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Patients/Methods: Non-severe hemophilia A patients (FVIII:C 2%-40%) were se-
lected from the INSIGHT study. Inhibitor-positive patients were defined as early (<50
EDs) or late (>50EDs) cases and matched to 1-4 inhibitor-negative controls by year of
birth, cumulative number of EDs, and center/country. We investigated treatment in-
tensity during the last 10 EDs prior to inhibitor development. Intensive treatment was
defined as: surgery, peak treatment (10 consecutive EDs), and high mean FVIII dose
(>45 IU/kg/ED). Odds ratios (OR) were calculated by logistic regression.

Results: Of 2709 patients, we analyzed 63 early and 26 late cases and 195 and 71 re-
spectively matched controls. Peak treatment was associated with early and late inhibi-
tor risk (crude OR 1.8, 95% confidence interval [Cl] 1.0-3.4; 4.0, 95%Cl 1.1-14.3). This
association was slightly less pronounced after adjustment for mean FVIII dose. High
mean FVIII dose was also associated with early and late inhibitor risk (crude OR 2.8,
95%Cl 1.5-5.1; 4.5, 95%Cl 1.2-16.6). Surgery increased inhibitor risk for early cases.
This was less pronounced for late cases.

Conclusions: Our findings suggest that intensive FVIII treatment remains a risk fac-
tor for inhibitor development in non-severe hemophilia A after more than 50 EDs.

Therefore, persistent caution is required throughout the life-time treatment course.

KEYWORDS

1 | INTRODUCTION

Hemophilia Ais an X-linked hereditary bleeding disorder, caused by a
decrease of functional clotting factor VIII (FVIII). The severity of dis-
ease depends on the residual FVIII activity.”? Patients with severe
disease (FVIII activity < 1 IU/dL) experience spontaneous joint and
muscle bleeds and require prophylactic FVIII treatment.®* Patients
with non-severe hemophilia A (FVIII activity 1-40 IU/dL) bleed less
frequently and do not usually present with spontaneous bleeds.
They receive on-demand treatment to prevent or treat bleedings
elicited by trauma or surgery.5

The development of neutralizing anti-FVIIl antibodies (inhibitors) is
the most severe complication of treatment with FVIII concentrates, oc-
curring in 25% to 40% of patients with severe hemophilia A and in 3%
to 13% of patients with non-severe hemophilia A.%? Inhibitors neutral-
ize the biological activity of therapeutic FVIII and render replacement
therapy ineffective, thereby increasing morbidity and mortality.1°*?

In severe hemophilia A, the risk of inhibitor development strongly
depends on the cumulative number of exposure days (EDs) to FVIII con-
centrates. In inhibitor patients with severe hemophilia A, most patients
develop inhibitors early in life during the first 10 to 15 exposures to
FVIIl concentrate. The inhibitor risk decreases to less than 1% after 50
cumulative EDs.8*3* |n inhibitor patients with non-severe hemophilia
A, the median cumulative number of EDs until inhibitor development
is 28 and 69% of patients develop inhibitors before the 50th ED. In
contrast to severe hemophilia A, patients with non-severe hemophilia
A carry a life-long risk of inhibitor development, as in these patients no
reduction in inhibitor risk is seen during the lifetime treatment course.™

anti-drug antibody, factor VIII, hemophilia A, inhibitor, risk factors

Essentials

e Patients with non-severe hemophilia A have a life-long
risk of inhibitor development.

e We performed an international case-control study in
355 non-severe hemophilia A patients.

e Intensive treatment increased inhibitor risk, independ-
ent of preceding number of factor VIII exposures.

e Persistent clinical vigilance is required to mitigate inhibi-
tor risk in non-severe hemophilia A.

Although the exact etiology of inhibitor onset is not yet fully un-
derstood, multiple genetic and environmental risk factors have been
identified.2*® Knowledge of risk factors is of utmost importance,
because it enables us to identify high-risk patients and provides the
opportunity for preventive measures. Based on previous research,
intensive FVIII treatment is considered an important risk factor for
inhibitor development, especially when tissue damage due to severe
bleeding, infection, or surgery, is present.®* The interplay of in-
tense FVIII treatment and tissue damage may be explained by the
danger theory. This theory states that FVIII protein by itself is not
enough to elicit inhibitor formation and that substances released by
damaged tissue (danger signals) are required to elicit an effective anti-
FVIII immune response.20

This is in line with the results of a previous case-control study that
was conducted in the INSIGHT cohort-a large population including
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2709 patients with non-severe hemophilia A (FVIII activity 2-40 1U/
dL) who received at least one exposure to FVIII concentrate between
1980 and 2011 in 1 of the 34 participating hemophilia treatment cen-
ters in Europe and Australia.

The case-control study demonstrated that both surgical interven-
tion (adjusted odds ratio [aOR] 4.2, 95% confidence interval [CI] 1.7-
10.3) and a high mean dose (>45 1U/kg/ED) of FVIII concentrate (aOR
7.5, Cl 1.6-35.6) were associated with inhibitor development in pa-
tients with non-severe hemophilia A. However, this study exclusively
included patients that developed inhibitors early during the treatment
course (before 75 EDs): the median cumulative number of EDs prior
to inhibitor development was 25 (interquartile range [IQR], 12-40
EDs).18 Therefore, the question remains whether intensive FVIII treat-
ment also contributes to an increased inhibitor risk in patients who
already received more than 50 exposures to FVIII concentrates.

In this case-control study, we present the data of all inhibitor pa-
tients included in the INSIGHT cohort. We aimed to investigate the
association between the intensity of FVIII treatment and inhibitor de-
velopment, and to assess whether this association was different for
early inhibitor development (during the first 50 EDs) and late inhibitor
development (after 50 EDs).

2 | METHODS

2.1 | Patients

This case-control study was conducted in the large non-severe hemo-
philia A population (FVIII baseline activity 2-40 1U/dL) of the previously
described INSIGHT cohort.>*¢ All patients had received at least one ex-
posure to FVIII concentrate in 1 of the 34 participating centers in Europe
and Australia, between 1 January 1980 and 1 January 2011. Approval
was obtained from every center's institutional review board and the

study was conducted in accordance with the Declaration of Helsinki.

2.2 | Studyoutcome

The primary outcome of the study was clinically relevant inhibitor devel-
opment, defined as at least two consecutive positive Bethesda inhibitor
assay titers of 21.0 Bethesda units (BU) per ml. Patients with inhibitor
titers between 0.6 and 1.0 BU/mL had to fulfill one of the following two
criteria to be considered as having a clinically relevant inhibitor: (1) a de-
crease in endogenous FVIII plasma level to at least 50% of the baseline
level or (2) a reduced half-life of <6 h after FVIII concentrate administra-
tion.r A high titer inhibitor was defined as a peak titer 5.0 BU/mll.

2.3 | Cases and controls

Patients with inhibitor development were identified as cases. Patients
who developed inhibitors during the first 50 exposures to FVIII were
defined as early inhibitor patients. Patients who developed inhibitors

jth L2

after 50 EDs were defined as late inhibitor patients. Each case was
matched to 1 to 4 inhibitor-negative controls by year of birth (+10 years),
cumulative number of EDs to FVIII concentrates, and center or coun-
try. Controls of cases received at least the same number of cumulative
EDs as the case to which they were matched. For cases, the end of the
observation period was defined as the last ED before inhibitor develop-
ment. For controls, the end of the observation period was at a similar

number of EDs as the case to which they were matched.

2.4 | Data collection

Detailed demographic and clinical data were collected from medical
records using standardized electronic case report forms. Patient data
included: year of birth, ethnicity, F8 genotype, baseline FVIII activity
level, and family history for inhibitor development. Treatment data
were collected for the first FVIII exposure and the last 10 EDs until
the end of the observation period and included: calendar date of each
exposure day, reason for treatment, and FVIII dose. The reason for
treatment was classified as: surgery, hemorrhage (traumatic or spon-

taneous), and other (i.e., prophylaxis).

2.5 | Determinants
The intensity of FVIII treatment was analyzed as surgery, peak treat-
ment, and mean dose of FVIII product in the last 10 cumulative EDs

of the observation period.

251 | Surgery

We evaluated whether patients received at least one ED for surgery
in the last 10 EDs. Surgical procedures were classified as major or
minor depending on whether the duration of FVIII treatment was
more or less than 5 consecutive EDs.?

2.5.2 | Peaktreatment
We defined a peak treatment moment as 10 EDs to FVIII concen-
trate within a period of less than 15 calendar days.

2.5.3 | Mean FVIll dose

We calculated the mean FVIII dose per kilogram (kg) bodyweight over
the last 10 EDs. High FVIII dose was defined as a mean FVIII dose of
more than 45 |U/kg/ED. Low dose was defined as a mean FVIII dose of
45 1U/kg/ED or less. The cut-off for high versus low dose factor replace-
ment was based on the results of the earlier case-control study in the
INSIGHT cohort, demonstrating that a mean dose higher than 45 U/
kg/ED of FVIII concentrate was associated with inhibitor development
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in patients with non-severe hemophilia A that developed their inhibitor
early (<75 EDs).*®

2.6 | Data analysis

Descriptive statistics are presented as medians and IQRs for continuous
variables and frequencies and percentages for categorical variables. To
investigate the association between determinants and inhibitor develop-
ment, we used an unconditional logistic regression model and adjusted
for the matching factors that may influence the risk of inhibitor develop-
ment: year of birth in four categories (<1945; 1945-1964; 1965-1987;
>1987) and cumulative number of EDs in four categories (1-19; 20-50;
51-99; >100).2?2 The analysis was performed separately in two groups:
(1) early inhibitor patients versus matched controls and (2) late inhibitor
patients versus matched controls. Each determinant was adjusted for
one predefined confounder: surgery was adjusted for age at last ED, peak
treatment for mean FVIII dose, and mean FVIII dose for peak treatment.
Results are presented as crude odds ratio (crude OR; adjusted for match-
ing factors) and aOR (adjusted for matching factors and the predefined

confounder).

2.7 | Missing data

If the exact calendar date of an exposure day was missing, we un-

conditionally imputed the missing date with the median between

the treatment date before and after the missing date (<1%). Missing
data for the reason for treatment were replaced with the reason for
treatment of the ED that appeared one calendar day before or after
the missing item (2%). All other missing values for reason of treat-
ment were unconditionally imputed with “traumatic bleed,” assum-
ing that this is the most probable reason of treatment in patients
with non-severe hemophilia A (4%). If the FVIII dose was missing,
we replaced the missing item with the average FVIII dose that was
given for that specific treatment indication in that specific center
(14%). To calculate the FVIII dose per kg, we imputed the weight of
these patients on each ED, according to age-weight statistics (for
adults) and growth curves (for children; Centraal Bureau voor de
Statistiek; Royal College of Paediatrics & Child Health; Australian
Paediatric Endocrine Group; McDowell et al.,, 2008; Australian
Bureau of Statistics, 2012; Destatis Statistisches Bundesamt, 2013;
Food & Agriculture Organization of the United Nations, 2015).18

3 | RESULTS

3.1 | Patient characteristics

In this case-control study, 355 patients were included, for whom de-
tailed data of the last 10 cumulative EDs of the observation period
were available. An overview of the patient inclusion is illustrated in

Figure 1.

INSIGHT cohort
N =2709

/

Inhibitor patients
N = 107 (4%)

Excluded N=3 |
Cum ED unknown J

N =104

|
( Inhibitor patients }

Follow-up data unavailable

Excluded N = 15 w

N
Non-inhibitor patients
N = 2602 (96%)

N =333

[ Matched controls

Excluded N =67

Follow-up data unavailable

N =355

N =63*

Included patient cohort
[ N =26*

Early inhibitor patients } [ Late inhibitor patients

Early control patients Late control patients
N =195 N=71

FIGURE 1 Flowchart of patient inclusion. ED, exposure day; Early inhibitor patients: <50 EDs prior to inhibitor development; Late
inhibitor patients >50 EDs prior to inhibitor development. From the INSIGHT cohort (N = 2709), 104 inhibitor patients and 333 matched
controls were selected. Of these patients, 15 inhibitor patients and 67 controls were excluded because only baseline data were available (no
data on exposure days). In this study, 355 patients were included on whom detailed data on the last 10 cumulative EDs were available. *In
the early inhibitor group (n = 63), 36 (57%) patients had a high-titer inhibitor. In the late inhibitor group (n = 26), 13 (50%) patients had a high-

titer inhibitor
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3.1.1 | Baseline characteristics

Early inhibitor patients and controls had a comparable median year of birth
(1961 vs. 1964). Late inhibitor patients appeared to be older (median year
of birth: 1958) than controls (median year of birth: 1976; Table 1). Median
baseline FVIII was largely similar in all groups. Yet, there were more pa-
tients with moderate hemophilia in the late control group than in the late
inhibitor group (42% vs. 27%). In inhibitor patients, F8 gene mutations
were predominantly located in the C1 domain while in controls, F8 gene

mutations were predominantly located in the A2 domain (Figure 2).

3.1.2 | Inhibitor characteristics

Early inhibitors developed after a median of 18 (IQR 11-30) cumulative
EDs and late inhibitors developed after a median of 75 (IQR 68-97)
cumulative EDs. The peak inhibitor titer was comparable in early and
late inhibitor patients (median 7.0 [IQR 2.0-32.0]; median 5.2 [IQR 1.3-
19.3] 1U/dL, respectively). The clinical phenotype of the inhibitor was
also comparable in early and late inhibitors—about half of the patients
had a decrease of FVIII activity level and more than 90% had an in-

creased bleeding tendency during the inhibitor period (Table 2).

3.2 | Treatment characteristics

Overall, both early and late cases were treated more intensively than
controls (Table 3).

3.2.1 | First exposure day

Overall, inhibitor patients were older at first treatment than controls
and were treated more often for surgery (Table 3).

3.2.2 | Surgery in the last 10 exposure days

Inhibitor patients were treated more often for surgery than controls

in the last 10 cumulative EDs: early inhibitor patients versus controls

TABLE 1 Patient characteristics

jth L2

([59% vs. 44%)] and late inhibitor patients versus controls [46% vs.
25%]; Table 3). The aOR for surgery was increased for early inhibitor
development (1.8, 95% Cl 1.0-3.3). For late inhibitor development
this was less pronounced (aOR 1.5, 95% Cl 0.5-4.5; Table 4).

3.2.3 | Peaktreatment in the last 10 exposure days

Inhibitor patients received peak treatment more frequently than con-
trols in the last 10 EDs (early inhibitor patients vs. controls [37% vs.
24%) and late inhibitor patients vs. controls [31% vs. 8%]; Table 3). In
both early and late inhibitor development, peak treatment moments
were associated with an increased risk of inhibitor development (crude
OR 1.8,95% CI 1.0-3.4 and 4.0, 95% Cl 1.1-14.3). This association was
slightly less pronounced after adjustment for mean FVIII dose (aOR
1.6,95% C1 0.8-3.0 and 3.3, 95% CI 0.8-13.1; Table 4).

3.2.4 | High mean FVIIl dose in the last 10
exposure days

Inhibitor patients were treated more often with a high mean FVIII
dose compared to controls in the last 10 EDs (early inhibitor patients
vs. controls [44% vs. 23%] and late inhibitor patients vs. controls
[27% vs. 11%]). A high mean FVIII dose was associated with both
early and late inhibitor risk (crude OR 2.8, 95% Cl 1.5-5.1 and 4.5,
95% Cl 1.2-16.6). After adjustment for peak moments, the aOR for
early inhibitor development was similar (2.7, 95% CI 1.4-4.9). FVIII
dose could not be adjusted for peak treatment in the late inhibitor
group, as all control patients that were treated with a high FVIII dose
did not receive a peak treatment in the last 10 EDs (Table 4).

4 | DISCUSSION
4.1 | Summary of results
In this case-control study, including 355 patients with non-severe he-

mophilia A, we investigated treatment-related risk factors for inhibitor

development and assessed whether these risk factors were different

Late control

Characteristics

Year of birth (IQR)

Early inhibitor patients

(n=63)
1961 (1940-1989)

Early control patients

(n=195)
1964 (1943-1987)

Late inhibitor patients

(n = 26)
1958 (1943-1981)

patients (n = 71)
1976 (1950-1989)

FVIII:C baseline (1U/dl) 8.0 (5.0-14.0) 8.0 (4.0-14.0) 7.0 (4.0-11.5) 5.0 (3.0-12.0)
Moderate hemophilia (%) 12 (19) 50 (26) 7 (27) 30(42)
Caucasian ethnicity (%) 56 (89) 187 (96) 26 (100) 70(99)
Family history inhibitors (%) 7 (11) 3(2) 1(4) 1(1)
Unknown (%) 22 (35) 57 (29) 11 (42) 20 (28)

Note: Values are presented as medians (IQR) or as numbers (%).

Abbreviations: FVIII, factor VIII; IQR, interquartile range.
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Early inhibitor patients (n = 63)

(@)
14%
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’ \%
~.%!
c1 2%
29%
A2
A3 19%

Late inhibitor patients (n = 26)

Cc2
11%
31%
A
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-
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Controls (n = 195)
c2 B
5% / 1%
C1 /
8% "'
A3
10% UK
43%
A2
2 D
Al
12%
Controls (n=71)
c2
9%
P\
11%
UK
42%
A3
6%

-

Al
14%

FIGURE 2 Distribution of F8 genotypes. The four graphs illustrate the distribution of F8 genotypes on the A1-3, C1-2, and B domains of

the FVIII protein in cases and controls. Abbreviations: UK, unknown

for early inhibitor development (during first 50 EDs) and late inhibitor
development (after 50 EDs). The most important finding of this study
was that both early and late inhibitor patients were treated more in-
tensively than matched controls prior to inhibitor development, with
respect to surgery, peak treatment, and high mean FVIII dose.

4.2 | Strengths and limitations
The unique, large, and unselected INSIGHT cohort provided the first
opportunity to study the risk factors for late inhibitor development
in non-severe hemophilia A. Detailed patient data for each exposure
to FVIII concentrates enabled matching and adjustment for the influ-
ence of predefined confounders.

As aresult of the retrospective design of the study and the large
follow-up period, our analysis was limited to the last 10 EDs prior to

inhibitor development. Therefore, the influence of earlier risk fac-
tors could not be investigated. However, it is likely that the char-
acteristics of the last exposures prior to inhibitor development are
more important than exposures much earlier in life, when investigat-
ing the risk of inhibitor development.

Due to the natural course of non-severe hemophilia A and in-
frequent exposure to FVIII concentrates, only a small proportion
of the INSIGHT cohort had received more than 50 FVIII expo-
sures. Therefore, it was challenging to find well-matched controls
for the late inhibitor patients. Consequently, late inhibitor patients
were older than their respective controls. To rule out confounding
by calendar effect we adjusted for year of birth and still found a
positive association between intensive treatment and late inhibitor
development.

Our cohort also included patients born before FVIII treatment
was available. Therefore, in patients born before the 1980s, the time
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TABLE 2 Characteristics of inhibitor
patients

TABLE 3 Treatment characteristics

Characteristics

First exposure day
Year of first treatment (IQR)
Unknown (%)
Age at first treatment, years (IQR)
Unknown (%)
Reason for first treatment (%)

Surgery

Hemorrhage (traumatic, spontaneous)

Other (prophylaxis, testing)
Unknown
Last 10 cumulative exposure days
Year of last ED (IQR)
Age at last ED, years (IQR)
Interval of last 10 cum EDs, days (IQR)
Surgery (%)
Major surgery (%)
Peak treatment (%)
Mean FVIII dose (IU/kg)
Mean FVIII dose >45 [U/kg/ED (%)

Characteristics

Year of birth (IQR)

Year of inhibitor development (IQR)

Age at inhibitor development, years (IQR)

Cum EDs until inhibitor development (IQR)

Early inhibitor
(n=63)

1961 (1940-1989)
2002 (1997-2006)
35.9 (11.3-61.3)
18 (11-30)

Cum EDs until inhibitor development in categories (%)

1-9
10-29
30-49
50-74
75-100
>100

Peak inhibitor titer (BU/dI)

High-titer inhibitor (%)

Increased bleeding tendency (%)

Decreased baseline FVIII activity level (%)

Unknown

Decrease of FVIII activity level <1% (%)

Unknown

14 (22)
33(52)
16 (25)

7.0 (2.0-32.0)
36(57)
60 (95)

jth L2

Late inhibitor

(n = 26)

1958 (1943-1981)
2002 (1998-2007)
45.9 (19.0-62.2)
75 (68-97)

12 (46)

8(31)

6(23)
5.2(1.3-19.3)
13 (50)

24 (92)

12 (46)

5(19)

4(15)

5(19)

Note: High-titer inhibitor 25 BU/ml. Values are presented as median (IQR) or as number (%).

Abbreviations: BU, Bethesda unit; cum EDs, cumulative number of exposure days; FVIII, factor VIII;

IQR, interquartile range.

Early inhibitor patients

(n=63)

1996 (1980-2000)
15 (24)

23 (6-42)

15 (24)

27 (43)
30 (48)
4 (6)
2(3)

2000 (1997-2005)
36 (11-61)

51 (10-749)

37 (59)

17 (27)

23(37)
38.2(27.6-57.4)
28 (44)

Note: Values are presented as median (IQR) or as number (%).

Early control patients

(n=195)

1988 (1979-1996)
38(19)

12 (4-34)

38(19)

48 (25)
133 (68)
4(2)

10 (5)

1999 (1994-2005)
31 (12-55)

244 (16-1276)

86 (44)

29 (15)

50 (24)
31.5(23.8-42.6)
45(23)

Late inhibitor patients

(n = 26)

1982 (1972-1989)
5(19)

14 (4-35)

5(19)

7 (27)
7(27)
0

12 (46)

2002 (1998-2007)
46 (19-62)
33(9-377)

12 (46)

4(15)

8(31)
35.4(19.9-46.8)
7(27)

Abbreviations: cum EDs, cumulative number of exposure days; FVIII, factor VIII; IQR, interquartile range.

Late control
patients (n = 71)

1983 (1976-1995)
19 (27)

4(3-13)

19 (27)

5(7)
21(30)
3(4)
42 (59)

2002 (1995-2006)
24 (15-42)
125(21-563)

18 (25)

5(7)

6(8)

25.7 (18.9-37.0)
8(11)
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TABLE 4 Intensive treatment in last 10 cumulative exposure days and inhibitor development
Early inhibitor development Late inhibitor development
N Crude OR (95% Cl) aOR (95% Cl) N Crude OR (95% Cl) aOR (95% Cl)
Surgery
No surgery 135 1 1 67 1 1
Surgery 123 1.8 (1.0-3.4) 1.8 (1.0-3.3) 30 1.5(0.5-4.6) 1.5(0.5-4.5)
Peak treatment
No peak treatment 185 1 1 83 1 1
Peak treatment 73 1.8(1.0-3.4) 1.6 (0.8-3.0) 14 4.0(1.1-14.3) 3.3(0.8-13.1)
Mean FVIIl dose
Low dose (<45 1U/kg/ED) 185 1 1 82 1 1
High dose (>45 IU/kg/ED) 73 2.8(1.5-5.1) 2.7 (1.4-4.9) 15 4.5(1.2-16.6) -a

Note: Crude OR: adjusted for matching factors (year of birth in categories [<1945; 1945-1964; 1965-1987; >1987] and cumulative number of EDs in
categories [1-19; 20-49; 50-99; >100]). Adjusted OR: adjusted for matching factors and predefined confounding factor. Surgery was adjusted for
age at last ED (continuous variable). Peak treatment was adjusted for mean FVIII dose (continuous variable). Mean FVIII dose was adjusted for peak

treatment (dichotomous variable).

Abbreviations: Cl, confidence interval; ED, exposure days; FVIII, factor VIII; OR, odds ratio.

2aOR for high dose could not be calculated in the late inhibitor group, because there were no control patients that received a peak treatment and a

high dose.

between birth and first treatment with FVIII concentrate was longer
than patients born after the 1980s. However, as mentioned above,
this difference in year of birth did not influence the reported associ-
ation between intensive treatment and late inhibitor development.

Due to the limited number of late inhibitor patients and con-
trols, we performed unconditional logistic regression analysis, with
correction for the matching variables year of birth and EDs in cate-
gories.?>22 Another consequence of the limited number of patients
was that we could not include all possible confounders in the lo-
gistic regression model. Therefore, residual confounding may have
occurred.

Last, because of a large proportion of missing data on FVIII prod-
uct type, we were not able to analyze the effect of this determinant
on inhibitor risk in patients with early versus patients with late inhib-
itor development.

Yet, it is important to emphasize that, to our knowledge, this
study included the largest cohort of late inhibitor patients and con-
trols reported to date. Therefore, based on these data, we caution
physicians to remain watchful for inhibitor development throughout
the lifetime treatment course of patients with non-severe hemo-
philia A, especially when treating these patients intensively with
FVIII concentrates.

4.3 | Intensity of treatment in the last 10
exposure days

431 |
VIII dose

Surgery, peak treatment, and high factor

Our results suggest that surgery in the last 10 EDs increases the
risk of early inhibitor development, but this was less clear for late

inhibitor development. According to the immunological danger the-
ory, it is conceivable that frequent and high-dosed FVIII exposure
combined with tissue damage due to surgery or major hemorrhage,
may be associated with inhibitor development.? In line with this
theory, the analysis of our study confirmed that peak treatment and
high FVIIl dose in the last 10 EDs increases the risk of early and late
inhibitor development. The observed association between inhibitor
development and peak treatment and high FVIII dose could poten-
tially have another explanation: frequent and high-dose FVIII expo-
sures may be a reflection of yet undetected inhibitor development
rather than being its cause.* It is known from the literature that in-
hibitor surveillance after FVIII exposure in non-severe hemophilia
Ais poor.23 Consequently, a low titer inhibitor may be missed and
years later, when a peak treatment moment occurs in the context
of surgery, unexpectedly low FVIII levels may reveal that an inhibi-
tor has occurred. We cannot rule out that this may partially explain
the described association. However, the clear association between
intensive treatment at the start of treatment and a higher inhibitor
incidence reported in previous studies indicates that intensive treat-
ment precedes inhibitor development.’*8 To validate our results,
it is important that in future studies inhibitor tests are performed
regularly before and after intensive treatment.

In patients with severe hemophilia A the association between
intensive treatment and inhibitor development has also been ob-
served.®¥ Furthermore, our findings are consistent with an ear-
lier study investigating the impact of intensive FVIII treatment
on inhibitor risk in 54 boys (range: 0-18 years) with mild hemo-
philia A.?* In all four inhibitor patients, inhibitor development was
preceded by a peak treatment ranging from 8 to 27 consecutive
exposures to FVIII concentrates. However, that study did not
correct for the number of cumulative EDs, which is an important
confounding factor in non-severe patients that are treated very
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infrequently with FVIIlI concentrates. Moreover, all inhibitor pa-
tients developed inhibitors before the 50th exposure to FVIII (me-
dian: 22 EDs, range: 13-27 EDs), allowing no conclusions on late

inhibitor development.

4.3.2 | Age and the risk of inhibitor development
Previous studies in non-severe hemophilia A have reported older
age as a risk factor for inhibitor development in patients who re-
ceived intensive FVIII treatment.?>?¢ Furthermore, several murine
and human studies have demonstrated an age-related dysregula-
tion of the immune system, leading to loss of immune tolerance.?”-3!
Based on these studies, it could be postulated that older patients
may have a higher a priori risk of inhibitor development than younger
patients and that intensive treatment with FVIII concentrates may
trigger the immune system.

In the current study we were not able to investigate the associa-
tion between age and inhibitor development, because patients were

matched for year of birth.

4.4 | Early versus late inhibitor development
Interestingly, we found that early and late inhibitor patients had
comparable patient characteristics and eliciting risk factors (in-
tensive treatment), suggesting common physiological mechanisms
underlying inhibitor development. Early and late inhibitor patients
also had a similar distribution of F8 genotypes, with a predominant
clustering of mutations on the C1 domain. This is consistent with
prior studies demonstrating that mutations in this domain convey
an increased risk of inhibitor development in non-severe hemo-
philia A.3233

A subset of included patients carrying a high-risk F8 genotypic
profile developed inhibitors after more than 50 exposures, some
even after more than 100 exposures. We hypothesize that late inhib-
itor patients did not develop (high-titer) inhibitors earlier during the
treatment course because they did not yet receive an intensive FVIII
treatment eliciting the required danger signals to provoke a clinically

relevant anti-FVIII immune response.

4.5 | Recommendations for future research

As previously mentioned, our study included the largest cohort of
patients who developed inhibitors late in the treatment course de-
scribed to date. However, it is important to mention that our analysis
covers a certain time era. Due to better FVIII treatment and moni-
toring, patients with hemophilia A undergo surgery more often than
30 years ago and are therefore more frequently exposed to FVIII
concentrates. As a result, patients receive 50 EDs at a younger age.
Whether this influences the risk for inhibitor development is still
undefined.

jth L2

To strengthen our results and recommendations, further
research is required in the current hemophilia treatment era.
However, setting up well-designed studies on risk factors in non-
severe hemophilia A is challenging, especially due to the long
follow-up until inhibitor development.!® Therefore, further inter-
national collaboration is needed to set up a larger observational
study, in which treatment data for every exposure day are col-
lected for inhibitor patients and matched controls. To increase
the generalizability of the results, future studies should include
patients from all over the world, as race and ethnicity may influ-
ence the risk of inhibitor development.3* Moreover, there is a need
for more translational immunological studies. If we increase our
understanding of immunological mechanisms driving inhibitor de-
velopment, it will provide us the opportunity to identify possible
biomarkers for the early detection of evolving inhibitors in high-
risk patients, and potential targets for new preventive and thera-
peutic strategies.

Several studies suggest that the presence of non-neutralizing
FVIII antibodies (NNAs) may indicate the development of inhibi-
tors.%>%7 This was recently supported by the Hemophilia Inhibitor
Previously Untreated Patient Study (HIPS), that prospectively
evaluated the changes in the immune system of severe previously
untreated patients during the first 50 exposures to FVIIlI concen-
trates.®® This study demonstrated that the development of inhib-
itors may be associated with distinct signatures of evolving NNAs
consisting of IgG1, followed by IgG3 and subsequently the appear-
ance of high-affinity 1gG4. If the presence of NNAs indeed pre-
dicts inhibitor development, this may allow for tailored inhibitor
surveillance. However, before NNAs can be implemented in hemo-
philia management, more sufficiently powered clinical studies are
needed.

5 | CONCLUSION

In conclusion, our data suggest that intensive treatment with FVIII
concentrates increases the risk of inhibitor development in non-
severe hemophilia A independent of cumulative number of EDs.
Therefore, persistent vigilance is required throughout the lifetime
treatment course of patients with non-severe hemophilia A, to pre-
vent or early detect inhibitor development.
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