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On 1 April 2016, the Food and Drug Administration approved 
Defitelio, known for many years as Defibrotide (DF), for mar-
keting in the United States. The indication is severe hepatic 
veno-occlusive disease (sVOD) following high-dose chemo-
therapy and autologous bone marrow transplantation, a tox-
icity of therapy with a high mortality. Defibrotide is not the kind 
of oligonucleotide drug beloved by molecular biologists and 
proponents of personalized medicine. Its very complicated 
mechanism of action, which is still elusive, is without ques-
tion nonsequence specific, and almost certainly based on the 
charge-charge interactions of its constituents with biological 
macromolecules, which are almost certainly proteins.

VOD of the liver, now more commonly known as sinusoi-
dal obstruction syndrome (SOS), is characterized by damage 
and occlusion of small hepatic venules.3–5 The pathophysiol-
ogy of VOD/SOS is not completely understood, but is related 
to endothelial cell activation by locally released cytokines 
in the setting of proinflammatory and prothrombotic states 
during hematopoietic stem cell transplantation (HSCT). The 
estimated incidence rate of VOD/SOS in patients undergo-
ing HSCT is approximately 10–15% and occurs within 20–30 
days of the transplant. Multiple agents can cause endothelial 
damage; commonly, damage results from the myeloablative 
conditioning regimen, including chemotherapy or radiation, 
prior to HSCT. In addition, nontransplant SOS may be caused 
by liver-directed therapy for the treatment of metastatic can-
cer, or use of pyrrolizidine alkaloids and other hepato-toxic 
agents1–3,4,6 in experimental animals. Severe VOD/SOS is 
associated with progressive multi-organ failure and a mor-
tality rate of over 80%.VOD/SOS damages endothelial cells, 
which round up, detach, and eventually occlude the microvas-
cular lumina.2,8 Occlusion of the vessel lumina is eventually 
followed by hepatic stellate cell activation and by deposition 
of collagen in the hepatic venules,9 followed by perivascular 
hepatocyte necrosis. Sinusoidal obstruction leads to a reduc-
tion in hepatic venous outflow and development of postsinu-
soidal hypertension and further liver damage.5–7

DF is a polydisperse mixture of single-stranded (90%) and 
double-stranded (10%) phosphodiester oligonucleotides 
(length 9-80mer; average 50mer; average molecular mass 
16.5 ± 2.5 kDa).1,2 It has been known for decades that phos-
phodiester oligonucleotides are rapidly degraded in plasma. 

Therefore, it is possible that the active oligomers in DF are those 
that are double stranded, by virtue of their ability to form intra-
strand stem loop structures, or inter-strand concatamers. These 
higher order structures could provide some measure of nucle-
ase resistance, stabilizing the individual strands for long enough 
for them to reach the liver, the target of drug activity.

DF cannot be produced by DNA synthesizers. Rather, it is 
a natural product obtained through the controlled depolymer-
ization of porcine intestinal mucosal DNA. This means that 
the concentration of any specific sequence in the DF gemisch 
is probably not much greater than the femtomolar range. For 
this reason alone, DF cannot act via an antisense-type mech-
anism. It is also well understood that the individual strands 
that compose DF cannot be resolved by any known physical 
separation method, including capillary gel electrophoresis.

DF is the only known successful treatment currently available 
for VOD/SOS. Richardson and colleagues10 evaluated effects of 
DF at an administered dose of 25 mg/kg/day as a treatment for 
severe VOD post-HSCT in a phase 3 multi-center clinical trial. 
The study enrolled 102 patients with severe VOD/SOS and 
multi-organ failure post-HSCT into the DF group. However, this 
was not a “classical” phase 3 trial as there was no contempora-
neous comparator arm. Rather, patients treated with DF were 
compared to 32 patients in a case-matched historical-control 
cohort, culled from over 6,880 cases of VOD. The reason the 
Food and Drug Administration accepted this unusual basis of 
comparison is also remarkable: It appears that none of the local 
principle investigators were willing to trust his or her patients 
to the standard therapy for sVOD, often low molecular weight 
heparin, but sometimes N-acetylcysteine or ursodeoxycholic 
acid, as no one believed they were sufficiently active.

The primary endpoint of the trial was patient survival rate at 
day +100 post-HSCT, with 38.2% observed in the DF group 
and 25% in the control group. The secondary endpoint was 
the complete response rate (i.e., complete resolution of all 
signs and symptoms attributable to sVOD), with a 25.5% rate 
observed in the DF-treated cohort and a 12.5% rate in the 
control group. These results also demonstrated a significant 
improvement in day +100 survival and in complete response 
rates in patients treated for severe VOD/SOS with DF. The 
reported adverse events with the use of DF included hemor-
rhagic events and hypotension.5–7,10,11
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Over the years, we and others have demonstrated that DNA 
oligomers can, in at least some ways, mimic several of the fea-
tures of heparin, because both are polyanions. Most of this work 
with DNA oligomers has been performed with phosphorothio-
ate (PS) oligomers, though in principle, any protein that binds 
PS oligomers will also bind phosphodiester oligomers, albeit 
with lesser affinity. The proteins that bind phosphodiester oligo-
mers are also heparin-binding proteins. These proteins and 
DF appear to interact predominately through charge-charge 
interactions: The negative charge on the DNA oligomers binds 
through ionic interactions with swaths of positive charge on the 
heparin-binding protein. Collagen I, for example, is a basic pro-
tein due to its numerous lysine residues. It also binds DF with 
relatively high affinity. The presence of the nucleobases in the 
DF strands is also critical for high-affinity binding: They appear 
to provide a degree of rigidity to the strands and to limit their 
extent of rotational freedom.

A study of the interactions of DF with heparin-binding proteins 
was performed by Benimetskaya et al.2, who determined the 
Michaelis-Menton binding constants for each interaction. These 
included vascular endothelial growth factor (VEGF)165 (KM = 34 
µmol/l); FGF2 (KM = 0.5 µmol/l); PDGF BB (KM = 5 µmol/l); and 
collagen I (KM = 0.6 µmol/l), respectively. Given the relatively high 
affinity of DF for VEGF165, it was predicted that the mechanism 
of action of DF would be independent of VEGF165. This was 
confirmed by independent contemporaneous observations.12 
Other heparin-binding proteins, such as tumor necrosis factor-α 
and HB-EGF, interacted only very weakly with DF.

FGF2 (formerly known as basic FGF) is an important pro-
angiogenic protein that has long been known to promote 
microvessel formation.2,13–15 Angiogenesis induction by FGF2 
may be direct or indirect, as addition of this growth factor to 
endothelial cells16 results in expression of VEGF, which is 
also highly proangiogenic.

Due to the ability of DF to bind FGF2, it was capable of 
releasing 125I-FGF2 (but not 125I-VEGF165) from its low-affinity 
binding sites on extracellular matrix. On the other hand, DF 
did not release 125I-FGF2 from high affinity, low picomolar 
affinity cell surface receptors. This is significant because 
older data17–20 has shown that mobilization of FGF2 bound to 
extracellular matrix can promote endothelial cell proliferation. 
At the same time, DF does not block the binding of FGF2 to 
its high-affinity cell surface receptors.

In fact, precisely, the opposite situation pertains. Heparin 
forms a bridge between FGF2 and its cell surface receptors, 
increasing receptor-ligand affinity and stabilizing the interac-
tion between them. DF was able to substitute for heparin, as 
both potentiated the proliferative effects of FGF2 on endo-
thelial cells. This was demonstrated in mouse BAF3 cells 
that were engineered to express the FGFR1 IIIC receptor, 
to which FGF2 binds with high affinity.2,21 DF approximately 
quadrupled the proliferation of the BAF-3 cells in the pres-
ence of FGF2. DF also protected FGF2 from enzymatic 
(trypsin and chymotrypsin) digestion and air oxidation, but 
could not inhibit the activity of matrix metalloproteases.22 This 
may be of considerable importance as hepatic cell necrosis, 
with subsequent protease release, can occur in sVOD.2,23,24 
DF could also promote the growth of human vascular endo-
thelial cells (HUVECs) both on plastic and underneath col-
lagen I gels. In 3D-collagen I gels, DF stimulated both the 

proliferation and a dramatic increase (six- to sevenfold) in the 
tubular morphogenesis of human microvascular endothelial 
cells-1 (HMEC cells).

However, as stated above, the mechanism of DF is com-
plex, controversial, and not entirely understood. A study by 
Palomo et al.25 investigated the interaction of DF and endo-
thelial cells. The authors showed that the DF uptake in these 
cells was concentration, time, and temperature dependent. 
However, these observations could not be extended to other 
cell types.25 Furthermore, the authors showed that the inter-
action of DF with the cell membrane was sufficient to pro-
duce its anti-inflammatory and antioxidant effects, and that its 
uptake did not require the involvement of adenosine recep-
tors. This contradicts previous observations,26,27 underlining 
the complexity of the mechanism of action of DF.

As mentioned previously, Benimetskaya et al.2, demon-
strated that DF binds to and protects FGF2, which in turn 
stimulates endothelial cell mitogenesis. Endothelial tubular 
morphogenesis was also promoted. Therefore, in the experi-
mental systems employed by these authors, DF seemed to 
promote angiogenesis.2 However, it is also plausible that 
DF’s proangiogenesis activity is at least in part a result of 
an antagonistic action on the apoptotic pathway. Consis-
tent with this possibility is a study,28 that demonstrated the 
antiapoptotic effects of DF on fludarabine-treated HMECs, 
and its ability to downregulate the cytotoxic T-lymphocyte 
response against endothelial cells.28 The observation that DF 
can also display the opposite behavior by demonstrating anti-
angiogenic potential,12 also emphasizes that the action of this 
drug is probably cell/system and concentration dependent.25 
Of note, the antiangiogenic activity detected in HUVEC and 
HMEC cells12 seems to develop into proangiogenic (and/or 
antiapoptotic) activity at an approximately fourfold higher 
concentration in the identical cell types.2

But the mechanism of action of DF is far more complex 
than noted above, or than that that can be described in the 
space allowed here. The reader is referred to an excellent 
review by Ferrero and colleagues,1 in which many of the other 
activities of DF are discussed. In brief, over the years, it has 
been appreciated that DF is potently antithrombotic1,2 and 
fibrinolytic.1,29 DF increases plasma tissue plasminogen acti-
vator activity, and decreases the activity of its inhibitor (PAI-1). 
It can also release tissue-factor pathway inhibitor from endo-
thelial cells,30 and inhibit platelet aggregation by increasing 
the plasma concentration of prostaglandin E2.31 All of these 
effects of DF, and many others described by Pescador et al.,1 
may be anticoagulating at the site where DF concentrations 
are highest and where DF is needed most—at the hepatic 
sinusoidal endothelium.

So is the fundamental mechanism of severe VOD coagu-
lopathy, or is it obstruction by endothelial cells, as suggested 
by DeLeve et al., or is it a combination of both, and much 
else besides? Regardless, DF is an approved oligonucle-
otide drug that is well tolerated by patients and it is the best 
and, thus far the only choice to treat sVOD/SOS.
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