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Coagulation factor IX (FIX) a plasma protein whose absence results in hemophilia B, a
disease ameliorated by injection of FIX. The pharmacokinetics of infused FIX are
complicated. Fifty-80% of injected FIX disappears within 5 minutes. [1–3] Furthermore,
Briet has observed that FIX injected into hemophilia B patients lacking antigen disappears
more rapidly than when injected into patients with normal levels of inactive FIX. [4]
Furthermore,, in hemophilia B patients that receive continuous infusion of FIX for surgery,
the amount of FIX required to maintain a level of 100% decreases with time—as though one
were saturating binding sites. [5] These data suggest the existence of a significant
extravascular FIX compartment.

In relevant work, Stern et al. injected increasing amounts of bovine FIX into baboons and
measured the concentration of baboon FIX released into the circulation using an antibody
specific for baboon FIX. [6] Their Figure 1B showed a rapid, reversible equilibrium between
blood and extravascular FIX. Figure 1A is a reproduction of Stern’s figure 1B. A plot of the
maximum amount of displaced baboon FIX (10 minute time point) versus the amount of
bovine FIX competitor injected is shown in our Figure 1B. The amount of baboon FIX in
circulation shows no sign of leveling off at the highest concentration of injected bovine FIX;
this indicates that the extravascular compartment is not saturated and contains at least three–
fold more FIX than there is in the circulation.

FIX has been shown to bind tightly (~5 nM), specifically and reversibly to endothelial cells.
[7–9] The binding is not competed by prothrombin, factor X, factor VII, or a FIX molecule
whose Gla domain has been replaced with that of factor VII. [1, 2, 6, 10, 11] We previously
demonstrated that the binding of FIX involved the omega loop of FIX’s Gla domain and that
the endothelial cell binding site is type IV collagen. [11, 12] Changing lysine 5 to arginine
or alanine increases or decreases, respectively, the affinity of FIX for collagen IV compared
to FIXWT. These observations strongly suggest that the rapid initial loss of FIX from
circulation is related to its affinity for collagen IV. [2] Consistent with this notion, Herzog et
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al. [13] found that FIX expressed in muscle was poorly released into the circulation and was
bound at a position around that co-localized with collagen IV.

These observations led us to test whether infused FIX might protect hemophilia B mice from
bleeding longer than expected based on half-life and whether FIXK5R protects better than
FIXK5A. Figure 1C reveals that infused FIX protects much longer than would be predicted
by its’ half-life; thus, there is good protection (demonstrated by a saphenous vein bleeding
model [14]) 7 days after injection--even though the plasma levels of all of the infused FIX
molecules were below one percent by day 3 after infusion. These results demonstrate that
extravascular, collagen IV-bound FIX provides an important coagulant function in the
absence of circulating FIX. Moreover, there is a clear gradient of protection which correlates
to the affinity of the molecules for collagen IV. The effect of extravascular FIX at higher
plasma FIX concentrations or whether plasma and extravascular FIX play different
physiologic roles is not known.

For FIX, the terminal half-life (β) is usually considered the relevant parameter, while the
distribution half-life (α) is ignored. The goal of prophylaxis in patients with severe
hemophilia B is to maintain trough levels of FIX activity in the circulation above 1%. [15,
16] Therefore FIX products with extended circulation times are being developed. [17–19]
The increased size of these forms of FIX, however, appears to change their distribution into
the extravascular compartment with initial recoveries in plasma following infusion that are
20–94% greater than that of FIXWT. Therefore, it will be interesting to compare the
hemostatic effectiveness of the new, longer lasting, factor IX molecules to that of a molecule
with enhanced collagen IV binding such as FIXK5R. [17–19] It is conceivable that FIXK5R
may be as effective in its hemostatic properties as the molecules that were designed to have
an increased terminal half-life and reduced clearance. If this is the case, moreover, it seems
likely that additional alterations in FIX may be found that increase its’ collagen IV affinity
more than the approximately three fold observed for FIXK5R.

In conclusion, we present evidence that FIX effectively prevents bleeding even after its
blood level has been well below one percent for several days. In addition, seven days after a
bolus infusion, a FIX variant that binds tighter to collagen IV provides significantly better
hemostatic protection in hemophilia B mice than a FIX molecule with lower affinity for
collagen IV. This demonstrates that collagen IV-binding by FIX provides a longer lasting
extravascular reservoir of FIX at a hemostatically functional location. Furthermore, our
results suggest that a therapeutic focus limited to increasing the terminal plasma half-life of
FIX alone at the expense of its’ tissue distribution may not be the optimal approach for the
treatment of hemophilia B.
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Figure 1.
(A) Figure 1A is from Stem DM, Knitter G, Kisiel W, Nawroth PP, In vivo evidence of
intravascular binding sites coagulation factor IX, B J Haematology 1987;66:227–32. It is
reproduced here with permission. It shows the amount of baboon FIX released into
circulation following injection of bovine FIX at varying concentrations. (B) A replot of
Figure 1A of the increase in baboon FIX in circulation at 10 minutes versus the amount of
injected bovine FIX. (C) Haemophilia B mice received a bolus injection (0.9 mg/kg) of:
FIXK5R, which binds tighter than wild-type to collagen IV, FIXWT, and FIXK5A which
binds weaker than wild-type to collagen IV. Seven days after injection the ability of these
molecules to promote haemostasis in a saphenous vein bleeding test [14] were compared to
wild type and hemophilia B mice. The P-values are from a one-sided Mann-Whitney model.
The P Value for FIXK5R vs FIXK5A was 0.003.
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