and treated with either 

saline or TP508 24h post-exposure. Intact colonic crypts were harvested from the mice at 

48h, 5 and 9 days post-RT and imaged (Fig 1A). TP508 had no effect on crypts harvested 

from non-irradiated mice (left two panels in Fig 1A). In irradiated mice, colonic crypts were 

completely dissociated as a result of 9Gy exposure in the saline treated group, as early as 

48h post-RT. In contrast, TP508 treatment significantly prevented the dissociation of colonic 

crypts as depicted by the presence of both intact and partially intact crypts (top row). By day 

5 post-RT (middle row), crypts began to regenerate in the TP508-treated group compared to 

the saline-treated group and appeared fully regenerated by day 9 post-RT (bottom row). 

Results suggest that TP508 may be either protecting crypts from breaking down or 

accelerating their regeneration. It is also important to note that these effects were initiated as 

early as 24h post-injection of TP508 and persisted up to 9 days post-RT. Colon tissue 

sections were also harvested and stained by H&E staining. Representative H&E images of 

colonic crypt sections, from mice in the indicated treatment groups, are shown in Fig 1Bi. 
As shown, TP508 treated animals had increased colonic crypt length compared to the saline 

treated animals at 48h, 5 days and 9 days post-RT. The percent change in crypt lengths was 

analyzed based on the H&E images and the data was normalized to the control (0Gy+saline) 

group and presented as bar graphs in Fig 1Bii. At 48h post-RT, a 25% increase in crypt 
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lengths was observed in the TP508 vs saline treated groups. At days 5 and 9 post-RT, on an 

average, a difference of ~31% and ~52% was observed, respectively. It is important to note 

that by day 9 post-RT, TP508 not only significantly increased crypt length compared to the 

saline treated group, but actually restored the crypt length to that of healthy crypts in control 

mice, which received no radiation. Thus, while crypt integrity and length continued to 

decline with time in saline treated animals, in TP508-treated animals, crypts were restored 

with time, suggesting that TP508 not only prevents early disintegration of crypts, but also 

stimulates their regeneration.

Shrinkage of small intestinal and colonic crypts, post-RT, has been reported to be associated 

with cellular death and loss of proliferation in the stem cell niche 42, 43. Small intestinal 

crypts are reportedly more sensitive to radiation than colonic crypts44. Therefore, we 

examined intestinal crypts to determine if they were also protected/restored with post-

radiation TP508 treatment. As shown in Sup Fig 1Ai-ii, TP508 treatment had similar effects 

in the small intestine as in the colon.

Breakdown of intestinal and colonic crypts is also thought to be due to weakened cell-cell 

adhesions. Since cadherins have been shown to regulate cellular proliferation, apoptosis and 

maintenance of crypt integrity 43, 45, and TP508 appears to rescue crypt architecture, we 

next examined the effects of TP508 on the expression of E-cadherin, which is required for 

maintaining adherens junctions in gastrointestinal crypts, and the amount of apoptosis in 

gastrointestinal crypts.

TP508 increases the expression of adherens junction protein E-cadherin and decreases 
apoptosis in gastrointestinal crypts post-radiation exposure

Colon tissue sections harvested 48h, 5 and 9 days post-RT from mice, were analyzed by IF 

for the expression of E-cadherin (Fig 2Ai-ii). Results show that TP508 significantly 

increased the relative expression levels of E-cadherin as early as 48h post-RT compared to 

that in the saline-treated group (Fig 2Ai). The percent change in the number of E-cadherin 

positive cells per colonic crypt is presented as a bar graph in Fig 2Aii. As shown, RT in 

saline-treated animals resulted in ~90% reduction in E-cadherin staining intensity; however 

TP508 treatment attenuated the effects of radiation on relative levels of E-cadherin. At 48h, 

5 and 9 days post-RT, TP508 significantly increased the relative expression levels of E-

cadherin by >60%, compared to the saline treated group (Fig 2Aii). IF analysis showed that 

TP508 also increased expression levels of E-cadherin in small intestine crypts similar to the 

increased expression observed in the colon (data not shown). These findings suggest that 

TP508 effects on adherens junction proteins may prevent early disintegration of intestinal 

crypts as observed in Fig 1Bi.

Intestinal crypt tissue sections were also analyzed by immunofluorescent staining for the 

expression of the apoptotic marker, activated caspase-3 in both the small intestine (Sup. Fig 
1B) and colon (Fig 2Bi-ii). In crypts of non-irradiated mice, the expression of activated 

caspase-3 was largely absent (left two panels), as would be expected in healthy crypts. 

However, at 48h post-RT, the expression of activated caspase-3 was significantly increased 

in crypts harvested from saline treated mice, but not in crypts from TP508 treated mice (Fig 
2Bi-ii). Caspase-3 was still activated at day 9 post-RT in the saline treated group, but not in 
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the TP508 treated group (Fig 2Bi-ii). The percent change in the number of activated 

caspase-3 positive cells per colonic crypt is presented as a bar graph in Fig 2Bii. As shown, 

RT in saline-treated animals resulted in a 5 to 6-fold increase in apoptosis compared to the 

non-irradiated control mice. However, TP508 treatment decreased cellular death by ~35% at 

48h post-RT and by ~95% at days 5 and 9 post-RT (Fig 2Bii). These results indicate that, 

TP508 protection of intestinal crypts involves both increased expression of the adhesion 

molecule E-cadherin and a decrease in crypt cell apoptosis. Based on these results, it seemed 

likely that TP508 may also stimulate cell proliferation and activate progenitor/stem cells 

within the crypts to further enhance crypt regeneration.

TP508 increases proliferation of gastrointestinal crypt cells post-radiation exposure

Small intestinal and colon tissue sections harvested 48h, 5 and 9 days post-RT from mice 

treated with the indicated treatments were analyzed by IF for the cell proliferation marker 

PCNA. Results show that TP508 increased crypt cell proliferation as early as 48h post-RT 

compared to the saline treated group in both small (Sup. Fig 1C) and large intestine (Fig 
3Ai-ii) and continued to do so up to 9 days post-RT. The percent change in the number of 

PCNA positive cells per colonic crypt is presented as a bar graph in Fig 3Aii. By day 9, 

proliferation of colonic crypt cells in the TP508 treated group was almost restored to that of 

non-irradiated crypt cells. These results demonstrate that TP508 is activating crypt cell 

proliferation by 48h post-RT to prevent crypt dissociation, while also accelerating crypt 

regeneration by day 5 post-RT to promote formation of new crypts, as seen in Fig 1A.

TP508 increases the stemness potential of intact colonic crypt cells post-radiation 
exposure

Given that stem cells are known to be responsible for maintaining and regulating the normal 

homeostasis of intestinal and colonic crypts 46, we next examined the effects of TP508 on 

the stemness potential of crypt cells post-RT. Using a method developed to specifically 

isolate crypts from colon, (as described in the methods section), intact colonic crypts were 

isolated from mice treated with RT±TP508 and processed for western blot analysis for the 

indicated markers. Representative data from 3 experiments are presented in Figure 4A. Data 

from blots are presented as a percent change in the ratio of relative levels of target 

proteins/β-actin from samples collected at 48h (Fig 4Bi) and 9 days (Fig 4Bii) post-RT. At 

48h post-RT the expression of LGR5 was decreased, irrespective of TP508 treatment. 

However, at 9 days post-RT, the expression of LGR5 significantly increased by >95% in the 

TP508 treated group compared to the control saline treated group. Additionally, relative 

expression levels of DCLK1was increased by >50% at 48h post-RT and by >60% by day 9 

post-RT in response to TP508. Western blot analysis also confirmed that the expression of 

PCNA was increased by >50% in response to TP508 treatment post-RT while apoptosis 

(activated capase-3) was decreased by >50-80%, as presented in Figs 2Bi-ii and 3Ai-ii. 
Small intestinal and colon sections were also harvested at 48h, 5 and 9 days post-RT and 

processed for IF staining for stem cell marker DCLK1 (Fig 5Ai-ii; Sup. Fig 2A). No 

significant changes were observed in the non-irradiated treatment groups in both the small 

and large intestine. However, the number of DCLK1+ve cells in the intestinal crypts was 

significantly increased in the TP508 vs saline groups, post-RT (Fig 5Ai-ii; Sup. Fig 2A). 
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The percent change in the number of DCLK1 positive cells per colonic crypt at 48h, 5 and 9 

days post-RT was normalized to the control group (0Gy+Saline) and is presented as a bar 

graph in Fig 5Aii. Data illustrates a significant increase in the number of DCLK1+ve cells 

(> 60%) at 48h, 5 and 9 days post-RT in the TP508 treated vs saline groups.

TP508 significantly delays mortality and increases survival of mice post-radiation 
exposure

Exposure to high doses of total body irradiation (9-12Gy) often results in death, regardless 

of intervention with advanced therapeutics or bone marrow transplants3, 4. This high 

mortality appears to be caused by radiation-induced damage to the intestinal and colonic 

mucosa leading to reduced fluid absorption, electrolyte imbalance, barrier function loss, 

bacterial translocation, systemic bacterial infection, sepsis, and organ failure 5-8. With the 

significant protective/restorative effects of TP508 on intestinal and colonic crypts following 

whole body irradiation, it seemed likely that TP508 may also increase animal survival with 

post-irradiation treatment.

Mice were exposed to 9Gy radiation and treated 24h later with a single injection of either 

saline or TP508. TP508 treatment increased survival and delayed the onset of mortality in 

mice. On average, saline treated mice died ~12 days post-RT while TP508 treated mice died 

~17 days post-RT (Fig 6A). Thus, TP508 delayed death by ~4-5 days in these mice. TP508 

also significantly increased the survival of mice by ~ 30.8%, compared to the saline-treated 

group (Fig 6B). These findings demonstrate that the same TP508 treatment that mitigates 

effects of radiation on intestinal and colonic crypts, also significantly increases survival and 

delays mortality.

Discussion

The increased probability of a nuclear incident in the world has led to a search for novel 

countermeasures capable of mitigating the potentially lethal effects of radiation on bone 

marrow, vital organs and the GI tract. Recently, several agents, such as HB-EGF (Heparin-

binding EGF-like growth factor) 47, flavonolignan-silymarin 48, MG (alpha2-

macroglobulin) 49, miso 50 and 17-DMAG (17-Dimethylaminoethylamino-17-

demethoxygeldanamycin) 51 have been reported as novel putative radioprotective agents. 

However, these agents are only able to exert their protective effects when administered prior 

to radiation exposure and are ineffective post-radiation. Similarly, mitigators such as 

Kruppel-like factor 4 52 and DIM (3,3'-diindolylmethane) 53 have also been reported to 

protect the GI tract from radiation-induced damage post-exposure, but were either unable to 

initiate stem cell regeneration 52 or required multiple injections for efficacy 53. In this study, 

we show that a single injection of TP508, administered 24h post-RT, significantly increased 

survival and effectively protected the intestinal mucosa by delaying crypt dissociation, 

directly stimulating stem cell regeneration.

It is well known that breakdown of intestinal crypts post-RT is associated with increased 

mortality and poor survival prognosis 54. This is due in part to the weakening of adherens 

junctions between crypt cells which increases permeability and results in intestinal leakage, 

bacterial translocation, sepsis, and ultimately death 55. In addition, radiation-induced 
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damage to crypts has been associated with loss of E-cadherin expression in crypt cells 11. 

Interestingly, our results showed that TP508 delayed crypt dissociation in the colon (Fig 1A-
B) and in the small intestine (Sup. Fig 1A) and increased expression of E-cadherin post-RT 

(Fig 2Ai-ii). This data suggests that TP508 may be preserving the integrity of 

gastrointestinal crypts by strengthening the mucosal barrier, thus delaying the onset of acute 

GI toxicity. The severity of radiation exposure serves as an indicator of cellular death within 

the stem cell niche and is known to regulate the ability for crypts to regenerate 56. 

Furthermore, a decrease in crypt length post-RT has been reported to be associated with 

cellular death and loss of proliferation in the stem cell niche 42, 43. Results showed that 

TP508 reversed radiation induced-damage by increasing crypt length (Fig 1A-B), increasing 

E-cadherin expression to reinforce adherens junctions, suppressing apoptosis (Fig 2Bi-ii), 
and increasing cell proliferation within the crypts (Figs 3-4). Prevention of early breakdown 

of intestinal crypt appears to correlate with a significant delay in the onset of mortality (Fig 
6A) and increase overall animal survival (Fig 6B).

In addition to gastrointestinal damage, exposure to high doses of total body irradiation has 

been shown to destroy bone marrow hematopoietic stem cells (HSCs) 57. Loss of 

hematopoietic stem cells leads to decreased white blood cells and promotes systemic 

infection and inflammatory responses that also cause gastrointestinal damage, barrier 

dysfunction, and septic mortality7, 58, 59. Our current experiments demonstrate that TP508 

treatment increases survival of mice exposed to doses of radiation that are known to cause 

loss of hematopoietic cells and gastrointestinal damage. Thus, TP508 effects on survival 

could be mediated by more than one mechanism. Preliminary data from our laboratory 

indicates that TP508 may activate hematopoietic stem cells in bone marrow of mice post-RT 

(not shown). Interestingly, hematopoietic syndrome-induced GI damage usually occurs 8 to 

10 days post-exposure59. In our experiments, however, damage to colonic and intestinal 

crypts was observed within 48h and 5 days of radiation exposure suggesting that in these 

mice, GI-damage may be radiation-induced rather than a consequence of damage to 

hematopoietic cells. Thus, the increased survival of TP508-treated mice (Fig 6B) is likely 

due to TP508 protection and rescue of crypt epithelial stem/progenitor cells required for the 

regeneration and restoration of intestinal crypts.

While at low doses of radiation, activation of cell proliferation post-RT helps delay damage 

sustained by the intestinal epithelium, at higher doses, the protection of progenitor/stem cells 

becomes imperative for crypt regeneration and survival 60. Crypts are composed of various 

heterogeneous subpopulation of cells with distinct proliferative and sensitivities to radiation 

damage 61, 62. Both actively cycling and quiescent stem cells play an important role in the 

repair and regenerative process of the intestinal crypts post-radiation damage. However, 

quiescent stem cells are more resistant to radiation damage compared to the susceptible 

proliferative stem cells 63. This is due in part to the lack of replication in quiescent stem 

cells, activation of rapid DNA repair mechanisms, and robust anti-apoptotic machinery, 

which are less prominent in proliferating cells 63, 64. Therefore, quiescence seems to have a 

protective effect on the survival of crypt cells 62.

It has been reported that the non-cycling quiescent cells such as Lrig+ve 65, DCLK1+ve 66 

and the slow cycling cells such as Bmi1+ve 67, mTert+ve 68 and Hopx+ve 69 cells, which 
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are located at the +4 position, are more resistant to radiation damage compared to the 

actively cycling LGR5+ve cells 61. Although the proliferative LGR5+ve cells have been 

reported to be responsible for maintaining normal crypt homeostasis upon injury, it is the 

quiescent stem cell populations which are believed to become activated to give rise to new 

LGR5+ve cells and various types of intestinal cells 61. The dispensability of LGR5+ve cells 

remains controversial. In more recent studies, LGR5+ve cells were reported to protect the GI 

tract from radiation-induced damage and deemed indispensable for the survival and 

regeneration of crypts post-RT 10. Equally, DCLK1 quiescent stem cells, also known to co-

express LGR5, were shown to play a critical role in the restorative and restitution process of 

the intestinal epithelium 70, 71. Both LGR5 and DCLK1 expression in intestinal crypts were 

shown to be down-regulated post-RT 72. Specifically, the expression of DCLK1+ve cells 

decreased 24-48h post-RT and was undetectable by 3-4 days post-RT 71.

In our studies, TP508 significantly increased the expression of both LGR5 and DCLK1 stem 

cell markers in intestinal crypts (Fig 4) as well as the number of DCLK1+ve cells per crypt 

as early as 48h post-RT (Fig 5, Sup. Fig 2A). Based on our results, it appears that TP508 

may promote the actively cycling stem cells to adopt a quiescent state to allow them to 

endure the stress of radiation damage and preserve their integrity (Fig 4A-B; 48h post-RT). 

However, by 5-9 days post-RT, TP508 seems to be activating quiescent stem cells to give 

rise to new LGR5+ve cells (Fig 4A-B; 9 days post-RT). Regardless, our findings suggest 

that TP508 protects/rescues the crucial epithelial stem cells required for the renewal and 

survival of intestinal crypts post-RT.

Radiation exposure to the GI tract targets both intestinal stem cells and endothelial cells, 

which in turn results in the breakage of the mucosal barrier and lack of blood supply 73. 

Intestinal microvascular endothelial cells have been shown to help regulate crypt stem cells 

post-injury 74. An increase in intestinal microvascular endothelial apoptosis resulted in 

extensive crypt damage and faster onset of GI syndrome 74. However, when endothelial 

apoptosis was inhibited, onset of GI syndrome was prevented. These studies suggest a strong 

correlation between the degree of endothelial apoptosis and the severity of crypt damage 74. 

In addition, rescuing endothelial cells from RT damage using bFGF resulted in increased 

crypt survival. Interestingly, the increase in crypt survival was not due to the stimulation of 

stem cells or crypt regeneration, but instead due to the halting of crypt shrinkage 74. In 

previous studies, TP508 was shown to stimulate endothelial cells to promote tissue 

revascularization, tissue repair and protection 18, 75. In our study TP508 was shown to 

prevent crypt shrinkage (Fig 1A-B) and accelerate crypt regeneration (Figs 4-5) post-RT. 

Hence, it may be possible that TP508 prevents crypt shrinkage via its effects on endothelial 

cells while stimulating crypt regeneration via its direct effects on stem cells. However, 

further studies are required to better understand the molecular mechanisms by which TP508 

exerts its protective effects on the GI tract.

In addition to endothelial activation response, radiation exposure also triggers and activates 

DNA repair mechanisms in injured crypt cells 76. Quiescent stem cells are able to more 

efficiently resist radiation damage and evade apoptosis due to the activation of a rapid non-

homologous end joining DNA double strand break repair mechanism 77. In contrast, actively 

cycling cells use a more error-free homologous recombination repair pathway in response to 
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damage 77, 78. Our preliminary studies demonstrate that TP508 significantly decreases the 

expression of DNA double strand break marker, γH2AX, in normal stem cells post-RT and 

increases the expression of DNA repair sensor ATM and effector Rad50 (data not shown). 

These results indicate that TP508 may protect stem cells from radiation-induced apoptosis 

by accelerating DNA repair mechanisms post-radiation injury. Studies are currently 

underway to determine the mechanisms by which TP508 stimulates DNA repair and how 

this effect relates to TP508 mitigation of radiation-induced crypt damage.

Our overall goal is to develop effective medicinal countermeasures that can be delivered 

post-exposure to help mitigate radiation-induced tissue damage and increase survival. Our 

results demonstrate that a single post-exposure injection of TP508 significantly increases 

animal survival, delays onset of mortality, and mitigates radiation-induced disintegration of 

colonic crypts by stimulating cell proliferation, increasing expression of adhesion molecules 

such as E-Cadherin, and activating crypt stem cells. Thus, TP508 may be an effective 

nuclear countermeasure to be used following an intentional or accidental nuclear incident to 

increase survival and provide high-exposure individuals additional time to be evacuated 

where they can receive additional life-saving medical treatment. TP508 can be easily 

distributed for on-site self-administration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of TP508 on gastrointestinal colonic crypts integrity post-radiation exposure
(A) Representative images taken at 10x and 40x magnifications of intact colonic crypts 

harvested at 48h, 5 days and 9 days post-RT from mice treated with either Saline or TP508, 

24h post-radiation (0Gy or 9Gy). (Bi-ii) Representative H&E staining of colonic crypts 

sections harvested at 48h, day 5 and 9 days post-RT, from mice treated with the indicated 

treatments. Inset illustrating H&E images from colonic crypts isolated 5 days post-RT is 

shown in the right hand panel. White arrows depict change in crypt lengths. (C) Bar graphs 

showing the percent change in crypt lengths normalized to the control (0Gy+Saline) group, 
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isolated 48h, 5 days and 9 days post-RT, respectively. Data=Mean±SEM from 6 mice/

group/3 experiments. *=P<0.05 vs 9Gy+Saline values.
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Figure 2. TP508 increases the expression of adherens junction E-cadherin and decreases 
apoptosis in gastrointestinal crypts post-radiation exposure
(Ai) Representative immunofluorescent images of colonic crypt sections harvested 48h, 5 

and 9 days post-RT and stained for E-cadherin. (Aii) Bar graphs illustrating the % change in 

the number of E-cadherin positive cells per crypt normalized to the control group (0Gy

+Saline). (Bi) Immunofluorescent staining of colonic crypts sections harvested at 48h, 5and 

9 days post-RT from mice treated with the indicated treatments for apoptotic marker 

activated-caspase-3. (Bii) Bar graphs showing the percent change in the number of activated 
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caspase-3 positive cells per crypt normalized to the control (0Gy+Saline) group, isolated 

48h, 5 days and 9 days post-RT, respectively. Data=Mean±SEM from 6 mice/group/3 

experiments. *=P<0.05 vs 9Gy+Saline values.
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Figure 3. TP508 stimulates proliferation of gastrointestinal crypt cells post-radiation exposure
(Ai) Representative images of colonic crypts sections harvested 48h, 5 and 9 days post-RT 

from mice treated with the indicated treatments were stained for PCNA. (Aii) Bar graphs 

showing the percent change in the number of PCNA positive cells per crypt normalized to 

the control (0Gy+Saline) group, isolated 48h, 5 days and 9 days post-RT, respectively. 

Data=Mean±SEM from 6 mice/group/3 experiments. *=P<0.05 vs 9Gy+Saline values. Ratio 

of control samples (0Gy+Saline) were arbitrarily assigned 100% values; ratios of treated 

samples were expressed as a % of the control group. *=P<0.05 vs control (9Gy+Saline) 

values.
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Figure 4. TP508 increases the stemness and proliferative potential of intact colonic crypts post-
radiation exposure while decreasing apoptosis
(A) Western blot analysis demonstrating the expression of the indicated markers in Saline vs 

TP508 treated groups at 48h and 9 days post-RT. (Bi-ii) Mean±SEM of WB data from 4 

mice/group/3 experiments, presented as % change in ratio of target protein/β-actin from 

samples collected 48h (i) and 9 days (ii) post-RT. Ratio of control samples (0Gy+Saline) 

were arbitrarily assigned 100% values; ratios of treated samples were expressed as a % of 

control. *=P<0.05 vs control (9Gy+Saline) values.
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Figure 5. TP508 increases the number of DCLK1+ve cells in gastrointestinal crypts as early as 
48h post-radiation exposure
(Ai) Representative images of colonic crypt sections harvested 48h, 5 and 9 days post-RT 

were stained by IF for DCLK1. White arrows depict positive staining for DCLK1. (Aii) Bar 

graph illustrating the % change in the number of DCLK1+ve cells per colonic crypt 

normalized to the control group (0Gy+Saline), 48h, 5 and 9 days post-RT. *=P<0.05 vs 

corresponding control (9Gy+Saline) values.

Kantara et al. Page 22

Lab Invest. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. TP508 significantly delays mortality and increases survival post-radiation exposure
(A) Scatter plot graph depicting the day of death of mice treated with the indicated 

treatments (n=34). (B) Graph illustrating the percent survival of mice treated with the 

indicated treatments, monitored for a total of 30 days.
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