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Letter to the Editor

Hemophilic arthropathy remains a major cause of morbidity in patients with hemophilia A (HA),
even with regular factor VIII (FVIIl) prophylaxis.® While prophylaxis effectively reduces bleeding
rates, its impact on long-term joint health is incompletely understood. Synovitis, progressive
arthropathy, and low bone mineral density leading to osteoporosis still occur in a substantial
proportion of patients receiving primary or secondary prophylaxis.? 3

The mechanisms underlying this incomplete protection remain poorly understood and a
translationally relevant preclinical model is lacking. The FVIII knockout (F87) mouse model rapidly
develops anti-drug antibodies (ADAs) that preclude long-term FVIII exposure.* Immunodeficient
alternatives avoid ADA formation but lack elements of adaptive or innate immunity that may
themselves shape synovial inflammation and cartilage or bone remodeling after joint bleeding,
limiting their suitability for studying hemophilic joint disease. We recently generated a HA double
knockout model additionally lacking mature B cells (F8”Ighm”, DKO), which does not develop
ADAs and permits long-term FVIII treatment with physiological pharmacokinetics.® Here, we used
this model to evaluate effects of secondary FVIII prophylaxis, defined as ongoing treatment initiated
after an induced hemarthrosis, as an experimental approximation of clinical secondary prophylaxis
that is usually defined as regular treatment after a first episode of joint bleeding but before
arthropathy has developed.®

Thirty-six DKO mice stratified by sex were housed in single cages with access to a voluntary
running wheel. Experiments were approved by the competent authority and were performed in
accordance with relevant guidelines and the EU Directive 2010/63/EU. After 8 days of
acclimatization, mice were allocated to three groups (Figure 1): group 1 (n=12) received no FVIII;
group 2 (n=12) received a single dose of FVIII 200 IU/kg before injury; group 3 (n=12) received the
same initial dose followed by secondary prophylaxis (100 IU/kg on days 1-4, then three times
weekly). All mice underwent a unilateral needle-puncture injury to the left knee on day 1.7 Mice
were sacrificed on days 4, 11, or 21 (n=4 per group and timepoint) for histological, hemostatic, and
imaging endpoints. Untreated, uninjured mice served as baseline controls (n=8). Functional
endpoints included knee circumference, measured using a caliper, and running behavior in the
voluntary running wheel, expressed as daily total revolutions and maximum velocity. FVIII was
measured using a chromaogenic activity assay; thrombin generation was measured using a modified
calibrated automated thrombogram assay (CAT, Stago, Dusseldorf, Germany) with human factor
Xla (Life Technologies Corporation, Carlsbad, USA) diluted in MP reagent to 4.375 nM. Hind limbs
were scanned by micro-CT (SkyScan 1176, Bruker; 8.86 um voxel size), and trabecular bone
volume fraction (BV/TV) and thickness (Th.Th) were quantified in the proximal tibial metaphysis
using a semi-automated pipeline (ImageJ/Boned) after excluding the cortical shell. Paraffin-
embedded tissue sections were stained with Hematoxylin & Eosin or Safranin O. The predefined
primary endpoint was the total joint score (TJS) developed by Valentino et al.,® a semiquantitative
joint damage score (range 0-10) assessed by three observers blinded to group assignment.
Cartilage damage was additionally graded on Safranin O-stained sections using the OARSI score
(range 0-6).° TJS, knee measurements and running parameters were treated as normally

distributed continuous variables for the purpose of statistical analysis and were expressed as mean
3
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+ standard deviation. Sample size was calculated to detect a 3-point TJS difference between
groups 2 and 3 in a two-sided t-test (80% power, a=0.05, requiring n=7 animals per group). To
allow assessment of the temporal evolution of joint pathology, group sizes were increased to n =
12 animals per group, with analyses performed at three predefined time points (days 4, 11, and
21). TJS was analyzed using a two-way ANOVA of TJS with factors treatment group, day, and side
(left = injured, right = uninjured), including interaction terms; post-hoc pairwise comparisons
between groups were Tukey-adjusted. As a sensitivity analysis, a linear mixed-effects sensitivity
analysis was additionally fitted with animal as a random intercept to account for the two knees
scored per mouse; the between-animal variance was estimated at the boundary as ~0 (exact
restricted likelihood-ratio test P=1.000), and fixed-effect and post-hoc estimates were essentially
unchanged from the original ANOVA.

Baseline knee circumference was similar across groups. Following injury, knee swelling was
pronounced and sustained in group 1, delayed and attenuated in group 2, and minimal in group 3
(Figure 2A). Running activity was correspondingly reduced on day 4 in group 1 (ratio to individual
baseline: total revolutions 0.05 + 0.05, maximum velocity 0.50 + 0.21), less affected in group 2, and
virtually preserved in group 3 (Figure 2B).

Thrombin generation confirmed effective FVIII exposure: peak thrombin was substantially higher in
group 3 than in groups 1 and 2 on days 4 and 11 (Figure 2C). FVIII activity was detectable in most
group 3 animals on day 4 (one day after the last dose, median 7.8 |U/dl) and day 11 (two days after
last dose, 4.1 1U/dl), falling below the limit of quantification by day 21 (three days after the last dose;
Figure 2D). FVIII activity in groups 1 and 2 was always below quantification.

Histological signs of arthropathy as assessed by the TJS were the predefined primary endpoint of
this study. At baseline, uninjured mice had a mean TJS of 2.9 + 1.0. On day 21, the injured side
TJS ingroup 3 (5.0 + 2.5) was significantly lower than that in group 2 (7.6 £ 0.5, p = 0.001), rejecting
the null hypothesis and demonstrating that FVIII prophylaxis was superior to single FVIII treatment
in preventing arthropathy. ANOVA revealed that TJS was significantly influenced by treatment
group and by side, with a significant group-by-side interaction (Supplement Table 1); pairwise
contrasts confirmed lower scores in group 3 than in groups 1 and 2 on the injured side at day 21.
Component-level analysis showed that prophylaxis reduced scores for erythrocytes (visible in the
joint space or synovium), hemosiderin deposition, and cartilage erosion, whereas synovial
hyperplasia was only partially reduced (Figure 3A). Representative histological images illustrate
the marked synovitis present in the injured knees of groups 1 and 2, which was attenuated but not
abolished in group 3 (Figure 3B).

This partial protection was reflected differentially across tissues. Cartilage damage, assessed by
the OARSI score,® persisted in a subset of group 3 animals despite prophylaxis, including two of
four mice with marked damage at day 21 (Figure S1). In contrast, micro-CT of the tibial metaphysis
showed that trabecular bone volume and thickness were fully preserved in group 3 at all timepoints,
while groups 1 and 2 developed pronounced, predominantly ipsilateral trabecular bone loss (Figure
S2). Secondary FVIII prophylaxis therefore fully protected trabecular bone but only partially
protected synovium and cartilage.

This is, to our knowledge, the first evaluation of FVIII secondary prophylaxis in an HA mouse model
that does not develop ADAs, allowing FVIII exposure over three weeks without the confounding
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loss of activity seen in earlier F8”- models.* Using a prophylaxis dosing regimen with frequent peaks
and low troughs, reminiscent of classical prophylaxis with standard half-life FVIII concentrates, we
found substantial but incomplete joint protection, closely mirroring the clinical experience:
prophylactic factor replacement is superior to on-demand treatment,° yet synovitis and progressive
joint disease still develops in a substantial proportion of patients.'% 11

The dissociation between complete bone protection and incomplete cartilage/synovial protection
may reflect different exposure requirements. FVIII trough levels fell below quantification two to three
days after each dose, which may be sufficient to preserve bone remodeling, consistent with a
previous study,'? but insufficient to fully prevent joint subclinical bleeding and its local
consequences during key phases of tissue repair. A prior study using murine Fc-FVIII, which
achieved higher trough levels than the standard-half-life FVIII used here, prevented synovitis more
completely,® supporting the hypothesis that sustained trough exposure, rather than peak levels, is
the limiting factor for synovial protection. Iron released during hemarthrosis is also directly
chondrotoxic via hydroxyl-radical formation,’* 1 which may contribute to cartilage damage
independently of ongoing bleeding, a mechanism our model was not designed to test directly, but
which offers an alternative explanation for the incomplete cartilage protection we observed.

Some limitations should be noted. The dosing regimen used here is an experimental model of
secondary prophylaxis rather than a direct reproduction of clinical practice, and the absence of B
cells in the DKO mouse model could independently influence synovial inflammation and bone
remodeling. Group sizes were powered for the primary TJS endpoint but may not be sufficient to
reliably quantify the amount of residual damage observed in group 3 or to correlate that to actual
FVIII exposure. Additional measurements of inflammatory cytokines and transcriptomic analysis
exploring systemic inflammation were done post hoc and are reported separately.

In conclusion, secondary FVIII prophylaxis in an inhibitor-free HA mouse model preserved physical
activity and hemostasis and fully protected trabecular bone, but only partially protected against
synovitis and cartilage damage. These findings support the evaluation of intensified or extended
half-life FVIII regimens, and of adjunct anti-inflammatory strategies, to further reduce the residual
burden of hemophilic arthropathy.
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Figure legends

Figure 1: Experimental design and projected FVIII activity according to treatment group.

Experimental schedule: mice received no FVIII (group 1, n=12), a single FVIII dose before injury (group 2, n=12),
or FVIII prophylaxis (group 3, n=12), and underwent unilateral knee injury on day 1; sacrifice for histology,
hemostasis, and imaging occurred on days 4, 11, and 21 (n=4 per group and timepoint). Projected FVIII activity is
derived from a prior pharmacokinetic study.3

Figure 2: Functional and hemostatic outcomes by treatment group

(A) Knee circumference of injured (left) and uninjured (right) knees over time. (B) Running-wheel total revolutions
and maximum velocity, normalized to each animal's own pre-injury baseline. (C) Peak thrombin generation (FXla-
triggered) in pooled plasma by group and day. (D) FVIII activity (chromogenic assay) in individual plasma samples
with median (solid line); dashed line indicates the limit of quantification (5 IU/dl); BLOQ, below limit of quantification.
Data in panels (A) to (C) are mean + standard deviation.

Figure 3: Histological joint pathology (primary endpoint).

(A) Mean total joint score (TJS) per component (synovial hyperplasia, vascularity, hemosiderin, erythrocytes, villus
formation, cartilage erosion) by group and day, for the injured (left, top) and uninjured (right, bottom) knee. (B)
Representative H&E-stained histological sections of injured and contralateral knees from groups 1-3 on day 21.



Left knee Blood and tissue Blood and tissue Blood and tissue
injury (n=12 sampling sampling sampling
per group) (n=4 per group) (n=4 per group) (n=4 per group) o
e
o
0 -
200
v
(@)
21 o
=
o
N
1 -
0 -
200
v
2] 100 100 100 100 100 100 100 100 100 100 ©
vV V. VYV v v v v v v g
W
} k k
0 L T T T T T T 7l T T T T T
0 1 2 3 4 7 9 11 14 16 18 21

Days




Knee circumference (mm)

—~

Peak thrombin (nM

Group 1

Group 2

Group 3

8_
6-
4"v
04 11 16 21 0 4 11 16 21 0 4 11 16 21
Days
- Left Right
Group 1 Group 2 Group 3
60 -
40 -
20 -
O--_—.___—___l._ __l___—___l_. - - ___I_

4 11 21

11 21

Group 1 Group 2 Group 3
2-
o
8 11
S
>
®© 0
D 21
o
(@)
=
=
c
>
o
O-I T T T T T T T T T T T T T T
0 4 11 16 21 0 4 11 16 21 0 4 11 16 21
Days
-~ Revolutions - Velocity
Group 1 Group 2 Group 3
30
o
2 204
>
§ o
& 101
= ey
__________________________________ o o_____
BLOQ 4 OO0O= mOO0== «CDOO= ICDOOm sCOOOm 1CDOCOm o (o]e] OO
4 11 2 4 11 21 4 1121
Day



Mean score per item

Group 1 (untreated) Group 2 (FVIII single dose)| |Group 3 (FVIII prophylaxis)
104
8 -
I e
— ._ =t
104
8 -
® 2]
«Q
=
4 -
a1 1 1
O -
4 11 21 4 11 21 4 11 21
Days
. [l Blood (erythrocytes) [l Haemosiderin " Vascularity
Score item

B cCartilage erosion

o

Group 1 (ID06, d 21)

Group 2 (ID23, d 21)

I Synovial hyperplasia

Group 3 (ID36, d 21)

Villus formation




Supplementary

Monica et al. Prophylaxis in hemophilia A mice

Supplementary Appendix

Effects of secondary factor VIII prophylaxis on joint and
bone health in a hemophilia A mouse model

Lara Monica,"*? Joyce Kimenai,**® Olga Oleshko," Annika Klingberg," Jonas Fiiner,® Enrico Klotzsch,”® Korbinian
Brand,? Sander Botter,* Sonja Werwitzke,? Andreas Tiede'?

1. Department of Hematology, Hemostasis, Oncology, and Stem Cell Transplantation, Hannover Medical
School, Hannover, Germany

2. Institute of Clinical Chemistry and Central Laboratory, Hannover Medical School, Hannover, Germany
3. Preclinics GmbH, Potsdam, Germany

4. Swiss Center for Musculoskeletal Biobanking, Balgrist Campus AG, Zurich, Switzerland

5. Department of Health Science and Technology, ETH Zurich, Zurich, Switzerland

6. Department of Orthopedics, Balgrist University Hospital Zurich, University of Zurich, Zurich, Switzerland

7. Berlin Institute of Health (BIH) at Charité, Universitatsmedizin Berlin, BIH Center for Regenerative
Therapies (BCRT), Berlin, Germany

8. Institute of Active Polymers, Helmholtz-Zentrum Hereon, 14513 Teltow, Germany

Correspondence

Lara Monica, Hematology, Hemostasis, Oncology, and Stem Cell Transplantation, Institute of Clinical Chemistry
and Central Laboratory, Hannover Medical School, Carl Neuberg Str. 1, 30625 Hannover, Germany, and preclinics
GmbH, Wetzlarer Str. 20, 14482 Potsdam. Tel.: + 49-331-24343350, email: lara.monica@stud.mh-hannover.de;
Im@preclinics.com

Andreas Tiede (MD, PhD), Hematology, Hemostasis, Oncology, and Stem Cell Transplantation, Institute of Clinical
Chemistry and Central Laboratory, Hannover Medical School, Carl Neuberg Str. 1, 30625 Hannover, Germany. Tel.:
+49-511-532-8488, fax: + 49-511-532-18524, email: tiede.andreas@mh-hannover.de




Monica et al.

Supplement Table 1

Prophylaxis in hemophilia A mice

Two-way ANOVA of TJS with factors treatment group (1 = untreated, 2 = FVIII single dose, 3 = FVIII prophylaxis), day (4, 11, 21
after injury), and side (left = injured, right = uninjured), including interaction terms; post-hoc pairwise comparisons between
groups (Tukey-adjusted) are shown for significant comparisons only.

Main effects

Term df Sum Sq Mean Sq F value P value
Side 189.61 189.61 231.989 <0.001
Group 9.132 4.566 5.587 0.007
Day 2 0.509 0.255 0.312 0.734

Interactions
Group x side 2 10.556 5.278 6.458 0.003
Group x day 4 4.533 1.133 1.387 0.253
Day x side 2 1.478 0.739 0.904 0.412
Group x day x side 4 3.12 0.78 0.954 0.441

Residuals 48 39.231 0.817 - -

Tukey-adjusted post-hoc contrasts

(p<0.05)

Contrast (injured side) df Estimate SE T ratio P value

Group 1-Group 3, day 11 48 2.25 0.783 2.874 0.016

Group 1-Group 3, day 21 48 2.25 0.639 3.520 0.003

Group 2 - Group 3, day 21 48 2.58 0.639 4.041 0.001
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Supplement Figure 1: Cartilage damage (OARSI score).

(A) Mean OARSI score of the injured (left, top) and uninjured (right, bottom) knee by group and day; shaded area indicates the
mean of baseline control animals. (B) Representative Safranin-O-stained histological sections from groups 1-3 on day 21.
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Supplement Figure 2: Micro-CT analysis of the proximal metaphysis of the tibia

(A) Analysis strategy, VOI pre-selection and masking. (B) Representative examples of day 21. (C) Trabecular bone fraction (left
/ right knee ratio) and (D) Mean trabecular thickness (Tbh.Th.) of the left tibia. White dots show the ratios of individual biological
replicates (n=4 per group and time point, except for group 1 on day 11 with n=2). Bars represent median values. The grey shaded
area represents the reference interval obtained in 4 uninjured animals (minimum and maximum).





