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Abstract

Background: Hemophilia B (HB) is a bleeding disorder characterized by coagulation

factor (F) IX (FIX) deficiency. The current standard-of-care for severe HB is prophylaxis

with long-term repetitive intravenous (i.v.) infusions of recombinant FIX (rFIX) with

standard half-life or extended half-life. Unmet needs remain regarding the develop-

ment of non-invasive administration routes for coagulation factors. The aim of this

study was to evaluate the effectiveness of intranasal delivery (IND) of rFIX and rFIX

fused to Fc fragment (rFIX-Fc) in mice.

Methods: Drops of rFIX and rFIX-Fc were deposited in the nostrils of wild-type, FcRn

knock-out, FcRn humanized, and FIX knock-out mice. rFIX mucosal uptake was eval-

uated by measuring plasma FIX antigen and FIX activity (FIX:C) levels, and by per-

forming histologic analysis of the nasal mucosa following IND.

Results: After IND, both rFIX and rFIX-Fc were equally delivered to the blood

compartment, irrespective of the mouse strain studied, mostly through a passive

mechanism of transportation across the mucosal barrier, independent of FcRn receptor.

Both plasma FIX antigen and FIX:C activity levels increased following IND in FIX knock-

out mice.

Conclusion: This proof-of-concept study describes evidence supporting the nasal route

as an alternative to FIX i.v. infusion for the treatment of HB.
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Essentials

• Lifelong prophylactic intravenous injections of coagula-

tion factors are safe and effective in preventing bleeding

in severe hemophilia but impacts patients’ and caregivers’

quality of life.

• This proof-of-concept study evaluated the feasibility of

intranasal delivery of recombinant factor IX (rFIX) pro-

teins for the treatment of hemophilia B in mice.

• Both rFIX and rFIX-Fc reached the blood compartment

and increased FIX activity levels in mice following intra-

nasal delivery.

• Although further development and characterization are

needed, this study paves the way for an alternative

administration route for coagulation factors that may

improve patients’ quality of life.
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1 | INTRODUCTION

Hemophilia B (HB) is a rare inherited X-linked recessive bleeding

disorder characterized by coagulation factor IX (FIX) deficiency [1].

The bleeding phenotype of HB is correlated with FIX clotting activity

(FIX:C) in plasma. Severe HB (FIX:C<1IU/dL) is characterized by

spontaneous and prolonged bleeding episodes, mostly in the joints,

but which can be life-threatening such as when intracranial

hemorrhage (ICH) occurs [2]. The current standard-of-care for se-

vere HB is prophylaxis, which consists of long-term regular (several

times a month) intravenous (i.v.) infusions of recombinant FIX (rFIX)

with standard half-life or extended half-life (EHL-rFIX) [3,4]. These

rFIX can also be administered when bleedings occur (on-demand

treatment) to stop them [3,5]. Although effective in preventing or

treating bleeds, long-term regular i.v. infusions greatly impair pa-

tients’ and caregivers’ quality of life [4,6]. Recently, the first gene

therapy product for the treatment of HB was approved in US by the

Food and Drug administration and in Europe by the European

Commission, showing stable FIX:C levels over 18 months after a

single i.v. infusion in adult patients with HB [7]. However, not all

patients are eligible or may benefit from gene therapy. There is thus

an unmet need regarding the development of non-invasive routes for

the administration of coagulation factors, especially for newborns

who are at risk of ICH, and for pediatric patients who have poor

venous access [8].

Intranasal delivery (IND) is receiving increased attention as a

potential non-invasive method capable of delivering therapeutically

relevant concentrations of many different substances, including

large biologics, in preclinical and clinical settings [9–11]. In addition,

IND might be the preferred choice over oral administration of bi-

ologics as it provides advantages: easy self-administration and dose

adjustment, rapid onset of effects, avoidance of hepatic first pass

elimination, avoidance of the extremely low pH and digestive en-

zymes in the gastrointestinal tract [12], and potential direct path-

ways to the central nervous system that bypass the blood brain

barrier [13].

Among the elements involved in mucosal bioavailability, a

ubiquitous receptor seems to play a major role in the capture of drugs:

the neonatal receptor for the fragment crystallizable (Fc) region of

immunoglobulin (FcRn) [14]. This receptor acts as transporter, allow-

ing the active passage of substances through the epithelial barrier

[15–17]. Two EHL-rFIX products, genetically fused to the Fc fragment

of immunoglobulin (rFIX-Fc) or to mature albumin [18,19], demon-

strated an EHL. This is due to a delay in protein degradation following

FcRn binding, which allows the recycling of the products back into the

blood circulation [20,21]. Therefore, we hypothesized that rFIX, and

particularly EHL-FIX such as rFIX-Fc, could be delivered through IND

for the treatment of HB.

The aim of this proof-of-concept study was to evaluate the

effectiveness of rFIX (standard half-life-rFIX and EHL-rFIX) IND in

mice.
2 | MATERIALS AND METHODS

2.1 | Intranasal delivery

The animal study protocols were approved by the local animal ethics

evaluation committee (CECCAPP: C2EA-15) and authorized by the

French Ministry of Education and Research (protocol code APAFIS

#36194-2022010421473996 v7, approved in 2022). Male and female

wild-type (WT) C57BL/6J mice and transgenic mice with C57BL/6J

background that were either FcRn knock-out (FcRn KO), FcRn KO and

humanized for FcRn (hFcRn), or FIX KO were purchased from the

Charles River Laboratory (Les Oncins, Saint Germain Nuelles, France).

All mice were either 8 to 12 weeks or 76 weeks to evaluate age dif-

ferences. Recombinant rFIX (Nonacog alfa, BENEFIX, Pfizer), and rFIX-

Fc (Eftrenonacog alfa, ALPROLIX, SOBI) were purchased. For IND

studies, the identity of the factors was blinded to the investigator who

performed the experiments. Mice were weighed (verification of suf-

ficient weight 20-30g), and then anesthetized by intraperitoneal in-

jection (mixture of ketamine and xylazine). A maximum volume of 10

μL was administered as a drop into each nostril (20 μL of one biologic

corresponding to 10 International Units (IU) for a 20-30g mouse).

Sham treatment consisted of a saline solution. Three IUs of rFIX and

rFIX-Fc were also administered intravenously in the retro-orbital vein

of mice that served as controls.
2.2 | FIX detection and measurement

Blood samples were collected at different time points after i.v.

administration (15 min, 4 h, and 24 h) and IND (15 min) from

exsanguination following decapitation on anesthetized mice. Blood

samples were centrifuged (15 min, 3500 rpm) at room temperature
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(RT) and frozen (−20 ◦C) for further analysis. Plasma FIX antigen

levels (FIX:Ag) were quantified using the Asserachrom IX:Ag (Stago)

enzyme-linked immunosorbent assay kit, as described previously

[22,23]. FIX:C was measured using a validated chromogenic assay

[24] (Biophen Hyphen Biomed). Murine plasma samples were loaded

onto a Mini-Protean TGX 4% to 15% Gel (Biorad) for electrophoresis

under reducing conditions (Tris 25 mmol/L, glycine 192 mmol/L, SDS

0.1%, pH 8.3 running buffer) and then transferred onto a nitrocel-

lulose membrane (Trans-Blot Turbo Mini 0.2 μm NC Transfer pack,

Biorad) according to the manufacturer’s instructions. The nitrocel-

lulose membrane was then blocked with 6% skimmed milk-PBS and

exposed to horseradish peroxidase (HRP)-conjugated affinity-

purified goat anti-human FIX (1 mg/mL) IgG (1:2000 dilution; Affin-

ity Biologicals).
2.3 | Histologic study

The nasal cavities from each animal were taken to perform histologic

studies on turbinate tissue sections. Under gentle agitation, samples

were first fixed in 4% paraformaldehyde for 3 days at RT, then

decalcified at 4◦C in 10% EDTA (Sigma) at pH 7.4 for 7 days, and

cryopreserved at 4◦C in sucrose 30% (Sigma) for 3 days. After im-

mersion in optimum cutting temperature compound (OCT, TissueTek,

Sakura Finetek), the samples were quickly frozen and stored at −80◦C
until processing. Sagittal sections, 8-μm thick, were performed using a

cryostat microtome (CM1860, Leica). Sections were successively

incubated at RT with acetone, 3% hydrogen peroxide (Sigma), PBS

containing 3% bovine serum albumin and 5% normal goat serum, and

for 1 hour with HRP-conjugated anti-FIX antibody (1:100, goat poly-

clonal, Affinity Biologicals). HRP was revealed using 3-amino-9-

ethylcarbazole (AEC) substrate (Vector Laboratories). Sections were
F I GUR E 1 Plasma FIX:Ag levels of rFIX and rFIX-Fc after IV and IND. (

24h after IV administration in WT mice. Each symbol corresponds to an in

IND in several mouse strains. Each symbol corresponds to an individual. N

completed by a Dunnett’s multiple comparison test. Data are presented a

Immunoglobulin; hFcRn, humanised strains for FcRn; KO, knock-out; ns, no

Fc, recombinant factor IX fused with the Fc fragment of an immunoglobul
counterstained with Hematoxylin QS (Vector Laboratories), mounted

with Glycergel (Agilent Technologies). Images of nasal sections were

captured using an inverted microscope (40× oil lens and 10-μm scale

bar, Nikon Ti-E microscope).
2.4 | Statistical analysis

All experiments were carried out at least in duplicate. Data are pre-

sented with a logarithm scale for FIX:Ag plasma levels (ng/mL) and

FIX:C (IU/dL) and expressed using means ± SEM. Statistical analyses

were done using GraphPad Prism 8 software by unpaired t-test or

two-ways analysis of variance test (Dunnett’s), with P value <.05

considered statistically significant.
3 | RESULTS AND DISCUSSION

As control, 20- to 30-g WT mice first received i.v. administration of

3IU (�100-150IU/kg) of rFIX or rFIX-Fc (n = 22). This resulted in

plasma FIX:Ag levels of 2066 ± 275 ng/mL and 2259 ± 345 ng/mL,

respectively, at 15 minutes after i.v. administration (Figure 1A). There

was no statistical difference between rFIX and rFIX-Fc regarding

FIX:Ag levels (P = .591, P = .292, and P = .083, at 15 minutes, 4 hours,

and 24 hours after administration, respectively), and pharmacokinetics

up to 24 hours after i.v. administration were comparable, as previously

described [20].

Although advantages of IND have been demonstrated for small

molecules (eg, sumatriptan, oxytocin, insulin) [10,11,25], it is not yet

clear whether molecules with higher molecular weight could also be

administered effectively via the nasal route, through a passive or

receptor-dependent pathway [17]. Therefore, a total of 95 (85 were 8-
A) Kinetics of plasma rFIX and rFIX-Fc concentration 15 min, 4h, and

dividual. N = 3-5. (B) rFIX and rFIX-Fc concentrations 15 min after

= 7-10. One-way ANOVA statistical analysis was applied and

s mean ± SEM. FcRn, Neonatal Receptor of Fc fragment of

n-significant (P > .05); rFIX, recombinant factor IX (SHL-rFIX); rFIX-

in (EHL-rFIX); WT, wild type.
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F I GUR E 2 rFIX and rFIX-Fc histological analysis of the mucosal uptake after IND. (A) Section of the nasal cavity with respiratory epithelium

(RE), olfactory epithelium (OE), and turbinate (T) visible. (B) Section of the olfactory epithelium: results with a humanised FcRn (hFcRn) mouse

showed a strong labelling on the outer side of the epithelium within the mucus covering the ciliated cell layer, as well as between the

sustentatory cells and neurons up to the lamina propria, and in the vasculature, showing evidence of passive passage with no clear differences

between rFIX and rFIX-Fc (a vs d). Similar results were observed with a FcRn KO mouse (b vs e) and with a FIX KO mouse (c vs f). (C) Section of

the respiratory epithelium: results with a hFcRn mouse showed both paracellular and transcellular passive passage with a strong labelling

between the ciliated cells and inside the ciliated cells with no clear differences between rFIX and rFIX-Fc (a vs d). Similar results were observed

with a FcRn KO mouse (b vs e) and with a FIX KO mouse (c vs f). Experiments were performed on 3 mice for each strain to confirm

reproducibility but results from only one mouse are shown.

3120 - FIEUX ET AL.
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F I GUR E 3 rFIX and rFIX-Fc protein expression and FIX:Ag and

FIX:C levels after IND. Both rFIX and rFIX-Fc proteins were found

with a single band at their expected molecular weight at 55kDa and

98kDa in wild type mice, respectively (A). FIX:Ag plasma levels (B)

and FIX clotting activity (FIX:C) in IU/dL (C) of rFIX and rFIX-Fc of

the FIX KO mice (n = 7 and n = 6 for rFIX and rFIX-Fc,

respectively). Unpaired t-test was performed. Data are presented

as mean ± SEM. FcRn, Neonatal Receptor of Fc fragment of

Immunoglobulin; hFcRn, humanised strains for FcRn; IN, intranasal;

KO, knock-out; ns, non-significant (P > .05); rFIX, recombinant

factor IX (SHL-rFIX); rFIX-Fc, recombinant factor IX fused with the

Fc fragment of an immunoglobulin (EHL-rFIX); WT, wild type.
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12-weeks old and 10 were older) mice of 4 different strains (WT,

hFcRn, FcRn KO, and FIX KO) were used to study the IND of 2 high-

molecular weight proteins, rFIX (55 kDa) and rFIX-Fc (98 kDa) [1,20].
Fifteen minutes after IND of 10IU per mice (�330-500 IU/kg), plasma

FIX:Ag levels in WT mice were 1063 ± 323 ng/mL for rFIX and 1476 ±

316 ng/mL for rFIX-Fc (P = .823; Figure 1B). The bioavailability after

IND was approximately 5- to 6-times lower than that after i.v.

administration.

FcRn has been described as playing a key role in the mucosal

uptake of biologics [26]. However, the absence of significant differ-

ences between rFIX and rFIX-Fc regarding FIX:Ag levels 15 minutes

after IND in WT mice suggests that the uptake is FcRn-independent.

The nasal mucosal uptake of rFIX and rFIX-Fc was thus tested in 2

FcRn-transgenic mouse models, one that lacks the expression of mu-

rine FcRn (FcRn KO) and one that expresses human FcRn (hFcRn)

instead. No significant difference in FIX:Ag levels was observed be-

tween hFcRn and FcRn KO mice compared with WT mice for both

rFIX and rFIX-Fc; FIX:Ag levels after rFIX-Fc IND were 1328 ± 398

ng/mL in hFcRn and 1673 ± 463 ng/mL in FcRn KO mice (P = .279 and

P = .354, respectively; Figure 1B). This confirms that rFIX and rFIX-Fc

mucosal uptakes were independent of FcRn.

Histologic analyses of nasal mucosa after rFIX and rFIX-Fc IND

were performed (Figure 2). There were no significant differences be-

tween strains (WT, hFcRn, FcRn KO, FIX KO) nor biologics tested

(rFIX vs rFIX-Fc), supporting the hypothesis that mucosal uptake of

rFIX and rFIX-Fc is mostly passive and FcRn-independent. Both par-

acellular and transcellular mechanism were observed in the olfactory

epithelium and respiratory epithelium (RE) (Figure 2). A significant

amount of biologics were still visible at the mucosal surface of the

olfactory epithelium explaining the lower uptake after IND than that

after i.v. administration.

Then, to ensure that the low pH of the nasal mucosa (6.5) does

not alter rFIX and rFIX-Fc proteins, we performed Western blot

analysis on the plasma of treated mice. Both rFIX and rFIX-Fc proteins

were found with a single band at their expected molecular weight at

55 kDa and 98 kDa, respectively (Figure 3A and 3B), confirming that

mucosal uptake of rFIX or rFIX-Fc did not alter FIX proteins, irre-

spective of the mouse strain tested, including FIX KO mice (FIX:Ag

levels were 891 ± 458 ng/mL after rFIX-Fc IND, and 1039 ± 339 ng/

mL after rFIX administration, P = .237). In addition, FIX:C levels were

measured at 15 minutes after IND in FIX KO mice. FIX:C was 48.7 ±

19.5IU/dL for rFIX and 30.8 ± 7.4IU/dL for rFIX-Fc (P = .421;

Figure 3D), which was consistent with the FIX:Ag levels measured in

these same FIX KO mice (Figure 3C). Results were similar in 8- to 12-

week-old and 76-week-old mice (WT (n = 5) and hFcRn (n = 5), data

not presented in Figure 1).

Overall, these results showed that IND of rFIX and rFIX-Fc is

effective in increasing plasma FIX:Ag and FIX:C levels in mice and

could be considered as an alternative to i.v. administration for the

treatment of HB, although higher doses are required, and potentially

more frequent administrations would be needed for an efficient pro-

phylaxis use. The variability of plasma FIX:Ag levels after IND was high

in all mouse strains (Figure 1B), suggesting that the variability of

response depends on the methodology used for IND. Both the dura-

tion of exposure and the position of the material in the nasal cavity

may determine the success of the administration method [27].



3122 - FIEUX ET AL.
Optimization and standardization of the IND method is therefore

needed to lower the variability of response and ensure optimal and

repeatable effectiveness for further development in larger animal

models and humans. Recently, the use of a polymeric biodegradable

film has been described in mice, and was reported as reproducible

[27]. It was used with the desire of a nose-to-brain administration, as

IND is known to be a valuable tool for administering drugs targeting

the brain [25,28]. Enhancing brain uptake of rFIX proteins may be of

particular interest in the context of HB where the incidence of ICH is

higher than that in the population without hemophilia [8]. Especially in

severe HB, neonates or patients with difficult venous access, IND of

rFIX could be advised as prophylaxis. Further studies in neonatal mice

will be required to evaluate the impact of an immature nasal mucosa

on mucosal uptake, safety, and biodistribution of rFIX and rFIX-Fc

following IND. Here, we showed that molecules with molecular

weight up to 98 kDa can reach the blood compartment following IND.

Therefore, it is likely that IND could also be applied to other rFIX

molecules such as rFIX fused to albumin, or to rFVIIa for the treat-

ment of FVII deficiency or Glanzmann thrombasthenia [29].

This study showed the proof-of-concept that IND is a non-

invasive route of administration that may be developed as an alter-

native for delivering coagulation factors for the treatment of bleeding

disorders such as HB. Additional preclinical studies are required to

optimize the methodology of IND and bioavailability and further

characterize the efficacy and safety of such an approach in the context

of HB. If proven safe and effective for preventing and treating bleeds,

we strongly believe that using IND may considerably improve pa-

tients’ and caregivers’ quality of life.
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Claude Bernard Lyon I, the Société Française d’Oto-rhino-laryngologie

et de chirurgie cervico-faciale (SFORL) and Amplifon.
AUTHOR CONTRIBUTIONS

All authors contributed to the study conception and design as well as

the drafting of the article. M.F. was responsible for statistical analysis

of data. S.L.Q. and C.M. revised it critically for important intellectual

content, and all authors gave final approval of the version to be

submitted.
RELATIONSHIP DISCLOSURES

S.L.Q. has received grant/research support from CSL Behring, hon-

oraria from SOBI, Roche, LFB Biomedicaments, Octapharma,
NovoNordisk, and is currently a full-time employee at CSL Behring.

All other authors have no competing interests in relation to this

work.

REFERENCES

[1] Mancuso ME, Mahlangu JN, Pipe SW. The changing treatment

landscape in haemophilia: from standard half-life clotting factor

concentrates to gene editing. Lancet Lond Engl. 2021;397:630–40.

[2] Bolton-Maggs PHB, Pasi KJ. Haemophilias A and B. Lancet Lond Engl.

2003;361:1801–9.

[3] Nederlof A, Kitchen S, Meijer P, Cnossen M, Ali Pour N, Kershaw G,

Jennings I, Walker I, de Maat MPM. Performance of factor IX

extended half-life product measurements in external quality control

assessment programs. J Thromb Haemost. 2020;18:1874–83.

[4] Arya S, Siad FM, Wilton P, Page D, Boma-Fischer L, Floros G,

Winikoff R, Teitel J, Sholzberg M. Invisible bleeds: lived experiences

and barriers to care for men with hemophilia. J Thromb Haemost.

2022;20:296–306.

[5] Le Quellec S, Enjolras N, Perot E, Girard J, Negrier C, Dargaud Y.

Fusion of factor IX to factor XIII-B sub-unit improves the pharma-

cokinetic profile of factor IX. Thromb Haemost. 2018;118:2053–63.

[6] Perot E, Enjolras N, Le Quellec S, Indalecio A, Girard J, Negrier C,

Dargaud Y. Expression and characterization of a novel human re-

combinant factor IX molecule with enhanced in vitro and in vivo

clotting activity. Thromb Res. 2015;135:1017–24.

[7] Pipe SW, Leebeek FWG, Recht M, Key NS, Castaman G, Miesbach W,

Lattimore S, Peerlinck K, Van der Valk P, Coppens M, Kampmann P,

Meijer K, O’Connell N, Pasi KJ, Hart DP, Kazmi R, Astermark J,

Hermans CRJR, Klamroth R, Lemons R, et al. Gene therapy with

etranacogene dezaparvovec for hemophilia B. N Engl J Med.

2023;388:706–18.

[8] Zanon E, Pasca S, Demartis F, Tagliaferri A, Santoro C, Cantori I,

Molinari AC, Biasoli C, Coppola A, Luciani M, Sottilotta G, Ricca I,

Pollio B, Borchiellini A, Tosetto A, Peyvandi F, Frigo AC, Simioni P.

Intracranial haemorrhage in haemophilia patients is still an open

issue: the final results of the Italian EMO.REC Registry. J Clin Med.

2022;11:1969.

[9] Heni M, Wagner R, Kullmann S, Veit R, Mat Husin H, Linder K,

Benkendorff C, Peter A, Stefan N, Häring H-U, Preissl H, Fritsche A.

Central insulin administration improves whole-body insulin sensi-

tivity via hypothalamus and parasympathetic outputs in men. Dia-

betes. 2014;63:4083–8.

[10] Brambilla M, Manenti R, de Girolamo G, Adenzato M, Bocchio-

Chiavetto L, Cotelli M. Effects of intranasal oxytocin on long-term

memory in healthy humans: a systematic review. Drug Dev Res.

2016;77:479–88.

[11] Winner P, Rothner AD, Saper J, Nett R, Asgharnejad M, Laurenza A,

Austin R, Peykamian M. A randomized, double-blind, placebo-

controlled study of sumatriptan nasal spray in the treatment of

acute migraine in adolescents. Pediatrics. 2000;106:989–97.

[12] Bern M, Nilsen J, Ferrarese M, Sand KMK, Gjølberg TT, Lode HE,

Davidson RJ, Camire RM, Bækkevold ES, Foss S, Grevys A, Dalhus B,

Wilson J, Høydahl LS, Christianson GJ, Roopenian DC, Schlothauer T,

Michaelsen TE, Moe MC, Lombardi S, et al. An engineered human

albumin enhances half-life and transmucosal delivery when fused to

protein-based biologics. Sci Transl Med. 2020;12.

[13] Kumar NN, Lochhead JJ, Pizzo ME, Nehra G, Boroumand S,

Greene G, Thorne RG. Delivery of immunoglobulin G antibodies to

the rat nervous system following intranasal administration: distri-

bution, dose-response, and mechanisms of delivery. J Control Release.

2018;286:467–84.

[14] Challa DK, Velmurugan R, Ober RJ, Sally Ward E. FcRn: from mo-

lecular interactions to regulation of IgG pharmacokinetics and

functions. Curr Top Microbiol Immunol. 2014;382:249–72.

http://refhub.elsevier.com/S1538-7836(23)00647-5/sref1
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref1
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref1
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref2
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref2
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref3
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref3
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref3
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref3
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref4
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref4
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref4
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref4
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref5
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref5
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref5
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref6
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref6
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref6
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref6
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref7
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref7
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref7
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref7
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref7
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref7
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref8
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref8
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref8
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref8
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref8
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref8
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref9
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref9
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref9
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref9
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref9
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref10
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref10
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref10
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref10
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref11
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref11
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref11
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref11
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref12
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref12
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref12
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref12
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref12
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref12
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref13
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref13
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref13
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref13
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref13
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref14
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref14
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref14


FIEUX ET AL. - 3123
[15] Gould JC, Carvajal I, Davidson T, Graham J, Hillegass J, Julien S,

Kozhich A, Wang B, Wei H, Yamniuk AP, Mathias N, Haggerty HG,

Graziano M. Bioavailability of protein therapeutics in rats following

inhalation exposure: Relevance to occupational exposure limit cal-

culations. Regul Toxicol Pharmacol. 2018;100:35–44.

[16] Bequignon E, Dhommée C, Angely C, Thomas L, Bottier M,

Escudier E, Isabey D, Coste A, Louis B, Papon J-F, Gouilleux-

Gruart V. FcRn-dependent transcytosis of monoclonal antibody in

human nasal epithelial cells in vitro: a prerequisite for a new delivery

route for therapy? Int J Mol Sci. 2019;20.

[17] Fieux M, Le Quellec S, Bartier S, Coste A, Louis B, Giroudon C,

Nourredine M, Bequignon E. FcRn as a transporter for nasal

delivery of biologics: a systematic review. Int J Mol Sci. 2021;22:

6475.

[18] Shapiro AD, Ragni MV, Valentino LA, Key NS, Josephson NC,

Powell JS, Cheng G, Thompson AR, Goyal J, Tubridy KL, Peters RT,

Dumont JA, Euwart D, Li L, Hallén B, Gozzi P, Bitonti AJ, Jiang H,

Luk A, Pierce GF. Recombinant factor IX-Fc fusion protein (rFIXFc)

demonstrates safety and prolonged activity in a phase 1/2a study in

hemophilia B patients. Blood. 2012;119:666–72.

[19] Santagostino E, Negrier C, Klamroth R, Tiede A, Pabinger-Fasching I,

Voigt C, Jacobs I, Morfini M. Safety and pharmacokinetics of a

novel recombinant fusion protein linking coagulation factor IX

with albumin (rIX-FP) in hemophilia B patients. Blood. 2012;120:

2405–11.

[20] Peters RT, Low SC, Kamphaus GD, Dumont JA, Amari JV, Lu Q,

Zarbis-Papastoitsis G, Reidy TJ, Merricks EP, Nichols TC, Bitonti AJ.

Prolonged activity of factor IX as a monomeric Fc fusion protein.

Blood. 2010;115:2057–64.

[21] Chia J, Louber J, Glauser I, Taylor S, Bass GT, Dower SK, Gleeson PA,

Verhagen AM. Half-life-extended recombinant coagulation factor

IX-albumin fusion protein is recycled via the FcRn-mediated

pathway. J Biol Chem. 2018;293:6363–73.
[22] Nathwani AC, Davidoff A, Hanawa H, Zhou JF, Vanin EF,

Nienhuis AW. Factors influencing in vivo transduction by recombi-

nant adeno-associated viral vectors expressing the human factor IX

cDNA. Blood. 2001;97:1258–65.

[23] Nathwani AC, Davidoff AM, Hanawa H, Hu Y, Hoffer FA,

Nikanorov A, Slaughter C, Ng CYC, Zhou J, Lozier JN, Mandrell TD,

Vanin EF, Nienhuis AW. Sustained high-level expression of human

factor IX (hFIX) after liver-targeted delivery of recombinant adeno-

associated virus encoding the hFIX gene in rhesus macaques. Blood.

2002;100:1662–9.

[24] Schmitt C, Adamkewicz JI, Xu J, Petry C, Catalani O, Young G,

Negrier C, Callaghan MU, Levy GG. Pharmacokinetics and pharma-

codynamics of emicizumab in persons with hemophilia A with factor

VIII inhibitors: HAVEN 1 study. Thromb Haemost. 2021;121:351–60.

[25] Benedict C, Hallschmid M, Schmitz K, Schultes B, Ratter F, Fehm HL,

Born J, Kern W. Intranasal insulin improves memory in humans:

superiority of insulin aspart. Neuropsychopharmacology. 2007;32:

239–43.

[26] Song X, Li R, Deng H, Li Y, Cui Y, Zhang H, Dai W, He B, Zheng Y,

Wang X, Zhang Q. Receptor mediated transcytosis in biological

barrier: the influence of receptor character and their ligand density

on the transmembrane pathway of active-targeting nanocarriers.

Biomaterials. 2018;180:78–90.

[27] Balafas EG, Papakyriakopoulou PI, Kostomitsopoulos NG,

Valsami GN. Intranasal administration of a polymeric biodegradable

film to C57BL/6 mice. J Am Assoc Lab Anim Sci. 2023;62:179–84.

[28] Ladel S, Flamm J, Zadeh AS, Filzwieser D, Walter J-C,

Schlossbauer P, Kinscherf R, Lischka K, Luksch H, Schindowski K.

Allogenic Fc domain-facilitated uptake of IgG in nasal lamina propria:

friend or foe for intranasal CNS delivery? Pharmaceutics. 2018;10.

[29] Metzner HJ, Pipe SW, Weimer T, Schulte S. Extending the pharma-

cokinetic half-life of coagulation factors by fusion to recombinant

albumin. Thromb Haemost. 2013;110:931–9.

http://refhub.elsevier.com/S1538-7836(23)00647-5/sref15
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref15
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref15
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref15
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref15
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref16
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref16
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref16
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref16
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref16
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref16
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref17
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref17
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref17
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref17
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref18
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref18
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref18
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref18
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref18
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref18
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref18
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref19
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref19
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref19
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref19
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref19
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref20
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref20
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref20
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref20
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref21
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref21
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref21
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref21
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref22
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref22
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref22
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref22
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref23
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref23
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref23
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref23
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref23
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref23
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref24
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref24
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref24
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref24
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref25
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref25
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref25
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref25
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref26
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref26
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref26
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref26
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref26
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref27
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref27
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref27
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref28
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref28
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref28
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref28
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref29
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref29
http://refhub.elsevier.com/S1538-7836(23)00647-5/sref29

	In vivo intranasal delivery of coagulation factor IX: a proof-of-concept study
	1. Introduction
	2. Materials and Methods
	2.1. Intranasal delivery
	2.2. FIX detection and measurement
	2.3. Histologic study
	2.4. Statistical analysis

	3. Results and Discussion
	Funding
	Author contributions
	Relationship Disclosures
	References


