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The development of pathogenic antibody inhibitors against coagulation factor VIII

(FVIIl) occurs in ~30% of patients with congenital hemophilia A receiving FVIII

® The structure of FVIII
bound to an anti-C1
domain antibody
inhibitor reveals a novel
epitope.

replacement therapy, as well as in all cases of acquired hemophilia A. KM33 is an anti-
C1 domain antibody inhibitor previously isolated from a patient with severe hemophilia
A. In addition to potently blocking FVIIlI binding to von Willebrand factor and phos-
pholipid surfaces, KM33 disrupts FVIII binding to lipoprotein receptor-related protein 1
(LRP1), which drives FVIII hepatic clearance and antigen presentation in dendritic cells.
Here, we report on the structure of FVIII bound to NB33, a recombinant derivative of
KM33, via single-particle cryo-electron microscopy. Structural analysis revealed that
the NB33 epitope localizes to the FVIII residues R2090-S2094 and 12158-R2159, which
constitute membrane-binding loops in the C1 domain. Further analysis revealed that
J multiple FVIII lysine and arginine residues, previously shown to mediate binding to
LRP1, dock onto an acidic cleft at the NB33 variable domain interface, thus blocking a putative LRP1 binding site.
Together, these results demonstrate a novel mechanism of FVIIl inhibition by a patient-derived antibody inhibitor
and provide structural evidence for engineering FVIII with reduced LRP1-mediated clearance.

® Antibody binding
blocks multiple lysine
and arginine residues
implicated in FVIII
endocytosis by
dendritic cells.

mutagenesis with surface plasmon resonance (SPR) and live

Introduction

Hemophilia A is an X-linked recessive bleeding disorder
afflicting 1 in 4065 male births worldwide and is characterized
by defective or deficient coagulation factor VIII (FVIII), leading
to uncontrolled bleeding events." The formation of pathogenic
antibody inhibitors against FVIIl occurs in 30% of patients with
congenital hemophilia A receiving FVIII replacement therapy as
well as in all cases of acquired hemophilia A.? Most of the
characterized antibody inhibitors target the A2, C1, and C2
domains of FVIII and disrupt coagulation mechanistically. Anti—
C1 domain inhibitor antibodies can block FVIII binding to von
Willebrand factor (VWF) and phospholipid surfaces, resulting in
premature proteolytic degradation, clearance of FVIII, and/or
impeding access to membrane surfaces, in which activated FVIII
serves to nucleate the intrinsic tenase complex. KM33, a group
AB anti-C1 domain antibody inhibitor was previously isolated
from a patient with severe hemophilia A who presented with
multiple inhibitor antibodies.® In addition to potently inhibiting
FVIII binding to VWF and phospholipid membranes, KM33 has
the novel property of blocking the FVIII endocytosis by den-
dritic cells, which regulates the hepatic clearance of FVIII and
antigen presentation.*® Studies incorporating site-directed

cell microscopy as well as hydrogen-deuterium exchange mass
spectrometry (HDX-MS) have localized the KM33 epitope to
several membrane-binding spikes in the C1 domain.”"" To
identify the amino acids that make up the KM33 epitope, this
study reports on the structure of ET3i, a bioengineered human/
porcine FVIII chimera, bound to a Fab fragment of NB33, a
recombinant immunoglobulin G derivative of KM33, by single-
particle cryo-electron microscopy (cryo-EM).

Study design

ET3i and NB33 were expressed, purified, and analyzed as pre-
viously described (see supplemental Methods, available on the
Blood website).'”"* Cryo-EM sample preparation, data collection,
image processing, and structure determination and validation are
detailed in the supplemental Methods.

Results and discussion
Characterization of ET3i inhibition by NB33

Neutralization of ET3i by NB33 was assessed using a factor X
activation chromogenic assay and Bethesda protocol. We
determined an ICsq value of 3.64 nM in the chromogenic assay
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(supplemental Figure 1A) and a specific inhibitory activity of
7451 Bethesda units per mL NB33 in the Bethesda assay
(supplemental Figure 1B), consistent the reports from previous
studies.>'” These results demonstrate that the inhibition of ET3i
by NB33 is analogous to the inhibition of human FVIII by KM33.

Structure of ET3i:NB33 complex

The structure of ET3i bound to NB33 was determined by single-
particle cryo-EM at a nominal resolution of 4.23 A (Figure 1A-B).
The initial 2-dimensional classification showed intact particles
with unambiguous densities in the NB33 Fab constant (heavy
and light) and variable (heavy [V4] and light [V|]) domains
(supplemental Figure 2A). The final sharpened map, excluding

the flexible constant domains, displayed unequivocal densities
for the A1-A2/A3-C1-C2 domains of ET3i and the variable
domains of NB33. The ET3i A domains vary in local resolution,
whereas the C2 domain has suboptimal resolution owing to its
flexibility but sufficient density for complete model building. No
large-scale conformational rearrangements of the C domains
were observed as previously described.'"®

The ET3i:NB33 interface, which exhibits a local resolution of
~35t0 4 A (supplemental Figure 2C), is stabilized by a com-
bination of electrostatic and hydrophobic interactions with a
buried surface area of 822 A% The NB33 epitope centers on
membrane-binding spikes in the C1 domain, composed FVIII

A

K2092

Figure 1. Cryo-EM structure of the ET3i:NB33 complex. Cryo-EM map (A) and structure (B) of ET3i bound to NB33 Fab fragment. (dark blue, porcine A1 domain; slate,
human A2 domain; cyan, porcine A3 domain; orange, human C1 domain; yellow, human C2 domain; dark purple, NB33 heavy chain; and light pink, NB33 light chain). (C-E)
Intermolecular contacts between ET3i residues (C-D) R2090-F2093 and (E) 12158-R2159 (orange) and NB33 heavy (dark purple) and light (light pink) chains. The dashed lines

represent noncovalent interactions <5 A.
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residues R2090-S2094 and 12158-R2159."” Residue K2092
anchors the C1 domain to NB33 by binding to an acidic cleft at
the center of the paratope, forming multiple salt bridges and
hydrogen bonds with the NB33 Vy domain (Figure 1C). NB33
residue Y32 in the Vy domain forms a hydrogen bond with FVIII
residue R2090, in addition to hydrophobic interactions with
residue F2093 (Figure 1D). These results are consistent with
prior SPR and enzyme-linked immunosorbent assay data,
demonstrating that the FVIII R2090A/K2092A/F2093A triple
variant abrogated binding to KM33.% The cryo-EM structure of

BIVVOO1, a bioengineered extended half-life therapeutic FVIII
fused to the VWF D'D3 domains, helped identify interactions
between FVIII residues K2092 and F2093 and the D3 domain,
supporting the obstruction of VWF binding as an inhibitory
mechanism by KM33.>'® Additional contacts were present
between FVIII residues 12158-R2159 and the CDR3 loop of the
NB33 Vy domain (Figure 1E). Although previous HDX-MS data
demonstrated interactions between KM33 and FVIII residues
from 2077 to 2085, the ET3i:NB33 structure reveals no inter-
actions with this region.”
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Figure 2. Electrostatic interactions between the C1 domain and NB33. (A) Electrostatic surface potential (blue, positive charge; red, negative charge) of the ET3i C1
domain (top) and NB33 Fab fragment (bottom) at +10 kcal/(mol-e7). (B) FVIII residue K2065/R2090/K2092/R2159 (sticks) docked onto an acidic patch formed by the NB33 V4
domain (surface). NB33 is colored based on the electrostatic surface potential, as in panel A. (C) The structure of the C1 domain bound to NB33. Charged residues in the
epitope (C1 domain, orange) and paratope (NB33 V|, light pink; NB33 Vi, dark purple) are depicted as spheres. (D) The proposed pipeline for the development of FVIII
replacement therapeutics with reduced LRP1-mediated clearance and immunogenicity by targeting surface-exposed arginine and lysine residues.

STRUCTURE OF A FVIII/ANTI-C1 AB INHIBITOR COMPLEX
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Most of the intermolecular contacts are with the NB33 Vy
domain, consistent with the isolation of KM33 through genetic
recombination from the Vi gene segment of a patient with
hemophilia A and combined with a noninhibitory immuno-
globulin G4 V.* Recent pull-down assays illustrated that the
KM33 Vi domain, but not the V| domain, retained its affinity
toward FVIII.'” However, several interactions are observed in
the ET3i:NB33 cryo-EM structure at lower map contour levels
between FVIII residues Y2043-Q2045 and the NB33 V| domain,
as previously suggested by HDX-MS experiments.” Together,
the structure that we report is in agreement with previous
studies demonstrating that the KM33 epitope overlaps with
amino acids in the C1 domain, previously shown to bind VWF
and/or phospholipid membranes.>'®"" A complete list of
intermolecular contacts is provided in supplemental Table 2.

NB33 and LRP1 bind to the FVIII lysine and
arginine residues in the C1 domain

The ET3i:NB33 structure revealed a patch of positively charged
residues in the FVIII C1 domain docked onto an acidic cleft
formed by the Vy/V_ domain interface of NB33 (Figure 2A),
providing the first structural insight into how KM33 blocks the
uptake of FVIII by dendritic cells through low-density lipoprotein
receptor-related protein 1 (LRP1)-mediated endocytosis. LRP1
uses clusters of extracellular complement-type repeat domains to
bind and endocytose a wide variety of ligands, including FVIII, for
processing and antigen presentation to T cells.”° Ligand binding
to LRP1 occurs through a conserved acidic patch and an aromatic
residue in the complement-type repeat domains, which target
ligands carrying surface-exposed positively charged resi-
dues.”"?? The binding of LRP1 to FVIIl is predicted to rely on an
array of surface-exposed lysine residues on the FVIII light chain in
a charge-dependent manner.'® Further studies have suggested a
partial overlap between the LRP1 binding region and KM33
epitope.>’%?> Our structural analysis of ET3i:NB33 was consis-
tent with these experiments, revealing that residues K2065,
R2090, K2092, and R2159 docked onto a patch of acidic NB33
residues, thus blocking the putative LRP1 binding region
(Figure 2B-C). These positively charged FVIII residues have
previously been shown to bind to VWF and/or phospholipid
membranes, supporting the inhibitory mechanism of KM33
disruption of VWF and phospholipid interactions (supplemental
Table 2).5"""7" Intriguingly, NB33 appears to mimic the pre-
dicted LRP1 binding site using an aliphatic paratope to target
positively charged FVIII residues and neighboring hydrophobic
residues. These results provide structural evidence for the
mechanism of FVIII clearance by LRP1 and suggest that mutating
positively charged FVIII residues in the C1 domain can reduce
hepatic clearance rates.

The structure of the C1 domain bound to NB33 bears resem-
blance to the crystal structure of the isolated C2 domain bound
to BO2C11, a patient-derived anti-C2 domain antibody inhib-
itor that forms multiple salt bridges with FVIII residues R2215
and R2220 (supplemental Figure 4).** Both antibodies target
several B-hairpin loops and disrupt FVIII binding to VWF and
phospholipid membranes, although the BO2C11 epitope was
significantly more aliphatic than the electropositive KM33
epitope. In addition, the FVIII C1 domain forms extensive
interactions with the VWF D'D3 domains in contrast to the C2
domain."® Uptake of FVIII by monocyte-derived dendritic cells
was blocked in the presence of BO2C11 or KM33 antibodies.””
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Furthermore, the exposure of FVIII7~ mice to recombinant FVIII

preincubated with BO2C11 or KM33 diminished the host
immune response.”?® Similar results were observed using a
recombinant FVIII R2090A/K2092A/F2093A triple variant in the
absence of antibodies, presumably because of the impaired
binding to LRP1; however, the FVIII R2215A/R2220A double
variant on the C2 domain showed no measurable effect on
diminishing the immune response.®” Indeed, previous SPR
studies have demonstrated that the C2 domain has no affinity
for LRP1, suggesting that the BO2C11 antibody may indirectly
block LRP1 binding through steric interference or overlap with
the binding region for a non-LRP1 endocytic receptor.’’
Although inhibitor development is a rare occurrence in cases
of mild/moderate hemophilia A, our structural analysis may also
indicate that certain missense mutations in the C1 domain may
promote FVIII binding to LRP1 and induce an immune
response.?® Together, these results suggest differential roles for
positively charged residues in the C domains in driving LRP1-
mediated FVIII endocytosis and immunogenicity.

In summary, the ET3i:NB33 structure represents the first struc-
tural analysis of a complex of a therapeutically active FVIII
construct bound to a patient-derived pathogenic inhibitory
antibody. Our structural analysis delineates the role of surface-
exposed, positively charged residues on the C1 domain in
binding to KM33, which disrupts the endocytosis of FVIII by
dendritic cells. Fundamental questions conceming FVIII clear-
ance require further investigation, including the role of non-LRP1
endocytic receptors, such as macrophage mannose receptors,
which are unaffected by KM33-bound FVIII.” These findings are
critical for therapeutic strategies for designing a recombinant
FVIII molecule with an extended half-life, reduced immunoge-
nicity, and decreased clearance by dendritic cells (Figure 2D).

Acknowledgments

This work was supported by the National Hemophilia Foundation Judith
Graham Pool Postdoctoral Research Fellowship (K.C.C.) and the
National Institutes of Health (NIH), National Heart, Lung, and Blood
Institute (award numbers R15HL135658 and U54HL141981 [P.C.S.] and
award numbers R44HL117511, R44HL110448, U54HL112309, and
U54HL141981 [C.B.D., P.L.]). A portion of this research was supported
by the NIH National Institute of General Medical Sciences grant
U24GM129547, performed at the Pacific Northwest Center for Cryo-EM
at Oregon Health & Science University, and accessed through the
Environmental Molecular Sciences Laboratory (grid.436923.9), a DOE
Office of Science User Facility sponsored by the Office of Biological and
Environmental Research.

Authorship

Contribution: K.C.C. planned and performed the experiments, analyzed
the data, and assisted with writing the manuscript; N.G.A. performed the
experiments and analyzed the data; K.A.E.A. assisted with data processing
and interpretation; O.D. and RM.H. performed the experiments and
assisted with data processing and interpretation; C.B.D. and P.L. devel-
oped the expression and purification procedures for ET3i and assisted with
writing the manuscript; C.H.C. developed the expression and purification
procedures for NB33 and assisted with writing the manuscript; and P.C.S.
planned the experiments, analyzed the data, and wrote the manuscript.

Conflict-of-interest disclosure: P.L. is listed as an inventor on a patent
application describing ET3i and on patents owned by Emory University
claiming compositions of matter that include modified FVIII proteins with
reduced reactivity with anti-FVIIl antibodies. C.B.D. and P.L. are
cofounders of Expression Therapeutics and own equity in the company.
Expression Therapeutics owns the intellectual property associated with
ET3i. The terms of this arrangement have been reviewed and approved

CHILDERS et al

€20z Jequiaidag G| uo jsanb Aq jpd-uiew-|810z0-£202-PIq PO0IA/SZ9Z902/L61/2/2 L /4Pd-Bl0iue/poojq/Bi0 suoneolgndyse//:diy woly papeojumoq



by Emory University in accordance with its conflict-of-interest policies. The
remaining authors declare no competing financial interests.

ORCID profiles: K.C.C., 0000-0003-0472-7859; O.D., 0000-0002-7056-
6435; R.M.H., 0000-0002-7382-3169; P.L.,, 0000-0002-1206-8104;
C.B.D., 0000-0002-5662-0060; C.H.C., 0000-0001-8694-4894.

Correspondence: P. Clint Spiegel Jr, Chemistry Department, Western
Washington University, 516 High St, MS 9150 Bellingham, WA; email:

Atomic coordinates for the factor VII/NB33 structure are deposited in
the Protein Data Bank (accession number 8Gél), and the cryo-electron
microscopy maps are deposited in the Electron Microscopy Data Base
(accession number EMD-29770).

Data are available on request from the corresponding author, P. Clint
Spiegel Jr (paul.spiegel@wwu.edu).

paul.spiegel@wwu.edu.

Footnotes

Submitted 21 February 2023; accepted 25 April 2023; prepublished
online on Blood First Edition 16 May 2023. https://doi.org/10.1182/

blood.2023020181.

hereby marked
section 1734.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page
charge payment. Therefore, and solely to indicate this fact, this article is
“advertisement” in

accordance with 18 USC

REFERENCES 10. van den Biggelaar M, Madsen JJ, Faber JH, assemble on blood coagulation factor VIII

1. lorio A, Stonebraker JS, Chambost H, et al. et al. Factor VIII interacts with the endocytic into a functional Fv-like complex. Int J Mol
Establishing the prevalence and prevalence receptor low-density lipoprotein receptor- Sci. 2022;23(15), 8134-15.
at birth of hemophilia in males a meta- related I_’rot?m ! via ?’n e)ftendef:l surface f 20. Young PA, Migliorini M, Strickland DK.
analytic approach using national registries. comprising “hot-spot” lysine residues. J Biol Evid ’

: i Chem. 2015:290(27):16463-16476. vidence that factor VIII forms a bivalent
Ann Intern Med. 2019;171(8):540-546. complex with the low density lipoprotein
. . . . 11. Bloem E, Van Den Biggelaar M, (LDL) receptor-related protein 1 (LRP1):

2 LZI JD, LI|!ICFZP D Fadc‘ior Vllllt\.nh\kiltors. Wroblewska A, et al. Factor VIII C1 domain identification of cluster IV on LRP1 as the
Ia er;_czsll—r a5|cla;o17r?;; @ \on|a1 %Z‘igce' spikes 2092-2093 and 2158-2159 comprise major binding site. J Biol Chem. 2016;
ntJ Lab Hematol. 139(suppl 1):6-13. regions that modulate cofactor function and 291(50):26035-26044.

3. van den Brink EN, Turenhout EAM, ;(e}lét;lg_r;;zt;l;e‘ J Biol Chem. 2013;288(41): 21. Gettins PGW, Dolmer K. A proximal pair of
Bovenschen N, et al. Multiple VH genes are ' positive charges provides the dominant
used to assemble human antibodies directed 12. Doering CB, Healey JF, Parker ET, Barrow RT, ligand-binding contribution to complement-
toward the A3-C1 domains of factor VIII. Lollar P. Identification of porcine coagulation like domains from the LRP (low-density
Blood. 2001;97(4):966-972. factor VIli domains responsible for high level lipoprotein receptor-related protein).

. . expression via enhanced secretion. J Biol Biochem J. 2012;443(1):65-73.

4. Meems H, Van Den Biggelaar M,“Rondalj M, Chem. 2004:279(8):6546-6552.
van der Zwaan C, Mertens K, Meijer AB. C1 22. Fisher C, Beglova N, Blacklow SC. Structure
domain residues Lys 2092 and Phe 2093 are 13. Spencer HT, Denning G, Gautney RE, et al. of an LDLR-RAP complex reveals a general
of major importance for the endocytic uptake Lentiviral vector platform for production of mode for ligand recognition by lipoprotein
of coagulation factor VIII. Int J Biochem Cell bioengineered recombinant coagulation receptors. Mol Cell. 2006;22(2):277-283.
Biol. 2011;43(8):1114-1121. factor VIII. Mol Ther. 2011;19(2):302-309.

23. Meems H, Meijer AB, Mertens K, et al. Factor

5. Batsuli G, Deng W, Healey JF, et al. High- 14. Coxon CH, Yu X, Beavis J, et al. VIIl Variants Having a Decreased Cellular
affinity, noninhibitory pathogenic C1 domain Characterisation and application of Uptake. 2019. https://patentimages.storage.
antibodies are present in patients with recombinant FVllI-neutralising antibodies googleapis.com/fe/c4/42/1bcbe7893cbbae/
hemophilia A and inhibitors. Blood. 2016; from haemophilia A inhibitor patients. Br J AU2011303916A1.pdf
128(16):2055-2067. Haematol. 2021;193(5):976-987. 24. Spiegel PC, Jacquemin M, Saint-Remy JM,

6. Meems H, Meijer AB, Cullinan DB, Mertens K 15. Gish JS, Jarvis L, Childers KC, et al. Structure Stoddard BL, Pratt KP. Structure of a factor
Gilbert GE. Factor VIl C1 domain residues. of blood coagulation factor VIl in complex VIII C2 domain-immunoglobulin G4k Fab
Lys 2092 and Phe 2093 contribute to with an anti-C1 domain pathogenic antibody complex: identification of an inhibitory
membrane binding and cofactor activity. inhibitor. Blood. 2021;137(21):2981-2986. antibody epitope on the surface of factor VIII.
Blood. 2009;114(18):3938-3946. 16. Stoilova-Mcphie S, Lynch GC, Ludtke S, Blood. 2001;98(1):13-19.

) Pettitt BM. Domain organization of 25. Gangadharan B, Ing M, Delignat S, et al. The

7. Herczenik E, Van Haren SD, Wr9b|ewska A membrane-bound factor VIII. Biopolymers. C1 and C2 domains of blood coagulation
et al. Uptake of blood coagulation factor VI 2013;99(7):448-459. factor VIIl mediate its endocytosis by
by deﬁd”t'c cells is medlated via its C1 dendritic cells. Haematologica. 2017;102(2):
domain. J Allergy Clin Immunol. 2012;129(2), 17. Lu J, Pipe SW, Miao H, Jacquemin M, 271-281.

501-9, 509.e1-5. Gilbert GE. A membrane-interactive surface
on the factor VIl C1 domain cooperates with 26. Eckhardt CL, Van Velzen AS, Peters M, et al.

8. Wroblewska A, Van Haren SD, Herczenik E, the C2 domain for cofactor function. Blood. Factor VIII gene (F8) mutation and risk of
et al. Modification of an exposed loop in the 2011;117(11):3181-3189. inhibitor development in nonsevere
C1 domain reduces immune responses to hemophilia A. Blood. 2013;122(11):
factor VIl in hemophilia A mice. Blood. 2012; 18. Fuller JR, Knockenhauer KE, Leksa NC, 1954-1962.
119(22):5294-5300. Peters RT, Batchelor JD. Molecular

determinants of the factor VIll/von Willebrand

9. Batsuli G, Ito J, Mercer R, et al. Anti-C1 factor complex revealed by BIWW001 cryo- © 2023 by The American Society of Hematology.
domain antibodies that accelerate factor VIII electron microscopy. Blood. 2021;137(21): Licensed under Creative Commons Attribution-
clearance contribute to antibody 2970-2980. NonCommercial-NoDerivatives 4.0 International
pathogenicity in a murine hemophilia A (CC BY-NC-ND 4.0), permitting only noncommercial,
model. J Thromb Haemostasis. 2018;16(9): 19. Shestopal SA, Parunov LA, Olivares P, et al. nonderivative use with attribution. All other rights
1779-1788. Isolated variable domains of an antibody can reserved.

STRUCTURE OF A FVIII/ANTI-C1 AB INHIBITOR COMPLEX

€ blood” 13 JULY 2023 | VOLUME 142, NUMBER 2 201

€20z Joquiaidag G| uo jsenb Aq jpd-ulew-|810z0-£202-PIq PO0IA/SZ9Z902/L61/2/2 L /4Pd-Bl0iue/poojq/Bio suoneolgndyse//:dyy woly papeojumoq


http://orcid.org/0000-0003-0472-7859
http://orcid.org/0000-0002-7056-6435
http://orcid.org/0000-0002-7056-6435
http://orcid.org/0000-0002-7382-3169
http://orcid.org/0000-0002-1206-8104
http://orcid.org/0000-0002-5662-0060
http://orcid.org/0000-0001-8694-4894
mailto:paul.spiegel@wwu.edu
https://doi.org/10.1182/blood.2023020181
https://doi.org/10.1182/blood.2023020181
mailto:Paul.Spiegel@wwu.edu
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref1
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref1
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref1
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref1
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref1
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref2
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref2
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref2
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref3
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref3
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref3
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref3
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref3
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref4
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref4
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref4
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref4
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref4
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref4
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref5
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref5
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref5
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref5
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref5
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref6
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref6
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref6
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref6
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref6
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref7
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref7
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref7
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref7
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref7
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref8
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref8
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref8
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref8
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref8
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref9
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref9
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref9
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref9
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref9
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref9
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref10
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref10
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref10
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref10
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref10
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref10
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref11
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref11
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref11
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref11
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref11
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref11
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref12
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref12
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref12
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref12
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref12
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref13
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref13
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref13
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref13
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref14
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref14
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref14
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref14
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref14
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref15
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref15
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref15
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref15
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref16
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref16
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref16
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref16
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref17
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref17
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref17
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref17
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref17
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref18
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref18
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref18
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref18
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref18
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref18
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref19
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref19
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref19
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref19
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref19
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref20
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref20
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref20
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref20
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref20
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref20
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref20
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref21
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref21
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref21
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref21
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref21
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref21
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref22
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref22
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref22
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref22
https://patentimages.storage.googleapis.com/fe/c4/42/1bcbe7893cbbae/AU2011303916A1.pdf
https://patentimages.storage.googleapis.com/fe/c4/42/1bcbe7893cbbae/AU2011303916A1.pdf
https://patentimages.storage.googleapis.com/fe/c4/42/1bcbe7893cbbae/AU2011303916A1.pdf
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref24
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref24
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref24
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref24
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref24
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref24
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref25
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref25
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref25
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref25
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref25
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref26
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref26
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref26
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref26
http://refhub.elsevier.com/S0006-4971(23)01191-6/sref26
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

	Structure of coagulation factor VIII bound to a patient-derived anti–C1 domain antibody inhibitor
	Introduction
	Study design
	Results and discussion
	Characterization of ET3i inhibition by NB33
	Structure of ET3i:NB33 complex
	NB33 and LRP1 bind to the FVIII lysine and arginine residues in the C1 domain

	Authorship
	References


