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TITLE:  Oral antisense oligonucleotides to mitigate GI crypt survival post-irradiation 
 

A. SPECIFIC AIMS 
Gastrointestinal (GI) injury is a major cause and contributor of death after whole-body irradiation (Jarrett 1999; 
NCRP 2001), agents to mitigate the effects of acute GI radiation injury are needed. Acute radiation enteritis 
results from (1) loss of the epithelial stem cell population within the intestinal crypts, (2) subsequent breakdown 
of the epithelial barrier protection, and (3) mucosal inflammation in response to the injury. The interactions of 
these events accentuate the injury, e.g. mucosal breakdown allows translocation of bacteria resulting in further 
mucosal inflammation. Subsequently, mucosal inflammation causes regional tissue damage resulting in further 
mucosal injury and loss of barrier protection (Roberts, Foulcher et al. 1993; Fajardo, Berthrong et al. 2001). 
Apoptotic and inflammatory signaling have been identified as potential biological targets to prevent radiation 
injury following exposure (Coleman, Blakely et al. 2003). Antisense oligonucleotide drugs targeting the 
signaling events in apoptosis and inflammation are in development. 
 

We have established a collaborative agreement with Isis Pharmaceuticals (Isis Pharmaceuticals, Carlsbad, 
CA), the leading manufacturer of antisense oligonucleotide drugs. Isis Pharmaceuticals was the first to secure 
Food and Drug Administration (FDA) approval for an antisense drug, fomivirsen (currently on the market) was 
approved for cytomegalovirus retinitis in 1998 (Marwick 1998). Isis Pharmaceuticals has a pipeline of antisense 
oligonucleotide (ASON) drugs targeting apoptosis and inflammation which may have efficacy in radiation 
enteritis/enteropathy. We believe oral agents with long shelf-lives that do not require refrigeration and with 
once daily dosing have the potential for widest distribution and impact on survival following a major radiation 
incident. Antisense oligonucleotide drugs meet these requirements, these agents are versatile and may be 
formulated for oral (Stepkowski, Chen et al. 2001; Raoof, Chiu et al. 2004), enema (Miner, Geary et al. 2006; 
van Deventer, Wedel et al. 2006), subcutaneous (Bennett, Kornbrust et al. 1997), or aerosol inhalation (Nyce 
2002; Sandrasagra, Leonard et al. 2002) delivery. To our knowledge, this class of agents has not been 
previously tested for its potential as radiation mitigation agents, to ameliorate radiation injury after exposure. 
 

We have over 35 years experience and archived microscopic slides of radiation enteritis studies in murine 
models using the crypt and apoptotic assays (Withers and Elkind 1970; Withers, Mason et al. 1974; Weil, 
Stephens et al. 1996). These assays require the manual evaluation of histological sections by an expert, which 
has limited their use by other laboratories. Computer-assisted image analysis has been shown to improve 
accuracy and throughput in evaluation of cytopathology and/or histopathology (Kok and Boon 1996; Nieminen, 
Kotaniemi et al. 2005). We have extensive image analysis expertise, automating the crypt and apoptotic 
assays will improve the speed and accuracy of these techniques and allow for a broad distribution of these 
assay techniques to other laboratories for future studies of GI radiation injury. 
 

Hypothesis:  Antisense oligonucleotide oral therapy, biologically targeted to inhibit apoptosis or 
inflammation, will preserve/restore gastrointestinal crypts after radiation exposure. 
 

Specific Aims:  
 

1. Test inhibition of inflammation signaling by antisense drug therapy given orally post-irradiation in 
a mouse model using intestinal crypt survival assay.  We will test the ability of (antisense) ICAM-1, 
TGF-β1, IκB, and IL-6 ASON drugs to reduce the radiation enteritis using an intestinal crypt survival 
assay endpoint.  We will quantify (versus controls) for radiation dose modification. 

 

2. Test inhibition of apoptotic signaling by anti-sense drug therapy given orally post-irradiation in a 
mouse model using intestinal crypt apoptotic assay.  We will test (antisense) p38, p53, TNF, TNFR1, 
fas, caspase-3, IκB and bax ASON drugs as mitigation agents of apoptosis following whole-body 
irradiation. We will quantify crypt cell apoptosis versus controls for dose modification (Weil, Stephens et 
al. 1996). 

 

3. Test doublet combinations for increased survival in a mouse GI morbidity model.  We will measure 
the LD50 (<10 days) following total abdomen irradiation with 3 sets of doublet ASON drugs in a mouse GI 
morbidity model. Survival free from significant GI morbidity at 10 days is the end-point. 

 

4. Test automated image analysis for crypt assay versus manual counting. We will develop computer-
assisted histological evaluation software to automate the evaluation of cytopathology and/or 
histopathology of gastrointestinal radiation injury. Computer-assisted detection and analysis of crypts, 
scoring of crypt survival and apoptosis will be tested against manual counting by experts. 
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B. BACKGROUND AND SIGNIFICANCE 
 

Radiation Enteritis  
Radiation interacts with living tissue causing direct ionization and forming free radicals, both of which result in 
DNA damage (Hall and Giaccia 2005). A constellation of symptoms occurs following total body irradiation in 
mammals above 10 Gy related to loss of the epithelial lining of the GI tract. There is the onset of early 
symptoms consisting of severe nausea, vomiting, and diarrhea (Hempelmann, Lisco et al. 1952). The fluid loss 
leads to dehydration, loss of the absorptive capacity of the GI tract occurs, and loss of the epithelial barrier 
protection to bacteria. Death may occur from this injury within days. The epithelial lining of the gastrointestinal 
tract is highly organized with a polarized distribution of function, functional contact and barrier protection with 
the lumen side and a distribution of focal proliferative compartments at the other pole. The small intestines 
consist of columnar epithelium with villi protruding into the lumen, the epithelial cells are constantly being lost 
into the lumen from the ends of the villi.  At the base of the villi lies the intestinal crypts, where the proliferation 
of epithelial cells occurs, new epithelial cells are generated in the crypts and migrate to the end of the villi in a 
few days. This cellular kinetics explains the time course of the GI acute radiation syndrome. The stems cells 
present in the proliferative compartment are highly sensitive to radiation injury, when radiation damages the 
DNA in these cells they undergo p53-dependent apoptosis (Merritt, Potten et al. 1994). Apoptosis of intestinal 
crypt cells peaks within hours of exposure and may remain elevated for 24 hours (Weil, Stephens et al. 1996). 
Leukocyte adherence and migration into the radiation injured site begins within 2 hours and is propagated by 
pro-inflammatory cytokines produced at the damaged site (Panes, Anderson et al. 1995). The leukocyte 
response remains elevated at 14 days post-irradiation (Molla, Gironella et al. 2003). The early inflammatory 
response is mediated by an induction of ICAM-1, whereas the prolonged leukocyte response is mediated by 
VCAM-1 induction (Molla, Gironella et al. 2003). Apoptosis of the intestinal crypt stem cells and the 
inflammatory response to injury are central to radiation enteritis. 
 

Antisense oligonucleotide drugs 
Antisense oligonucleotide (ASON) drugs are a new class of drugs targeted to suppress expression of genes 
involved in disease through interactions with messenger RNA (mRNA) (Crooke 1998). ASON drugs are 
designed to complement and bind (hybridize) to a segment of mRNA to form a double stranded hybrid. The 
formation of this double stranded hybrid molecule prevents the mRNA from functioning normally and from 
producing the specific targeted protein. The targeted mRNA is degraded (by RNase H), while the ASON drug 
is not a substrate for the degradation enzymes due to backbone modifications. First-generation ASON drugs 
contain sulfur modification (phosphorothioate oligonucleotides) to improve their stability, however they remain 
susceptible to in vivo DNase degradation. Second generation compounds further substitute the 
phosphorothioates with 2’-methoxyethyl (2’MOE) modification, resulting in increased antisense oligonucleotide 
target binding affinity and resistance to degradation in vivo. ASON drugs are designed through sequence 
specificity to interact only with the intended mRNA target. This high degree of specificity makes ASON drugs 
more effective and less toxic than traditional drugs. In preclinical studies, such as this one, species specific 
agents (e.g. mouse specific agents) ensure biologically targeted specificity. The distribution and metabolism of 
ASON drugs are very similar from drug to drug, resulting in a common, predictable, safety profile across 
antisense drugs (Jason, Koropatnick et al. 2004).  
 

To act as radiation mitigation agents ASON drugs need to target biological signaling events that occur through 
new proteins induction by radiation. For example, the  inflammatory signaling that occurs through the induction 
of ICAM-1 on endothelial cells following radiation exposure. Alicaforsen (Isis Pharmaceuticals, Carlsbad, CA) is 
an antisense ICAM-1 drug developed to block ICAM-1 induction which has shown efficacy in a phase II trial for 
inflammatory bowel disease (van Deventer, Wedel et al. 2006). Antisense ICAM-1 oligonucleotides have 
shown reduction of pulmonary inflammation in an endotoxin pneumonitis rodent model (Kumasaka, Quinlan et 
al. 1996), hence may prevent radiation pneumonitis. They were also found to be neuroprotective in a rodent 
ischemia model (Vemuganti, Dempsey et al. 2004), hence may more broadly ameliorate the acute 
inflammatory effects of whole–body radiation. Candidate biological targets should have demonstrated reduced 
injury in knock-out studies. In this study, we will target (with ASON drugs) apoptotic and inflammatory signaling 
events that have been identified as potential biological targets to prevent radiation injury. 
 

ICAM-1 
ICAM-1 is a monomeric, unpaired, cell-surface glycoprotein of 76 to 114 kdaltons and is found on the surface 
of most nucleated cell types. ICAM-1 (also called CD 54) is a member of the immunoglobulin supergene family, 
and is composed of an extracellular domain containing five tandemly arranged immunoglobulin-like domains, a 
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transmembrane region, and a cytoplasmic domain. The migration of leukocytes from the blood to irradiated 
lung tissue requires the induction of endothelial surface adhesion molecules such as ICAM-1.  Leukocyte 
binding to the endothelium through the ICAM-1/LFA-1 interaction is necessary for activation and 
transendothelial migration (Yang, Froio et al. 2005).  Endothelial cells up regulate expression of ICAM-1 in 
response to tissue-released inflammatory mediators, which facilitates the transport of leukocytes to sites of 
tissue injury (Dustin, Rothlein et al. 1986; Pober, Gimbrone et al. 1986; Rothlein, Dustin et al. 1986).  
 

The development of inflammation requires leukocyte-endothelial cell interaction via ICAM-1 / LFA-1 interaction 
and subsequent transmigration of leukocytes into the injury tissue.  Expression of ICAM-1 in response to 
radiation is time- and dose-dependent in irradiated cells (Hallahan, Kuchibhotla et al. 1996). In a study of oral 
mucositis during radiotherapy, serial punch biopsies were obtained in 13 patients after 0, 30, and 60 Gy 
(Handschel, Prott et al. 1999). There was a progressive increase in endothelial expression of ICAM-1 and 
leukocyte infiltration at 30 and 60 Gy observed over baseline. In a murine model of radiation-induced intestinal 
injury, administration of anti-ICAM-1 antibodies to mice and ICAM-1 deficient mice both had decreased 
leukocyte adhesion at 24 h post-irradiation irradiation (Molla, Gironella et al. 2003). Intestinal epithelial 
regeneration was enhanced in ICAM-1 deficient mice when examined 14 days following single-exposure. 
There was a statistically significant increase in the number of proliferating cells (non-Paneth cells) per crypt 
and the number of mitotic figures within intestinal crypts in the ICAM-1 deficient mice at 14 days after 
abdominal irradiation. In a rat model of radiation colitis, ICAM-1 mRNA levels were found to increase markedly 
with subsequent ICAM-1 protein expression peaking one day after 22.5 Gy irradiation, and protein expression 
remained elevated up to 6 days (Ikeda, Ito et al. 2000). The number of inflammatory myeloperoxidase (MPO)-
positive cells in lamina propria mucosa increased in a time-dependent fashion from 6 h to 6 days after 
irradiation. These data suggest that up-regulation of ICAM-1 in endothelial cells and accumulation of MPO-
positive cells play important roles in the development of radiation-induced gastrointestinal injury. ICAM-1 
induction is seen in other tissues acutely following radiation exposure, including the central nervous system 
(Hong, Chiang et al. 1995; Chiang, Hong et al. 1997), pulmonary tissue (Hallahan and Virudachalam 1997; 
Hallahan and Virudachalam 1997), and liver (Meineke, Moede et al. 2002). We hypothesize blocking ICAM-1 
induction with antisense oligonucleotide therapy after irradiation will reduce subsequent radiation enteritis. It 
may also result in a systemic reduction in post-irradiation inflammation in all other tissues irradiated. 
 

In an experimental colitis murine model, administration of antisense ICAM-1 after the onset of colitis reduced 
the severity of colitis with every other day dosing over a 2 weeks period (Bennett, Kornbrust et al. 1997). 
ICAM-1 deficient mice were found to be resistant to lethal doses of endotoxin and induced septic shock (Xu, 
Gonzalo et al. 1994), antisense ICAM-1 may confer similar protection. Isis Pharmaceuticals (Carlsbad, CA) 
have developed an antisense ICAM-1 oligonucleotide drug (alicaforsen) for inflammatory bowel disease, 
presently in phase III trials (van Deventer, Wedel et al. 2006). 
3 

TGF-β1 
TGF-β signaling consists of a 25 kdalton homodimer binding to a membrane receptor, the ligand causes the 
assembly of a receptor complex, a cytoplasmic serine/threonine kinase phosphorylates proteins of the SMAD 
family, the phosphorylated SMAD moves to the nucleus where a complex is formed that activates TGF-β 
responsive gene expression (Massague 2000). There are 9 SMAD (SMAD1-9) intermediate signaling agents 
that have been characterized and three TGF-β isoforms (TGF-β1, TGF-β2, and TGF-β3). Though the recipient 
cell determines the outcome of the signaling event, TGF-β1 is implicated mainly in the pathogenesis of fibrosis. 
A dose dependent increased expression of TGF-β1 mRNA is found within irradiated tissues within hours of 
irradiation and may persist for months (Randall and Coggle 1995; Seong, Kim et al. 2000). Blocking TGF-β 
signal transduction is expected to have a beneficial effect. In one study, administration of a soluble TGF-β type 
II receptor (TβR-II) protein for 6 weeks was found to ameliorates intestinal radiation injury in a rodent model 
(Zheng, Wang et al. 2000). There was reduced structural injury, preservation of the mucosal surface area, 
increased crypt cell proliferation, and less intestinal wall fibrosis in the treated group at 6 weeks. ASON therapy 
may also prove beneficial, ASON TGF-β1 therapy demonstrated in post-surgical ocular scarring murine model 
reduced infiltration of inflammatory cells, and significantly reduced post-operative scarring following a single 
administration of anti-sense TGF-β1  (Cordeiro, Mead et al. 2003). In another study, anti-sense TGF-β1 
blocked interstitial renal fibrosis following ureteral obstruction (Isaka, Tsujie et al. 2000). In this study we 
hypothesize ASON TGF-β1 therapy will reduce radiation enteritis and improve crypt survival post-irradiation.   

IκB  
NF-κB consists of a heterodimeric complex of p50/p65 that functions as a central mediator of the immune 
response.  Recent work (Nenci, Becker et al. 2007) confirms the critical function of NF-κB as a regulator 
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epithelial integrity and intestinal immune homeostasis, suggesting an important role in controlling the 
pathogenesis of bowel inflammation.  The cytosolic p50/p65 complex is maintained in an inactive state by the 
binding of the inhibitor of NF-κB, IκB, to p65.  In response to various stimuli, IκB is phosphorylated and 
degraded, allowing the translocation of NF-κB to the nucleus, where it then binds to its DNA and induces 
transcription of many genes including TNF-α and IL-6.  In a murine model of intestinal inflammation, p65 
ASON was shown to prevent NF-κB activation and cytokine production, abrogating intestinal inflammation at 
both the physiologic and histological levels (Neurath, Pettersson et al. 1996; Neurath, Becker et al. 1998).  
Similarly, Lawrance et al. (Lawrance, Wu et al. 2003) demonstrated that p65-specific ASON could prevent 
inflammation-induced fibrosis when administered both before and following repeated intrarectal exposure to 
trinitrobenzene sulfonic acid. Inhibition of NF-κB with caffeic acid phenethyl ester was found to reduce 
inflammatory cytokines within the GI tract after total-body irradiation in rats (Linard, Marquette et al. 2004).  
These finding suggest that inhibition of NF-κB may produce a long-term benefit, reducing inflammation and 
subsequent fibrosis. However, in the immediate post-irradiation time-frame NF-κB may have a protective role. 
 

Absence of the product of the ataxia telangiectasia gene (ATM) results in defective NF-κB activation and 
increased radiosensitivity (Li, Banin et al. 2001), suggesting that NF-κB mediates part of the radioprotective 
role of wild-type ATM. In an in vitro study, a dominant negative IκB mutation that blocks NF-κB from entering 
the nucleus results in enhanced radiosensitivity (Wang, Hu et al. 2005). In vitro and in vivo studies have 
demonstrated that constitutive NF-κB activation appears to inhibit the cytotoxicity of radiation (Russo, Tepper 
et al. 2001). Wang et al. (Wang, Meng et al. 2004) demonstrated increased intestinal epithelial cell apoptosis at 
24 hours following 8 Gy total body irradiation (TBI) in p65 (RelA)/TNFR1-/- mice compared to control animals. 
Zhang et al. demonstrated enhanced apoptosis in vascular smooth muscle cells transfected with an NF-κB 
inhibitory decoy (Zhang, Park et al. 2005). In that study, p50-/- mice were found to have increased sensitivity to 
TBI, with an LD50 (< 7 days) of 7.75 Gy versus 13.12 Gy for the wild-type. In another study, inactivation of NF-
κB signaling in mice resulted in increased p53 activation and increased intestinal epithelial apoptosis following 
TBI (Egan, Eckmann et al. 2004). In that study, TBI of wild-type mice was found to result in a 2.5-fold increase 
in IκBα mRNA 4 h post-irradiation, suggesting a negative-feedback role. Finally, the Cleveland BioLabs agent 
CBLB502, which has demonstrated radioprotection in rheusus monkeys following TBI, is proposed to act 
through activation of NF-κB (Cleveland BioLabs 2006). In this study, we hypothesize that blocking IκB 
induction using ASON agents following irradiation will reduce intestinal apoptosis and improve crypt survival. 
 

Interleukin-6 (IL-6) 
IL-6 is a monomeric 184 amino acid secreted peptide produced by T lymphocytes, macrophages, and 
endothelial cells in response to tissue injury/trauma, infection, and immunological challenge.  In addition to its 
direct immunomodulatory role in lymphocytes where it mediates the expansion and activation of T cells and 
differentiation of B cells, IL-6 also plays a key role in modulating the acute-phase inflammatory response to 
tissue injury.  This response results in the release of proteins that mediate pleiotropic effects including 
phagocytosis of bacteria, activation of the complement and clotting cascades, and development of a systemic 
pyrogenic response (Castell, Gomez-Lechon et al. 1988). IL-6 signals through a membrane-bound receptor 
complex consisting of the ligand-binding IL-6 receptor and the signal-transducing component gp130 (also 
called CD130). gp130 is ubiquitously expressed in most tissues and serves as the common signal transducer 
for several cytokines. Activation of the IL-6 receptor by IL-6 binding to its extracellular domain leads to 
dimerization of gp130 and the recruitment of a complex of signal transduction proteins, most notably the Janus 
kinases (JAKs) and Signal Transducers and Activators of Transcription (STATs). JAKs phosphorylate tyrosine 
residues on the intracellular domain of the IL-6 receptor complex.  This, in turn, leads to docking of STATs that 
possess phosphotyrosine residue-binding SH2 domains.  Furthermore, tyrosine-phosphorylation of STATs by 
JAK mediates their dimerization. Activated STAT hetero- and homo-dimers translocate to the nucleus and 
regulate the transcription of target genes controlling inflammation and oncogenesis.  STATs may also be 
tyrosine-phosphorylated by other non-receptor tyrosine kinases such as src or non-cytokine growth factor 
receptors such as the epidermal growth factor receptor. 
 

Several lines of evidence suggest that IL-6 plays a significant role in the pro-inflammatory signaling response 
to radiation therapy of the intestinal tract and the consequent tissue injury. First, localized irradiation of the 
intestine (most of the ileum and cecum) of mice to 20 Gy has been shown to lead to an increase in plasma IL-
6. Administration of an anti-IL-6 mAb to intestinal-irradiated mice abrogated the elevation of fibrinogen noted 
during the acute phase response (Mouthon, Vandamme et al. 2001). Second, these increases in IL-6 result 
from activation of normal epithelial cells, immune cells, and vascular endothelial cells.  Increase in IL-6 after 
liver irradiation contribute to radiation-induced liver disease and reactivation of hepatitis B virus in patients 
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treated for hepatocellular carcinoma, suggesting a role for the normal epithelial cells and the immune cells for 
the resultant tissue injury (Christiansen, Sheikh et al. 2006).  Radiation exposure also results in vascular 
endothelial cell mediated induction of IL-6, IL-8, and ICAM-1 expression resulting in an inflammatory reaction 
(Van Der Meeren, Squiban et al. 1999). Third, blockade of IL-6 signaling using a specific IL-6 receptor antibody 
abrogates the inflammatory response in a murine model of colitis. In this murine model of colitis similar to 
Crohn’s disease, treatment with a rat antibody (MR-16-1) to mouse IL-6 receptor suppressed colitis by inducing 
apoptosis of T cells in the lamina propria which are responsible for continual stimulation of inflammatory 
signals via ICAM-1, vascular cell adhesion molecule 1 (VCAM-1), interferon-γ (IFN-γ), TNF, and IL-1β (Atreya, 
Mudter et al. 2000; Yamamoto, Yoshizaki et al. 2000). Lastly, in a phase II trial, treatment with 8 mg/kg 
tocilizumab either every 2 weeks or every 4 weeks significantly reduced Crohn's disease activity. Treatment 
every 2 weeks was superior to that every 4 weeks (Ito, Takazoe et al. 2004), but the incidence of adverse 
events did not differ between the two groups. Taken together, this evidence suggests that IL-6 serves as a key 
mediator of pro-inflammatory responses contributing to tissue injury in radiation enteritis and that its 
suppression could protect against the gastrointestinal toxicity secondary to acute radiation exposure. 
 

p38 
p38 is one member of the family of mitogen-activated protein kinases (MAPKs) involved in signal transduction 
in response to various stress stimuli including oxidative stress (such as ionizing radiation) and cytokine 
stimulation (Pearson, Robinson et al. 2001).  The stress kinase response function of p38 has been shown to 
be essential for viability, as demonstrated by the embryonic lethality of p38α knockout mice (Allen, Svensson 
et al. 2000).  p38 has been implicated in GI injury and was shown to increase rat intestinal epithelial apoptosis 
following hydrogen peroxide exposure (Zhou, Wang et al. 2005).  Inhibition of p38 using the chemical inhibitor 
SB203580, was found to alter the expression of IκB in various tissues including intestine following the pro-
inflammatory effect of LPS exposure in mice, thus integrating the p38 MAPK signaling pathway with that of NF-
κB (Zhang, Ahsan et al. 2005).  This p38 inhibitor was also shown to block neutrophil recruitment and intestinal 
villous destruction induced by Clostridium difficile toxin A exposure in mice (Warny, Keates et al. 2000).  
Similarly, it is anticipated that ASON inhibition of p38 will protect against acute oxidative-stress induced 
intestinal injury following radiation exposure. 
 

p53 
p53 is a widely studied tumor suppressor gene, mapped to chromosome 13 in humans, which functions to 
arrest the cell cycle following cytotoxic injury, eventually leading either to DNA damage repair and continued 
growth, or, to apoptosis and programmed cell death.  The response of p53 to various genotoxic injuries, such 
as ionizing radiation, has been shown to be tissue specific, and thought to be due to complex molecular 
mechanisms, related in part to the p53 expression level in different tissues following the insult (MacCallum, 
Hupp et al. 1996).   Various studies have found no detectable p53 prior to irradiation, but both a time- and 
dose-dependent increase in intestinal p53 expression following irradiation in a murine model was observed 
(Merritt, Allen et al. 1997; Wilson, Pritchard et al. 1998).  In one study, prior to irradiation there is no detectable 
p53 found within the small intestinal epithelial crypt cells, however within 3 hours after irradiation p53 was 
strongly expressed (Merritt, Potten et al. 1994). Merritt et al. demonstrated reduced intestinal injury, as 
measured by crypt apoptosis at 8 and 24 hours, following irradiation of p53-null mice, but no difference in 
apoptotic levels at 1 week, suggesting a role for p53 in mitigating the early response of the gastrointestinal 
track to radiation, but that apoptosis may have a p53-independent mechanism.  Komarova et al. (Komarova, 
Kondratov et al. 2004) similarly demonstrated that the villous epithelium of p53-deficient mice did not undergo 
growth arrest, unlike that of the wild-type animals, following radiation exposure, but this led to rapid villi 
destruction and accelerated lethality in the knockout mice.  These investigators also found that the 
inflammatory response in the p53-null mice was suppressed at molecular, cellular and organism levels 
compared with the wild-type mice, and that this suppression was mediated via inhibition of NF-κB-dependent 
promoters (Komarova, Krivokrysenko et al. 2005).  ASON targeting p53 mRNA was found to increase 
radiation-induced apoptosis of non-small cell lung cancer cell lines with functional p53 at baseline, with the 
ASON-treated cells demonstrating less cell cycle arrest than corresponding ASON-treated cells without 
functional p53 at baseline (Sak, Wurm et al. 2003).  This effect of p53-specific ASON inhibition of cell cycle 
arrest was associated with enhanced liver regeneration following partial hepatectomy in rats compared to 
control animals (Arora and Iversen 2000).  In the former studies, p53 was inhibited or absent prior to the 
cytotoxic event, whereas in the last study described, p53 was inhibited following the insult. Komarov 
demonstrated improved survival in mice following 8 Gy TBI and treatment with pifithrin-α, a p53 inhibitor 
(Komarov, Komarova et al. 1999). Strom demonstrated improved mice survival following 8 to 9 Gy TBI and 
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pretreatment with pifithrin-μ, a  small molecule p53 inhibitor (Strom, Sathe et al. 2006). We hypothesize p53 
ASON following ionizing radiation exposure may lead to a reduced intestinal crypt cell apoptosis and improved 
intestinal crypt survival.  
 

TNF-α/TNFR1 
Tumor necrosis factor (TNF) was first discovered as an endotoxin inducible serum factor in mice that produced 
a tumor necrotic action on transplanted tumor (Carswell, Old et al. 1975). TNF-α is a soluble 17 kdalton 157 
amino acid molecule that binds as a homotrimer to either TNFR1 or TNFR2 (Szlosarek and Balkwill 2003). 
TNF-α is involved in inflammation, immunity, cellular organization, and is a mediator of cachexia in mice (Oliff, 
Defeo-Jones et al. 1987). Several investigators have shown radiation to induce TNF expression in various cell 
lines, including intestinal macrophages (Hallahan, Spriggs et al. 1989; Iwamoto and McBride 1994; Akashi, 
Hachiya et al. 1995; McKinney, Aquilla et al. 1998). In one study, injection of neutralizing anti-TNF mAb 
provided a 60% reduction in radiation-induced intestinal epithelial crypt cell apoptosis (Inagaki-Ohara, Yada et 
al. 2001).  Radiation increases liver TNFR1 transcription in a dose and time dependent manner, pre-treatment 
with TNFR1 ASON reduces the levels of liver enzymes at 2 hours post-irradiation (Huang, Yang et al. 2006). 
Hepatocyte apoptosis and micronucleus formation were similarly reduced by TNFR1 ASON pre-treatment. In 
this study, we hypothesize that TNF-α ASON or TNFR1 ASON will result in reduced intestinal crypt cell 
apoptosis. 
 

Fas 
Fas (CD95) was discovered independently by two investigators who identified monoclonal antibodies which 
were cytolytic to various human cell lines (Trauth, Klas et al. 1989; Yonehara, Ishii et al. 1989). Fas is a 325 
amino acid type I cell membrane protein that can transduce an apoptotic signal when bound by the Fas ligand 
(FasL) found on cytotoxic T lymphocytes (Nagata and Golstein 1995).  Fas is involved in T cell mediated 
killing, immune tolerance, immunoregulation, cell proliferation, and NF-κB activation (Wajant, Pfizenmaier et al. 
2003).  Fas induction was found in a rat model of ischemia and reperfusion injury of small intestine (Shucai, 
Yoshitaka et al. 2005). Fas was initially not detectable in the uninjured rat small intestine, after 1 h of ischemia 
fas was found in stromal and crypt epithelial cell, and after 3 h of reperfusion fas was markedly increased. 
Following whole-body mouse irradiation to 1.5 Gy, thymic and spleen cells in Fas-deficient mice (lpr +/+) were 
found to have a significantly lower rate of apoptosis than Fas wild-type mice (Reap, Roof et al. 1997). Fas 
surface expression was induced by irradiation in spleen cells and competitive inhibition of Fas-FasL binding 
with Fas-Fc fusion protein construct reduced apoptosis. In a separate study, both fasting and ischemia-
reperfusion injury significantly induced Fas expression and subsequent apoptosis in the rat small intestine 
(Fujise, Iwakiri et al. 2006). Fasting promoted mucosal apoptosis via a Fas-mediated type I apoptotic pathway 
and ischemia-reperfusion injury induced apoptosis via a mitochondria mediated Fas type II pathway. These 
observations support a role for Fas-FasL signaling in radiation-induced apoptosis of intestinal crypt cells. 
 

In a mouse model of fulminant hepatitis, antisense Fas oligonucleotide (ISIS 22023) treatment reduced Fas 
mRNA and protein expression in the liver by 90% (Zhang, Cook et al. 2000).  Pretreatment with ISIS 22023 
protected mice from fulminant hepatitis caused by an agonistic Fas mAb and reduced the severity of 
acetaminophen induced hepatitis. We hypothesize blocking Fas induction with antisense oligonucleotide 
therapy after irradiation will reduce subsequent radiation induced crypt cell apoptosis. 
 

Caspase-3 
The caspases are a family of proteases that are activated during apoptosis and perform the cleavage of critical 
cellular substrates, precipitating the morphological changes of apoptosis (Cohen 1997). Caspase-3 is a 32 
kdalton proenzyme which is cleaved at an aspartate cleavage sites upon receiving a death signal to form the 
17 kdalton and 12 kdalton subunits of the active protease form. During the execution phase of apoptosis, 
caspase-3 cleaves a number of substrates with the motif Asp-X-X-Asp. Caspase-3 is present in intestinal 
epithelial crypt (IEC) cells and activated upon receiving a death signal (Inagaki-Ohara, Takamura et al. 2002). 
Radiation induced IEC apoptosis was significantly reduced in caspase-3 -/- mice 4 h following 5 Gy TBI. DNA 
fragmentation was mostly absent in caspase-3 -/- mice, however blebbing, cell shrinkage, and nuclear 
condensation were present in the remaining apoptotic IEC cells. In another study, total abdominal irradiation 
increased the level of caspase-3 activity within intestinal tissue (Abbasoglu, Erbil et al. 2006). Both octreotide 
treated unirradiated animals and the treated irradiated group had elevated caspase-3 activity versus the 
corresponding group that did not receive octreotide. Further studies to investigate the effect of caspase-3 
induction are necessary.  We hypothesize blocking caspase-3 expression with ASON therapy will reduce crypt 
cell apoptosis and subsequent radiation induced lethal small bowel syndrome. 
 

bax 
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The bcl-2 associated X-protein (bax), a 21 kdalton member of the bcl-2 family, was found to form dimers with 
either bcl-2 or itself, with only the homodimers having pro-apoptotic activity (Oltvai, Milliman et al. 1993). Bcl-2 
was the first protooncogenes found to block programmed cell death rather than promote proliferation, the ratio 
of Bcl-2/Bax appears to determine the survival or death of cells following an apoptotic stimulus (Korsmeyer, 
Shutter et al. 1993). In vitro studies show that bax cooperates with ATM in radiation-induced apoptosis in the 
central nervous system (Chong, Murray et al. 2000). Restoring bax in malignant cell line results in enhance 
radiosensitivity (Honda, Gjertsen et al. 2001). We have found antisense bcl-2 administration to mice resulted in 
enhanced intestinal apoptosis, crypt depletion, villi loss, loss of barrier protection, and increased susceptibility 
for radiation induced lethal small bowel syndrome (Wiedenmann, Valdecanas et al. 2006). Removing bax 
should have the opposite effect. We hypothesize blocking bax expression with ASON therapy after irradiation 
will reduce crypt cell apoptosis and radiation induced lethal small bowel syndrome. 
 

C. PRELIMINARY DATA  
Inhibiting apoptosis in mice following irradiation 
In this preliminary study we evaluated anti-bax and anti-bid ASON agents for their ability to mitigate apoptosis 
of jejunum crypt cells when administered after whole-body irradiation (WBI) in C3Hf/KamLaw mice. Groups of 
3 mice received total body irradiation using 300 kVp x-rays at a dose rate of 1.84 Gy/min to 2 Gy at 9:00 hrs. 
The experimental groups received ASON agents after TBI as follows: 
50 mg/kg of anti-bax ASON administered intravenously 15 minutes after TBI to 2 Gy. 
50 mg/kg of anti-bax ASON administered subcutaneously 15 minutes after TBI to 2 Gy. 
50 mg/kg of anti-bax ASON administered intraperitoneal 15 minutes after TBI to 2 Gy. 
150 mg/kg of anti-bax ASON administered via gavage 15 minutes after TBI to 2 Gy. 
50 mg/kg of anti-bid ASON administered subcutaneously 15 minutes after TBI to 2 Gy. 
The control groups received: 
50 mg/kg mis-sense oligonucleotide (MSON) intravenously 15 minutes after TBI to 2 Gy. 
50 mg/kg mis-sense oligonucleotide (MSON) alone (no irradiation) 
50 mg/kg anti-bax ASON alone (no irradiation) 
50 mg/kg anti-bid ASON alone (no irradiation) 
TBI alone (no drugs) 
No treatment 
The mice were sacrificed at 5 hours post-irradiation for evaluation of the apoptotic index. A 2 cm length of 
jejunum was removed from each animal for histological evaluation. The tissue was fixed in 10% neutral 
buffered formalin and transverse sections cut with a thickness of 4 µm. The section were stained with 
hematoxylin and eosin (H & E) and examined microscopically at 400X magnification. A total of 500 crypt cells 
per mouse from 3 complete crypts cut in longitudinal plane were scored as interphase, mitotic, or apoptotic. 
Cell classification (e.g. apoptotic cell) was based on morphological features of crypt cells on the H & E stained 
slides (Mason, Milas et al. 1995). The apoptotic index (AI), expressed as the mean percentage of apoptotic 
cells per 1500 cells examined, was calculate by the equation: 

 = ×
# apoptotic cell100

1500
AI  (1) 

along with the standard error is given in Table 1 below for each group. Each experimental group was 
compared using a t-test with the TBI alone control group and the p-value reported in the table. 
 

Table 1 – Apoptotic index 5 hours following 2 Gy TBI and ASON agents. 
 
Group Mean ± standard error p-value 
TBI alone (no drug) 11.8 ± 1.6 - 
TBI + anti-bax iv 9.0 ± 0.5 0.18 
TBI + anti-bax sc 7.5 ± 0.3 0.06 
TBI + anti-bax ip 9.9 ± 0.8 0.35 
TBI + anti-bax gavage 7.6 ± 1.6 0.14 
TBI + anti-bid iv 9.5 ± 0.9 0.28 
TBI + mis-sense iv 7.9 ± 1.2 0.12 

 
 



Principal Investigator: Guerrero, Thomas 

Page 8

A second set of experiments measured jejunal crypt survival using the same agents, doses, and delivery 
methods. There was no significant difference versus the control group found for either agent.  
 

Each of the ASON groups showed a reduction in the mean AI, however only the anti-bax ASON group 
delivered subcutaneously approached significance (p=0.06). The activity of each agents and delivery mode 
depends on the appropriateness as a target, dose, ASON affinity/specificity, biodistribution, and temporal 
course. These findings suggest bax may be an appropriate target, higher doses should be explored. 
Specifically, the gavage dose may be increased to 500 mg/kg and the parenteral doses to 100 mg/kg with mis-
sense controls. The lack of activity for the anti-bid agent may reflect the mode of delivery or biodistribution, 
rather than appropriateness as a target. 
 
 
Computer-assisted counting of intestinal crypts 

 
 

Digital images were acquired of hematoxylin and eosin (H & E) stained mouse jejunum histological sections at 
low magnification (Figure 1, first panel). Thresholding and erosion allows the generation of a binary image 
containing the silhouette of the tissue cross section (second panel). The location of individual cross sections 
(second panel, blue dot) are identified on the image using a morphological hit-or-miss transform (Gonzalez and 
Woods 2002). The lumen center is located using a centroid calculation of an image subregion around each 
location point. The image is then segmented into lumen (white), tissue (black), and outside (grey), as shown in 
panel 3 (Figure 1). Candidate crypt locations (green dots in panel 3) were identified by next computing locally 
maximal values of the breadth-first distance from the lumen center.  High resolution images of the histological 
sections are then acquired at these candidate crypt locations (panel 4). 
 

Automatic identification and classification of crypt cells in a high-resolution image of a crypt (Figure 1, fourth 
panel), is probably the most challenging part of the automation process. Our approach will be one based on 
statistical learning (Vapnik 2000).  In particular, we will ask our associated experts to manually identify and 
classify crypt cells as proliferative, mitotic, paneth, or apoptotic cells in a set of training images.  Given such a 
set of training images, we will investigate and identify a large set of possible features associated with the 
location and health of stem cells.  Given the specific appearance of each class of cells, we believe that 
identifying such a feature set to be tractable.  (For example, apoptotic cells have a distinctive appearance in 
which the nucleus of the stem cells forms a small dark ball.)  We then intend to develop a generalized linear 
classifier along the lines of Support Vector Machines (Burges 1998) to automatically evaluate and score the 
imaged crypts’ cells. Crypts containing ≥ 10 proliferative cells are scored as viable and the total number per 
circumference is obtained from each jejunal section. The number of viable, apoptotic, and mitotic cells per 
crypt are also scored.  The reported values will be a distribution of number of proliferative cells per crypt  
versus number of crypts, number of apoptotic cells, number of mitotic cells per circumference. 

Figure 1. Illustrates identification and scoring of jejunal crypts. The first panel is a low resolution scan of the H & E 
stained section. A binary image is created and the intestinal structure identified (second panel). From the lumen the 
candidate crypt locations are identified (green dots). A higher resolution image of one candidate location is shown in 
the fourth panel, where the individual proliferative cells (green dots) and mitotic cells (red dots) are identified. Crypts 
containing greater than 10 proliferative cells are scored.
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RESEARCH DESIGN AND METHODS 
 
Specific Aim 1   Test inhibition of inflammation signaling by anti-sense drug therapy given orally 

post-irradiation in a mouse model using intestinal crypt survival assay. 
 

Rationale:  Acute radiation enteritis results from (1) loss of the epithelial stem cell population within the 
intestinal crypts, (2) subsequent breakdown of the epithelial barrier protection, and (3) mucosal inflammation in 
response to the injury. The interactions of these events accentuate the injury, e.g. mucosal breakdown allows 
translocation of bacteria resulting in further mucosal inflammation. Subsequently, mucosal inflammation 
causes regional tissue damage resulting in further mucosal injury and loss of barrier protection (Roberts, 
Foulcher et al. 1993; Fajardo, Berthrong et al. 2001). Blocking inflammatory signaling will reduce the severity of 
radiation enteritis and subsequent inflammation component of injury. In one study, intestinal epithelial 
regeneration was enhanced in ICAM-1 deficient mice when examined 14 days following single-exposure. They 
found a statistically significant increase in the number of proliferating cells and mitotic figures within intestinal 
crypts in the ICAM-1 deficient mice (Molla, Gironella et al. 2003). We hypothesize antisense oligonucleotide 
(ASON) drugs targeting the signaling events in inflammation (ICAM-1, TGF-β1, p65, IL-6 induction)  will reduce 
radiation enteritis and improve intestinal crypt survival. We will test this hypothesis in C3Hf/KamLaw mice and 
provide a ranking of the efficacy of each agent as radiation dose modifiers for intestinal crypt survival. 
 

Study Overview:  Inbred C3Hf/KamLaw mice bred and maintained in the defined flora specific pathogen-free 
colony in the Department of Experimental Radiation Oncology at the University of Texas M. D. Anderson 
Cancer Center will be utilized this study. An automatic 12 hour light-dark cycle is maintained in the colony. 
Mice at 12 – 16 weeks age, matched for weight (24 g), fed sterile feed and water ad lib will be selected. We 
have previously characterized the intestinal crypt survival following total-body irradiation (TBI) in C3Hf/KamLaw 
mice (Mason, Withers et al. 1989). To act as a mitigation agent, the ASON drugs must reach the target cell 
cytosol in a time frame to block induction of inflammation signaling. We will test mouse specific ICAM-1, TGF-
β1, p65, and IL-6 ASON drugs. The jejunal crypt survival will be determined for each ASON drug administered 
0.5 h post-irradiation. Each mitigation agent will be delivered via gavage and a subcutaneous delivery positive 
control will control for gastrointestinal absorption. ASON drug dose levels of 250 and 500 mg/kg dose via 
gavage and 100 mg/kg intraveneous administration daily will be tested. A control group will receive a mis-
sense ASON agent and tested for each of the experimental conditions as a control for sequence specificity. A 
baseline group will receive saline gavage and a second group saline subcutaneous injection. Female (24 g and 
12 – 16 weeks old) C3Hf/KamLaw mice will receive whole-body irradiation with 250 kVp x-rays at a dose rate 
of 1.56 Gy/min in groups of eight while loosely restrained in a well-ventilated Lucite box. A flattening filter on 
the x-ray source will limit the variation across the field to less than 3%. Each of 5 groups will receive between 
12.5 to 16.75 Gy TBI (complete crypt survival curve). There will be an unirradiated control group for each of the 
experimental conditions. To avoid circadian effects (Hendry 1975), each group will be irradiated between 9 and 
10 am. The mice will be harvested 3 days 14 hours following total body irradiation and a small section of the 
jejunum will be prepped to undergo histological evaluation (see Data Acquisition below). One histological slides 
will be made for each animal containing four sections of jejunum. 
 

Study Design:  There are 4 ASON drugs to evaluate, 3 drug dose levels or delivery modes, 6 radiation dose 
levels, 1 radiation only control, 1 nonsense ASON control, and  drug plus no radiation controls. This results in 

 

 

Lumen 

Serosa 

Villi crypts 

Figure 2. Illustrates crypt assay scoring.  Four H & E stained jejunal complete circumferential sections per animal are 
evaluated. The intestinal crypts (arrows) with ≥ 10 proliferative cells (sky blue dots) per circumference are scored.
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60 experimental groups and 51 controls groups. The primary analysis will be a mean comparison between the 
cell survival rate of an experimental group with that of a control group.  From the results (Fig. 1) in Mason et al. 
(Mason, Withers et al. 1989) the C3Hf/KAM mice have approximately a standard deviation of 9 for the number 
of surviving cells per jejunum circumference in doses from approximately 12-15 Gy. Working with a mean of 30 
surviving cells in a control group we find that 8 mice per group at a significance level of α=0.05 will give 85% 
power to detect a 40% increase (42 surviving cells) in cell survival in an experimental group.  For 60 
experimental and 51 control groups, each with 8 mice, we will use a total of 888 mice for this component of the 
study. 
 

Data Acquisition: (Crypt survival assay) We will evaluate the survival of jejunal crypts 3 days 14 hours 
following total body irradiation. Mice will be killed by CO2 asphyxiation and a 2 cm length of jejunum removed 
for histological preparation.  The tissue will be fixed in 10% neutral buffered formalin and four transverse 
section cut with a thickness of 4 µm for each mouse.  The sections will be stained with hematoxylin and eosin 
(H & E) and examined microscopically under 100X magnification. The number of surviving crypts with at least 
10 viable tightly packed columnar epithelial (non-Paneth) cells located near the base of the crypt will be 
counted (Figure 2). The surviving crypt cells are readily identified as having chromophilic prominent nucleus, 
little cytoplasm, lying in close proximity appearing crowded (Withers and Elkind 1970). The mean number of 
surviving crypts per intestinal circumference will be determined for each group. 
 

Data Analysis Methods:  The crypt survival assay (Withers and Elkind 1970) assumes within each crypt cells 
survive independently and that one surviving cell is sufficient for regeneration of that crypt. These assumptions 
lead to a Poisson model for the number of surviving cells within a crypt; denote the Poisson parameter by λ. 
Let the average number of crypts per circumference in unirradiated controls be denoted by cx . If xs then 
denotes the number of surviving crypts per circumference (of a transverse section), then the proportion of 
crypts destroyed by irradiation is ( )C S Cx x x− . Through the Poisson assumptions and model we can thus 
relate the fraction of surviving crypts per circumference to the number of surviving cells within a crypt. To this 
end, the proportion of crypts destroyed by irradiation should equal to exp(−λ), leading to 

])ln[( CSC xxx −−=λ . Since one surviving cell is sufficient for crypt regeneration, the fraction of surviving 
crypts per circumference, Scircumference, is thus: 

 ln c s
circumference

c

x xS
x

⎛ ⎞−
= − ⎜ ⎟

⎝ ⎠
 (2) 

where xs is the number of surviving crypts per circumference and xc is the number of crypts per circumference 
in the control group (Withers and Elkind 1970). A crypt survival curve versus radiation dose will be generated 
for each experimental condition using a modified alpha-beta dose response model (Roberts, Hendry et al. 
2003). A dose-modifying factor (DMF) will be calculated for each drug then ranked in order of mitigation activity 
(ability to increase crypt survival) using the survival curves: 

 ( ) ( )
( )

%
crypt survival

%

control group
ASON group

survival

survival

D
DMF ASON

D
=  (3) 

where D%survival is the dose determined for each group that achieves a specific %survival. We will determine the 
average DMFcrypt survival over the fractional survival range of [0.1, 0.5]. Agents that have a lower DMFcrypt survival 
will have higher mitigation activity. To assess the rankings of the agents we will calculate 95% confidence 
intervals for each DMFcrypt survival and evaluate the overlap of the intervals. The confidence intervals will be 
obtained by applying the bivariate Delta Method (propagation of error via Taylor series) to the ratio defining 
DMFcrypt survival. Alternatively, we can apply a bootstrap method to obtain confidence intervals for DMFcrypt survival. 
 

Potential Pitfalls: Radiation injury may limit gastrointestinal drug absorption precluding oral delivery of drugs. 
We plan to estimate this effect by having a control group receive subcutaneous injection delivery. Another 
potential pitfall is that the inflammation contribution to injury may not contribute to the crypt survival measured 
at 3 days 14 hours post-irradiation. If we find no mitigation activity a second set of experiments can be 
performed to assay crypt survival at a later time, such as the 14 day delay utilized by Molla (Molla, Gironella et 
al. 2003). Inhibition of NF-κB is reported to reduce inflammatory cytokines, including IL-6 and IL-6 receptor, 
within the GI tract (Linard, Marquette et al. 2004). However, NF-κB p50 knock-out mice were found to have 
increased sensitivity to TBI, with an LD50 (< 7 days) of 7.75 Gy versus 13.12 Gy for the wild-type (Wang, Meng 
et al. 2004). Inhibition of a radiation induction target by ASON requires adequate biodistribution, which may not 
occur within the post-treatment time frame. An alternative strategy is to utilize ASON agents as radioprotectors 
rather than mitigation agents to identify biological targets using pre-irradiation treatment.  
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Specific Aim 2   Test inhibition of apoptotic signaling by anti-sense drug therapy given orally post-
irradiation in a mouse model using intestinal crypt apoptotic assay.  
 

Rationale:  Exposure of the intestinal epithelium to ionizing radiation results in rapid apoptotic cell death of the 
cells lining the crypt walls (Potten 1977).  Shortening of the villi and subsequent loss of the epithelium results 
from the death of these regenerative crypt stem cells and potential stem cells. We hypothesize that (antisense) 
p38, p53, TNF, TNFR1, fas, caspase-3, bid, or bax ASON drugs may act as radiation mitigation agents to 
block apoptosis of intestinal crypt stems cells (or potential stem cells) allowing regeneration of the crypts. We 
will test this hypothesis and provide a relative ranking of the efficacy of each agent as modifiers for intestinal 
crypt apoptotic index. 
 

Study Overview:  Inbred C3Hf/KamLaw mice bred as described in Specific Aim 1 will be utilized in this study. 
We have previously characterized the radiation induced apoptosis in C3Hf/KamLaw mice (Weil, Stephens et al. 
1996). Antisense oligonucleotide (ASON) drugs act in the cytosol to block new protein synthesis through 
hybridization with and facilitating subsequent degradation (by RNase H) of their mRNA target. To act as a 
mitigator, the ASON drugs must reach the target cell cytosol in a time frame to block induction of apoptotic 
target signals. Small intestinal crypt cell apoptosis (in mice) peaks at 4 – 6 hours post-irradiation (Weil, 
Stephens et al. 1996). Female (24 g and 12 – 16 weeks old) C3Hf/KamLaw mice will receive whole-body 
irradiation with 250 kVp x-rays (as described in Specific Aim 1) in groups of six, one control group and one 
experimental group, while loosely restrained in a well-ventilated Lucite box. The apoptotic index will be 
determined with each ASON drug administered 30 minutes post-irradiation. Each mitigator will be delivered via 
gavage, however a subcutaneous delivery positive control will control for gastrointestinal absorption. ASON 
drug dose levels of 150 and 300 mg/kg dose via gavage and 50 mg/kg subcutaneous will be tested. A control 
group will receive a mis-sense ASON agent at 0.5 hours delay for each administration dose and route. A 
baseline group will receive saline gavage and a second saline subcutaneous injection. Unirradiated controls 
groups will receive sham irradiation and ASON (or mis-sense) agents at each dose and administration. The 
mice will be killed and a 2 cm length of jejunum removed for histological evaluation at 6 hours post-irradiation. 
 

Study Design:  ASON Drug will be tested at dose levels of 250 & 500 mg/kg dose given via lavage, and 100 
mg/kg given subcutaneous. The delay between irradiation and time of ASON drug administration:  0.5 hours. 
There are 8 ASON drugs to evaluate, 3 drug dose levels or delivery modes, 2 radiation dose levels (including 0 
Gy), 1 radiation only control, 1 nonsense ASON control, and  no radiation drug only controls. This yields 112 
experimental groups and 273 controls groups. The primary analysis will be a mean comparison between the 
apoptotic index of an experimental group with that of a control group.  From the results of a published study, 
Figure 1 in Weil et al. (Weil, Stephens et al. 1996), the C3Hf/KAM mice have approximately a mean apoptotic 
index of 11 (at 4 h or greater post irradiation) with an SEM ≈ 2. The mean is based on 3 mice and hence the 
standard deviation of the apoptotic index is σ=3.5. We find that 3 mice per group at a significance level of 
α=0.1 will give ≈ 80% power to detect a ≈ 50% decrease in apoptotic index in an experimental group. Thus the 
total number of mice for this component of the study is 1155. 
 

Data Acquisition: (Apoptotic assay) C3Hf/KamLaw mice irradiated and treated as described above will be 
sacrificed at 5 hours post-irradiation for evaluation of the apoptotic index. A 2 cm length of jejunum will be 
removed from each animal for histological evaluation. The tissue will be fixed in 10% neutral buffered formalin 
and transverse sections cut with a thickness of 4 µm. The section will be stained with hematoxylin and eosin (H 
& E) and examined microscopically at 400X magnification. A total of 500 crypt cells per mouse from 12 to 16 
complete crypts cut in longitudinal plane will be scored as interphase, mitotic, or apoptotic. Cell classification 
(e.g. apoptotic cell) will be based on morphological features of crypt cells (Figure 3) on the H & E stained slides 
(Mason, Milas et al. 1995). The apoptotic index (AI) is expressed as the mean percentage of apoptotic cells per 
1500 cells examined from the three animals in each group. The reduction of the AI for each ASON drug, 
delivery route, and administration delay time will be determined. The ASON drugs will be ranked in order of 
mitigation activity (ability to reduce the AI). 
 

Data Analysis Methods:  The apoptotic index (AI) will be calculated and compared between treatment and 
control groups by a two-sample t-test at the α=0.1 one-sided significance level since our interest is in a 
decrease (one-sided) of the AI in an ASON drug group relative to control. Since the calculation of AI is a 
proportion we will repeat the analysis under an arcsine (angular) transformation of AI to stabilize the variance 
of proportions and bring them closer to normality; the variance of a sample proportion depends on the 
underlying population proportion, as well as the sample size. If there is a difference in the results between the 
original scale and the arcsine scale we will report that based on the latter. The apoptotic index (AI) expressed 
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as the mean percentage of apoptotic cells per 1500 cells examined, is given by the equation: 

 = ×
# apoptotic cell100

1500
AI  (4) 

Note that the above AI can be expressed as a weighted average of the three individual AI’s, 
332211 AIwAIwAIwAI ++= , where wi = ni/n. In this case since the individual sample sizes are all equal the 

overall AI is a simple arithmetic mean of the individual AI’s. The reduction of the AI for each ASON drug, 
delivery route, and administration delay time will be determined. The agents will be ranked based on 
percentage reduction in the AI:  

 Percentage reduction in 100 control ASON

control

AI AIAI
AI

−
= ×  (5) 

An apoptotic-mitigating factor (AMF) will be calculated for each ASON group with comparisons to the 
appropriate control group from the following equation: 

 ( )

control group

ASON group

1
100

1
100

AI

AMF ASON
AI

⎛ ⎞
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⎝ ⎠=
⎛ ⎞

− ⎜ ⎟
⎝ ⎠

 (6) 

Agents with a lower AMF have higher mitigation activity. As in Aim 1, we can use either normal-based theory or 
bootstrapping to find confidence intervals and assess rankings for either the percent reduction in AI or the 
AMF. 
 

Potential Pitfalls:  Intestinal irradiation is known to interfere with the absorption function and as such may 
interfere with oral drug delivery. We plan to test subcutaneous injection delivery of the ASON drugs as an 
experimental control. Another potential pitfall is that apoptosis may be simply delayed rather than blocked. 
We plan to measure 7 time points over 24 hours to obtain a apoptotic profile similar to our previous study 
(Weil, Stephens et al. 1996). This will allow us to evaluate that as a potential outcome.  In addition, at each 
time point we will measure number of mitotic cells which may provide additional information on crypt 
recovery. Inhibition of a radiation induction target by ASON agents requires adequate biodistribution, which 
may not occur within the post-treatment time frame. An alternative strategy is to utilize ASON agents 
radioprotectors rather than mitigation agents to identify biological targets using pre-irradiation treatment. 
Alternatively, the assay time point may be delayed beyond 24 h. 
 

Specific Aim 3   Test doublet combinations for synergy in a mouse model survival assay. 
 

Rationale:  Combination therapy has been applied to anti-neoplastic chemotherapy (Frei, DeVita et al. 1966), 
anti-microbial therapy (McCabe 1967), anti-viral therapy (Balfour 1999), and the treatment of complex medical 

mitotic 
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apoptotic

villi apoptotic 

mitotic 

crypt with >10 cells 

Figure 3. Scoring of crypt apoptotic cells.  This high resolution (400X) micrograph of mouse jejunum 24 h after 10 
Gy total body irradiation. Shortened villi, multiple apoptotic cells, and occasional mitotic cells are seen. A surviving 
crypt with >10 proliferative cells is shown. 
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conditions such as diabetes or hypertension (Holzgreve 2003).  In principle, combination therapy provides 
maximal benefit when (1) each component agent has single-agent activity, (2) each agent targets a non-
competing biological pathway, and (3) the toxicity profiles are non-overlapping (Miles, von Minckwitz et al. 
2002).  We hypothesize that combination therapy, using doublets from the agents in Aims 1 (anti-inflammatory) 
and 2 (anti-apoptotic) with the highest mitigation activity, will improve survival following whole abdomen 
irradiation. We will test this hypothesis by measuring the LD50 (<10 days) (Mason, Withers et al. 1989) using a 
morbidity assay in C3Hf/KamLaw mice following whole abdomen irradiation with mitigation by the test 
doublets. 
 

Study Overview:  Inbred C3Hf/KamLaw mice bred and maintained in the specific pathogen-free colony 
described in the previous aims will be utilized this study. We have previously measured the LD50 (<10 days) in 
C3Hf/KamLaw mice following total-body or total-abdominal irradiation (Mason, Withers et al. 1989). In this 
study we will test 3 doublet pairs comprised of the best mitigators from Aim 1 (ASON-1a & -1b) and 2 (ASON-
2a & b) above. The doublet pairs will consist of the pairs: (ASON-1a; ASON-2a), (ASON-1b; ASON-2a), 
(ASON-1a; ASON-2b). Animals will receive total abdominal irradiation (TAI) to doses of 16 to 25 Gy, and will 
receive a doublet ASON administration daily, beginning 0.5 hours following irradiation. The animals will be 
meticulously followed over the ensuring 10 days for signs of GI morbidity. These signs include: 20% weight 
loss, debilitating diarrhea, rough hair coat, hunched posture, lethargy, labored breathing, jaundice, neurological 
signs, inability to feed or drink, or bleeding from any orifice. Animals exhibiting these GI morbidity signs or 
moribund animals will be euthanized using CO2 asphyxiation. The LD50 (<10 days) will be determined from 
analysis of the animal lethality for each drug doublet cohort. The ASON drug doublets will be ranked in order of 
mitigation activity, determined by the LD50 (<10 days). 
 

Study Design:   
 5 groups of 20 mice will be irradiated to doses between 16 Gy and 20 Gy for each ASON drug doublet cohort, 
additional groups above 20 Gy will be added if 80% lethality is not achieved. ASON drug doublets will be 
tested at 300 mg/kg dose given via lavage, and 100 mg/kg given subcutaneous. Delay between irradiation and 
time of ASON drug administration:  0.5 hours. This yields 3 experimental groups and 3 controls groups. The 
primary analysis will be a comparison between the LD50 of the experimental arms versus the controls.  
Increasing the number of individuals at each dose results in a much more accurate effect than increasing the 
number of doses (Moermans and VanHecke 1995). To obtain an accuracy of 50% of the true value of LD50, 
with a chance of 0.85 that this should happen, we will use 20 mice per dose. 
 

Data Acquisition:  (GI morbidity/Survival assay) Mice will be monitored around the clock at 6 hour intervals to 
score (GI morbidity) lethality over a 10 day period post-irradiation.  The animals will be observed for (signs of 
GI morbidity): 20% weight loss, debilitating diarrhea, rough hair coat, hunched posture, lethargy, labored 
breathing, jaundice, neurological signs, inability to feed or drink, or bleeding from any orifice. Animals exhibiting 
these signs will be euthanized via CO2 asphyxiation. Lethality will be scored based on death or GI related 
morbidity. The resulting number of animals per group surviving at 10 days after irradiation is the end-point.  
 

Data Analysis Methods: statistics paragraph.  Logit analysis of lethality rates at 10 days post-irradiation will 
be performed.  We will determine the LD50 (<10 days) for the control groups and for each ASON doublet 
treated group. The ASON drug doublets will be ranked in order of mitigation activity, determined by the LD50 
(<10 days). A dose-modifying factor (DMF) will be calculated from the following equation, 

 ( ) 50
survival at 10-days

50

control group ( 10 days) doublet
doublet group ( 10 days)

LDDMF ASON
ASON LD

<
=

<
 (7) 

for each ASON doublet group. The ASON doublets will be ranked based on DMF, agents with a lower 
DMFsurvival at 10-days have higher mitigation activity.  
 

Potential Pitfalls: Activity cannot be achieved in one of the drug groups. Then the LD50 (<10 days) of the top 
two drugs acting alone from the other category will be determined. Another possible pitfall may occur if the 
drugs have a significant effect, there may be insufficient events at the highest doses to establish the LD50. If 
that proves to be the case, additional groups will be added at higher dose levels. 
 

Specific Aim 4   Test automated image analysis for crypt assay versus manual counting. 
 

Rationale:  The crypt and apoptotic assays are the standard tools for the evaluation of radiation GI injury 
(Withers and Elkind 1970; Withers, Mason et al. 1974; Weil, Stephens et al. 1996). These assays require the 
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manual evaluation of histological sections by an expert, which has limited their use by other laboratories. 
Computer-assisted image analysis has been shown to improve accuracy and throughput in evaluation of 
cytopathology and/or histopathology (Kok and Boon 1996; Nieminen, Kotaniemi et al. 2005). Automation of the 
crypt and apoptotic assays will improve the speed and accuracy of these techniques and allow for a broad 
distribution of these assay techniques to other laboratories for future studies of gastrointestinal radiation injury. 
 

Study Overview:  We will develop computer-assisted histological evaluation software to automate the 
evaluation of cytopathology and/or histopathology of gastrointestinal radiation injury. Computer-assisted 
detection and analysis of crypts, scoring of crypt survival and apoptosis will be tested against manual counting 
by experts. 
 

Study Design:   Due to the tedious and delicate nature of this examination, visual evaluation by an expert is a 
tedious process.  Given that historical assays (already in hand) and the proposed assays will generated 
thousands of slides, we proposed to automate this evaluation process to facilitate the testing as many drugs as 
possible.  One of the co-PIs (Warren) has significant expertise in solving the image processing problems posed 
in steps 3 and 5.  In particular, Warren (in conjunction with others) developed geneatlas.org, an on-line spatial 
database for comparing gene expression patterns over the mouse brain (Carson, Ju et al. 2005). The major 
steps of this automated process are as follows: 

1. Using programmable microscope, collect low-resolution image of entire slide. 
2. Identified intestinal cross-sections. 
3. Identify existing villi and crypts for each cross-sections. 
4. Collect high-resolution images of each crypt. 
5. Automatic identification and classification of crypt cells from high-resolution images. 

Steps 1 and 4 involve programming a commercially available microscope such as the Leica DM5500 (Leica 
Microsystems, Wetzlar, Germany) to collect appropriate images. Step 2 is a standard image processing 
problem and can be solved by filtering the image and determining connected sets of pixels corresponding to 
each distinct cross-section.   Step 3 is more challenging, but still tractable. After smoothing and contouring the 
image associated with each cross-section, we propose to fit a simple finger-shaped deformable model to each 
villi (Bello, Ju et al. 2007). Given that the villi are oriented pointed towards the center of each cross-section, we 
believe that a reasonable initial position for the deformable modeling should be easy to compute and a 
dynamic positioning method based on some variant of snakes should yield a very accurate fit (Kass, Witkin et 
al. 1988). Positions for crypts in the cross-section will be derived from the position of the fitted villi models. Step 
5, automatic identification and classification of stem cells in a high-resolution image of a crypt, is the most 
challenging part of the automation process. Our approach will be based on statistical learning (Vapnik 2000; 
Bello, Ju et al. 2007). Our expert will manually identify and classify cells in a set of training images.  With a set 
of training images, we will investigate and identify a large set of possible features associated with the location 
and cells.  A classifier based on Support Vector Machines to automatically evaluate the imaged crypts will be 
developed. A receiver-operator characteristics analysis (Metz 1978; Swets and Pickett 1982; Park, Goo et al. 
2004) will be performed on a data set read by (1) an expert reader (K. Mason) as the gold standard, (2) 3 
novice readers, and (3) the computer reader. 
 

Data Acquisition:  The historical slides and scores from our prior publication on mice strain apoptotic 
differences (Weil, Stephens et al. 1996) and from differences in crypt survival following TBI versus TAI (Mason, 
Withers et al. 1989) will be utilized. 3 novice readers, 1 computer reader, 1 expert reader will score the 252 
apoptotic slides (2 mice strains, 5 dose levels, 7 times points, 3 mice per group, plus control) and 220 crypt 
survival slides (2 irradiation techniques, 10 mice per group, 5 dose levels). 
 

Data Analysis Methods:  A basic statistical analysis will be performed to compare the quantitative counts 
between the novice readers and the gold standard, and between the computer and gold standard. For each 
type slide – apoptotic and crypt - standard summary statistics (mean, SD, quantiles) will be calculated and 
reported for the gold standard, novices and computer. Count distributions will be compared by a Kolmogorov-
Smirnoff test. To determine if there is a significant difference in between novice readers and the gold standard 
a one-way analysis of variance will be performed, followed by a contrast between the average novice readings 
and the gold standard. Both fixed and random effects for readers and cases (images) will be considered 
(Dofrman, Berbaum et al. 1995). A two-sample paired t-test (paired by image) will be used to compare the gold 
standard with the computer readings. To directly determine whether the computer performs closer to the gold 
standard than the novice readers, consider two differences: D(C) = computer minus Gold and D(N) = average 
novice minus Gold. If there is no difference in counts between the computer and the novice, then the difference 
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in D’s should be zero. Thus, we will find a 95% confidence interval for the mean difference of the D’s. Note that 
the variance of D(C) – D(N) is a function of the individual variances of D(C) and D(N), across the cases. To 
more formally assess the accuracy of the computer and novice readings, we will also perform an ROC analysis 
with the expert reader as the gold standard. For comparison purposes (computer versus novice), we will use 
the area under the curve (AUC) method. This can be done parametrically or nonparametrically and for 
continuous data the two approaches tend to give similar results (Park, Goo et al. 2004). Therefore, we will 
assume standard binormal distributions whose parameters (a and b) will be estimated by maximum likelihood. 
An ROC curve will be estimated for each reader (3 novices and computer) and an average novice ROC curve 
will be estimated by averaging their resulting MLEs of a and b (Metz 1986). The average novice AUC will be 
compared to the computer AUC, and equality of curves will be assessed by evaluating the null hypothesis of 
equal pairs (a,b) between computer and mean novice (Park, Goo et al. 2004). 
 
Potential Pitfalls:  Computer analysis of H & E stained slides for crypt survival and apoptosis is a difficult 
problem and may not be tractable within this study. We will collect one digital image set along with the 
corresponding expert scoring for each assay and make the data set publicly available to the medical imaging 
scientific community at large. This will allow the problem to be addressed by a broader group of imaging 
scientists and provide a training set for those who wish to learn to perform these assay methods. 
 
PHARMACOLOGIC PRODUCT DEVELOPMENT PLAN 
 

In this study, we propose to test mouse-specific antisense oligonucleotide drugs targeted to apoptotic and 
inflammatory signaling targets (Table 1) as mitigation agents of radiation GI toxicity. The agents described in 
this proposal are in research or development for treatment of a variety of diseases and conditions unrelated to 
radiation injury (Table 1). One of the agents, in pre-clinical research studies, have shown a protective effect in 
prevention of radiation damage (radiation hepatitis or radiation induced cellular apoptosis) when administered 
before irradiation (Huang, Yang et al. 2006). One agent, alicaforsen, has shown promising results in phase II 
testing for inflammatory bowel disease (van Deventer, Wedel et al. 2006) and is currently entering phase III 
testing for that indication. Another agent is in phase I testing (Sewell, Geary et al. 2002) in the United Kingdom 
(UK). These agents will continue in their development for non-radiation indications and they may achieve FDA 
approval for those indications. In addition, agents found in this study to have efficacy as mitigators of radiation 
GI toxicity will proceed to further studies in a dog model of radiation GI toxicity. We will seek additional funding 
for those studies. Should those studies confirm efficacy for an agent, FDA approval will be sought through the 
“animal rule” (21 CFR 314.600 –650) for the specific indication of mitigation of acute radiation syndrome GI 
toxicity. Those agents targeting inflammation signaling may proceed to additional testing for use in preventing 
side effects from cancer radiation therapy. However, addition preclinical data is warranted to ensure no cancer 
protection occurs and the standard FDA approval process will be followed. We will pursue those studies with 
the most active agents found in this study.  
 
          Table 1 - A summary of the present development of each proposed agent (Isis Pharmaceuticals). 

Biological 
Target 
 

Stage of 
 
development 

Disease site Reference: 

ICAM-1 Phase III trial Inflammatory bowel disease (van Deventer, Wedel et al. 2006)
TGF-β1 Pre-clinical Ocular scar formation (Cordeiro, Mead et al. 2003) 
IκB Pre-clinical - - 
IL-6 Pre-clinical - - 
p38 Pre-clinical Asthma (Duan, Chan et al. 2005) 
p53 Pre-clinical - (Urban, Golden et al. 2003) 
TNF-α Pre-clinical 

Phase I (UK) 
Colitis  
Rheumatoid arthritis, Crohn’s disease 

(Myers, Murthy et al. 2003) 
(Sewell, Geary et al. 2002) 

TNFR1 Pre-clinical Radiation hepatitis (Huang, Yang et al. 2006) 
fas Pre-clinical Fulminant hepatitis (Zhang, Cook et al. 2000) 
Caspase-3 Pre-clinical - - 
bax Pre-clinical Apoptotic mediated disease - 
bid Pre-clinical Cholestatic liver injury (Higuchi, Miyoshi et al. 2001) 
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