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M Check for updates

The efficacy of hemophilia B (HB) replacement therapy is evaluated by coa-
gulation factor IX (FIX) activity in plasma, although FIX bound to extravascular
type IV collagen (Col4) also contributes to efficient hemostasis. Here, we
investigated the impact of engineering FIX for improved (K5R) or reduced
(K5A) Col4 binding on the pharmacokinetic properties of FIX Padua, fused to
human serum albumin (HSAqwp) engineered for favorable neonatal Fc recep-
tor (FcRn) engagement. Hyperactive features and extended plasma half-life in
human FcRn expressing mice, attributed to FIX Padua and HSAqwmp engineer-
ing, respectively, was confirmed. In HB mice, Paduaga-HSAqmp exhibited
negligible extravascular distribution and the highest plasma levels at early time
points followed by the steepest decay. Conversely, Paduaggr-HSAqmp showed
increased extravascular distribution and a 3-fold longer functional half-life
(80 hours). These findings support the use of Paduaga-HSAqmp and Paduagg-
HSAqmp as hyperactive short- or long-term therapeutics, respectively, with
opportunities for tailored HB replacement therapy.

Hemophilia B (HB) patients are treated with recombinant coagulation Idelvion, CSL Behring)'>"2. Fusion of FIX to an IgGl Fc or to HSA has

factor IX (FIX) as replacement therapy'. Several approaches have been
explored to extend the short plasma half-life of FIX (18-22h in
humans)?* to enable less frequent dosing, and thus reduce the burden
of treatment. This has been achieved by conjugation of FIX to poly-
ethylene glycol (Refixia, Novo Nordisk)*?, or by genetic fusion to the Fc
region of human immunoglobulin G 1 (IgGl; Alprolix, Bioverativ
Therapeutics)®® or to full-length human serum albumin (HSA;

extended its plasma half-life to 3-4 days in humans’®?™, due to
engagement of the neonatal Fc receptor (FcRn) that rescues IgG and
HSA from intracellular degradation via a pH-dependent recycling
mechanism®2°, which provide the endogenous ligands with 3 week-
long half-lives in humans*?. We recently reported on an extended
half-life (EHL) FIX-HSA fusion protein composed of the hyperactive FIX
R338L (Padua) variant and an engineered HSA variant (E505Q/T527M/
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Fig. 1| Design and activity profiles of FIX-HSA variants with modifications in both fusion partners. a Four fusion proteins were designed with FIX genetically fused to
HSA via a cleavable linker. FIX was modified in position 5 of the Gla domain (K5A or K5R) and in position 338 in the catalytic domain (R338L; Padua). HSA was either
unmodified (WT) or engineered with three amino acid substitutions (E505Q/T527M/K573P; QMP) in DIII. Gla, y-carboxyglutamic acid domain; EGF1/EGF2, epidermal
growth factor like domains 1 and 2; AP, activation peptide. Coagulant activity of FIX measured by aPTT-based assays in FIX-deficient plasma supplemented with pure
monomeric fractions of (b), FIX-HSAwr or (c), Padua-HSAqmp. Data represent the mean + SD of technical duplicates. d Specific clotting activity of each FIX-HSA variant. The
data represent the mean + SD of technical quadruplets, where specific activity is calculated as the ratio between activity and protein levels (FIX-HSAwr =1). Statistical
significance was tested by unpaired two-tailed Student’s ¢ tests with 95% confidence level (n=4; ns p = 0.8792; **p = 0.0010, ***p < 0.0001). FIX-HSAwr, black; Padua-
HSAqwmp, gray; FIXga-HSAwrt, blue; FIXxr-HSAwt, orange; Paduaga-HSAqwp, pink; Paduaggr-HSAqmp, purple. Source data are provided as a Source Data file. a Created in

BioRender. Hovden Aaen, K. (2025), https://BioRender.com/auh41in.

K573P; HSAqwmp) with improved pH-dependent FcRn binding, exhibit-
ing an additional 2.5-fold extended plasma half-life in human FcRn
(hFcRn) transgenic mice” .

In addition to circulating in blood, FIX binds extravascular type
IV collagen (Col4)**. This is supported by the observations in vivo
that i) in gene therapy experiments, FIX secreted from transduced
muscle cells remains bound to the surrounding matrix®, ii) 50-80%
of injected FIX rapidly disappear from plasma®**, and iii) FIX effec-
tively prevents bleeding even at plasma levels below 1%, while
maintaining adequate trough levels in HB prophylaxis® ‘. Thus,
infused FIX protects from bleeding for longer than predicted by its
plasma half-life, with extravascular Col4-bound FIX playing an
important hemostatic function. Moreover, HB patients who receive
regular FIX infusions require less over time to achieve the targeted
plasma level, suggesting that the extravascular depot becomes
saturated®*’. Importantly, the HB cross-reactive material (CRM)
status, associated with either undetectable FIX (CRM) or circulating
dysfunctional (d)FIX (CRM*), may affect to what degree an injected
FIX enters the extravascular depot and, thus, the resulting pharma-
cokinetic (PK) profile33842434546,

The binding of FIX to Col4 relies on amino acid residues 3-11 in
the N-terminal y-carboxyglutamic acid (Gla) domain®>**%, Interest-
ingly, replacement of a lysine residue at position 5 with an alanine
(K5A) reduces the binding to Col4, while an arginine (K5R) strengthens
it?>*%4°_ Furthermore, it has been shown that infusion of KSR FIX gives
HB mice prolonged and enhanced protection against bleeding, com-
pared to the wild-type (WT) and K5A FIX variants, even when unde-
tectable in the circulation**°,

Although it is already known that infused FIX, both free and
fused to HSA, distributes to the extravascular space®*'=3, the impact
of Col4 binding on the PK profile of FIX has been poorly addressed,
especially in the context of EHL fusion proteins. Thus, we

investigated the functional effects of K5 engineering in FIX-HSA
fusion proteins in three mouse models mimicking different CRM-
statuses and provide evidence for the contributions of the K5A and
K5R substitutions on FIX biodistribution and functional half-life, with
implications for HB treatment.

Results

FIX-HSA fusions retain clotting activity after K5 engineering

To produce FIX-HSA fusion proteins with modulated Col4 binding
properties, we designed expression vectors encoding either WT FIX
or hyperactive Padua (R338L)* variants fused in-frame with full-
length HSA (FlX‘HSAWT, FlXKA'HSAWT, FlXKR‘HSAWT) or an engi-
neered HSA variant (HSAqwp)** (Padua-HSAqmp, Paduaga-HSAqmp,
Paduayr-HSAqwmp) (Fig. 1a)*. Production in a human cell-based system
yielded monomeric and pure fractions of all variants (Supplementary
Figs. 1, 2).

To investigate the coagulant activity of the designed FIX-HSA
fusions, aPTT-based and chromogenic activity assays were per-
formed. The results showed dose-dependent coagulant activities,
with normal (Fig. 1b) or hyperactive (Fig. 1c) profiles, dependent on
the absence or presence of the Padua amino acid substitution
(Supplementary Fig. 3). The introduction of the K5 substitutions
resulted in either unaltered (K5R; 0.9-fold of FIX-HSAwt) or reduced
(K5A; 0.5-fold of FIX-HSAyt) activity, while their combination with
Padua gave rise to hyperactive features (averaging 9.5-fold higher
than FIX-HSAwr; Fig. 1b-d). Moreover, upon incubation of FIX with
plasma-derived activated FXI (pdFXla), HSA was released from
Paduaga-HSAqmp and Paduagg-HSAqmp Via its cleavable linker at
comparable rates (Supplementary Fig. 4). To examine whether the
reduced activity observed after introducing K5A could be related to a
modified phospholipid binding, an ELISA-based assay was performed
where vesicular phospholipids were coated in wells, before a
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concentration gradient of Padua-HSAqmp, Paduaga-HSAqme, or
Paduagr-HSAqwmp Was added, and the HSA region of the fusion pro-
teins was detected. The results indicated that the fusions bound
phospholipids differently, with the strongest binding observed for
the KS5R-engineered fusion (Paduagr-HSAqwmp), followed by that
unmodified in position 5 (Padua-HSAqmp), and lastly the K5A-
engineered fusion (Paduaga-HSAqmp; Supplementary Fig. 5).

K5 engineering in FIX-HSA does not affect FcRn binding

To study the ability of the FIX-HSA fusions to engage soluble FcRn
(Supplementary Fig. 6) in a pH-dependent manner, an ELISA-based
binding assay was performed (Fig. 2a). All HSAqwp-containing variants
bound strongly to hFcRn compared with the HSA\t counterparts at
pH 5.5, while no binding was detected at pH 7.4 (Fig. 2b; Supplemen-
tary Fig. 7). This was also the case for binding to mFcRn, although the
binding responses were lower (Fig. 2c), in line with previous
observations® . Importantly, no effect of K5 engineering on binding
to either FcRn species was observed (Fig. 2b, c).

To determine the binding kinetics, surface plasmon resonance
(SPR) was performed (Fig. 2d). At pH 5.5, similar equilibrium con-
stants (Kp) of 176.7 £+11.3nM and 190.3+17.6 nM were derived for
FIXka-HSAwT and FIXgr-HSAwrT, respectively, towards hFcRn (Fig. 2e,
f; Table 1). In contrast, hFcRn dissociated more slowly from the
HSAqmp-containing variants with Kp values of 0.2-0.3 nM (Fig. 2g, h;
Table 1). Again, no influence of K5 engineering was measured
(Fig. 2e-h). No or negligible binding was observed at pH 7.4 (Sup-
plementary Figs. 8a-d, 9a-d).

Moreover, mFcRn bound the HSAw-containing variants poorly,
whereas the QMP substitutions increased the binding at pH 5.5,
resulting in Kp values of 44.6-54.9 nM (Fig. 2i-1; Table 1). No detectable
binding was observed at pH 7.4 (Supplementary Figs. 8e-h, 9e-h).
Thus, the HSAqmp-containing variants showed strict pH-dependent
binding against both FcRn species, with about 200-fold stronger
binding toward the human receptor.

FIX-HSA variants are rescued from intracellular degradation
by FcRn

To investigate FcRn-dependent rescue of the FIX-HSA variants from
intracellular degradation, a human endothelial cell-based recycling
assay (HERA)* was performed with HMEC-1-hFcRn cells (Fig. 2m). After
the uptake phase, 3- to 5-fold more of the HSAqmp-containing variants
were detected inside the cells than their HSAwt counterparts (Fig. 2n;
Supplementary Fig. 10a), while more than 10-fold more was detected in
the recycling medium (Fig. 20; Supplementary Fig. 10b), supporting
that the QMP substitutions enhanced FcRn-mediated rescue from
intracellular degradation. Importantly, neither fusion of FIX to HSA nor
the K5 substitutions affected cellular handling (Fig. 2n, o; Supple-
mentary Figs. 10, 11). Thus, K5 engineering in FIX does not affect FcRn-
mediated cellular recycling of the HSA-fused variants.

No effect of K5 engineering on plasma half-life in hFcRn
expressing mice
To investigate whether K5 engineering affects the PK properties of FIX-
HSA in the most clinically relevant mouse model for studies of HSA, we
used Tg32 mice that are transgenic for hFcRn and do not express the
mouse counterpart®™. These mice express normal mFIX levels
(250.0 £20.0 ng/mL; Supplementary Fig. 12), and thus mimic type Il
(CRM’) patients in terms of circulating FIX protein (Fig. 3a).
Twenty-four hours post-administration (Fig. 3b), more than 3.5-
fold higher plasma concentrations were detected of the HSAqmp-con-
taining variants than of those with HSA, at an average of 14.4 and
4.0 uyg/mL, respectively (Fig. 3c; Supplementary Fig. 13). Furthermore,
FIX containing either K5A or K5R, when fused to HSAyr showed
plasma half-lives of 23.9 £ 5.6 and 20.0 £1.3 h, respectively, compar-
able with that of FIX-HSAwr (27.4 +1.8h) (Fig. 3d; Supplementary

Fig.13). In stark contrast, the HSAqup-containing fusions showed more
than 3-fold extended plasma half-lives (Paduaga-HSAqmp, 75.9 £19.2 h;
Paduagr-HSAqmp, 77.6 +20.0 h), regardless of A or R in position 5 of
FIX (Fig. 3d).

When applying the measured protein concentrations to
gPKPDsim*’, comparable mean residence time (MRT) values were
measured for the HSA-containing variants (1.6-1.9 days), while those
for the HSAqmp-containing variants were approximately 5- and 6-fold
longer (PaduaKA-HSAQMp, 7.9 days; PaduaKR-HSAQMp, 9.6 days)
(Table 2). The clearance (CL) rate of the HSAwr- and HSAqwp-con-
taining variants were about 156.6 mL/d/kg and 19.6 mL/d/kg on aver-
age, respectively (Table 2).

Thus, QMP engineering is the main driver of the half-life
extension of FIX-HSA in the context of the human receptor and
normal levels of endogenous FIX, whereas K5 engineering appears
to exert negligible effects.

QMP extends the plasma half-life of FIX-HSA in WT mice

To address how the differences in binding to the FcRn species
affect the PK properties of the FIX-HSA fusions, we performed a
PK study in Balb/c mice (Fig. 3e). These mice express mFcRn and
normal mFIX levels (FIXP"* mice, 320 +30.0 ng/mL; Supplemen-
tary Fig. 12), and thus, also mimic type Il CRM" patients. As the
HSAwr-containing variants bind mFcRn poorly, we took advan-
tage of the HSAqmp-containing fusions, and included FIX-HSAwr
for comparison.

Twenty-four hours post-administration, more than 2.5-fold higher
plasma concentrations of the HSAqmp-containing variants (4.9 ug/mL)
compared to FIX-HSAwr (1.8 ug/mL) were detected, on average (Fig. 3f;
Supplementary Fig. 14). Furthermore, FIX-HSAywt showed a plasma
half-life of 14.1+1.5h, 2-fold shorter than those measured for the
HSAqmp-containing variants (Fig. 3g). Although not significantly, a
slightly shorter plasma half-life was measured for Paduaga-HSAqmp
(30.6 +4.9 h) compared to Padua-HSAqmp (39.2 + 6.8 h) and Paduayg-
HSAqwmp (35.7 £3.8 h) (Fig. 3g).

QMP engineering of HSA resulted in about 2-fold longer MRT,
with the longest observed for Paduakgr-HSAqwmp (1.9 days), followed by
Paduaga-HSAqwp (1.5 days), Padua-HSAqwp (1.4 days), and lastly, FIX-
HSAwt (0.7 days) (Table 2). Accordingly, CL rates at an average of 285.3
and 106.2mL/d/kg for the HSAwt- and HSAqmp-containing fusions
were measured, respectively (Table 2).

Thus, the QMP substitutions extend the plasma half-life of FIX-
HSA in the mFcRn expressing FIX?** mice, whereas the K5A substitu-
tion appeared to shorten the plasma half-life of the fusion in this
mouse model.

K5 engineering modulates the PK profile of FIX-HSA in HB mice
To investigate the effect of K5 engineering in the absence of an
extravascular FIX depot, we performed a study in HB mice (Fig. 4a)°°.
The HB mice do not express FIX (Supplementary Fig. 12), and hence,
mimic CRM" patients where Col4 is freely accessible to bind injec-
ted FIX.

One hour post-administration, Paduaga-HSAqmp Was detected at
an almost 3-fold higher plasma concentration (24.2 + 9.3 ug/mL) than
FIXwt-HSAwT, Padua'HSAQMp, and PadUaKR‘HSAQMp, which were
found at 8.2 ug/mL, on average (Fig. 4b). After 24 h, the plasma levels
were reduced, with Paduaga-HSAqmp still being the most prominent
variant at 2.2 + 0.5 pg/mL followed by 1.5-fold less of Paduaxg-HSAqmp
(1.5+£0.5ug/mL), comparable to the amount of FIX-HSAwt
(1.6 £ 0.1 ug/mL) (Fig. 4c). Padua-HSAqmp was found at slightly low-
er levels (0.9 + 0.1 uyg/mL) (Fig. 4c). After 96 h, 2-fold more of Paduagg-
HSAqmp (0.30 + 0.11 ug/mL) than Paduaga-HSAqmp (0.15 + 0.02 pug/mL)
was present in plasma (Fig. 4d), corresponding to 19% and 7% of the-
levels measured after 1 day, respectively (Fig. 4e, f). Consequently,
Paduaga-HSAqwp exhibited the steepest elimination curve (Fig. 4f).
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Noteworthy, the plasma concentrations of all four variants were lower

than in the FIXP"* mice.

Furthermore, Paduaga-HSAqmp showed the shortest plasma half-

life (17.7+1.2h), followed by FIXwr-HSAwrt

HSAqmp (25.0+2.1h), and lastly, Paduagg-HSAqump (26.0+2.6h)
(Fig. 4g). The gPKPDsim analysis showed that K5R increased the MRT

HSAWT HSAQMP

H SAWT H SAQMP

of the fusion (Paduagg-HSAqmp, 1.4 days; Padua-HSAqmp, 1.2 days),

whereas the K5A substitution shortened it by 3-fold (Paduaga-HSAqwmp,

(21.9+0.7h), Padua-

0.4 days) (Fig. 4h; Table 2).

Thus, in mice without endogenous FIX, K5A provides higher
plasma concentrations of Padua-HSAqwp shortly after administration,
whereas KSR improves its PK profile.
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Fig. 2 | QMP engineering in HSA yields FIX-HSA fusion proteins with favorable
FcRn binding properties and FcRn-mediated cellular handling. a Illustration of
the ELISA-based binding assay used to study binding between hFcRn or mFcRn and
FIX-HSA variants at pH 5.5. Soluble truncated FcRn (light gray) was captured on IgG1
MST/HN (blue) coated in the well, before FIX-HSA (red/black) was added to the wells,
and the HSA region of the fusion protein was detected by an ALP-conjugated anti-
HSA antibody (dark gray). b, ¢ Results from the ELISA-based hFcRn and mFcRn
binding assays performed at pH 5.5. Data represent the mean + SD of technical
duplicates from one representative experiment. d Illustration of the SPR experiment
used to study the interaction between FcRn (gray) and FIX-HSA (orange/black) per-
formed by immobilizing FIX-HSA fusion proteins on a CM5 sensor chip before
injecting a truncated form of soluble FcRn in a concentration gradient. Representa-
tive sensorgrams from SPR performed by injecting soluble truncated hFcRn (e-h) or

mFcRn (i-1) over immobilized FIX-HSA variants at pH 5.5, showing one out of three
independent experiments performed. The dotted lines show curves fitted by the 1:1
Langmuir binding model. m An illustration of the HERA setup designed to study
hFcRn-mediated cellular (n), uptake and (o), recycling of FIX-HSA fusion proteins.
Data are presented as relative to FIX-HSAwr (=1, dotted line) and represent the group
mean + SD of three independent experiments performed in technical triplicates
(uptake: n=9, except n =8 for FIXga-HSAwr and FIXyr-HSAwr, n = 6 for Paduayg-
HSAqwmp; recycling: n=9, except n="7 for FIXga-HSAwr). Statistical significance was
tested by unpaired two-tailed Student’s ¢ tests with 95% confidence level (precise
p-values are given in Supplementary Table 1). FIX-HSAwr, black; Padua-HSAqwp, gray;
FIXka-HSAwr, blue; FIXkr-HSAwrt, orange; Paduaga-HSAqwmp, pink; Paduaxg-HSAqmp,
purple. Source data are provided as a Source Data file. a, d, m Created in BioRender.
Hovden Aaen, K. (2025) https://BioRender.com/auh41in.

K5R increases the extravascular presence of FIX-HSA fusions in
HB mice

To evaluate the biodistribution of the FIX-HSA variants, we collected the
livers, kidneys, lungs, and knee joints at termination of the experiment
in HB mice (day 4) and analyzed the corresponding homogenates by
ELISA. The highest protein concentrations were detected in the liver,
followed by the kidneys, lungs and, lastly, the knee joints (Fig. 4i-I). In
the liver, comparable amounts of the fusions unmodified in position 5
were detected (FIX-HSAwr and Padua-HSAqmp, 97.6-107.0 ng/mL),
while 3-fold less of Paduaga-HSAqmp (35.0 5.5 ng/mL) and 2-fold more
of Paduagr-HSAqmp (231.6 + 61.5 ng/mL) were quantified (Fig. 4i). Similar
differences between the variants were observed in the kidneys (Fig. 4j),
lungs (Fig. 4k), and knee joints (Fig. 41).

To further study the tissue distribution of the fusion proteins,
harvested organs were sectioned and stained with primary goat and
rabbit polyclonal antibodies specific for human FIX or mouse Col4,
respectively, before detection using species-matched secondary anti-
bodies. Immunofluorescent (IF) staining revealed significantly stron-
ger fluorescence intensity in tissues from HB mice injected with
Paduagr-HSAqmp than with Paduaga-HSAqmp (Fig. 4m), while the sig-
nals for mouse Col4 were not significantly different (Supplemen-
tary Fig. 15). In line with this, immunohistochemistry (IHC)
staining confirmed detection of more Paduagg-HSAqmp than
Paduaga-HSAqmp (Supplementary Fig. 16). Again, the tissues
showed similar IHC staining of mouse Col4 irrespective of treat-
ment either with the KS5A or KS5R engineered fusion

Table 1| SPR-derived kinetic constants for the interaction
between FIX-HSA variants and hFcRn or mFcRn at pH 5.5

FIX-HSA K, (10*s™) Kq (107s™) Ko (nM)°
variant®

hFcRn

FIXka-HSAwT 4.4+0.4 76.9+25 176.7+11.3
FIXkr-HSAwT 4.4+0.5 82.7+0.9 190.3+17.6
Paduaga-HSAque 33.4+3.7 0.6:0.0 0.2+0.1
Paduakg-HSAque  27.1+1.8 0.7+0.1 0.3+0.0
mFcRn

FIX-HSAwT NA® NA NA
FIXka-HSAwT NA NA NA
FIXkr-HSAwT NA NA NA
Padua-HSAqwp 1M.6+£4.1 51.2+17.1 44.6+1.9
Paduaga-HSAqwp  5.45+0.3 28.0+4.3 51.7+10.6
Paduagr-HSAqwe  7.3£2.0 42.9+27.8 54.9+20.5

K, association rate constant, Ky dissociation rate constant, Kp equilibrium dissociation constant.
FIX-HSA variants were immobilized on CM5 chips and serial dilutions of either the hFcRn or
mFcRn were injected at pH 5.5.

®Kinetic rate constants, representing the mean + SD of three independent runs, were obtained
using a simple first-order 1:1 Langmuir binding model.

°NA not acquired due to fast kinetics.

(Supplementary Fig. 16). Notably, treating the tissues with only
the secondary antibodies did not give any signal (Supplemen-
tary Fig. 17).

Thus, whereas K5A greatly reduces the extravascular presence of
Padua-HSAqmp, KSR significantly increases its distribution to the liver,
kidneys, lungs, and knee joints, at sites with mouse Col4 expression.

K5R grants sustained enhancement in plasma FIX activity in
HB mice

To investigate the functional activity level of the FIX-HSA variants over
time, the plasma samples from the HB mice were evaluated in aPTT-
based activity assays. One hour post-administration, the activity level
of Paduaga-HSAqmp (1232.6 +446.1% of FIX-HSAw) was about 2-fold
higher than that of Paduaggr-HSAqwp (585.3 £245.7%) and Padua-
HSAqme (7159 +84.1%) (Fig. 5a). After 24h, all three Padua-
containing fusions showed comparable activity levels, approximately
6- to 8-fold higher than that of FIX-HSAwr (Fig. 5b). At the final 96-hour
time point, Paduaygg-HSAqmp (339.5 + 58.9%) demonstrated the highest
activity level, corresponding to 16-fold higher activity than FIX-HSAwr
(20.7+4.1 %) (Fig. 5c). In contrast, Paduaga-HSAqmp (48.2+9.2%)
showed the lowest activity level of all the Padua-containing variants at
this time point (Fig. 5¢), coupled with the most rapid decline in activity
over time (Fig. 5d). Overall, all the Padua-containing fusions exhibited
superior activity levels in plasma at all time points, compared to FIX-
HSAwr (Fig. 5e).

When comparing the residual activity at each time point com-
pared to that at day 1, Padua-HSAqmp and FIX-HSAwr followed a
comparable decline over time, consistent with their clearance
curves (Fig. 5f), while maintaining the same relative differences in
activity levels (Fig. 5d). At day 4, these variants showed 20.9% and 17.1%
of their initial activity, respectively (Fig. 5f). Moreover, Paduagg-
HSAqmp showed the highest residual activity (43.9%) among all variants
at day 4, while Paduaga-HSAqmp exhibited the most dramatic decline,
reaching 7.6% of its initial activity (Fig. 5f).

Next, when applying the functional activity data to gPKPDsim, an
almost 3-fold extended functional half-life was revealed for Paduayg-
HSAqup (80.3+14.3h) compared to that of Padua-HSAqmp
(30.6 +£8.0 h), whereas a 1.5-fold shorter functional half-life was esti-
mated for Paduaka-HSAqwp (22.1+6.1h) (Fig. 5g). Moreover, longer
MRT values were obtained for the FIX-HSA fusions when calculated
based on their activity levels rather than their plasma concentrations
(FIX-HSAwr, 1.8 versus 0.7 days; Padua-HSAqwmp, 1.9 versus 1.2 days;
Paduagr-HSAqme, 4.4 versus 1.4 days; Paduaga-HSAqmpe, 0.9 versus
0.4 days) (Fig. 5h). Regardless, the K5A and K5R substitutions provided
Padua-HSAqmp with more than 2-fold shorter or longer MRT,
respectively.

To evaluate the ability of the fusion protein to promote hemos-
tasis in vivo, a tail clip assay was performed on HB mice 4 days after an
injection of Paduakg-HSAqmp. The results showed an inverse correla-
tion between blood loss and plasma activity levels (Fig. 5i), confirming
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Fig. 3 | QMP engineering extends the plasma half-life of FIX-HSA. a Illustration
of the extra- and intra-vascular storages of FIX. Infused and endogenous FIX may
relocate from the circulation to the extravascular space where it associates with
Col4. The K5A and K5R substitutions in FIX weakens or strengthens its interaction
with Col4, respectively. b Illustration of the half-life study in Tg32 mice where

2 mg/kg of FIX-HSA were administered by L.V. injection. Protein quantification was
performed by ELISA. The results are presented as (c), protein concentration 24 h
after administration and (d), percentage remaining in plasma at each time point
compared to day 1 (=100%), with plasma half-life values to the right, and represent
the group mean + SD of biological replicates (n=5). e lllustration of the half-life
study in FIXP"s Balb/c mice where 2.5 mg/kg of FIX-HSA was administered by LV.
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injection. Protein quantification was performed by ELISA. The results are presented
as (f), protein concentration 24 h after administration and (g), percentage
remaining in plasma at each time point compared to day 1 (= 100%), with plasma
half-life values to the right, and represent the group mean + SD of biological
replicates (n = 5). Statistical significance was tested by unpaired two-tailed Stu-
dent’s t tests with 95% confidence level (n =5; precise p-values are given in Sup-
plementary Tables 2-5). FIX-HSAwr, black; FIXga-HSAwr, blue; FIXkr-HSAwT,
orange; Padua-HSAqwmp, gray; Paduaga-HSAqwmp, pink; Paduagg-HSAqme, purple.
Source data are provided as a Source Data file. a, b, e Created in BioRender.
Hovden Aaen, K. (2025) https://BioRender.com/auh41in.

Table 2 | PK and PD parameters of FIX-HSA fusion proteins in different mouse models analyzed using gPKPDsim in MatLab

Protein Dose (mg/kg) Route AUC (ug*d/mL) Cmax (Mg/mL) CL (mL/d/kg) MRT (d) Vs (mL/kg) Ty (d) R?
Tg32¢

FIX-HSAwT 2 1.V. 1.9 3.9 161.2 1.7 274.2 1.3 0.971
FIXga-HSAwT 2 1.V. 13.8 4.9 139.9 1.9 269.4 25 0.963
FIXxr-HSAwr 2 1V, 1.0 33 168.7 1.6 263.3 25 0.985
Paduaga-HSAque 2 V. 445 12.8 23.2 7.9 178.7 5.8 0.865
Paduagg-HSAqwe 2 V. 68.0 16.7 16.0 9.6 134.0 7.4 0.485
FIxplus B

FIX-HSAwT 2.5 1.V. 8.8 9.1 285.3 0.7 198.1 0.7 0.992
Padua-HSAqwp 25 LV. 21.9 16.7 109.1 1.4 154.3 1.1 0.925
Paduaga-HSAqmp 25 1.V. 22.2 18.8 103.3 1.5 152.9 1.5 0.919
Paduakr-HSAqup 25 LV. 20.5 15.5 106.1 1.9 204.9 1.9 0.958
HB mice"

FIX-HSAwT 25 LV. 8.8 1.8 279.0 0.7 193.6 1.0 0.980
Padua-HSAqmp 25 LV. 4.4 5.7 514.8 1.2 570.6 1.7 0.952
Paduaga-HSAqmp 25 LV. 15.9 24.2 178.8 0.4 84.03 0.8 0.987
Paduakr-HSAqwmp 25) LV. 6.5 7.1 387.8 1.4 517.5 1.7 0.993

“Tg32, homozygous hFcRn transgenic Tg32 mice.
PFIXP=, Balb/c mice.
YHB mice, F9 KO mice.

AUC Area under the curve from time O to the last measured time point, C,., Maximum plasma concentration, CL Clearance rate, MRT Mean residence time, Vs Volume of distribution at steady state,

T2 Terminal half-life, R? Coefficient of determination.
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that the Paduagg-HSAqwp present in blood efficiently promoted
hemostasis.

Thus, KSR in Padua-HSAqwp extends both the plasma and func-
tional half-life of the fusion protein, while K5A accelerates its elim-
ination following an early peak in plasma level (Table 3). The
contribution of each engineering step on the PK profile of the fusion

proteins in different mouse models is summarized in Supplementary
Table 12.

Discussion
The first generation of EHL FIX products has represented a major
improvement in HB treatment® **. However, as their plasma half-lives
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Fig. 4| K5R engineering of FIX-HSA increases plasma half-life and extravascular
presence in HB mice. a Illustration of the study in HB mice where 2.5 mg/kg of FIX-
HSA was administered by LV. injection. At termination (day 4), lungs, kidneys, liver,
and knee joints were harvested and processed to homogenates, or paraffin
embedded and prepared on slides before IF or IHC staining. Blood processed to
plasma and tissue homogenates were analyzed by ELISA for protein quantification,
and coagulant activity was measured in plasma by an aPTT-based assay. b-d Protein
concentration in plasma1h, 24 h, and 96 h post-administration. Data are presented
as the group mean + SD of biological replicates (n =4-5). Elimination curves
showing (e), protein concentration remaining in plasma over time and (), percen-
tage of protein remaining in plasma at each time point compared to day 1 (=100%),
presented as the mean + SD of biological replicates (n =4-5). g Plasma half-life
values shown as the group mean + SD of biological replicates (n=4-5). h MRT
values in FIXP"s Balb/c mice (x-axis) and HB mice (y-axis) analyzed in gPKPDsim.

i-1 Homogenates of livers, kidneys, lungs, and knee joints sampled at termination
were analyzed by ELISA for protein quantification. Data represent the group
mean + SD of biological replicates (n =4-5). m IF stained sections of liver, kidney,
lung, and knee joint collected from HB mice 4 days after administration of Paduaya-
HSAqmp or Paduakr-HSAqmp (green, anti-FIX; blue, DAPI for nuclei). Images show
one representative animal per test article (scale bar: 100 um). The fluorescence
signal at ten different fields per image was quantified. The data represent the group
mean + SD of technical replicates (n =10). Statistical significance was tested by
unpaired two-tailed Student’s ¢ tests with 95% confidence level (b-g, n =4 except
n=>5 for Paduakr-HSAqmp, i-l, n = 4; precise p-values are given in Supplementary
Tables 6-8; m **p < 0.0001 of n =10). FIX-HSAwr, black; Padua-HSAqmp, gray;
Paduaga-HSAqwp, pink; Paduakgr-HSAqme, purple. Source data are provided as a
Source Data file. a Created in BioRender. Hovden Aaen, K. (2025) https://BioRender.
com/auh41in.
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Fig. 5| The K5R amino acid substitution grants FIX-HSA enhanced activity and
extended functional half-life in HB mice. FIX activity in plasma of HB mice after
(a), 1h, (b), 24 h, and (c), 96 h post-administration of a FIX-HSA fusion, compared
to the activity in plasma of mice that received FIX-HSAy1. Data represent the group
mean * SD of biological replicates (n =4-5). d Change in FIX clotting activity in
plasma over time. Data represent the group mean + SD of biological replicates
(n=4-5) and are presented as the percentage of that of FIX-HSAw (= 100%).

e Specific activity measured in mice over time, calculated as the ratio between FIX
clotting activity and protein concentrations relative to that of FIX-HSAw (=1). Data
represent the group mean + SD at each time point (n = 5). f Change in FIX activity in
plasma over time. Data represent the group mean + SD of biological replicates
(n=4-5) and are presented as the level of clotting activity over time compared to
day 1 (=100%). g Functional half-life of the FIX-HSA variants measured by

gPKPDsim. Data represent the group mean + SD of biological replicates (n=4-5).
h Correlation between MRT values obtained by applying the FIX plasma con-
centration (x-axis) and the FIX clotting activity (y-axis) to gPKPDsim. Data repre-
sent the group mean + SD of biological replicates (n =4-5) and were applied to a
simple linear regression. i Inverse correlation between Paduaxgr-HSAqmp activity
and hemoglobin loss upon tail clipping at day 4 post-administration. Data repre-
sent the group mean + SD of biological replicates (n=5) and were applied to a
simple linear regression. Statistical significance was tested by unpaired two-tailed
Student’s ¢ tests with 95% confidence level (a-d, f-h, n =4 except n =5 for Paduayg-
HSAqmp; € n=5; precise p-values are given in Supplementary Tables 9-11). FIX-
HSAwr, black; Padua-HSAqmp, gray; Paduaga-HSAqmp, pink; Paduaggr-HSAqmp,
purple. Source data are provided as a Source Data file.

are limited to 3-4 days, frequent injections are still necessary”*>,

Thus, there is a need to further improve their PK properties, as recently
achieved by combining the hyperactive FIX Padua (R338L) variant with
the engineered HSAqup variant (Padua-HSAqwmp)”. Motivated by the
fact that FIX binds to extravascular Col4*°*”*%, and that this depot
alone is sufficient for hemostasis***>*°, we engineered Padua-HSAqwvp
for modulated Col4 binding. When K5A or K5R, which either weakens

or strengthens the ability of FIX to bind Col4**%, respectively, were
introduced in the FIX-HSA fusion proteins, the FIX clotting activity was
reduced or preserved, respectively. Despite this, introduction of the
Padua amino acid substitution largely compensated for the reduced
activity associated with K5A, as hyperactive properties were observed
for all Padua-containing fusion proteins. Importantly, HSA was effi-
ciently cleaved from both the K5A- and K5R-containing fusions upon
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Table 3 | Short- and long-term contributions of K5 engineer-
ing in FIX-HSA fusion proteins

K5 substitution Col4 Short-term Long-term impact (>24 h)
bindi i t
nene lnl;pac on Plasma Functional
plasma i :
level (1h) half-life half-life
K5A - e _ _
K5R i ++ FH+ HH+

activation by FXIa, which is required for optimal coagulant activity
of FIX>.

Regarding potential immunogenicity of the engineering strate-
gies used to design the FIX-HSA fusions, we did not detect any warning
increase in T- and B-cell epitopes using available prediction tools, as a
comparable number of potential epitopes was shown for the FIX var-
iants and the FIX-HSA fusions, including the approved clinical product
Idelvion (Supplementary Tables 13 and 14). However, caution should
be taken when using such tools, as discussed®>°°.

The favorable FcRn binding properties achieved by QMP engi-
neering of HSA resulted in a 3-fold extended plasma half-life of the FIX-
HSA fusion in Tg32 mice. Importantly, whereas the HSAwr-containing
fusions showed negligible binding to mFcRn, in line with previous
reports* %, the HSAqwp-containing fusions bound well to the mouse
receptor. Thus, the use of HSAqwp does not only provide a strategy for
EHL protein-based therapeutics, but it also partly overcomes the lim-
itations related to the use of mFcRn-expressing mouse models in
studies of HSA-based therapeutic candidates. In our study, this allowed
us to evaluate the effect of K5 engineering on the PK profile of FIX-HSA
in mFcRn-expressing mouse models with different FIX expression
profiles, and thus Col4 accessibility, mimicking either CRM* or CRM*
HB patients. In fact, the CRM" status may modulate the compartment
bioavailability of an infused FIX by potential competition with dFIX.

In FIXP"s Balb/c mice, the presence of an extravascular depot of
endogenous FIX mimic the scenario in CRM" HB patients, including a
large fraction of the patients with moderate and severe HB (35% of all
with F9 missense variants)®®*°, which express dFIX that may bind Col4,
and thus limit injected FIX from entering this reservoir. Importantly,
most missense mutations in the F9 gene described are not expected to
impact the functionality of the Gla domain and its Col4 binding
properties***’. In these mice, a negative impact of inefficient Col4
binding was revealed by the shorter half-life measured for Paduaga-
HSAqmp compared to the other HSAqwp-containing variants. On the
other hand, K5R engineering of FIX for enhanced Col4 binding might
give a competitive advantage over an endogenous dFIX variant
expressed at varying levels depending on the individual's F9 genotype.

Conversely, the F9 knock-out HB mice mimic the CRM" HB
patients with undetectable FIX plasma levels, and thus negligible
extravascular depots and freely available Col4, which can capture the
injected FIX. One hour after injection, 3-fold more of the K5A-
containing variant was detected than of the WT and K5R FIX variants in
plasma, supporting that this amino acid substitution results in less
capture in the extravascular depot. Interestingly, Paduaga-HSAqmp Was
more rapidly cleared than the other variants, including FIX-HSAwr,
despite containing HSAqme. In parallel with its rapid clearance, K5A
gave a dramatic decline in activity over time. Similar observations have
been made for unfused recombinant K5A FIX in the same mouse
model*°. In contrast, Paduagr-HSAqvp Was present at the highest
plasma concentration of all variants after 96 hours. In line with its
delayed clearance, K5R provided consistently higher clotting activity
of Paduagg-HSAqmp in plasma over time, resulting in a striking
improvement in functional half-life from 30.6 to 80.3 h. Moreover, the
K5R substitution resulted in significantly higher concentrations of
Paduagr-HSAqmp in the liver, kidneys, lungs, and knee joints, with up to
a 5-fold difference to that of the K5A-containing fusion. In agreement,

significantly more of Paduakg-HSAqwp than Paduaga-HSAqup were
detected in the same tissues when stained by IF and IHC. Thus, in the
HB mice with freely available Col4, the K5A and K5R substitutions
resulted in differential PK profiles and extravascular distribution of the
FIX-HSA fusion, due to distinct Col4 binding properties.

Our findings are in line with reports demonstrating that the CRM
status affects the bioavailability of infused FIX in mice and
humans***>*4¢_In CRM" patients, depots of Col4-bound dFIX would
result in a higher plasma presence of the infused FIX, due to limited
Col4 binding. On the other hand, the higher MRT values in FIXP"* mice
expressing mFIX highlight the competitive advantage conferred by the
K5R change. Thus, a large body of evidence supports that the extra-
vascular depot of FIX impacts hemostatic competency**>*>’°, Taken
together, the experiments performed in the three mouse models
revealed the effect of HSAgue (Tg32>FIXP™*>HB) and KSR
(HB > FIXP"s > Tg32) on the PK of the FIX-HSA fusion under different
conditions regarding FcRn and FIX expression (Supplementary
Table 12). Clearly, the use of HSAqwp as a fusion partner gives a major
advantage, as it prolongs the availability of FIX in the circulation.
Furthermore, the incremental improvements of the protein engi-
neering steps were evident when correlating the MRT values achieved
in the CRM* (FIXP"* Balb/c) and CRM" (HB) mouse models, which again
highlighted the superior PK properties and competitive advantage of
Paduaggr-HSAqmp- Importantly, the decrease in blood loss as a function
of Paduagr-HSAqmp activity in the HB mouse model indicates a
concentration-dependent correction of the disease phenotype, thus
underscoring the importance of functional activity and its relevance in
therapeutic potential.

In summary, we demonstrate that Padua-HSAqwvp can be engi-
neered for enhanced extravascular presence by introducing K5R to
FIX, resulting in an attractive therapeutic candidate with improved
biodistribution and favorable functional profile. Additionally, K5A
engineering may provide a tool to improve on-demand treatment with
an immediate need of increasing FIX levels in plasma. We provide i)
experimental evidence of the impact of Col4 binding as well as CRM
status, on the PK and biodistribution of FIX, in the context of HSA, and
ii) an in vivo proof-of-concept study demonstrating the translational
power of K5 engineering. Our findings support the use of Paduag,-
HSAqmp and Paduagg-HSAqmp as hyperactive short- or long-term
therapeutics, with implications for the development of tailorable HB
replacement therapies.

Methods

Plasmid construction

cDNA constructs encoding WT or Padua (R338L; numbering according
to mature protein) FIX (NCBI reference sequences: NM_000133.4,
NP_000124.1), the optimized cleavable linker, and mature HSA (amino
acids 25-609; NCBI reference sequences: NM_000477.7, NP_000468.1),
either HSAwt or HSAqwp™*, were produced as described”. Codons
corresponding to the K5A or K5R substitutions was introduced to
cDNA encoding F9 by site-directed mutagenesis using the QuikChange
I XL Site-Directed Mutagenesis Kit (Agilent Technologies, #200521)
with the 5-GTATAATTCAGGTAGATTGGAAGAGTTTG-3’ (K5R) and 5-
GTATAATTCAGGTGCATTGGAAGAGTTTG-3" (K5A) oligonucleotides
(nucleotide changes underlined and reverse primers complementary
to the forward ones; numbering of amino acids corresponds to that of
mature FIX). cDNA encoding HSAwt was cloned into pFUSE2ss-CLIg-hk
vectors (Invitrogen), and site-directed mutagenesis was used to gen-
erate the construct encoding HSAqwe (ES05/T527M/K573P)
(GenScript)*.

Protein production and purification

Vectors encoding variants of FIX-HSA fusion proteins, as well as
unfused HSAwr and HSAqwvp, Were transfected into Expi293F cells
(Gibco, #A14527) using the ExpiFectamine 293 Transfection Kit (Gibco,
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#A14525), according to the manufacturer’s instructions. For produc-
tion of FIX-HSA fusion proteins, 100 ug/mL of vitamin K (Konakion
Novum; Cheplapharm) was added to the culture prior to transfection.
The supernatants were harvested 5 days post-transfection by cen-
trifugation at (290-400) x g for 25 min in a refrigerated centrifuge and
filtered through a 0.2um Vacuum Filtration System (VWR). Super-
natants containing FIX-HSA proteins were supplied with 1 mM benza-
midine hydrochloride hydrate (Sigma-Aldrich, #B6506) to stabilize the
proteins.

The supernatant was purified on 5-mL OPUS Chromatography
columns pre-packed with a CaptureSelect anti-HSA VHH (Thermo
Scientific, #1912970) by Repligen. Before purification, the column was
equilibrated with 10 column volumes (CV) of 1X PBS (Sigma-Aldrich,
#D8537). The supernatant was loaded onto the column at a flow rate of
0.5-2mL/min, before the column was washed with 20 CV of PBS.
Elution of protein was achieved by running 9 CV of 2 M MgCl, (Sigma-
Aldrich, #63064) at pH 7.4 at a flow rate of 2mL/min. The eluted
protein was buffer exchanged to PBS and further concentrated using
an Amicon Ultra-15 centrifugation filter unit (Millipore) with molecular
weight cut-offs of 30kDa or 50kDa by centrifugation at
(290-400) x g at 4 °C.

Soluble truncated forms of recombinant His-tagged human and
mouse FcRn were produced in a Baculovirus expression vector
system” 7%, Briefly, High Five cells (Gibco, #B85502) cultured in
Express Five SFM Medium (Gibco, #10486025) were grown to con-
fluency in flat culture flasks at 27 °C, before 1x10° cells/mL were
transferred to Erlenmeyer flasks and placed in an orbital shaker set at
160 rpm and further incubated at 27 °C. The cells were transfected with
viral stocks of baculovirus encoding a soluble truncated form of either
His-tagged mouse or human FcRn, kindly gifted by Dr. Sally Ward
(University of Southampton, United Kingdom). After transfection, the
cells were cultured for a subsequent 72 h at either 23-24 °C (for hFcRn)
or 27-28 °C (for mFcRn) in the orbital shaker. FcRn expressed by the
cells was purified from harvested and filtered supernatant by using a
5-mL HisTrap HP column loaded with Ni** ions (Cytiva, #17524801).
Before loading the supernatant (adjusted to pH 7.2), 10 CV of PBS
supplemented with 0.05% sodium azide (Sigma-Aldrich, #52002) was
run over the column for pre-equilibration. A maximum of 450 mL of
supernatant was run over the column at a flow rate of 5 mL/min. Then,
the column was washed with 25mM imidazole (Sigma-Aldrich,
#56748) in PBS (pH 7.2), before elution with 250 mM imidazole in PBS
(pH 7.3). Eluted FcRn was further concentrated and the buffer was
exchanged to PBS, as described above.

To obtain monomeric protein fractions, size exclusion chroma-
tography (SEC) was performed by using a Superdex 200 Increase 10/
300 GL column (Cytiva, #28-9909-44) coupled to an AKTA avant 25
instrument (Cytiva) using Unicorn Software (Cytiva), with PBS as run-
ning buffer. The monomeric protein fractions were further con-
centrated using Amicon Ultra-4 Centrifugation Filter Units (Millipore)
with molecular weight cut-offs at 30 or 50 kDa by centrifugation at
(290-400) x g at 4 °C, and protein concentration was measured on a
DS-11+ spectrophotometer (DeNovix).

SDS-PAGE

To evaluate the integrity and purity of the protein fractions, a non-
reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was performed using a Bolt 12% Bis-Tris Plus Gel (Invitro-
gen, #NWO0O0125). Briefly, 2 ug of protein was mixed with 3 uL of 4X Bolt
LDS sample buffer (Invitrogen, #B0007) and the end volume was
adjusted to 12 uL with Milli-Q water. The solution was loaded on to the
gel in parallel with 7.5 L of Spectra Multicolor Broad-Range Protein
Ladder (Thermo Scientific, #26634) with a range of 10-260 kDa. Elec-
trophoresis was performed at 200 V for 22 min with 1X Bolt MES SDS
running buffer (Invitrogen, #B0002) using a PowerPac HC power
supply (Bio-Rad Laboratories, Inc.), before the gel was washed 2-3

times in Milli-Q water and stained in Bio-Safe Coomassie Stain (Bio-Rad
Laboratories, Inc., #1610786) for 20 min. Next, the staining solution
was removed, and the gel was immersed in Milli-Q water overnight
before images was acquired using a GelDoc Go Gel Imager (Bio-Rad
Laboratories, Inc.). An uncropped SDS-PAGE blot is provided in Sup-
plementary Fig. 18.

FIX activity assays

The activity of the FIX-HSA fusions was evaluated by an activated
partial thromboplastin time (aPTT)-based assay” using FIX-
deficient plasma (Hyphen BioMed, #ADPOS50K) and triggering
coagulation by the aPTT-S reagent (Sclavo Diagnostic Interna-
tional, #K29005559). Coagulation times were measured on a
Coatron X Top coagulometer (TECO Medical Instruments).
Chromogenic activity was evaluated using a commercially avail-
able kit (Hyphen BioMed, #A221802), following the manu-
facturer’s instructions. Specific activity was calculated as the ratio
of activity to protein level (FIX-HSAwt=1).

ELISA for evaluation of phospholipid binding

The evaluation of binding between phospholipids and FIX-HSA fusion
proteins was performed in an ELISA-based assay, where 96-well plates
with U-shaped wells (Thermo Fisher Scientific Nunc) were coated with
phospholipids (MP-Reagent; Diagnostica Stago, #86222) diluted 1:800
in carbonate-bicarbonate buffer (pH 9.6) at 4 °C overnight. The wells
were blocked with a buffer containing 20 mM Tris, 150 mM NacCl, and
5% (w/v) skimmed milk powder (pH 7.4) for 90 min at room tem-
perature (RT). Next, the wells were washed three times in PBS sup-
plemented with 0.1% (v/v) TWEEN-20 (Sigma-Aldrich, #P1379; 150 uL),
before serial dilutions of FIX-HSA variants diluted in sample buffer
(20 mM Tris, 150 mM NaCl, 0.5% (w/v) skimmed milk powder, 10 mM
CaCl,; pH 7.4) were added to the wells. After incubation for 90 min at
37°C, the wells were washed as before, and bound proteins were
detected by adding a polyclonal goat anti-HSA HRP-conjugated anti-
body (Bethyl Laboratories, #A80-129P, lot 32) diluted 1:2000 in
sample buffer and incubating the wells as before. After washing,
o-phenylenediamine diluted in substrate buffer (citrate-phosphate
buffer; pH 5.0) was added to the wells. The colorimetric reaction was
stopped by addition of 2.5M H,SO,. Absorbance was read using a
Sunrise Absorbance Microplate Reader (TECAN).

Time-course evaluation of HSA detachment from FIX-HSA upon
cleavage by FXIa

The detachment of HSA from the FIX-HSA fusion proteins upon clea-
vage by activated FXI (FXIa) was evaluated by time-course incubation
of purified fusion variants with plasma-derived FXla (pdFXIla; Haema-
tologic Technologies, #HCXIA-0160) diluted in reaction buffer (20 mM
HEPES, 150 mM NacCl, 0.1% (v/v) PEG-8000, 5mM CaCl,) at pH 7.47.
Western blotting was performed using polyclonal goat anti-human
albumin (1:1000 dilution) and polyclonal donkey anti-goat IgG HRP-
conjugated (1:4000 dilution) antibodies (Bethyl Laboratories, #A80-
129A, lot 10; Bethyl Laboratories, #A50-101P, lot 23) in PBS supple-
mented with 2.5% (w/v) skimmed milk powder (Sigma-Aldrich,
#70166). Blotting images were acquired using a ChemiDoc instrument
(Bio-Rad Laboratories, Inc.) and analyzed by Image Laboratory (ver-
sion 4.0; Bio-Rad Laboratories, Inc.). Uncropped Western blots are
provided in Supplementary Fig. 19.

ELISA for evaluation of FcRn binding

ELISA-based FcRn binding studies were performed by coating 96-
well EIA/RIA Clear Flat Bottom Polystyrene Microplates (Corning)
with 8ug/mL of a human IgGl with the M252Y/S254T/T256E/
H433K/N434F (MST/HN)”® substitutions in the Fc region that has
specificity for 4-hydroxy-3-iodo-5-nitrophenylacetic acid (NIP)”
overnight at 4°C (100 uL/well), followed by blocking with
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PBS containing 4% (w/v) skimmed milk (PanReac AppliChem,
#A0830; PBSM) at RT for 1h on tilting. In all following steps,
including the washing steps, buffers at either pH 5.5 or pH 7.4
were used. The PBS used for the pH 5.5 buffer was composed of
177 mM phosphate and 85mM NaCl, while that for the pH 7.4
buffer was composed of 195mM phosphate and 85 mM NacCl.
Next, 10 ug/mL of monomeric truncated forms of soluble his-
tagged hFcRn or mFcRn in PBSM with 0.005% TWEEN-20 (PBSTM)
was added to all wells (100 uL/well) and incubated at RT with
tilting for 1h, before the wells were washed five times in 200 uL
PBST. Next, serial dilutions of FIX-HSA variants (0-75nM, 1:1
dilution in 7 steps) in 100 L PBSTM were added. After sub-
sequent incubation for 1h at RT, the wells were washed as prior,
before detection was performed by adding 125ng/mL of an
alkaline phosphatase (ALP)-conjugated goat polyclonal anti-HSA
antibody (Bethyl Laboratories, Inc., #A80-229AP, lot 10) in PBSTM
at 100 uL/well. Lastly, 1 mg/mL p-nitrophenyl phosphatase sub-
strate (Sigma-Aldrich, #S0942) diluted in Pierce Diethanolamine
Substrate Buffer (pH 9.8; Thermo Scientific, #34064) was added
(100 pL/well) and absorbance was read at 405 nm using a Sunrise
Absorbance Microplate Reader (TECAN).

Surface plasmon resonance (SPR)

Binding kinetics were determined by SPR using a Biacore T200
instrument (Cytiva). FIX-HSA fusion proteins were immobilized (200
RU) on CMS5 Series S sensor chips (Cytiva, #29149603) in 10 mM
sodium acetate at pH 4.5 (Cytiva, #BR100350) using an amine coupling
kit (Cytiva, #BR100050). Next, the chip was washed with 50 mM NaOH
and unreacted moieties were blocked with 1M ethanolamine. There-
after, serial dilutions of monomeric truncated versions of soluble his-
tagged hFcRn (15.6-2000.0 nM for HSAwr, 1.95-62.5 nM for HSAqwmp)
or mFcRn (7.8-8000.0 nM for HSAwr, 3.9-500 nM for HSAqwmp) Were
injected (temperature: 25°C, injection time: 120s, dissociation:
680-2000 s, regeneration: 60-120s, flow rate: 40 uL/min). The run-
ning buffer was a phosphate buffer containing 0.005% (v/v) TWEEN-20
at either pH 5.5 (177 mM phosphate, 85 mM NaCl) or pH 7.4 (195 mM
phosphate, 85 mM NaCl). Regeneration was performed with the pH 7.4
phosphate buffer. Binding curves were zero adjusted and the reference
flow cell value was subtracted. The 1:1 Langmuir binding model pro-
vided by the Biacore T200 Evaluation Software version 3.0 (Cytiva) was
used to determine kinetic rate constants and affinity values.

Human endothelial cell-based recycling assay (HERA)

HERA® was performed to evaluate FcRn-mediated cellular handling of
the FIX-HSA fusion proteins. Briefly, 1.5x10° cells/mL HMEC-1 cells
stably expressing hFcRn-EGFP (HMEC-1-hFcRn)’®, gifted by Dr. Wayne .
Lencer (Boston Children’s Hospital, Harvard Medical School and Har-
vard Digestive Diseases Center, USA), were seeded into 48-well cell
culture plates (Costar) in 250 uL/well of growth medium consisting of
MCDB-131 medium (Gibco, #10372019) supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS; Gibco, #F7524), 25 U/mL
penicillin and 25pg/mL streptomycin (Gibco, #P4458), 2 mM
L-glutamine (Gibco, #25030081), 1ug/mL hydrocortisone (Sigma-
Aldrich, #H0888), and 10 ng/mL recombinant mouse epidermal
growth factor (Gibco, #PMG8041). To maintain a high expression of
hFcRn, 5 pg/mL Blasticidine S HCI (Gibco, #A1113903) and 250 pug/mL
Geneticine Selective Antibiotic (G418 Sulfate; Gibco, #10131035) were
added to the growth medium.

The cells were incubated until confluent (approximately 24 h after
seeding) at 37 °C and 5% CO,, before the medium was removed. Each
well was washed 3 times in 200 pL of pre-heated Hank’s buffered saline
solution (HBSS; Gibco, #14025100). Next, the cells were “starved” in
pre-heated HBSS for 1 h at 37 °C, before 800 nM of HSA variants, either
fused to FIX or unfused, diluted in 125 uL of RT HBSS (pH 7.4) were
added to the wells. To allow for cellular uptake, the cells were

incubated for 3 h at 37 °C and 5% CO,. Next, the cells were washed five
times in 200 L of ice-cold HBSS, before the plate was stored at -80 °C
until the day of analysis. A parallel plate was treated identically, and
washed as described, before 220 pL of recycling medium was added to
each well. The recycling medium consisted of complete growth med-
ium without FBS, G418 sulfate, or Blastidine S HCI, supplemented with
1X Eagle’s MEM non-essential amino acids solution (Gibco, #11140050).
To allow for ligand recycling, the cells were incubated for 3 h at 37 °C
and 5% CO,. Next, the cell media were collected and stored at —20 °C
until the day of analysis.

At the day of analysis, cell lysates were prepared from the plate
stored at —80 °C by adding 220 pL of Pierce RIPA Lysis and Extraction
Buffer (Thermo Scientific, #89900) supplemented with 1X cOmplete
protease inhibitor cocktail (Roche, #11836145001) to each well and
incubating the plate for 10 min on ice with tilting. Directly after, the
plate was centrifuged at (290-400) x g at 4 °C for 10 min, before cell
lysates were collected and kept on ice. The medium samples were
thawed on ice. The cell lysate and medium samples were analyzed by a
two-way anti-HSA ELISA.

ELISA for protein quantification in HERA and plasma samples
A two-way anti-HSA ELISA was used to quantify the FIX-HSA fusion
proteins and unfused HSA present in the uptake and recycling samples
from HERA as well as in plasma samples from Tg32 and FIXP“* (Balb/c)
mice. Briefly, 96-well EIA/RIA Clear Flat Bottom Polystyrene Micro-
plates (Corning) were coated with either 8 uyg/mL of polyclonal goat
anti-HSA antibody (Sigma-Aldrich, #A1151, lot SLCF5233; for analysis of
HERA samples) or 1ug/mL of monoclonal goat anti-HSA antibody
(15C7; Abcam, #MA1-90420, lot YE3901934; for analysis of plasma)
diluted in PBS at 4°C overnight (100 uL/well) and subsequently
blocked with PBSM for 1h at RT with tilting. Next, a dilution series of
each sample (HERA: 1:1, 1:2, 1:4 dilutions; plasma: 1:50, 1:100, 1:200
dilutions) in PBSTM was added alongside a concentration gradient of
each respective FIX-HSA variant (HERA: 0-4 nM, plasma: 0-8 nM; 1:1
dilution in 11 steps) in PBSTM (100 uL/well). After 1h of incubation at
RT with tilting, the plate was washed 3 times in 200 uL of PBST. Protein
was detected by adding 125 ng/mL of an ALP-conjugated polyclonal
goat anti-HSA antibody (Bethyl Laboratories, Inc., #A80-229AP, lot 10)
diluted in PBSTM (100 uL/well). Lastly, 1mg/mL of p-nitrophenyl
phosphatase substrate diluted in diethanolamine buffer (pH 9.8) was
added (100 pL/well) and absorbance was read at 405 nm using a Sun-
rise Absorbance Microplate Reader (TECAN).

An anti-FIX/anti-HSA ELISA was used to quantify protein in plasma
from the study in HB mice, where wells were coated with 2.5 ug/mL
polyclonal goat anti-FIX antibody (Cedarlane Laboratories, #CL20040A,
lot AIG2241-1R6) before blocking with PBSM (100 pL/well). The standard
was a pure fraction of the Padua-HSAqwp fusion protein added in a
concentration gradient (0-16 nM, 1:1 dilution in 11 steps), and the plasma
samples were added as 1:10-1:160 (1:1 diluted in each step), both in
PBSTM. After 1 h at RT on a tilting board, the plates were washed 3 times
in 200 L of PBST, before the proteins were detected as described
above. FIX in tissue homogenates from HB mice was quantified by a
polyclonal anti-human FIX ELISA kit (Affinity Biologicals, #FIX-EIA, lot
EIA9-0058R1), following the manufacturer’s instructions”.

ELISA for quantification of mFIX

To quantify the expression level of endogenous mFIX in Tg32, FIXPU
(Balb/c) and HB mice, plasma samples from these mouse models were
analyzed using an mFIX-specific ELISA kit (Novus Biologicals, #NBP2-
82408, lot XF19T62R9186), following the manufacturer’s instructions.
Briefly, 100 uL of an mFIX reference solution (0.16-10 ng/mL) was
added to wells pre-coated with an anti-FIX antibody, in duplicate. In
parallel, 100 uL of plasma samples were added to wells in a 1:200
dilution in the “reference & standard solution buffer”, in duplicates.
After incubation at 37°C for 90 min, the reference and standard
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solutions were removed from the wells, and 100 L of working strength
detection antibody was added to each well. The plate was incubated
for 1h at 37°C, before the wells were washed 3 times with 350 L of
working strength wash buffer. During each washing step, the buffer
was left in the wells for 1-2 min before being removed by decanting.
Immediately after, 100 uL of working strength HRP conjugate was
added to each well, and the plate was incubated at 37 °C for 30 min.
Next, the wells were washed with the same procedure as before,
however, five times. Lastly, 90 uL of substrate solution was added to
each well and the plate was incubated for 25 min at RT before the
reaction was stopped with 50 L of stop solution. Absorbance was read
at 450 nm using a Sunrise Absorbance Microplate Reader (TECAN)
after the signal had stabilized.

Animal studies

All animals of the study were housed in a controlled environment, with
a 12-h light/dark cycle, ventilated cages, regulated ambient tempera-
tures (21 +2 °C at Oslo University Hospital, Norway; 22 + 2 °C at IRCCS
San Raffaele, Italy) and relative humidity (30-70% at Oslo University
Hospital, Norway; 50-60% at IRCCS San Raffaele, Italy). Bedding and
nesting material were changed regularly, and food was accessed ad
libitum. The mice were euthanized by CO, or cervical dislocation at
termination of the experiments.

PK study in Tg32 mice

A study to examine the plasma half-life of FIX-HSA fusions in
homozygote hFcRn transgenic Tg32 mice (B6.Cg-FcgrttmlDcr
Tg(FCGRT)32Dcr/Dcr))*® was performed at Oslo University Hos-
pital (KPM, Rikshospitalet, Oslo, Norway) with approval from the
Norwegian Food Safety Authority (national authorization number:
23998), using animals obtained from the Jackson Laboratory (Bar
Harbor, ME, USA). Each mouse (male/female, 16 weeks, 20-30g, 5
mice/group) received 2 mg/kg of FIX-HSA in PBS by L.V. injection.
Blood (25 uL) was collected from the saphenous vein at 1, 1.5, 2, 3,
4,5, 9, and 11 days post-injection and processed to plasma before
storage at —20°C until the day of analysis. The samples were
analyzed by ELISA and remaining fusion protein in plasma was
reported as protein concentration in plasma at each time point,
percentage remaining compared to the concentration 1 day post-
administration (day 1=100%), and as concentration (ug/ml) at
24 h. The B-phase plasma half-life was calculated using the fol-
lowing formula; t;,3=log 0.5/(log Ae/A0) x t (ty»p: B-phase half-
life, Ae: concentration remaining, AO: concentration on day 1, t:
elapsed time).

PK study in Balb/c (FIXP"“) mice

A study to examine plasma the half-life of FIX-HSA fusions in WT mice
(Balb/c, FIXP"* mice; BALB/cAnNRj, strain #0003, Janvier Labs) was
performed at Oslo University Hospital (KPM, Rikshospitalet, Oslo,
Norway) with approval from the Norwegian Food Safety Authority
(national authorization number: 26082). The mice (male, 12-13 weeks,
20-30g, 5 mice/group) received 2.5 mg/kg of FIX-HSA diluted in PBS
by LV. injection. Blood (0.7 uL/g) was collected from the saphenous
vein at 6,12, 27, 50, 74, and 96 h (the last time point applied to HSAqump
variants only) post-administration and processed to plasma by cen-
trifugation before storage at —20°C until the day of analysis. The
samples were analyzed by ELISA and the remaining fusion protein in
plasma and B-phase plasma half-life was reported as described for the
PK study in Tg32 mice.

PK and distribution study in HB mice

A study to examine the PK profile and biodistribution of FIX-HSA
proteins in F9 KO mice (C57BL/6)J-F9"™"**; HB mice)*° was performed at
the IRCCS San Raffaele (Milan, Italy) with approval from the Institu-
tional Animal Care and Use Committee (authorization numbers: 1141

and 1329). The mice (male/female, 8-10 weeks, 30 g, 4-5 mice/group)
were administered 2.5 mg/kg of FIX-HSA fusion protein diluted in PBS
by LV. injection. Blood (100 uL) was sampled from the retro-orbital
plexus by using capillary tubes after 1 h and thereafter every day up to
4 days (1-4 days). Blood was collected into 0.38% sodium citrate buffer
(pH 7.4) and processed to plasma by centrifugation at 3300 x g for
5 min before immediate storage at —-80 °C. Plasma samples from all
mice 72 h pre-treatment were collected as reference samples. The
samples were analyzed by ELISA and the remaining fusion protein in
plasma and -phase plasma half-life was reported as described for the
PK study in Tg32 mice. FIX activity in plasma from HB mice was ana-
lyzed by aPTT-based assays®”’, with the activity of pooled normal
plasma (PNP) as reference and plasma from untreated mice as baseline.

Tail clip bleeding assay on HB mice

To assess hemostasis in mice receiving a FIX-HSA fusion, a tail clip
bleeding assay was performed in HB mice”®. The mice (n=5) were
anesthetized 4 days post-administration of Paduayg-HSAqwe and their
tails were placed in pre-warmed water at 37 °C for 2min and subse-
quently cut at 2.5-3 mm diameter. Immediately after, the tails were
placed in PBS supplemented with calcium and magnesium at 37 °C.
Bleeding or clotting was monitored for 15 min. Erythrocytes were col-
lected by centrifuging the blood-containing PBS at 520 x g for 10 min at
4°C and resuspending in 6 mL lysis buffer (10 mM KHCO;, 150 mM
NH,4CI, 0.1 mM EDTA). After incubation for 10 min at RT, the samples
were centrifuged as before, and absorbance was read at 595 nm.

Homogenization and processing of organ samples from HB mice
At termination of the study in HB mice (day 4), liver, kidneys, lungs,
and knee joints were collected from each mouse and immediately snap
frozen at =80 °C. To improve sample processing, homogenization was
performed on ice using the T-10 basic ULTRA-TURRAX homogenizer
(IKA-WERKL, Germany) with frozen organs added to Tris-buffered
saline containing 10% (w/w) sodium citrate. Homogenates were cen-
trifuged at 4 °C at 1750 x g for 15 min. The primary supernatant was
collected and transferred to a clean tube before a second centrifuga-
tion, performed as above. Immediately after, the resulting supernatant
was collected and moved to a clean tube before storage at -80 °C. For
IF and IHC analysis, harvested livers, lungs, kidneys, and knee joints
were fixed for 24 h in zinc-formalin. Embedding of organs and joints
were performed by the Center of Experimental Imaging facility at San
Raffaele Hospital (Milan, Italy). Briefly, formalin-fixed paraffin-
embedded consecutive sections (4 pm) were dewaxed and hydrated
through series of decreasing alcohol gradients.

IF staining of tissues from HB mice

Sections (4 pm) of paraffin-embedded organs harvested from HB mice
were cut by microtome (Leica Biosystems), deparaffinized in xylene,
rehydrated in a decreasing alcohol gradient (100%, 90%, 80%, 70%, and
30%; v/v) and lastly washed three times with deionized water. The
sections were then heated in sodium citrate buffer (pH 6.0) (Merck
Millipore) for antigen retrieval at a sub-boiling temperature of 95°C in
a water bath for 10 min. The samples were placed on ice and cooled to
RT for 25min, washed twice with PBS and then blocked with PBS
supplemented with 5% (w/v) bovine serum albumin (BSA; Sigma-
Aldrich, #A2153) for 45min at RT. Sections were then incubated
overnight at 4 °C with the following primary antibodies; polyclonal
rabbit anti-collagen 1V antibody (abcam, #ab6586, lot 1084886-5) or
polyclonal goat anti-human FIX antibody (Affinity Biologicals, #GAFIX-
AP, lot AP4007-DR1), diluted 1:200 in PBS supplemented with 0.25%
(w/v) BSA. The day after, the samples were washed three times with
PBS and detection was performed with an Alexa Fluor 488-conjugated
goat anti-rabbit or donkey anti-goat antibodies (Thermo Fisher Sci-
entific, #A-11034, lot 2380000 and #11055, lot 2411589), diluted 1:500
in PBS supplemented with 0.25% (w/v) BSA for 45 min at RT. Nuclei
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were stained with DAPI (Thermo Fisher Scientific, #D1306). Coverslips
were mounted onto glass slides using Epredia Lab Vision PermaFluor
aqueous mounting medium (Thermo Fisher Scientific, #TA-030-FM),
and images were acquired using the Nikon Ci-L microscope connected
to a DS-Qi2Mc digital camera equipped with the NIS-ELEMENTS soft-
ware (Nikon; version D). Finally, the fluorescence signal in the images
was quantified using ImageJ software 1.53a (Java 1.8.0_172, National
Institutes of Health).

IHC analysis of tissues from HB mice

Immunohistochemical sections of tissues from HB mice were depar-
affinized, rehydrated in distilled water through an ethanol gradient
(100%, 90%, and 70%; v/v), before processing with 3% (v/v) H,O, in PBS
for 10 min and blocking with 2.5% (v/v) normal horse serum (Vector-
Labs, #MP-7405) for 30 min at RT. The slides were incubated overnight
with polyclonal goat anti-human FIX or polyclonal rabbit anti-collagen
IV primary antibodies (Affinity Biologicals, #GAFIX-AP, lot AP4007-
DR1; Abcam, #ab6586, lot 1084886-5) diluted 1:100 in PBS supple-
mented with 0.25% (w/v) BSA. The day after, the slides were washed
with PBS for 5min before incubation with InmPRESS (peroxidase)
polymer anti-rabbit IgG reagent (Vectorlabs, #MP-7401, Ilot
WOVUS27503) or ImmPRESS (peroxidase) polymer anti-goat IgG
reagent (Vectorlabs, #MP7405, lot ZL0829), respectively, for 30 min.
After washing twice in PBS for 5 min, the sections were incubated with
a 3,3’-diaminobenzidine solution for 2 min, washed in PBS for 3 min,
then cleared and mounted in glycerol. Images were acquired using a
Nikon Microphot FXA brightfield microscope.

PK and pharmacodynamic (PD) analysis

The protein concentrations in plasma from all animal studies were
applied to the gPKPDsim application®*”° using MATLAB (Version
R2020b) for prediction of PK and pharmacodynamic (PD) values.
Functional half-life was calculated by applying the FIX activity levels
measured in plasma to gPKPDsim.

T- and B-cell peptide epitope prediction

Potential T-cell epitopes were predicted by using the NetMHC4.1 tool,
with 9-mer peptides against representative human HLA supertypes®’.
The default rank thresholds for strong (0.5) and weak (2.0) binders
were used. Potential B-cell peptide epitopes were predicted using the
Immune Epitope Database (IEDB) Bepipred Linear Epitope Prediction
(BepiPred) 2.0, with a threshold of 0.5

Statistical analysis

Statistical differences were analyzed by two-tailed unpaired Student’s ¢
tests in GraphPad Prism (Version 9.3.1) with p<0.05 defined as sta-
tistically significant and a 95% confidence level.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this study is available in the article, its
Supplementary information, the Source Data file and from the corre-
sponding authors upon request. Source data are provided with
this paper.

References

1. Hart, D. P. et al. International consensus recommendations on the
management of people with haemophilia B. Ther. Adv. Hematol. 13,
20406207221085202 (2022).

2.  White, G. et al. Clinical evaluation of recombinant factor IX. Semin.
Hematol. 35, 33-38 (1998).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Bjorkman, S., Shapiro, A. D. & Berntorp, E. Pharmacokinetics of
recombinant factor IX in relation to age of the patient: implications
for dosing in prophylaxis. Haemophilia 7, 133-139 (2001).
Dstergaard, H. et al. Prolonged half-life and preserved enzymatic
properties of factor IX selectively PEGylated on native N-glycans in
the activation peptide. Blood 118, 2333-2341 (2011).

Collins, P. W. et al. Recombinant long-acting glycoPEGylated factor
IX in hemophilia B: a multinational randomized phase 3 trial. Blood
124, 3880-3886 (2014).

Peters, R. T. et al. Prolonged activity of factor IX as a monomeric Fc
fusion protein. Blood 115, 2057-2064 (2010).

Shapiro, A. D. et al. Recombinant factor IX-Fc fusion protein (rFIXFc)
demonstrates safety and prolonged activity in a phase 1/2a study in
hemophilia B patients. Blood 119, 666-672 (2012).

Powell, J. S. et al. Phase 3 study of recombinant factor IX Fc fusion
protein in hemophilia B. N. Engl. J. Med. 369, 2313-2323

(2013).

Nolan, B. et al. Final results of the PUPs B-LONG study: evaluating
safety and efficacy of rFIXFc in previously untreated patients with
hemophilia B. Blood Adv. 5, 2732-2739 (2021).

Metzner, H. J., Weimer, T., Kronthaler, U., Lang, W. & Schulte, S.
Genetic fusion to albumin improves the pharmacokinetic proper-
ties of factor IX. Thrombosis Haemost. 102, 634-644 (2009).
Santagostino, E. et al. Safety and pharmacokinetics of a novel
recombinant fusion protein linking coagulation factor IX with
albumin (rIX-FP) in hemophilia B patients. Blood 120,

2405-2411 (2012).

Santagostino, E. et al. Long-acting recombinant coagulation factor
IX albumin fusion protein (rIX-FP) in hemophilia B: results of a phase
3 trial. Blood 127, 1761-1769 (2016).

Santagostino, E., Jacobs, I. C., Voigt, C., Feussner, A. & Limsakun, T.
Pharmacokinetic results of two phase I clinical studies of coagu-
lation factor IX (recombinant) albumin fusion protein (rIX-FP) in
previously treated patients with hemophilia B (PROLONG-9FP).
Blood 124, 1491 (2014).

Fischer, K. et al. Recombinant factor IX Fc fusion protein in children
with haemophilia B (Kids B-LONG): results from a multicentre, non-
randomised phase 3 study. Lancet Haematol. 4, e75-e82

(2017).

Chaudhury, C. et al. The major histocompatibility complex-related
Fc receptor for IgG (FcRn) binds albumin and prolongs its lifespan.
J. Exp. Med. 197, 315-322 (2003).

Roopenian, D. C. et al. The MHC class I-like IgG receptor controls
perinatal IgG transport, IgG homeostasis, and fate of IgG-Fc-
coupled drugs. J. Immunol. 170, 3528-3533 (2003).

Ober, R. J., Martinez, C., Lai, X., Zhou, J. & Ward, E. S. Exocytosis of
IgG as mediated by the receptor, FcRn: an analysis at the single-
molecule level. Proc. Natl Acad. Sci. USA 101, 11076-11081 (2004).
Prabhat, P. et al. Elucidation of intracellular recycling pathways
leading to exocytosis of the Fc receptor, FcRn, by using multifocal
plane microscopy. Proc. Natl Acad. Sci. USA 104, 5889-5894
(2007).

Gan, Z., Ram, S., Ober, R. J. & Ward, E. S. Using multifocal plane
microscopy to reveal novel trafficking processes in the recycling
pathway. J. cell Sci. 126, 1176-1188 (2013).

Chia, J. et al. Half-life-extended recombinant coagulation factor
IX-albumin fusion protein is recycled via the FcRn-mediated path-
way. J. Biol. Chem. 293, 6363-6373 (2018).

Morell, A., Terry, W. D. & Waldmann, T. A. Metabolic properties of
IgG subclasses in man. J. Clin. Investig. 49, 673-680 (1970).
Peters, Jr, T., Serum albumin. In Advances in protein chemistry
(Elsevier, 1985). p. 161-245.

Simioni, P. et al. X-linked thrombophilia with a mutant factor 1X
(factor IX Padua). N. Engl. J. Med. 361, 1671-1675 (2009).

Nature Communications | (2025)16:8433

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62955-9

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Bern, M. et al. An engineered human albumin enhances half-life and
transmucosal delivery when fused to protein-based biologics. Sci.
Transl. Med. 12, eabb0580 (2020).

Lombardi, S. et al. Fusion of engineered albumin with factor IX
Padua extends half-life and improves coagulant activity. Br. J.
Haematol. 194, 453-462 (2021).

Heimark, R. L. & Schwartz, S. M. Binding of coagulation factors IX
and X to the endothelial cell surface. Biochem. Biophys. Res.
Commun. 11, 723-731 (1983).

Stern, D. M. et al. Binding of factors IX and IXa to cultured vascular
endothelial cells. Proc. Natl Acad. Sci. USA 80, 4119-4123

(1983).

Stern, D. M., Nawroth, P., Kisiel, W., Vehar, G. & Esmon, C. T. The
binding of factor 1Xa to cultured bovine aortic endothelial cells.
Induction of a specific site in the presence of factors VIl and X. J.
Biol. Chem. 260, 6717-6722 (1985).

Rimon, S. et al. Identification of a factor IX/IXa binding protein on
the endothelial cell surface. J. Biol. Chem. 262, 6023-6031 (1987).
Cheung, W., Hamaguchi, N., Smith, K. & Stafford, D. The binding of
human factor IX to endothelial cells is mediated by residues 3-11. J.
Biol. Chem. 267, 20529-20531 (1992).

Cheung, W.-F. et al. Identification of the endothelial cell binding site
for factor IX. Proc. Natl Acad. Sci. USA 93, 11068-11073 (1996).
Wolberg, A. S., Stafford, D. W. & Erie, D. A. Human factor IX binds to
specific sites on the collagenous domain of collagen IV. J. Biol.
Chem. 272, 16717-16720 (1997).

Herzog, R. W. et al. Stable gene transfer and expression of human
blood coagulation factor IX after intramuscular injection of
recombinant adeno-associated virus. Proc. Natl Acad. Sci. USA 94,
5804-5809 (1997).

Fuchs, H., Trapp, H., Griffith, M., Roberts, H. & Pizzo, S. Regulation of
factor IXa in vitro in human and mouse plasma and in vivo in the
mouse. Role of the endothelium and the plasma proteinase inhibi-
tors. J. Clin. Investig. 73, 1696-1703 (1984).

Gui, T. et al. Circulating and binding characteristics of wild-type
factor IX and certain Gla domain mutants in vivo. Blood 100,
153-158 (2002).

Briét, E. Three problems of hemophilia B: a study of abnormal factor
IX molecules with an inhibitor neutralization assay. [PhD thesis,
Leiden University Medical Center, Netherlands] (1977).

Chowdary, P. et al. Recombinant factor IX (BeneFix®) by adjusted
continuous infusion: a study of stability, sterility and clinical
experience. Haemophilia 7, 140-145 (2001).

Jin, D.-Y., Zhang, T.-P., Gui, T., Stafford, D. W. & Monahan, P. E.
Creation of a mouse expressing defective human factor IX. Blood
104, 1733-1739 (2004).

Morfini, M. Secondary prophylaxis with factor IX concentrates:
continuous infusion. Blood Transfus. 6, s21 (2008).

Collins, P. W., Fischer, K., Morfini, M., Blanchette, V. S. & Bjérkman,
S. Implications of coagulation factor VIl and IX pharmacokinetics in
the prophylactic treatment of haemophilia. Haemophilia 17,

2-10 (20M).

Feng, D., Stafford, K. A., Broze, G. J. & Stafford, D. W. Evidence of
clinically significant extravascular stores of factor IX. J. Thrombosis
Haemost. 11, 2176-2178 (2013).

Cooley, B. et al. Dysfunctional endogenous FIX impairs prophylaxis
in a mouse hemophilia B model. Blood 133, 2445-2451 (2019).
Branchini, A. et al. F9 missense mutations impairing factor IX acti-
vation are associated with pleiotropic plasma phenotypes. J.
Thrombosis Haemost. 20, 69-81 (2021).

Cooley, B. et al. Prophylactic efficacy of BeneFIX vs Alprolix in
hemophilia B mice. Blood 128, 286-292 (2016).

Mann, D. M., Stafford, K. A., Poon, M. C., Matino, D. & Stafford, D. W.
The Function of extravascular coagulation factor IX in haemostasis.
Haemophilia 27, 332-339 (2021).

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Stern, D. M., Knitter, G., Kisiel, W. & Nawroth, P. P. In vivo evidence of
intravascular binding sites for coagulation factor IX. Br. J. Haematol.
66, 227-232 (1987).

Toomey, J. R., Smith, K. J., Roberts, H. R. & Stafford, D. W. The
endothelial cell binding determinant of human factor IX resides in
the. gamma.-carboxyglutamic acid domain. Biochemistry 31,
1806-1808 (1992).

Gailani, D. Factor IX binding to collagen. J. Thrombosis Haemost. 7,
1840-1842 (2009).

Schuettrumpf, J. et al. Factor IX variants improve gene therapy
efficacy for hemophilia B. Blood 105, 2316-2323 (2005).

Knoll Machado, S. et al. Modulation of extravascular binding of
recombinant factor IX impacts duration of efficacy in mouse mod-
els. Thrombosis Haemost. 123, 751-762 (2023).

Chang, C.-H. et al. Biodistribution and pharmacokinetics of trans-
genic pig-produced recombinant human factor IX (rhFIX) in rats.
vivo 22, 693-697 (2008).

Herzog, E. et al. Biodistribution of the recombinant fusion protein
linking coagulation factor IX with albumin (rIX-FP) in rats. Throm-
bosis Res. 133, 900-907 (2014).

Herrmann, S. et al. Tissue distribution of rIX-FP after intravenous
application to rodents. J. Thrombosis Haemost. 18, 3194-3202
(2020).

Andersen, J. T., Daba, M. B., Berntzen, G., Michaelsen, T. E. & San-
dlie, I. Cross-species binding analyses of mouse and human neo-
natal Fc receptor show dramatic differences in immunoglobulin G
and albumin binding. J. Biol. Chem. 285, 4826-4836

(2010).

Nilsen, J. et al. Human and mouse albumin bind their respective
neonatal Fc receptors differently. Sci. Rep. 8, 14648 (2018).
Andersen, J. T. et al. Single-chain variable fragment albumin fusions
bind the neonatal Fc receptor (FCRn) in a species-dependent
manner: implications for in vivo half-life evaluation of albumin
fusion therapeutics. J. Biol. Chem. 288, 24277-24285 (2013).
Grevys, A. et al. A human endothelial cell-based recycling assay for
screening of FcRn targeted molecules. Nat. Commun. 9, 621 (2018).
Roopenian, D. C., Christianson, G. J. & Sproule, T. J. Human FcRn
transgenic mice for pharmacokinetic evaluation of therapeutic
antibodies. Methods Mol. Biol. 602, 93-104 (2010).

Hosseini, |. et al. gPKPDSim: a SimBiology(®)-based GUI application
for PKPD modeling in drug development. J. Pharmacokinet. Phar-
macodyn. 45, 259-275 (2018).

Lin, H.-F., Maeda, N., Smithies, O., Straight, D. L. & Stafford, D. W. A
coagulation factor IX-deficient mouse model for human hemophilia
B. Blood 90, 3962-3966 (1997).

Escobar, M. et al. IDELVION: a comprehensive review of clinical trial
and real-world data. J. Clin. Med. 11, 1071 (2022).

Peyvandi, F. et al. Real-life experience in switching to new extended
half-life products at European haemophilia centres. Haemophilia
25, 946-952 (2019).

Aledort, L. M. et al. Changing the paradigm in hemophilia care:
extended half-life products (rFVIIIFc and rFIXFc). Blood 132,
3514-3514 (2018).

Malec, L. M. et al. The impact of extended half-life factor con-
centrates on prophylaxis for severe hemophilia in the United States.
Am. J. Hematol. 95, 960-965 (2020).

Mester, S. et al. Extended plasma half-life of albumin-binding
domain fused human IgA upon pH-dependent albumin engage-
ment of human FcRn in vitro and in vivo. MAbs 13, 1893888 (2021).
Greiff, V., Yaari, G. & Cowell, L. G. Mining adaptive immune receptor
repertoires for biological and clinical information using machine
learning. Curr. Opin. Syst. Biol. 24, 109-119 (2020).

Andersen, J. T. et al. Extending serum half-life of albumin by engi-
neering neonatal Fc receptor (FcRn) binding. J. Biol. Chem. 289,
13492-13502 (2014).

Nature Communications | (2025)16:8433

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62955-9

68. European Association for Haemophilia and Allied Disorders
(EAHAD). Factor IX gene (F9) variant database (2022) https://f9-db.
eahad.org/index.php.

69. Rallapalli, P., Kemball-Cook, G., Tuddenham, E., Gomez, K. & Per-
kins, S. An interactive mutation database for human coagulation
factor IX provides novel insights into the phenotypes and genetics
of hemophilia B. J. Thrombosis Haemost. 11, 1329-1340 (2013).

70. Lollar, P. Fill'er up? Fill what up? Blood 128, 156-157 (2016).

71. Popov, S. et al. The stoichiometry and affinity of the interaction of
murine Fc fragments with the MHC class I-related receptor, FcRn.
Mol. Immunol. 33, 521-530 (1996).

72. Grevys, A. et al. Fc engineering of human IgG1 for altered binding to
the neonatal Fc receptor affects Fc effector functions. J. Immunol.
194, 5497-5508 (2015).

73. Firan, M. et al. The MHC class I-related receptor, FcRn, plays an
essential role in the maternofetal transfer of y-globulin in humans.
Int. Immunol. 13, 993-1002 (2001).

74. Sacco, M. et al. An integrated multitool analysis contributes ele-
ments to interpreting unclassified factor IX missense variants
associated with hemophilia B. J. Thrombosis Haemost. 22,
2724-2738 (2024).

75. Vaccaro, C., Zhou, J., Ober, R. J. & Ward, E. S. Engineering the Fc
region of immunoglobulin G to modulate in vivo antibody levels.
Nat. Biotechnol. 23, 1283-1288 (2005).

76. Weflen, A. W. et al. Multivalent immune complexes divert FcRn to
lysosomes by exclusion from recycling sorting tubules. Mol. Biol.
Cell 24, 2398-2405 (2013).

77. Branchini, A. et al. Replacement of the Y450 (c234) phenyl ring in
the carboxyl-terminal region of coagulation factor IX causes
pleiotropic effects on secretion and enzyme activity. FEBS Lett. 587,
3249-3253 (2013).

78. Cantore, A. et al. Hyperfunctional coagulation factor IX improves
the efficacy of gene therapy in hemophilic mice. Blood, 120,
4517-4520 (2012).

79. Hosseini, I. gPKPDSimToolbox, https://github.com/simkaryote/
gPKPDSim/releases/tag/v1.1.3 (2022).

80. Reynisson, B., Alvarez, B., Paul, S., Peters, B. & Nielsen, M.
NetMHCpan-4.1 and NetMHCllIpan-4.0: improved predictions of
MHC antigen presentation by concurrent motif deconvolution and
integration of MS MHC eluted ligand data. Nucleic Acids Res. 48,
W449-W454 (2020).

81. Jespersen, M. C., Peters, B., Nielsen, M. & Marcatili, P. BepiPred-2.0:
improving sequence-based B-cell epitope prediction using con-
formational epitopes. Nucleic Acids Res. 45, W24-W29 (2017).

Acknowledgements

K.H.A. was supported by the Research Council of Norway (Grant no.
287927). J.N., S.B. and J.T.A. were supported by the Research Council of
Norway (Grant no. 274993). J.T.A. was supported by the South-Eastern
Norway Regional Health Authority (Grant no. 2018052; 2019084;
2024046). M.L.H. was supported by the Norwegian Cancer Society
(Grant no. 223315). This work was partially supported by the Research
Council of Norway through its Centres of Excellence scheme (project

number 332727). A.B., M.F.T., R.T., F. B., and M.P. were supported by the
Access to Insight Basic Research Grant (Novo Nordisk) and by the Fondo
di Ateneo per la Ricerca (FAR) from the University of Ferrara, Italy.

Author contributions

K.H.A., A.B., and J.T.A. designed the research. K.H.A., M.F.T., J.N., R.T.,
A.C., C.C., M.B,, S.B., and A.B. performed the research. M.N.A., M.L.H.,
and G.V. contributed with reagents. K.H.A., M.F.T., M.B., F.B., M.P., A.B.,
and J.T.A. analyzed the data. K.H.A,, J.N., I.S., F.B., M.P., A.B., and J.T.A.
wrote the paper. All authors reviewed and approved the final version of
the manuscript.

Competing interests

J.T.A. and |.S. are co-inventors of patents, which are entitled “Albumin
Variants and uses thereof” (e.g. EP3063171B1, US10208102 and
US10781245) and relate to the data described in this paper. The
remaining authors declare no conflict of interest.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-62955-9.

Correspondence and requests for materials should be addressed to
Alessio Branchini or Jan Terje Andersen.

Peer review information Nature Communications thanks Carol Miao,
who co-reviewed with Chun-Yu Chen, and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work. A peer
review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:8433

15


https://f9-db.eahad.org/index.php
https://f9-db.eahad.org/index.php
https://github.com/simkaryote/gPKPDSim/releases/tag/v1.1.3
https://github.com/simkaryote/gPKPDSim/releases/tag/v1.1.3
https://doi.org/10.1038/s41467-025-62955-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Tailored collagen binding of albumin-fused hyperactive coagulation factor IX dictates in vivo distribution and functional properties
	Results
	FIX-HSA fusions retain clotting activity after K5 engineering
	K5 engineering in FIX-HSA does not affect FcRn binding
	FIX-HSA variants are rescued from intracellular degradation by FcRn
	No effect of K5 engineering on plasma half-life in hFcRn expressing mice
	QMP extends the plasma half-life of FIX-HSA in WT mice
	K5 engineering modulates the PK profile of FIX-HSA in HB mice
	K5R increases the extravascular presence of FIX-HSA fusions in HB mice
	K5R grants sustained enhancement in plasma FIX activity in HB mice

	Discussion
	Methods
	Plasmid construction
	Protein production and purification
	SDS-PAGE
	FIX activity assays
	ELISA for evaluation of phospholipid binding
	Time-course evaluation of HSA detachment from FIX-HSA upon cleavage by FXIa
	ELISA for evaluation of FcRn binding
	Surface plasmon resonance (SPR)
	Human endothelial cell-based recycling assay (HERA)
	ELISA for protein quantification in HERA and plasma samples
	ELISA for quantification of mFIX
	Animal studies
	PK study in Tg32 mice
	PK study in Balb/c (FIXplus) mice
	PK and distribution study in HB mice
	Tail clip bleeding assay on HB mice
	Homogenization and processing of organ samples from HB mice
	IF staining of tissues from HB mice
	IHC analysis of tissues from HB mice
	PK and pharmacodynamic (PD) analysis
	T- and B-cell peptide epitope prediction
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




