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ARTICLE INFO ABSTRACT

Keywords: Introduction: The development of inhibitory antibodies (inhibitors) in persons with hemophilia B (PwHB) causes
Hemophilia B significant morbidity. Data on the impact of the F9 variant and immune tolerance induction (ITI) outcome are
Coagulation factor IX limited

Inhibitors

The aim of this study was to investigate the presence of neutralizing and non-neutralizing antibodies (NNA) in
severe hemophilia B (HB) and to evaluate ITI outcome and complications in relation to the pathogenic F9 variant.
Materials and methods: Persons with severe HB in the Nordic countries were enrolled and information on F9
variants, inhibitors, ITI and complications were collected. Analyses of anti-FIX antibodies with a fluorescence-
immunoassay (xFLI) and an ELISA method were conducted.

Results: Seventy-nine PWHB were enrolled. Null variants were seen in 33 (42 %) PwHB and 12 (15 %) had a
current or former inhibitor. Eleven (92 %) of the inhibitor patients had experienced allergic manifestations and
three (25 %) nephrotic syndrome. Of 10 PwHB with at least one ITI attempt, eight (80 %) were considered
tolerant at enrolment. Immunosuppression was included in seven of eight successful or partially successful at-
tempts. Five PWHB had at least one ITI failure before a successful or partially successful ITI. No NNA could be
identified.

Conclusion: A high proportion of severe F9 gene defects among persons with severe HB in the Nordic countries
may explain the observed relatively high prevalence of inhibitors. ITI success was independent of the F9 variant
and attained despite allergic manifestations and previous ITI failures. Inclusion of immunosuppression tenta-
tively enhances the chances of ITI success. No NNA were observed.

Immune tolerance induction
Non-neutralizing antibodies
F9 variant
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1. Introduction

Hemophilia B (HB) is a rare bleeding disorder occurring in 1 in
30,000 males [1]. The recommended treatment for persons with HB
(PwHB) with a severe bleeding phenotype is prophylactic replacement
therapy with the deficient factor IX (FIX) protein [2]. A serious
complication to the treatment is the development of neutralizing anti-
bodies (inhibitors) against FIX, which can result in the loss of function of
infused concentrates. Inhibitors are reported more commonly in in-
dividuals with genetic null variants [2-6], i.e. no antigen is being pro-
duced, and most often occur before 20 exposures of factor treatment
[2,3,7]. Inhibitor development can be complicated further by allergic
reactions to replacement therapy, as well as by nephrotic syndrome.

The experience of immune tolerance induction (ITI) to eradicate the
inhibitors in PwWHB is limited and there is no established consensus on
the management of these patients [2]. Different regimens with varied
dosing and frequencies of FIX concentrates with or without the addition
of immunosuppressive agents have been reported [3,8-12] but the study
cohorts are small. Consequently, clinical management is often extrapo-
lated from regimens and studies based on persons with the more com-
mon bleeding disorder hemophilia A (HA), i.e. deficiency of coagulation
factor VIII (FVIII). However, phenotype and management of inhibitors
differ between HA and HB. First, the incidence of inhibitors overall in
patients with HB is often reported to be <5 % [2] and is thus much lower
than in those with HA. In addition, inhibitors to FIX are mainly observed
in patients with the severe form of the disease, i.e. a FIX activity <0.01
IU/mL. In HA, inhibitors are also seen, yet not as frequently, in the non-
severe forms [2]. Furthermore, anaphylaxis and nephrotic syndrome are
rare in HA, and ITI success rates seem to differ from HB. ITI success rates
of 70-80 % are usually reported for HA, compared to only 30-35 % in
HB [2,7]. As a conclusion, experience and treatment regimens used for
inhibitors in HA cannot be extrapolated easily to manage individuals
with HB.

In addition to inhibitory antibodies, the presence and clinical sig-
nificance of non-neutralizing (non-inhibitory) antibodies (NNA) in HA
have been studied and discussed over the years. In a recent meta-
analysis, the pooled prevalence of NNA towards FVIII in HA was 25 %
[13], and it has been suggested that NNA may predict the development
of inhibitors and enhance the clearance of the administered factor
concentrates [14-16]. Data on NNA in PwHB are sparse. Boylan et al.
[17] assessed the relationship between anti-FIX antibody profiles and
inhibitor formation with a fluorescence-based immunoassay (FLI) and
found one or more classes of anti-FIX antibodies in 40 % of patient
samples which tested negative by the Nijmegen-Bethesda assay. Further
studies are, however, warranted to fully appreciate the value of moni-
toring NNA in routine clinical practice.

The aim of this study was to investigate the presence of neutralizing
and non-neutralizing antibodies in patients with severe HB in the Nordic
countries and to evaluate ITI outcome and complications in relation to
the pathogenic F9 variant.

2. Methods
2.1. Study design and study population

The B-NORD study is an observational multicenter study conducted
in Denmark, Finland, Norway and Sweden and has been described
previously [18]. Individuals of all ages with severe congenital HB were
enrolled between the years 2017 and 2020. Information on inhibitors,
ITI, allergic reactions and nephrotic syndrome was collected. The
criteria used for ITI success were at the discretion of the treating
physician and included a negative inhibitor titer and the possibility of
using replacement therapy. A normal recovery and/or half-life of FIX
concentrates were also reported, but not in a systematic manner. The
treating physician reported whether the patient was considered tolerant
or not at enrollment, but no consensus criteria on tolerance were used.
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A positive inhibitor titer was defined according to the cut-off level for
inhibitor detection at the local center. The Nijmegen-modified Bethesda
assay, described previously [17,19], was performed at the local labo-
ratory and the cut-off levels were 0.4 or 0.5 BU/mL (Bethesda units). The
Malmo inhibitor assay was used previously to estimate inhibitors and
expressed the inhibitor activity in plasma as the number of units of FIX
inactivated by 1 mL of patient plasma [20]. One Malmo inhibitor unit
(MIU) corresponds to about 3 BU.

The study was approved by the Regional Ethical Board in Lund,
Sweden (Dnr 2016,/1089) and by the independent ethics committees in
each country. Written informed consent was collected from the study
subject or his legally acceptable representative in accordance with the
Declaration of Helsinki.

2.2. Variant analysis of F9

Variant analyses from PwHB in Sweden and Finland were performed
at the genetic laboratory in association with the hemophilia treatment
center (HTC) in Malmo, Sweden. Variant analyses from Norway were
performed at the HTC in Oslo, Norway. No variant data were available
for the patients from Denmark.

The promoter region of the F9 gene and all eight exons with the
flanking intron regions were amplified by polymerase chain reaction
(PCR) using primers described by Green et al. [21], modified with M13
tails. Variants were identified by Sanger sequencing as described by
Martensson et al. [22]. Large deletions and duplications were deter-
mined by Multiplex Ligation-dependent Probe amplification (MLPA)
using P207-F9 (MRC Holland, Amsterdam, The Netherlands) according
to the manufacturer's protocol. All reports were classified uniformly
according to the recommendations of the Human Genome Variation
Society (HGVS). The variants were interpreted for clinical significance
according to the American College of Medical Genetics and Genomics
(ACMG) guidelines applicable in 2021, using the VarSome's ACMG
implementation [23] with an automated scoring and a manual review
and adjustment of specific criteria. The FIX Gene Variant Database
[24,25] was used for comparison.

2.3. Anti-FIX assays for the detection of non-neutralizing antibodies

Two different assays were used to investigate the presence of NNA:
one Multi-Analyte Profiling (Luminex xMAP) based fluorescence
immunoassay (xFLI) and one enzyme-linked immunosorbent assay
(ELISA). Results from the Nijmegen-Bethesda assays were used for
comparison to distinguish inhibitors from NNA.

2.3.1. Anti-FIX Luminex xMAP-based fluorescence immunoassay — xFLI
method

FIX (nonacog alfa, BeneFIX) was coated to MagPlex microspheres.
Citrated plasma samples were diluted in phosphate buffer saline (PBS,
Hyclone) supplemented with 0.05 % Tween-20 (PBST, Merck) and 0.1 %
ovalbumin (Sigma) (PBST-O), added to wells containing FIX-coupled
microspheres and incubated for 2 h, washed with PBST, and incubated
with R-phycoerythrin-labeled goat anti-human IgG (Jackson Immu-
noResearch, Ely; Cambridgeshire, UK). Readings in a MagPix instrument
(Luminex, Corporation, Austin Texas, US) were recorded as median
fluorescence intensity (MFI). A general cut-off for positivity was deter-
mined from the mean + 3 SDs in healthy individuals (n = 26). The inter-
assay CV was 12.2 % for the high and 14.3 % for the low positive control.

2.3.2. Anti-FIX immunological assay — ELISA method

An in-house ELISA was used, in which FIX (nonacog alfa, BeneFIX)
was coated overnight. Plasma samples were diluted 50-fold in a Tris-
blocking buffer supplemented with 1 mM CaCl, and incubated for 2 h.
The secondary antibody was horseradish-peroxidase conjugated poly-
clonal rabbit anti-human IgG (Agilent, Santa Clara, CA, US). Absorbance
was measured in a microplate reader (Tecan Infinite 200, Mannedorf,
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Switzerland). The cut-off for each test run was determined by analyzing
normal plasma samples (n = 10-12) per test run and given as the mean
+ 3 SDs. The inter-assay CV was >50 % for the positive control.

2.4. Statistical analysis

Descriptive statistics were used. Continuous variables were
described using medians and first-to-third quartiles (Q1-Q3). Categori-
cal data were reported as numbers and percentages. Comparisons of two
independent groups of continuous, non-normally distributed variables
were performed using the Mann-Whitney U test. For binary or cate-
gorical data, the Chi-square test or Fisher's exact test was used. A p-value
of <0.05 was considered to be statistically significant. Statistical ana-
lyses were performed using IBM SPSS Statistics 25.

3. Results
3.1. Patient characteristics

Out of 108 persons with severe HB registered at the study centers, 79
(73 %), median age 30 years (Q1-Q3 19-53), were enrolled in the B-
NORD study [18]. Patient characteristics are presented in Table 1.

Out of the 79 enrolled PwHB, 12 (15 %) were reported to have
current or former inhibitors, all registered at the HTCs in Sweden
(Table 1). Two of the inhibitor patients were brothers and two were
related more distantly. The age at start of prophylaxis did not differ
between PwHB with and without inhibitors, median ages of 2.7 (Q1-Q3
1.0-29) and 3.0 years (Q1-Q3 1.0-16), respectively. The median age at
inhibitor detection was 2.0 years (Q1-Q3 1.0-8.0) and in all reported

Table 1
Study cohort characteristics.

Inhibitor Non-inhibitor
patients patients
n=12 n =67
Enrollment country (%)
Denmark - 9(13)
Finland - 9 (13)
Norway - 15 (22)
Sweden 12 (100) 34 (51)
Age at enrollment, years, median (Q;-Q3) 26 (18-42) 31 (19-54)
Age at diagnosis, years, median (Q;-Q3) 0 (0-0) 0 (0-1)
Family history of hemophilia (%)} 7 (58) 30 (45)
CVAD, current or previous (%) 5 (42) 12 (18)
BMI, kg/m?, median (Q;-Q3) 23 (19-29) 25 (22-28)
Current treatment (%)
On-demand FIX-replacement - 2(3.0)
Prophylaxis FIX-replacement 8 (67) 65 (97)
Bypass-therapy 2(17) -
Non-factor replacement 217) -
Age at 1st joint bleed, years, median (Q1- 1.5 (0.71-3.2) 2.1(1.0-4.4)
Q3) %
Age at start of prophylaxis, years, median 1.4 (1-25) 3.3(1-16)
(Q1Q3) §
Previous joint surgery (%) 4 (33) 23 (34)]
Age at inhibitor detection, median (Q;-Qs) 2.0 (1.0-8.0) NA
Allergic manifestation (%) 11 (92) 1(1.5)
Nephrotic syndrome (%) 3 (25) -
HIV positive (%) 1(8.3) 3 (4.5)
Unknown/not tested 2@17) 14 (21)
HCV status (%)
Never infected (Ab-/PCR-) 7 (58) 30 (45)
HCV positive (Ab+/PCR+) - 4(6.0)
Recovered infection (Ab+/PCR-) 3(25) 24 (36)
Unknown/not tested 2(17) 9 (13)

Numbers (%) or median (Q1, first quartile - Q3, third quartile). BMI, body mass
index. CVAD, central venous access device. HCV, hepatitis C virus. HIV, human
immunodeficiency virus. NA, not applicable.

The number of patients (n) is noted if it deviates from the total number: in = 11
(inhibitor), n = 65 (non-inhibitor), in = 9 (inhibitor), n = 48 (non-inhibitor), §n
= 11 (inhibitor), n = 60 (non-inhibitor), fn = 65.
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cases occurred before 20 exposure days (missing data n = 5). Eight (67
%) of the 12 patients with inhibitors were considered tolerant at study
enrollment by their treating physician and were treated with prophy-
lactic FIX replacement therapy, median dose 6638 IU/kg/year (Q1-Q3
4141-10,115). Four of these tolerant PwHB were on plasma-derived and
four on recombinant standard half-life products (SHL). The corre-
sponding consumption for those without inhibitor history was signifi-
cant lower with a median dose of 3406 IU/kg/year (Q1-Q3 2178-4583)
(p = 0.005). The four remaining patients with inhibitors had either on-
going ITI, prophylactic treatment with rFVIIa only or were on investi-
gational study drugs (two patients).

3.2. F9 variants and comparison to the EAHAD FIX Gene Variant
Database

The F9 variant was identified in 64 patients (81 %). In total, 42
different variants were found (Table 2). Thirty of the variants had been
reported previously in the FIX Gene Variant Database. All but one of the
F9 variants identified were classified as ‘pathogenic’ according to the
ACMG classifying system. The remaining variant (c.253-12_253-3del-
TATTCTTTAT) was classified as ‘likely pathogenic’. Null variants
defined as nonsense variants, frameshift outside poly-A runs, large
structure deletions, and splice-site mutations involving conserved nu-
cleotides were seen in 33 patients (42 %), nine of whom had an inhibitor
history. The distribution of variants is presented in Fig. 1 and demon-
strates a higher occurrence of large structure deletions of 10 % in the B-
NORD cohort (persons with unknown variants are excluded from the
calculation), compared to 4.8 % in the FIX Gene Variant Database.
Table 3 shows the genetic variants divided by country. As shown in
Fig. 2, the frequency of inhibitor development by variant effect was 71 %
(5/7) for large structure changes, 17 % (1/6) for frameshift, 15 % (3/20)
for nonsense and 12 % (3/26) for missense variants. No PwWHB with
splice or in-frame variants had an inhibitor history.

Out of the 12 inhibitor patients, nine had a null F9 variant. Inter-
estingly, two brothers in the study had the F9 variant ¢.316G > A and
both had developed inhibitors despite the fact that this variant is re-
ported 74 times in the FIX Gene Variant Database without any previ-
ously reported inhibitor cases. Six patients had the large structure
deletion g.(?_139530767)_(139562071_?)del, and all but one developed
inhibitors. The one patient with this large structure deletion but no in-
hibitors started prophylaxis at the age of 19 years and has since been on
prophylaxis with SHL FIX for >40 years.

3.3. Immune tolerance induction

At study enrollment, all but one of the PwHB with inhibitors either
were on ongoing ITI or had completed at least one attempt. Detailed
information on all 22 ITI attempts performed over the years in the 11
patients is presented in Table 4 and Fig. 3. All but one of the ITI attempts
were based on daily administration of factor products with doses of
60-250 IU/kg. No difference could be seen in dosing between successful
or non-successful ITI attempts. Out of the 22 attempts, one was ongoing
at study start, four (19 %) of the completed attempts were considered
successful by the treating physician, four (19 %) were considered
partially successful and 13 (62 %) were considered unsuccessful. The
shortest time to a successful ITI was 3 months. In total, 10 patients had
finished at least one ITI attempt, and eight (80 %) of these were
considered tolerant at enrollment. All four patients with partially suc-
cessful ITI attempts were thus considered tolerant by their treating
physician at the time of enrollment in the study and were treated with
FIX prophylaxis. However, the definitions used of partial success,
normal recovery and half-life differed between the cases. Two of the
PwHB considered partially tolerized had a low-titer inhibitor, but were
treated successfully with FIX products, and two patients had a negative
inhibitor titer, yet without a normal recovery or half-life.

As shown in Table 4, the F9 variants in the four PwHB having a
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Genetic variants in the FIX gene found in the B-NORD cohort. No. of inhibitor patients specified in parenthesis.

Variant type Variant effect Domain Coding DNA} Proteinf No. (with No. in the FIX Variant
inhibitors) Database* (with inhibitors)
Substitution Missense Protease ¢.1304G > A p-(Cys435Tyr) 3 18
c.1145G > A p.(Cys382Tyr) 1 8
c.1237G > A pGly413Arg 1 7
€.1052G > A p.(Gly351Asp) 1 3
c.1058 T > G p-(Val353Gly) 1 3
¢.1295G > T p-(Gly432val) 1 2
c.799C>T p-(His267Tyr) 1 2
¢.1025C > A p.(Thr342Lys) 1 2
c.1289G > T p-(Ser4301le) 1 1
¢.1069G > C p.(Gly357Arg) 1M -
¢.893G > C p-(Arg298Pro) 1 -
c.982A > T p-(Asn328Tyr) 1 -
c.998C>T p-(Pro333Leu) 1 -
EGF1 c.316G > A p-(Gly106Ser) 22 74
c.316G > T p.(Gly106Cys) 1 2
EGF2 c.464G > C p.(Cys155Ser) 1 3
c400T > A p-(Cys134Ser) 1 -
Pro- c127C>T p-(Arg43Trp) 2 65
Peptide
Linker 533G > T p.(Cys178Phe) 2 3
Gla c.251C > G p-(Thr84Arg) 1 1
Act- c.676C > T p.(Arg226Trp) 1 44
Peptide
Nonsense Protease c.880C > T p.(Arg294*) 5() 70 (4)
c.1135C > T p-(Arg379%) 4 65
c.892C > T p-(Arg298*) 2 63 (1)
c.719G > A p-(Trp240%) 2(2) 7 1)
c.709C > T p-(GIn237%) 1 4 (1)
c1305T > A p.(Cys435%) 1 -
EGF2 c.484C > T p.(Argl62+%) 3 22
Linker ¢.535G > T p.(Gly179%) 1 1
Gla c.223C>T p-(Arg75%) 1 73 (8)
Spliceq N/A ¢.392-1G > C N/A 1 4
Deletion Frameshift Protease ¢.969 975del p-(Pro324Cysfs*2) 1) -
¢.815delG p.(Gly272Valfs*25) 1 -
¢.1295delG p-(Gly432Valfs*6) 1 -
Gla ¢.229delG p-(Val77Phefs*27) 1 1
¢.161_162del p-(Glu54Valfs*7) 1 -
Act- c.668delA p-(Asp223Alafs*22) 1 1
Peptide
Large Structure 8.(?_139530767)_(139562071_?) p.0 6 (5) 60 (21)
Change (>50 bp)§ del
g.(?_139530767)_ p.0 1 2
(139551238_139560770)del
Splicey N/A €.253-12_253-3delTATTCTTTAT N/A 1 1
In-frame Protease ¢.689_691delGAG p-(Gly230del) 1 7
Duplication In-frame EGF1 ¢.353_358dup p. 0
(Cys119_Pro120insArgCys)
No variant 3
found
Missing data 12

No., number of patients. *Accessed on 2021-03-05.:{NM_000133.3. INP_000124.1, ING_0079994.1 §NC_000023.11.

successful ITI included one large structure deletion, one frameshift
deletion, one nonsense substitution and one missense substitution. The
F9 variants in the four patients with partially successful ITIs, but later
tolerant after additional factor IX treatment, included one large struc-
ture deletion, two nonsense substitutions and one missense substitution.
Finally, the two patients not tolerant at enrollment carried a large
deletion and a missense substitution, respectively. In summary, no
correlation between ITI outcome and type of underlying F9 variant was
seen in our cohort.

Two of the PwHB with a successful ITI had high-responding in-
hibitors. However, all of the successful attempts started with a titer <5
BU/mL. The inhibitor titer at the start of ITI was overall low with a
median value of 2.1 BU/mL (Q1-Q3 0.93-12). The corresponding figures
for ‘successful’, ‘partially successful’ and ‘not successful’ were 0 BU/mL
(Q1-Q3 0-2.0), 1.5 BU/mL (Q1-Q3 0.53-11) and 5.7 BU/mL (Q1-Q3
1.2-18), respectively (p = 0.18).

The ITI regimens are provided in Table 4. Immunosuppression was
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included in three of the four successful ITIs and in all of the partially
successful attempts. Six (46 %) of the failures included immunosup-
pression. Among the four successful attempts, one was considered
tolerant after the first ITI attempt, one after the second, one after the
third and one after the sixth ITI attempt. Recombinant factor products
were used in two (50 %) of the successful, one (25 %) of the partially
successful and in one (8 %) of the unsuccessful attempts.

3.4. Allergic reactions and nephrotic syndrome

Eleven (92 %) of the PwHB and inhibitors were reported to have
experienced allergic manifestations towards FIX compared to only one
(1.5 %) of the PwHB without inhibitors (Table 1). In five (42 %) in-
hibitor patients, the allergic reaction was reported as anaphylaxis. All of
these patients had a high-titer inhibitor. In four of these patients, the F9
variants were null variants (two large deletions, one frameshift deletion,
one nonsense substitution) and in one case a missense substitution. The
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Fig. 1. Genetic variants. Genetic variants by variant type (inner circle) and variant effect (outer circle) in the B-NORD cohort and in severe hemophilia B in the FIX
Gene Variant Database. For comparison, missing data is excluded from the B-NORD cohort.

26



K. Kihlberg et al.

Table 3

Thrombosis Research 217 (2022) 22-32

Genetic variants divided by country. No. of inhibitor patients specified in parenthesis.

Country Variant effect
No. (with inhibitors)
Missense Nonsense Large structure change Frameshift In-frame Splice No variant found Missing data
Sweden 16 (3) 14 (3) 7 (5) 51 - 2 - 2
Norway 7 4 - 1 - 3 -
Finland 3 2 3 1
Denmark 9

No., number of patients.

Inhibitor
frequency
80%

70%

60%

50%

40%

30%

20%

10% |

0%

1%

0%

Large Frameshift Nonsense Missense

structure
change

Splice,
In-frame

Fig. 2. Frequency of inhibitor development by gene variant effect.

remaining seven inhibitor patients reporting allergic manifestations, but
no anaphylaxis, all experienced skin rash with/without additional
symptoms. In six patients, the allergic reactions occurred after inhibitor
detection, in three cases before and in two patients the onset of allergic
reaction in relation to inhibitor development was not reported. The one
patient with allergic symptoms in the absence of inhibitor history car-
ried a nonsense substitution (FIX: ¢.892C > T; p.Arg298*), which is
reported 63 times in the FIX Gene Variant Database, one of these with an
inhibitor.

Nephrotic syndrome was reported in three (25 %) of the 12 inhibitor
patients and in none of the PwWHB without inhibitors (Table 1). In all
three cases, the nephrotic syndrome was diagnosed after inhibitor
detection, and in two cases, the nephrotic syndrome was diagnosed
during ITI and contributed to the interruption of the ITI. Two of the
PwHB and nephrotic syndrome were not considered tolerant at study
enrollment. The genetic F9 variants in association with nephrotic syn-
drome include one large structure deletion, one nonsense substitution
and one missense substitution (Table 4).

3.5. Non-neutralizing antibodies

Samples from 53 (67 %) of the PwHB were collected and analyzed
using the ELISA method and in 48 cases also with the xFLI assay
(Table 5).

Samples from all 12 patients with a history of inhibitors were tested
with ELISA and 10 of them also with the xFLI assay. The only two
samples with a positive Bethesda titer (3 BU/mL and 0.4 BU/mL,
respectively) were also positive in both immunoassays. No consistent
findings for NNA were obtained in any of the remaining samples. In two
cases, however, both negative in the xFLI assay, results were initially
positive in the ELISA assay. On retesting, the ELISA assay was negative
in one and borderline positive (4.2 SDs above mean) in the other case.

Among the samples from non-inhibitor patients, no consistent find-
ings of NNA were observed. In four cases, the outcome of the two assays
was initially discrepant, with the ELISA assay positive in three cases and
the xFLI assay positive in one sample. In none of the cases, could re-
testing confirm the presence of NNA. Altogether, the concordance
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between the two immunoassays was 87.5 %.
4. Discussion

This Nordic study of persons with severe HB reveals a relatively high
proportion of severe F9 gene defects and a high prevalence of inhibitors.
Our study also illustrates the unpredictable challenges, but also possi-
bilities, in the management of PWHB and inhibitors.

A prevalence of 15 % of persons with a history of inhibitors in our
Nordic HB population is relatively high compared to many other pub-
lished reports. Our cohort was, however, restricted to severe HB patients
and the inhibitor figure is consistent with the Swedish data previously
reported [26], and not dissimilar from that reported recently for the
severe subgroup of PWHB in the PedNet Registry [7]. Admittedly, not all
persons with severe HB registered at the HTCs were enrolled in our
study. The inhibitor prevalence would, however, still be at least 11 %, if
the entire severe HB population was included, indicating that inhibitor
development in the severe HB population is a significant problem.
Importantly, the prevalence of severe gene defects, i.e. large deletions
and nonsense variants, is also relatively high, which we believe to be the
main explanation for the observed prevalence of inhibitors. The variant
distribution in the B-NORD cohort is otherwise largely in agreement
with the FIX Variant Database (Fig. 1).

Out of 11 patients having at least one ITI attempt, only one patient
had ITI ongoing at study enrollment, with a duration of 2 months. Eight
of the remaining 10 patients were considered tolerant at enrollment.
This makes a total success rate of 80 % and indicates that tolerance may
be achievable for the majority of PwHB and inhibitors. Interestingly,
four (40 %) of these patients were considered only partially tolerized
after their final ITI, but tolerant with additional long-term FIX replace-
ment. This indicates that tolerance may be achieved with continuous
exposure of the deficient factor for bleed prevention. Importantly, the
criteria for ITI success and tolerance were determined by the individual
physician in our study and the lack of well-defined established defini-
tions of ITI success, and tolerance in HB complicates the comparisons of
the outcome of various ITI attempts as well as the evaluation on treat-
ment duration and when tapering of the dose is suitable.

Five patients had at least one ITI failure before an attempt leading to
success or partial tolerance, which indicates, in line with recently pub-
lished data [27], that ITI success can be attained despite previous ITI
failures and that more than one ITI attempt can be considered in PwHB.
We could not identify any favorable or unfavorable F9 variant on the ITI
outcome and no difference in outcome for plasma-derived or recombi-
nant products. In this context, it is important to highlight that no
extended half-life (EHL) products were used. In seven out of eight (88 %)
successful or partially successful ITI attempts, immunosuppression was
included in the regimen. In three of these attempts a combination of
rituximab, intravenous immunoglobulin (IVIG), dexamethasone and
mycophenolate, in line with the Beutel protocol [8], was used and in
four cases a combination of cyclophosphamide and IVIG. In two of these
latter cases, corticosteroids were used in addition. Only one case of ITI
success was achieved without immunosuppression. This was in a patient
with a missense substitution in the F9 gene and a low-responding in-
hibitor and the treating physician reported doubting the clinical
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Table 4
Detailed data on immune tolerance induction attempts.
ID Genetic Age at Tolerant at Peak Allergic Nephrotic ITI Age at Titer ITI regimen§ ITI success?
variant inhibitor enrollment titer symptoms syndrome attempt  ITI at (time to
detection (BU) (years) start success or
(years) of ITI termination)
(BU)
1 c.-29-? 9 N 129 Y N 1. 14 129 PD non-monoclonal On-going
_1386+?del antibody purified SHL

(NanoFIX)(68 IU/kg once
daily) On-going, duration
2 months at study
enrollment
2 c.-29-? 1 Y 2.7 Y N 1. 3 2.4 PD non-monoclonal N (57 months)
_1386-+?del antibody purified SHL
(Nanotiv) (88 IU/kg twice
daily)
IVIG, Dexamethasone/
Betamethasone,
Mycophenolate
2. 14 1.7 Recombinant SHL PT (42
(BeneFIX) (91 1U/kg twice months)
daily)
Rituximab, IVIG,
Dexamethasone,
Mycophenolate
3 c.-29-? 1 N 61 Y Y 1. 0.5 MD PD non-monoclonal N (1 day)**
_1386-+?del antibody purified SHL
(Nanotiv) (100 IU/kg
daily)
2. 2 MD PD non-monoclonal N (35 months)
antibody purified SHL bl
(Nanotiv) (80 IU/kg daily)
IVIG
4 c.-29-? 1 Y 28 Y N 1. 1 1.2* PD non-monoclonal N (3 months)
_1386+?del antibody purified SHL
(Nanotiv) (100-200 IU/kg
2-3 times per week)
2. 2 9.0* PD monoclonal antibody N (25 months)
purified SHL (Mononine)
(35 IU/kg 3 times per
week, after 20 months
increased dose to 105 IU/
kg daily)
3. 19 <0.4 Recombinant SHL Y (6 months)
(BeneFIX) (65 1U/kg twice
daily, tapering of the dose
after 1 month)
Rituximab, IVIG,
Dexamethasone,
Mycophenolate
Simultaneous
implantation of venous
access catheter
5 c.719G > A 2 Y 2.2 Y Y 1. 1 1.0 Recombinant SHL N (36 months)
(BeneFIX) (60 1U/kg daily) bl
2. 4 <0.4 Recombinant SHL Y (3 months)
(BeneFIX) (86 1U/kg twice
daily)
Rituximab, IVIG,
Dexamethasone,
Mycophenolate
6 c.719G > A 16 Y >300* Y N 1. 53 1.2* PD monoclonal antibody PTY1 (40
purified SHL (Mononine) days)
(35 IU/kg 4 times daily,
after 15 days tapering of
the dose)
Cyclophosphamide,
Hydrocortisone, IVIG
7 ¢.316G > A 2 N 40 Y Y 1. 2 1.8* PD monoclonal antibody N (15 months)
purified SHL (Mononine)
(110 IU/kg daily)
IVIG, Cyclophosphamide
8 c.316G > A 2 Y 1.9 N N 1. 4 0.3* PD monoclonal antibody PT (MD)
purified SHL (Mononine)
(93 1U/kg daily)
IVIG, Cyclophosphamide

(continued on next page)
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Table 4 (continued)

ID Genetic Age at Tolerant at Peak Allergic Nephrotic ITI Age at Titer ITI regimens§ ITI success}
variant inhibitor enrollmentf titer symptoms syndrome attempt  ITI at (time to
detection (BU) (years) start success or
(years) of ITI termination)
(BU)
9 c.880C > T 15 Y >300% Y N 1. 37 21* PD non-monoclonal N (10 days)

antibody purified SHL
(Preconativ) (total dose
69,000 IU during 10 days
x)
Plasmapheresis,
Cyclophosphamide
Simultaneous surgery of
elbow

2. 39 14* PD non-monoclonal PT (15
antibody purified SHL days){2
(Preconativ) (31 1U/kg/
dose 3-4 times daily)
Plasmapheresis,
Cyclophosphamide, IVIG
Simultaneous extraction of
eight teeth

10 ¢.1069G > C 5 Y 0.9 Y N 1. 1 <0.5 PD non-monoclonal Y (4 months)
antibody purified SHL
(NanoFIX) (71 1U/kg once
daily)
11 €.969_975del 5 Y >300* Y N 1. 10 0.9* PD non-monoclonal N (9 days)

antibody purified SHL
(Preconativ) (total dose
24,500 1U during 9 daysx)
IVIG
Simultaneous
straightening treatment of
knee

2. 10 150* PD non-monoclonal N (9 days)
antibody purified SHL
(Preconativ) (total dose
30,000 IU during 9 daysx)
Plasmapheresis, IVIG
Simultaneous
straightening treatment of
knee

3. 11 6* PD non-monoclonal N (8 days)
antibody purified SHL
(Preconativ) (one dose of
227 1U/kg, hereafter 45
1U/kg three times daily)
Cyclophosphamide, IVIG
Simultaneous surgery of
knee

4. 11 18* PD non-monoclonal N (8 days)
antibody purified SHL
(Preconativ) (total dose
71,000 IU during 8 daysx)
Plasmapheresis, IVIG,
Cyclophosphamide,
Hydrocortisone
Simultaneous treatment of
larger bleed

5. 12 5.7* PD non-monoclonal N (11 days)
antibody purified SHL
(Preconativ) (total dose
76,000 IU during 11 days
x)
Plasmapheresis, IVIG,
Cyclophosphamide,
Hydrocortisone
Simultaneous surgery of
knee, extraction of teeth
and injection therapy of
elbow

6. 13 2.7* PD non-monoclonal Y (3 months)
antibody purified SHL
(Preconativ) (one dose of
125 IU/kg, hereafter 33
1U/kg 2-6 times daily, day
14 tapering of the dose)

(continued on next page)
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Table 4 (continued)
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ID Genetic
variant

Age at Tolerant at
inhibitor enrollmentf
detection

(years)

Peak
titer
(BU)

Allergic
symptoms

Nephrotic ITI
syndrome

Age at Titer ITI regimen§ ITI success}
attempt ITI at (time to
(years) start success or
of ITI termination)
(BU)
IVIG, Cyclophosphamide,
Hydrocortisone
Simultaneous
straightening treatment of
knee

Y, yes. N, no. BU, Bethesda units. PT, partial tolerance. PD, plasma-derived FIX. SHL, standard half-life. IVIG, intravenous immunoglobulin. MD, missing data. *In-
hibitor titer measured and reported in MIU, Malmo inhibitor units, and recalculated to Bethesda units by multiplying by a factor of three. **Termination due to
anaphylaxis. ***Termination due to nephrotic syndrome. §In case of changed doses, the most intensive regimen is presented. Considered tolerant by the treating
physician. Assessed ITI success by the treating physician. xNo data on dose/kg and frequency could be collected from the medical journals. J1After 40 days considered
partially tolerant and transition to every other day prophylaxis. §2Termination of ITI after 15 days, considered partial tolerant since treatable with FIX-concentrate.

A .-29-7_1386+7del i
-
A €.-29-7_1386+7del @ @
LR — —
A ©.-29-7_1386+2del : O : O
N

. )—~o—e

c.719G>A
&

c.316G>A
-

(& )—=®

HR 9
A ¢.1069G>C
i LR |:¢> O

' = 0—=0—0—=0—0=0

S — 0—0—e

Study
enrolment*
potitolerant HR = high responding inhibitor
LR = low responding inhibitor
joleiant IS = immunosuppression

included in the regimen
R A = allergic reaction

N = nephrotic syndrome

= | O
@)
@

=Tl failure
= ITI partial success

Tolerant = |Tl success

Tolerant

Not tolerant

Tolerant

Tolerant

Tolerant

IRRRRRRRR

Tolerant

Fig. 3. Schematic illustration of immune tolerance induction attempts (ITI) in eleven persons with hemophilia B and inhibitors. Each line illustrates the ITI
experience of one patient and each circle represents an ITI attempt. *The treating physician reported whether the patient was considered tolerant or not at enrolment

in the study.

Table 5
Anti-FIX ELISA and xFLI results.

MD, missing data.
 Both samples were positive in Bethesda (3 BU/mL and 0.4 BU/

mL).
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relevance of the inhibitor. A successful use of immunosuppression is in
concordance to several previous reports of ITI in HB [8,9,27-33] and our
study further supports this approach; adding immunosuppression as a
first-line treatment should be considered in these patients. Interestingly,
one PwHB had five ITI failures before he became tolerant after the sixth
attempt. This attempt was mainly distinguished from the previous at-
tempts by a longer duration of 3 months, indicating that treatment
should not be terminated too early. The shortest time to a successful ITI
among our patients was 3 months.

All but one of the persons with inhibitors (92 %) had experienced
allergic manifestations towards FIX. This figure is high compared to that
of 60 % reported by the ISTH-SSC International FIX Inhibitor registry
[3], or that of 41 % in the recent B-NATURAL study [27]. This may be
due to the underlying F9 genetic profile in our cohort. Five patients had
experienced anaphylaxis; at enrollment, three of these were considered
tolerant. Different desensitization protocols have previously been
described [34,35] in attempts to overcome the allergic reactions to FIX.
Seven of the patients with inhibitors and allergic reactions in our study
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underwent some kind of desensitization therapy, four of these with a
reported successful or partly successful outcome. Desensitization regi-
mens have however not been the focus of the B-NORD study and
therefore no further details can be provided. Accordingly, allergic re-
actions to FIX complicate an ITI but they are not a definite predictor of
failure. The same reasoning applies to the development of nephrotic
syndrome. Out of the three PWHB who developed nephrotic syndrome,
one was considered tolerant at enrollment. In our, as well as in other
published cohorts, however, the combination of a high-titer inhibitor
together with the occurrence of both anaphylaxis and nephrotic syn-
drome seems to be associated with a poor prognosis for achieving
tolerance. Importantly, although anaphylaxis and nephrotic syndrome
predominantly occurred in patients with null variants, they were also
seen in one patient with a missense substitution.

The median factor consumption of 6638 [U/kg/year for the tolerized
inhibitor patients in our cohort is significantly higher than that reported
for the non-inhibitor patients and well above 4000 IU/kg/year, the level
of high-dose prophylaxis, defined by the WFH [2]. This raises the
question as to whether the high consumption reported may actually
indicate an unfavorable pharmacokinetic profile due to non-neutralizing
and/or small amounts of neutralizing antibodies not detectable with the
Nijmegen-Bethesda method. However, we did not find any evidence for
this when using both the ELISA and xFLI anti-FIX methods. The
concordance obtained between the ELISA and xFLI assays was high, but
we observed some discrepancies, mainly explained by a lack of repro-
ducibility of the ELISA assay in the low-titer range. The cut-off used in
each ELISA test-run is variable, since it is dependent on the normal
samples run in each test. The high coefficient of variation (CV) (>50 %)
for the positive control in the ELISA assay reflects this issue and indicates
the need for further validation of this assay or replacement with the xFLI
assay.

4.1. Strengths and limitations

Besides the relatively low number of inhibitor patients, which is a
concern in all studies of PWHB, the retrospective study design with the
extraction of data from medical records brings further limitations. A key
limitation is also the lack of consistent criteria for ITI success in HB. The
strengths of the study include the still relatively large study population
of PwHB with carefully defined F9 variants genotyped enrolled at HTCs
with a close collaboration and the common Nordic treatment guidelines
[36]. In addition, we have evaluated the presence of all types of anti-
bodies using both the Nijmegen-Bethesda assay and two different
immunoassays.

5. Conclusions

Our study reveals a high proportion of severe F9 gene defects among
persons with severe HB in the Nordic countries and a relatively high
frequency of inhibitors, but no evidence of NNA. Our data also indicate
that ITI success can be attained in PwHB despite previous ITI failures
independent of the type of F9 variant and that the addition of immu-
nosuppression to the regimen may enhance the chances of success.
Furthermore, our study supports the findings that allergic reactions as
well as the development of nephrotic syndrome complicate the clinical
management, but do not necessarily correlate with specific F9 null
variants.
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