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Defibrotide, a Polydisperse Mixture of Single-stranded
Phosphodiester Oligonucleotides with Lifesaving Activity in
Severe Hepatic Veno-occlusive Disease: Clinical Outcomes

and Potential Mechanisms of Action

NOAH KORNBLUM,!* KANYALAKSHMI AYYANAR,""" LUBA BENIMETSKAYA,!
PAUL RICHARDSON,> MASSIMO TACOBELLI,? and C.A. STEIN!

ABSTRACT

Veno-occlusive disease of the liver (VOD) remains a troubling and potentially fatal complication of
high-dose chemotherapy and hematopoietic stem cell transplantation conditioning regimens. No ef-
fective therapy has been available for these patients to date, and the best supportive care measures
remain woefully inadequate. Defibrotide (DF) (Gentium, S.p.A., Como, Italy), a polydisperse mix-
ture of all the single-stranded phosphodiester oligodeoxyribonucleotides that can be obtained from
the controlled depolymerization of porcine intestinal mucosal genomic DNA, seems to offer a safe
and effective treatment for some patients suffering from severe VOD, a condition for which no ac-
cepted standard therapy currently exists. Early clinical studies evaluating the efficacy of DF for the
treatment of severe VOD in patients undergoing hematopoietic stem cell transplantation have been
very encouraging. Approximately 45% of the patients treated in multiple initial phase II clinical tri-
als achieved a complete response at day +100, demonstrating normalization of serum bilirubin and
resolution of the clinical syndrome. However, although multi-institutional, these represented single
arm studies. A large, FDA-approved, pivotal, prospective, multi-institutional, global phase III trial
of DF vs. historical controls (best available therapy) commenced in the first quarter of 2006 and
should provide further validation of DF’s efficacy. The drug seems to have few significant side ef-
fects, and almost all test subjects who have received this treatment have tolerated it well. Although
the mechanism of action remains unclear, the drug exerts minimal systemic anticoagulant effects yet
appears to induce numerous antithrombotic and profibrinolytic effects both in vitro and in vivo. It
may function as an adenosine receptor agonist and causes increased concentrations of endogenous
prostaglandins, which modulate thrombomodulin, platelets, and fibrinolysis. It also appears to block
lipopolysaccharide (LPS)-induced tissue factor (TF) expression. However, despite the fact the DF is
composed of oligonucleotides, its mechanism of action, which at the present time is unclear, is not re-
lated to Watson-Crick base pair-dependent downregulation of gene expression but is rather likely a
result of its polyanionic nature.
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INTRODUCTION

HEPATIC VENO-OCCLUSIVE DISEASE (VOD) represents a
clinicopathologic entity initially described in the
beginning of the last century (Wilmot and Robertson,
1920). Early cases involved toxic ingestion of certain
bush teas and foods rich in pyrrolizidine alkaloids
(DeLeve et al., 2002). With the introduction of modern
chemotherapy, immunosuppressive drugs, and drug com-
binations, case reports of VOD increased markedly
(Katzka et al., 1986). Today, VOD remains a serious and
often life-threatening regimen-related toxicity of hemato-
poietic stem cell transplantation (SCT). The incidence re-
ported in the transplant literature, in the range of
10%—-60%, appears highly variable, possibly because of
the clinical nature of the diagnosis (Richardson and
Guinan, 2001; Wadleigh et al., 2003).

Numerous chemotherapeutic drugs, biologic agents,
and immunosuppressive medications may cause VOD at
conventional doses. These include gemtuzumab ozogam-
icin (Mylotarg, Wyeth Pharmaceuticals, Madison, N.J.),
actinomycin D, dacarbazine, cytosine arabinoside,
mithramycin, 6-thioguanine, and certain chemotherapy
combinations (Boula et al., 2005; DeLeve et al., 2002).

High-dose cytoreductive conditioning regimens used
during SCT and bone marrow transplant (BMT) proto-
cols, often in combination with total body irradiation
(TBI), remain the most common cause of VOD (DeLeve
et al., 2002; Bearman, 1995). High doses of cyclophos-
phamide or busulphan appear to pose the greatest risk for
development of VOD.

CLINICAL FEATURES OF VOD

Patients undergoing either allogeneic or autologous he-
matopoietic SCT remain at risk for developing hepatic
VOD. Patients typically experience painful hepato-
megaly, jaundice, and fluid retention, often with rapid
and substantial weight gain (McDonald et al., 1984).

Onset generally begins within the first 30 days after
SCT, although delayed development may occur up to 100
days after therapy (Lee et al., 1999). Severity ranges
from mild reversible disease to a severe life-threatening
syndrome (McDonald et al., 1993). Extreme renal so-
dium avidity may develop early in severe cases of VOD.
These patients frequently develop acute oliguric renal
failure, that may progress to the hepatorenal syndrome,
leading to multisystem organ failure and death (McDon-
ald et al., 1993).

A number of clinical characteristics appear to increase
an individual’s risk of developing hepatic VOD. These
include older age, poor performance status, female sex,
advanced disease, prior radiotherapy, and pretreatment
elevations in aspartate aminotransferase (AST) level and
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HLA disparity between allograft donor and recipient
(Carreras et al., 1998; McDonald et al., 1993; Bearman,
1995). Treatment with norethisterone, a medication fre-
quently used to suppress menses in women undergoing
SCT (where risk of significant uterine bleeding sec-
ondary to chemotherapy-induced thrombocytopenia ex-
ists), also appears to dramatically increase the risk for de-
veloping hepatic VOD in the posttransplant setting.

DIAGNOSIS OF VOD

The diagnosis of VOD requires the ability to differenti-
ate this clinical entity from others that share similar fea-
tures. Examples include acute graft-versus-host disease
(GVHD), congestive heart failure, infectious and nonin-
fectious hepatitis, hepatic venous thrombosis, intraab-
dominal sepsis, and several other clinical conditions that
may arise in the post-SCT period (Ho et al., 2004;
Baglin, 1994; Rollins, 1986).

Laboratory test abnormalities, when present, are gener-
ally nonspecific. Increased serum levels of bilirubin and
alanine aminotransferase (ALT) occur frequently (Baglin,
1994). The rise in serum plasminogen activator inhibitor-
1 (PAI-1) levels parallels the initial rise in serum biliru-
bin. PAI-1 levels frequently increase more than 10-fold
compared with pretreatment levels (M. Pihusch et al.,
2005). Researchers evaluated the utility of PAI-1 levels
for confirmation of the diagnosis of VOD. Using a cutoff
level of 200 ng/mL yielded a sensitivity of PAI-1 of
85.7% for diagnosis of VOD, with a specificity of 100%
(Salat et al., 1997). Although it remains unclear if PAI-1
plays a role in the pathogenesis of VOD, recently pub-
lished experimental evidence using a novel murine model
of VOD provides evidence that it might do so (Smith et
al., 2006). Additionally, though PAI-1 levels predictably
rise as part of the clinical spectrum of VOD, the clinical
diagnosis of VOD does not require determination of PAI-
1 levels.

Modern radiologic imaging techniques have contrib-
uted to our understanding of the complex process of
VOD but are generally not a vital part of the diagnostic
evaluation. Liver ultrasound or CT scan imaging typi-
cally reveals a congested liver, ascites, and enlarged por-
tal veins and collateral vessels. Portal vein Doppler ultra-
sound assessment may reveal decreased portal flow, but
again, these findings are nonspecific and certainly not di-
agnostic of VOD (Pegram and Kennedy, 2001).

Controversy exists as to the utility of liver biopsy with
or without determination of the wedged hepatic venous
pressure gradients (WHVPG). Some authorities argue
that transvenous liver biopsy with hepatic venous pres-
sure determinations remains the gold standard for diag-
nosis of VOD (Richardson and Guinan, 2001). One in-
vestigative group reported that finding a WHVPG of
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>10 mm Hg correlated with a 91% specificity, 86% pos-
itive predictive value, and 52% sensitivity for the diagno-
sis of VOD (Shulman et al., 1995). Although liver biopsy
with histologic evaluation may substantially contribute to
the diagnostic workup, VOD generally is diagnosed clin-
ically (Rollins, 1986). In fact, liver biopsy may pose an
unacceptably high risk of serious bleeding for patients
who frequently experience significant thrombocytopenia
in the posttransplant setting. Transvenous biopsy ap-
proaches are favored over percutaneous techniques, as
the latter may pose an unacceptably high bleeding risk
(Carreras et al., 1993). Liver biopsy may ultimately be-
come necessary for those patients whose hepatic dys-
function cannot be clinically distinguished from other
causes (Bearman, 1995). Similarly, although several au-
thorities have advocated the use of transvenous intrahep-
atic portosystemic shunt (TIPS) placement for treatment
of some patients with severe VOD, this also may create
substantial bleeding complications. The procedure re-
mains controversial (Senzolo et al., 2005).

At least two clinical criteria for the diagnosis of VOD
have been published. These are the modified Seattle cri-
teria and the Baltimore criteria (McDonald et al., 1993;
Jones et al., 1987).

Modified Seattle criteria

Presence before day 20 after SCT of at least two of the
following:

Bilirubin =2 mg/dL (~34 umol/L)

Hepatomegaly, right upper quadrant pain

Ascites * unexplained weight gain of > 2% from base-
line

Baltimore criteria

Presence of hyperbilirubinemia = 2 mg/dL before day
21 after SCT and at least two of the following:

Hepatomegaly (usually painful)
Ascites
Weight gain > 5% from baseline

Clinicians generally rely on the presence of the triad of
sudden unexplained weight gain with ascites and painful
hepatomegaly to make the diagnosis of VOD.

PATHOGENESIS OF VOD

Histologic evaluation of liver biopsy and autopsy spec-
imens taken from patients with VOD has substantially
contributed to our understanding of the subsequent struc-
tural changes and ensuing liver injury. Typically, a two-
stage pattern occurs, with early sinusoidal injury and en-
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dothelial disruption occurring first, followed by hepatic
stellate cell proliferation and resultant deposition of vary-
ing amounts of collagen and other connective tissues. In
severe VOD, the collagen deposition within the hepatic
sinusoids and venules may be severe. VOD characteristi-
cally involves injury to the area surrounding the hepatic
central vein, leading to damage involving hepatic sinu-
soidal cells and especially hepatocytes located in zone 3
of the liver acinus (Richardson and Guinan, 2001). Dis-
ruption of hepatic sinusoidal endothelial cells with subse-
quent sinusoidal luminal obstruction appears so central to
the pathogenesis of VOD that one leading group of re-
searchers in the area proposed an alternative name for the
condition, sinusoidal obstruction syndrome (DeLeve et
al., 2002).

The first identifiable changes occur 6-8 days after the
toxic liver insult (DeLeve et al., 2002). These early
changes include swelling and widening of the sinusoidal
endothelium and its associated subendothelial matrix
zone, located between the basement membrane and the
adventitia of the central and sublobular veins (Shulman
etal., 1980, 1987; DeLeve et al., 2002). Disruption of en-
dothelial integrity allows accumulation of cellular debris
and red blood cells within the subendothelial matrix. Cy-
tokines, including transforming growth factor-81 (TGF-
B1) released from activated platelets, appear to induce
sinusoidal endothelial PAI-1 and tissue factor (TF) ex-
pression and may contribute to the development of a he-
mostatic imbalance within the liver (V. Pihusch et al.,
2005). Hepatic sinusoids become dilated and engorged,
and the space of Disse and sinusoidal lumens fill with red
cells and necrotic cellular debris, with resultant sinu-
soidal obstruction. Ischemia ensues, causing damage to
hepatocyte cords, with frank necrosis of perivenular he-
patocytes (Shulman et al., 1980, 1987; Wantanabe et al.,
1996).

Free-flowing groups of hepatocytes may become
clogged in damaged central veins or embolize into portal
veins. Additionally, deposition of fibrinogen and factor
VIII/von Willebrand factor, demonstrated by immunos-
taining, occurs along the widened subendothelial spaces
of venules and likely physically obstructs the small
drainage channels that normally flow between the hepatic
sinusoids and venules. In fact, electron microscopy analy-
sis has shown closed sinusoidal endothelial cell fenestrae,
with increased extracellular material, including collagen,
obstructing sinusoidal pores (Vonnahme, 1993).

Later-stage histologic changes in the liver typically
arise within 2 weeks after the onset of the clinical diag-
nosis of VOD (DeLeve et al., 2002). Increased numbers
of hepatic stellate cells occupy the lining of the sinusoids
and are likely responsible for the resultant exaggerated
connective tissue deposition and fibrosis. In severe cases,
the degree of fibrosis mirrors that seen in certain forms of
cirrhosis.
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PROGNOSIS OF VOD

Disease prognosis generally depends on the degree of
liver injury and the severity of the patient’s hepatic dys-
function. Patients with mild disease who do not manifest
evidence of hepatic dysfunction will almost always im-
prove and can expect to experience complete resolution
of the signs and symptoms of VOD.

Moderate VOD includes evidence of liver dysfunction.
Patients usually require treatment with diuretics for fluid
retention and often need analgesic medications for signif-
icant right upper quadrant pain (Richardson and Guinan,
2001).

Severe VOD represents a serious and life-threatening
event. These patients display the most brisk rise in serum
bilirubin, the fastest weight gain, and the highest rates of as-
cites and suffer the most significant hepatic dysfunction.
Supportive care measures generally fail to provide benefit
to these patients. Their clinical course often worsens
quickly, and many patients display intense renal sodium
avidity, with worsening edema, ascites, and pulmonary in-
filtrates. Oliguric renal failure may rapidly ensue, and as
many as half of the patients develop the hepatorenal syn-
drome. Curiously, these patients rarely die secondary to
liver failure but generally succumb to severe renal and car-
diac failure, and multiorgan failure eventually ensues. The
day +100 post-SCT mortality for these patients approaches
100% (McDonald et al., 1984, 1993; Bearman et al., 1993).

Bearman’s group performed regression analysis on
data taken from a large number of patients enrolled in the
Seattle Transplant Registry to determine clinically useful
parameters for the risk of developing severe VOD (Mc-
Donald et al., 1993). They found that both the rate and
degree of rise in bilirubin and weight gain help identify
those patients at greatest risk for developing severe
VOD. Additionally, the development of ascites remains
ominous, present in nearly 50% of patients who will
eventually progress to severe VOD (Table 1).

VOD of the liver remains a serious and often life-threat-
ening regimen-related toxicity associated with commonly
employed SCT conditioning regimens. To date, treatment
has generally been supportive in nature, and clinical out-
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comes often are disappointing. Significant experimental
therapeutics research in this area continues, with the agent
Defibrotide (DF) (Gentium, S.p.A., Como, Italy) soon to
enter phase III clinical trials based on significant success
in treating patients with the most severe VOD.

DEFIBROTIDE IN THE
TREATMENT OF VOD

DF belongs to the nucleic acid class of pharmacologic
agents (Falanga et al., 2003). It consists of a highly com-
plex polydisperse mixture of single-stranded phosphodi-
ester oligodeoxyribonucleotides derived from the con-
trolled depolymerization of porcine intestinal mucosal
DNA. The average length of DF is approximately 50 mer
(range 9-80 mer), and the average molecular mass is ap-
proximately 16.5 kDa (Palmer and Goa, 1993). It is not
possible, by any known physicochemical technique (e.g.,
capillary gel electrophoresis), to separate the individual
molecules that comprise DF. Whereas the majority of
the individual oligomers that comprise DF are single
stranded, approximately 10% are double stranded (e.g.,
hairpins, lariats, concatemers). Commercial DF is con-
taminated with only trace amounts of protein, but very
small amounts of heparin can be found, which are insuf-
ficient to produce anticoagulant activity. Due most likely
to complex patterns of hydrogen bonding, DF will un-
dergo hysteresis, which can be observed clearly in its
temperature-dependent circular dichroism spectrum.
Like all DNA, DF is stable at ambient temperature and
neutral pH and is highly sensitive to nuclease digestion.
It has long been known that 3',5’-exonuclease activity in
plasma is the most important mechanism of digestion of
phosphodiester oligonucleotides and that clearance rates
from the plasma for such molecules are on the order of
minutes. In fact, it was this observation that was the fons
et origo of the dogma that phosphodiester oligonu-
cleotides could not be used as drugs and that led to the
development of phosphorothioates. However, for the
VOD indication, this dogma appears inaccurate, given
the clinical data regarding this agent.

TABLE 1. CLINICAL FEATURES OF VOD ACCORDING TO
SEVERITY OF DISEASE

Mild  Moderate  Severe
Weighted gain, % increase 7.0 10.1 15.5
Maximum total bilirubin (after day 20) 4.7 7.9 26.2
% patient with edema 23 70 85
% patient with ascites 5 16 48
Day 100 mortality (all cause), % 3 20 98

McDonald et al., 1993; Wadleigh et al., 2003.
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DF exerts minimal systemic anticoagulant effects yet
appears to induce numerous antithrombotic and profibri-
nolytic effects both in vitro and in vivo. It functions as an
adenosine receptor agonist and causes increased concen-
trations of endogenous prostaglandins, which modulate
thrombomodulin, platelets, and fibrinolysis (Pegram and
Kennedy, 2001).

Experiments using human microvascular endothelial cell
(HMEC-1) and macrovascular endothelial cell (HUVEC)
lines reveal that DF blocks lipopolysaccharide (LPS)-
induced TF expression, an important observation given
that LPS is possibly implicated in the onset of VOD
(Falanga et al., 2003). Additionally, TF represents the
most important activator of the coagulation cascade. Re-
duction in TF expression may help reduce microvascular
fibrin deposition, a known feature of clinical VOD,
which probably contributes to the eventual development
of organ dysfunction.

The control of fibrinolysis occurs via a normal homeo-
static balance between its activation, mediated by tissue
plasminogen activator (tPA), and its inhibition, controlled
by PAI-1. LPS stimulation of endothelial cells causes a
moderate increase in tPA and a large increase in PAI-1.
The net result is a shift in this balance and an overall re-
duction in fibrinolysis. DF enhances LPS-induced in-
creases in tPA and, more importantly, blocks the LPS-in-
duced PAI-1 increase. The net effect is that DF inhibits
endothelial cell-mediated PAI-1 release, resulting in in-
creased fibrinolytic activity (Falanga et al., 2003). These
effects appear consistent with in vivo observations of in-
creased fibrinolytic activity and decreased PAI-1 levels in
human subjects treated with DF (Violi et al., 1992).

Observations that DF possessed a powerful ability to
modulate thrombotic and fibrinolytic pathways without
exerting meaningful systemic anticoagulant effects led to
the hypothesis that DF might hold promise for the treat-
ment of VOD and other thrombotic vascular disorders.

CLINICAL EXPERIENCE WITH
DF IN THE TREATMENT OF VOD

The early clinical experience using DF to treat severe
VOD is limited to small case series of patients who re-
ceived the drug on a compassionate-use basis. These tri-
als are summarized in Table 2.
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Richardson et al. (1998) retrospectively analyzed data
from 19 patients treated with DF from March 1995
through August 1997. Patients were eligible for consider-
ation for treatment if they were undergoing SCT and their
referring physicians had made a clinical diagnosis of
VOD based on the Baltimore criteria. Patients who did
not meet clinical criteria but had a liver biopsy confirm-
ing the diagnosis were also eligible. Additionally, pa-
tients were required to have a predicted risk of =40% for
severe VOD based on the Bearman model (1995). All pa-
tients had to have failed prior treatment with tPA and
heparin (increasing bilirubin or the presence of multiple
organ failure [MOF]) or have been deemed inappropriate
for such treatment based on risk of excessive bleeding.

Patients received DF via i.v. infusion in normal saline
in four divided doses, each over 2 hours. Initial daily
doses started at 10 mg/kg and incrementally increased by
10 mg/kg every 24-48 hours to a maximum potential
daily dose of 60 mg/kg. The planned treatment course
was a minimum of 14 days.

Patients received daily history and physical examina-
tions, and underwent detailed laboratory evaluation, in-
cluding serial evaluation of their coagulation profile
through measurements of prothrombin time (PT), acti-
vated partial thromboplastin time (aPTT), and fibrinogen
measurements. Each patient also had abdominal ultra-
sound scans performed.

Response to treatment was defined as evidence of im-
provement in VOD-related symptoms, with a concomi-
tant or subsequent decrease in serum bilirubin to <2
mg/dL. Toxicities were graded according to the National
Cancer Institute (NCI) common toxicity criteria.

Forty-two percent of the patients (8 of 19) achieved
complete responses (CR). Of the 8 responders, 6 had
complete resolution of evidence of end-organ dysfunc-
tion, in addition to achieving a decrease in bilirubin to
<2 mg/dL. All 11 patients who failed to meet the defini-
tion of response died of progressive VOD and MOF.
Three of the 8 responders died of other causes between 2
and 130 days after discontinuation of DF, and 5 patients
remain alive and well at the time of publication.

DF was generally well tolerated. Documented grade
3—4 adverse events included 7 cases of sepsis, 5 cases of
pulmonary edema, 2 cases of cytomegalovirus (CMV)
infection, 2 cases of hypotension, and 2 cases of respira-
tory failure. Mild documented toxicities (grade 1 or 2)

TABLE 2. CLINICAL TRIALS CONDUCTED ON DEFIBROTIDE IN SEVERE VOD

Author Patients (n) CR rate (%)  Day + 100 survival
Richardson et al., 1998 19 8/19 (42) 30%
Chopra et al., 2000 28 10/28 (36) 36%
Richardson et al., 2002 88 32/88 (36) 35%
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during the DF therapy included nausea, transient mild
systolic hypotension, fever, abdominal cramping, and va-
somotor symptoms. A single case of alveolar hemorrhage
occurred in a patient with documented CMV pneumoni-
tis. This patient also experienced a bleeding rectal ulcer.
No significant hemorrhage occurred in any other pa-
tients. The etiologies of the documented grade 3—4 toxic-
ities were difficult to characterize based on the complex
medical status of the study patients. In 8 patients in
whom DF was temporarily withheld per treatment guide-
lines and subsequently restarted at equivalent or de-
creased dose, a causative temporal relationship to any
grade 3—4 toxicity could not be shown. Indeed, many of
these severe adverse events appear commonly in patients
undergoing SCT, and were not directly attributable to DF
administration.

Chopra et al. (2000) reported on 40 patients meeting
established criteria for VOD who received treatment with
DF in 19 European centers as part of the European multi-
center compassionate-use program; 28 of these 40 pa-
tients met risk criteria predicting progression of VOD
and fatality or had evidence of MOF and were labeled as
poor risk.

Patients were eligible for treatment if they carried a
clinical diagnosis based either on the Baltimore or Seattle
criteria. Those patients diagnosed within 16 days of re-
ceiving a transplant were evaluated according to their
predicted risk of developing severe VOD based on the
Bearman model. Patients who developed clinical features
of VOD longer than 16 days after the transplant were
deemed eligible for treatment if it was thought that VOD
constituted their major clinical problem.

Patients received DF administered by i.v. infusion
mixed with normal saline. The dosage consisted of either
200-3600 mg in four divided doses daily or was calcu-
lated on a per kilogram basis from 10 to 40 mg/kg. Dose
adjustments were provided to patients based on rate and
degree of response. The dose was reduced or the medica-
tion was discontinued altogether if significant potentially
attributable toxicity occurred. CR was defined as biliru-
bin falling to <34.2 umol/L and complete resolution of
all other end-organ dysfunction. Definition of partial re-
sponse (PR) required a fall in bilirubin but persistence or
occurrence of other end-organ toxicity.

Of the 40 patients who met the diagnostic criteria for
VOD, 22 achieved a CR. Of the 22 CR, 17 were alive at
day +100 post-transplant. The remaining 5 patients who
achieved a CR died either from progression of their malig-
nancy or from pulmonary viral infection. Among the poor-
risk group, 10 of 28 (36%) patients demonstrated CR and
were alive at day +100 posttransplant. Overall, 17 of 40
patients (42.5%) demonstrated a complete response to DF
and survived beyond 100 days after the transplant.

The authors report no significant toxicity directly at-
tributable to DF. The drug was administered safely, and
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in general, no significant side effects occurred. DF was
discontinued in 1 patient who experienced rectal bleed-
ing, thrombocytopenia, and hemolysis, but this was not
clearly attributed to DF. The study authors (Chopra et al.,
2000) conclude that their data suggest that the use of DF
in patients with severe VOD causes significant response
rates, with no toxicity, and are consistent with the data
presented initially by Richardson et al. (1998). They fur-
ther suggest a possible role for DF in the prophylactic
setting.

Following the initial successes of these early case series,
eight transplantation programs in the United States formed
a working group that enrolled 69 further patients for
prospective study from August 1997 through May 2001
(Richardson et al., 2002). These data represent the largest
experience to date of DF administration to patients with
severe hepatic VOD and MOF following SCT.

All centers followed the same inclusion criteria based
on the initial Richardson study. Patients were eligible if
they carried a clinical diagnosis of VOD based on Balti-
more criteria or met at least two criteria and had a diag-
nostic liver biopsy. Those patients eligible to be evalu-
ated according to the Bearman model were required to
have a predicted risk of severe VOD of at least 30%. Pa-
tients ineligible for evaluation by Bearman criteria (e.g.,
onset VOD > 16 days posttransplant) were deemed eli-
gible if VOD was considered their major clinical prob-
lem and organ failure was present in at least one other or-
gan system.

Patients received DF administered i.v. in either normal
saline or 5% dextrose in water. Treatment was typically
divided into four doses, each infused over 2 hours at an
initial starting dose of 10 mg/kg. The drug was mixed to
a maximum concentration of 4 mg/mL, and dosages were
incrementally increased by 10 mg/kg every 2—4 days to a
maximum potential total daily dose of 60 mg/kg. The
planned treatment course was 14 days. Toxicities were
graded according to the NCI's common toxicity criteria.
CR was defined as evidence of improvement in VOD-re-
lated symptoms and concurrent MOF and a decrease in
bilirubin to <2 mg/dL (34.2 uM). Patients who failed to
achieve CR were defined as having no response (NR).

Patients ranged in age from 8 months to 62 years, with
a median age of 35 years. There were 47 males and 41 fe-
males. Sixty patients underwent allogeneic SCT, and 28
received autografts. Seventy-five percent of patients re-
ceived cytoxan-based conditioning regimens, and most
had hematologic malignancies.

CR occurred in 32 (36%) of 88 patients. Thirty-one of
32 patients achieving CR survived to day +100 post-
transplant, and of those, 18 patients (60%) were alive as
of October 2001. No mortality from VOD occurred be-
yond day +134. The most common cause of death was
late relapse. The median duration of DF treatment was 15
days, and the duration ranged from 1 to 139 days. Most
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of the responses occurred at doses of between 20 and 40
mg/kg/day.

No major toxicities attributable to DF were recorded.
Patients who did experience serious grade 3—4 toxicity
were believed to be manifesting complications com-
monly observed in critically ill patients in the posttrans-
plantation setting. Their treating physicians did not at-
tribute these problems (such as sepsis, acute renal failure,
pulmonary edema) to their DF treatment. In patients who
had DF held and subsequently restarted per treatment
guidelines, no causal temporal relationship of any grade
3 or 4 toxicity to DF was demonstrated. Mild to moderate
toxicities (grades 1-2) noted included nausea, transient
mild systolic hypotension, fever, abdominal cramping,
and vasomotor symptoms, such as hot flashes. These are
accepted as the recognized side effects of DF treatment.
Most notably, no life-threatening hemorrhage attribut-
able to DF occurred in this high-risk population. The
finding that DF posed essentially no risk for severe ad-
verse events is consistent with previous treatment experi-
ence in patients with severe thrombotic thrombocy-
topenic purpura (TTP) and hemolytic uremic syndrome
(HUS) (Bonomini et al., 1985). Phase III placebo-con-
trolled data on aged individuals with peripheral vascular
disease also clearly demonstrated the well-established
safety profile of DF (Violi et al., 2000).

ADDITIONAL POTENTIAL CLINICAL
APPLICATIONS FOR DF

Although DF has generated the most interest and ex-
citement for its potential use in the treatment or preven-
tion of posttransplant VOD, this unique compound may
have other important applications. One group of re-
searchers from Italy and The Netherlands investigated
the possible role of DF as an adjunct to standard cytokine
stimulation protocols for mobilization and collection of
peripheral blood progenitor cells (PBPCs).

Researchers from the “Cristina Gandini” Bone Marrow
Transplantation Unit (Milan, Italy) investigated the use
of granulocyte colony-stimulating factor (G-CSF), with
and without DF, stimulation for collection of PBPCs in
mice. After demonstrating that a 5-day treatment course
of DF alone resulted in no effect on white blood cell
(WBC) counts or on other primitive early white cell
forms, the team compared mice injected with recombi-
nant human G-CSF (rHuG-CSF) (5 pwg/mouse/day) alone
with those injected with both rHuG-CSF (5 pg/mouse/
day) and DF (15 mg/mouse/day). Compared with rHuG-
CSF treatment alone, the addition of DF caused a 2-fold
increase in the long-term culture initiating cell (LTC-IC)
frequency and a 4-fold increase in the absolute numbers
of committed colony-forming cells (CFC) (CarloStella
et al., 2002). DF synergized with rHuG-CSF to signifi-
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cantly increase the mobilization of a broad spectrum of
PBPCs, including primitive and committed progenitor
cells. In addition, transplantation of progenitor cells col-
lected after DF/rHuG-CSF mobilization resulted in bone
marrow rescue and reconstitution of hematopoiesis in
71% of recipient mice compared with 43% of mice trans-
planted with progenitor cells collected after rHuG-CSF
stimulation alone (Violi et al., 2000).

The possible mechanisms for these impressive results
remain unclear. DF treatment alone does not trigger cyto-
kine production or release, nor does it induce a prolifera-
tive effect in blood progenitor cells. Instead, the authors
(Violi et al., 2000) offer an alternative explanation. Ear-
lier reports detail DF’s ability to alter the expression and
functional activity of endothelial cell adhesion molecules
and to exert an antifibrin effect by enhancing fibrinolysis
(Scalia et al., 1998; Pellegatta et al., 1996). It is possible
that DF enhances stem cell mobilization by modulating
the expression pattern of adhesion receptors involved in
stem cell trafficking. Further studies will be required to
further elucidate the cellular and molecular mechanisms
that underlie these important findings.

The initial successes of the DF progenitor cell mobiliza-
tion studies performed in mice led the same research group
to evaluate the capacity of DF to enhance cytokine-in-
duced hematopoietic mobilization in nonhuman primates
(Carlo-Stella et al., 2004). Rhesus monkeys received stem
cell mobilization with rHuG-CSF (100 wg/kg/day s.c. for
5 days), followed by remobilization with DF (15
mg/kg/hour continuous infusion [CI] for 5 days) and
rHuG-CSF (100 ug/kg/day s.c. for 5 days) following a
washout period of 4-6 weeks. Hematopoietic mobilization
was evaluated by complete blood count (CBC), frequency
and absolute numbers of CFCs, high proliferative potential
CFCs (HPP-CFCs), and LTC-ICs. Treatment with rHuG-
CSF both alone and in combination with DF markedly in-
creased the efficacy of progenitor cell mobilization as
measured by multiple outcomes. The addition of DF to
rHuG-CSF increased circulating CFCs, HPP-CFCs, and
LTC-ICs by 1.4-fold, 6-fold, and 5-fold, respectively.
Similar benefits were observed when DF given over 2 days
was added to the same 5-day regimen of rHuG-CSF. In
fact, 2 days of treatment with DF was as effective as 5
days. The benefits of adding DF to rHuG-CSF included
both higher values of blood progenitors and improvements
in mobilization kinetics (earlier progenitor cell release).
Although these results are intriguing, however, we still do
not fully understand the mechanism by which DF en-
hances rHuG-CSF induced progenitor cell mobilization.

CONCLUSIONS

VOD of the liver remains a troubling and potentially fa-
tal complication of high-dose chemotherapy and hemato-
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poietic SCT conditioning regimens. No effective therapy
has been available for these patients to date, and our best
supportive care remains woefully inadequate. DF, a poly-
disperse mixture of phosphodiester oligonucleotides,
seems to offer a safe and effective treatment for some pa-
tients suffering from severe VOD, a condition for which
no accepted standard therapy currently exists. Early clini-
cal studies evaluating the efficacy of DF for the treatment
of severe VOD in patients undergoing hematopoietic SCT
have been very encouraging. Approximately 45% of the
patients treated in multiple initial phase II clinical trails
achieved a CR at day + 100, demonstrating normalization
of serum bilirubin and resolution of the clinical syndrome.
Although these initial studies appear encouraging, they
represent single arm studies, where patient selection may
unduly influence the results. Larger studies will be re-
quired to further investigate the true efficacy of DF.

A large, FDA-approved, pivotal, prospective phase III
trial of DF vs. historical controls (best available therapy)
commenced in the first quarter of 2006 and should pro-
vide further data on this potentially useful medication.
The drug seems to have no significant side effects, and
almost all test subjects who have received this treatment
tolerated it well. Although the mechanism of action of
DF remains unclear, the drug exerts minimal systemic
anticoagulant effects yet appears to induce numerous an-
tithrombotic and profibrinolytic effects both in vitro and
in vivo. Regardless of mechanism, however, it is difficult
to believe that the activity of DF has anything to do with
Watson-Crick base pair hybridization, RNase H activity,
or selective gene silencing. Its clinical activity is proba-
bly more related to its polyanionic character than to any
other property it possesses. This does not mean that all
polyanions will behave in a similar manner, but at this
time, the molecular determinants of DF that engender its
remarkable clinical activity are not known but are a fasci-
nating area of continuing study.
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