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Abstract

Background: Factor (F)XI is a zymogen that contributes to thrombin generation

through activation of FIX. Patients with a complete absence of FXI are prone to

developing alloantibody inhibitors after replacement therapy. Acquired FXI autoanti-

bodies are less common, and data regarding their mechanisms of action are lacking.

Objectives:We describe 2 patients with severe acquired FXI deficiency and identify the

FXI domains to which the autoantibodies bind.

Methods: FXI and prekallikrein (PK) are homologs with similar structures. We prepared

recombinant human FXI and PK, as well as chimeric molecules in which individual

domains within FXI or PK are replaced with the corresponding domain from the other

protein. Patient plasma and normal plasma were used as antibody sources, and their

capacities to recognize recombinant proteins on Western blots were compared.

Results: Patients 1 and 2 were females with systemic lupus erythematous and no

bleeding history. FXI activity in both cases was undetectable by one-stage clotting

assay, with autoantibody titers of 64 Bethesda Units and 11.4 Bethesda Units,

respectively. In both cases, the autoantibody appeared to clear FXI protein from

plasma. Immunoglobulin G in patient 1 targeted the FXI catalytic domain, while the

autoantibody in patient 2 was likely oligoclonal with components that recognized the

FXI apple 2 and apple 3 domains.

Conclusion: These autoantibodies inhibited FXI function and promoted its clearance.

The inhibitors targeted the 2 most important FXIa domains for FIX activation and

demonstrated properties similar to those described in patients with FXI alloantibody

inhibitors.
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Essentials

• Data regarding the mechanisms of action of FXI autoantibodies are lacking.

• We identified the FXI binding domains in 2 patients with severe acquired FXI deficiency.

• The autoantibody in patient 1 targeted the FXI catalytic domain.

• The autoantibody in patient 2 was likely oligoclonal and recognized the FXI A2 and A3 domains.
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1 | INTRODUCTION

Factor (F)XI is the zymogen of a trypsin-like protease (FXIa) that con-

tributes to thrombin generation through the activation of FIX [1,2].

Severe inherited FXI deficiency (plasma level < 15% of normal) may be

associated with excessive trauma-induced bleeding, particularly when

tissues with high fibrinolytic activity (eg, nasopharynx, oral cavity, and

genitourinary tract) are involved [3,4]. However, spontaneous hemor-

rhage in individuals with severe FXI deficiency is rare. Severe

congenital FXI deficiency is primarily an autosomal recessive condition

that is particularly prevalent in people of Ashkenazi Jewish ancestry (1

in 450 individuals) [3–5]. Two single nucleotide variants (SNVs) in the

FXI gene (F11), each with an allele frequency of 2% to 2.5%, are

responsible for most cases of FXI deficiency in this population [5,6]. The

type II SNV (Glu117Stop) prevents protein production, while the type

III SNV (Phe283Leu) reduces protein secretion from hepatocytes [5,6].

Patients with a complete absence of FXI in their plasma are prone

to developing alloantibody inhibitors [7–9]. Salomon et al. [7] observed

that one-third of patients homozygous for the Glu117Stop SNV

formed neutralizing anti-FXI antibodies after plasma infusion, often

after a single exposure. Acquired FXI deficiency caused by an auto-

antibody appears to be less common than replacement therapy-

related alloantibodies to FXI, although there may be underreporting

given the relatively mild clinical phenotype. Most cases are described

in patients with autoimmune or neoplastic disorders [10–18]. Given

their rarity, there is a paucity of data regarding their mechanisms of

action. Here, we describe 2 patients with severe acquired FXI defi-

ciency and identify the FXI domains to which the autoantibodies bind.
2 | METHODS

2.1 | Coagulation assays

For patient 1, prothrombin time (PT) and activated partial thrombo-

plastin time (aPTT) assays, plasma mixing studies, measurements of

coagulation factor levels, Bethesda inhibitor titer assays, and the

dilute Russell’s viper venom time (dRVVT) were performed on plasma

anticoagulated with 0.32% sodium citrate with Werfen reagents on

the ACL TOP (Werfen). Lupus-sensitive aPTT results were performed

using Silica Clotting Time (Werfen) and StaClot LA (Diagnostica

Stago), and both assays were performed on the ACL TOP. For patient

2, PT and aPTT assays, plasma mixing studies, measurements of

coagulation factor levels, and Bethesda inhibitor titer assays were
performed on patient plasma anticoagulated with 0.32% sodium cit-

rate on a Sta-R Max analyzer (Diagnostica Stago). We adhered to

guidelines pertaining to ethical standards and informed consent.
2.2 | Recombinant proteins

Production of recombinant human FXI [19,20], FXI with prekallikrein

(PK) domain substitutions [19,20], and human PK [21] have been

described. The complementary (c)DNA for human PK was modified by

exchanging the sequence encoding the PK apple (A)1, A2, A3, or A4

domain with the corresponding sequence from human FXI to create

the chimeras PK/FXIA1, PK/FXIA2, PK/FXIA3, and PK/FXIA4. Each

cDNA was modified to include a 9-amino acid hemagglutinin tag

sequence (YPYDVPDYA) at the C-terminus to facilitate purification

[21]. The cDNAs were introduced into the mammalian expression

vector pJVCMV and expressed in human embryonic kidney (HEK)293

cells [19,21,22]. Proteins were purified by affinity chromatography

using antihemagglutinin immunoglobulin (Ig) G agarose [21].
2.3 | Western blots

Samples were size-fractionated on nonreducing 7.5% polyacrylamide-

sodium dodecyl sulfate gels and transferred to nitrocellulose mem-

branes. Samples contained 1 μL of pooled normal or patient plasma or

0.4 μg recombinant protein in 20 μL of 25 mM Tris-HCL, 100 mM NaCl,

pH 7.4 (Tris-buffered saline [TBS]). The primary detection IgGs were a

polyclonal goat antihuman FXI IgG (5 μg/mL in TBS), patient plasma

diluted 1:50 in TBS, or pooled normal plasma diluted 1:50 in TBS. The

secondary antibodies were Alexa Fluor 680 conjugated donkey antigoat

IgG (�1:15,000 dilution) or goat antihuman IgG (1:5000 dilution). Pro-

teins on membranes were visualized using a LI-COR Odyssey Imager.
3 | RESULTS AND DISCUSSION

3.1 | Patient 1

A 38-year-old female with systemic lupus erythematosus (SLE) was

referred to the hematology clinic for a persistently prolonged aPTT.

She did not have signs or symptoms of abnormal hemostasis and

tolerated hysterectomy, multiple paracenteses, and pleural catheter

placement without excessive bleeding. She was receiving treatment



F I GUR E 1 Protein models (A and B). Models for (A) prekallikrein (PK) and a subunit of factor (F)XI and (B) the FXI dimer. PK and the FXI

subunit contain 4 apple (A) domains (gray ovals 1-4) and a C-terminal catalytic domain (CD). Conversion to the active proteases PKa and FXIa

involves single proteolytic cleavages between A4 and the CD. The A4 domain of the FXI subunit forms an interface with another subunit to form

a homodimer held together with a single disulfide bond. On nonreducing sodium dodecyl sulfate–polyacrylamide gel electrophoresis, the

apparent molecular mass of FXI will be about twice that of PK because it is a dimer. (C–I) Western blots. (C) Blot of normal plasma, patient

plasma for case 1, and 0.4 μg of wild-type (WT) FXI (FXI-WT). The detection antibody was polyclonal goat antihuman FXI immunoglobulin (Ig) G.

(D) Blots of FXI-WT. The detection IgG source was patient plasma for case 1 (left) or normal plasma (right). (E) Blot of FXI-WT, FXI/PK chimeras
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with hydroxychloroquine, mycophenolate mofetil, and prednisone at

the time of presentation and had received rituximab in the past. Her

aPTT was normal at the time of her SLE diagnosis 15 years earlier but

had been prolonged for the past 10 years. The aPTT was 104.3 sec-

onds (normal 25-37 seconds) on the day of the clinic visit and did not

correct on mixing with pooled normal plasma. The PT (10.7 seconds,

normal 9.2-14.0 seconds) and dRVVT were normal. The StaClot LA

(Diagnostica Stago) was technically positive for a lupus anticoagulant,

but the delta of the screen and confirmed clotting times was barely

above the normal reference range (14 seconds, normal < 10 seconds).

FVIII (112%, normal 45%-160%) and FIX (58%, normal 55%-160%)

activities were normal, although both demonstrated inhibitor patterns

and required dilution to reach a “normal” activity. Cumulatively, these

findings raised the possibility of a nonspecific inhibitor such as a lupus

anticoagulant; however, FXI activity was undetectable (<1%, normal

60%-140%) and did not increase upon serial dilution, consistent with a

specific FXI inhibitor. The FXI inhibitor titer was subsequently

determined to be 64 Bethesda Units.
3.2 | Patient 2

An 18-year-old female with SLE and lupus nephritis presented to the

rheumatology clinic for a routine visit. At the time of diagnosis 4 years

earlier, methylprednisolone, mycophenolate mofetil, and hydroxy-

chloroquine were initiated. There were no new clinical concerns, and

she had no features suggestive of a bleeding diathesis. The aPTT was

prolonged (74.7 seconds, normal 23.5-33.5 seconds) and did not cor-

rect upon mixing with pooled normal plasma (66.5 seconds at 0 hours;

71.4 seconds at 1 hour; 72.0 seconds at 2 hours). There were no aPTT

values available prior to her SLE diagnosis. The PT (14.1 seconds,

normal 11.9-14.5 seconds) was normal, and the dRVVT and StaClot LA

tests for a lupus anticoagulant were negative. FVIII (191%, normal

50%-150%), FIX (161%, normal 50%-150%), and FXII (151%, normal

50%-150%) activities were modestly elevated, but the FXI activity was

markedly reduced (<3%, normal 50%-150%). The titer of the FXI in-

hibitor was 11.4 Bethesda Units. She had not been pregnant or

exposed to blood products prior to her initial prolonged aPTT.

Western blotting was used to identify IgGs in patient plasma that

recognized FXI. The F11 gene encodes an 80 kDa polypeptide con-

taining 4 A domains (designated A1 to A4 from the N-terminus) and a

C-terminal catalytic domain (CD; Figure 1A) [1]. FXI in plasma is a 160

kDa protein comprised 2 of these polypeptides connected through

the A4 domains (Figure 1B) [1,23]. Figure 1C shows a Western blot of
with individual A domain replacements (FXI/PKA1, FXI/PKA2, FXI/PKA3, a

PKCD), and PK-WT. The detection IgG was plasma for case 1. FXI/PKA4 is

serine substitution for Cys326 that frees Cys321 for dimerization. The posi

(F) As in panel C, except that the patient’s plasma is from case 2. (G) As in p

FXI-WT, FXI/PKCD, and chimeras with PK A1 to A4 and FXI-CD (PK/FXICD

2, while the blot on the right was developed with polyclonal goat antihuma

blot) and PK/FXI chimeras (right part of the blot). The blot on the left was d

was developed with polyclonal goat antihuman FXI IgG. For all blots, positio

Mol Wgt, molecular weight.
normal plasma, and patient 1 plasma was probed with a goat IgG to

human FXI. The sharp FXI band in normal plasma is missing from

patient plasma, indicating the FXI protein has been removed from

plasma. Consistent with this, an enzyme-linked immunosorbent assay

for FXI did not detect FXI protein in the patient’s plasma. In the blot

in Figure 1D, patient (left) and normal (right) plasma were used as

sources of IgG to detect pure FXI. Patient 1 plasma contains an IgG

that recognizes FXI, while normal plasma does not. FXI and its paralog

PK have similar domain organization (Figure 1A), except that PK is

monomeric [1,24]. We took advantage of the homology to prepare

FXI molecules in which individual A domains (FXI/PKA1, FXI/PKA2,

FXI/PKA3, and FXI/PKA4) or the CD (FXI/PKCD) were replaced with

the corresponding PK domain. The blot in Figure 1E contains samples

of wild-type (WT) FXI (FXI-WT) and PK-WT, as well as FXI/PK chi-

meras. The IgG in patient 1 plasma recognized FXI-WT and the FXI/

PKA1, FXI/PKA2, FXI/PKA3, and FXI/PKA4 chimeras, but did not

recognize FXI/PKCD or PK-WT, indicating the FXI inhibitor targets

the FXICD.

Like patient 1 plasma, patient 2 plasma lacked FXI protein

(Figure 1F) and contained an IgG that recognized FXI-WT (Figure 1G).

In contrast to patient 1, patient 2 plasma recognized FXI/PKCD but

not a chimera containing PK A domains and the PK/FXICD

(Figure 1H). While these results imply that the IgG in patient 2 tar-

geted a FXI A domain, the antibody recognized all FXI proteins with

individual PK A domain replacements (Figure 1I, left side of the panel).

This suggests the inhibitor may be comprised of more than 1 antibody

(ie, oligoclonal). Consistent with this, when using a panel of PK mol-

ecules in which individual A domains were replaced with FXI A do-

mains, patient 2 plasma recognized chimeras with the FXIA2 and

FXIA3 domains. A monoclonal IgG that recognized a shared epitope

between FXIA2 and FXIA3 is possible but not likely, as it would likely

not bind to a protein in which either FXIA2 or FXIA3 was replaced

with the PKA2 or PKA3 domains (FXI/PKA2 or FXI/PKA3).

Autoantibodies to a clotting factor may compromise blood coag-

ulation by inhibiting the function of the targeted factor, by inducing

clearance of the factor from plasma, or by a combination of the 2

processes. Previously, we described a young child with mem-

branoproliferative glomerulonephritis who developed an autoanti-

body to FXI, rendering the patient refractory to plasma infusions [25].

Mixing patient plasma with normal plasma corrected the abnormal

aPTT in this case, indicating that the autoantibody acted primarily by

inducing FXI clearance from plasma in vivo. The inhibitors character-

ized in the current study also appear to be IgGs that reduce FXI an-

tigen in plasma. However, unlike our prior case, mixing studies
nd FXI/PKA4), a chimera with FXIA1 to FXIA4 and the PK CD (FXI/

a dimer despite the replacement of the FXI A4 domain because of a

tions of FXI and PK standards are shown on the right side of the blot.

anel D, except that the patient’s plasma is from case 2. (H) Blots with

). The blot on the left was developed with patient plasma from case

n FXI IgG. (I) Blots of FXI/PK chimeras and FXI-WT (left part of the

eveloped with patient plasma from case 2, while the blot on the right

ns of molecular mass standards are shown on the left of each panel.
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utilizing pooled normal plasma indicate these antibodies also

neutralize FXI or FXIa activity in vitro.

The locations of the binding sites for the inhibitors on the FXI

protein are worth noting. We would expect an inhibitor that binds to

the FXIa CD to neutralize protease activity toward its macromolecular

substrate FIX. However, the FXIA3 domain is also required for normal

FIX activation. There is a FIX binding exosite on FXIA3 that becomes

exposed upon the conversion of FXI to FXIa [22,26]. The exosite po-

sitions FIX properly for efficient activation, and loss or inhibition of

the exosite results in a marked decrease in FXIa catalytic efficiency

toward FIX (<1% of normal) [22,26]. Thus, the 2 most important FXIa

domains for protease function are the targets of the antibodies

identified in our 2 patients. These autoantibodies may have similar

inhibitory activities to those described for alloantibody inhibitors in

FXI-deficient patients by Salomon et al. [7]. Alloantibodies or auto-

antibodies to parts of FXI other than the catalytic or A3 domain may

occur, but unless they clear FXI from plasma, they may not affect FXI

function sufficiently to be detected by an aPTT assay.

A review of the literature indicates that FXI autoantibodies are

rare and predominantly occur in patients with rheumatologic condi-

tions, particularly SLE [10,27–31]. Despite their marked effects on the

aPTT, the FXI inhibitors in our patients appear to have been present

for years without compromising hemostasis. However, there are re-

ports of significant hemorrhage associated with FXI autoantibodies

[10]. It is possible that the antibodies in such cases have specific

functional properties that are not common to other FXI inhibitors.

Alternatively, given the mild and variable bleeding diathesis associ-

ated with inherited FXI deficiency, hemostasis in certain individuals

may be more dependent on FXI activity, rendering them more sus-

ceptible to bleeding if they develop a FXI inhibitor. Finally, our patient

2 had a prolonged aPTT that was assumed, erroneously for several

years, to be due to a lupus anticoagulant. This highlights the need to

fully investigate the etiology of a prolonged aPTT, particularly in pa-

tients with autoinflammatory conditions associated with nonspecific

inhibitors such as lupus anticoagulants, to exclude coexisting specific

autoantibodies to coagulation factors that could potentially compro-

mise hemostasis.
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