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Abstract
Background: The majority of patients with hemophilia A with inhibitors who undergo 
immune tolerance induction (ITI) achieve successful tolerance and transition to factor 
VIII (FVIII) prophylaxis. A portion of these patients have switched to emicizumab for 
bleeding prevention. However, the risk of inhibitor relapse on emicizumab is unclear.
Objective: To evaluate the inhibitor status of patients with hemophilia A and inhibi-
tors who achieved successful/partial tolerance after ITI and transitioned from FVIII 
prophylaxis to emicizumab.
Methods: This is a single-institution, retrospective review of pediatric patients with 
severe hemophilia A who have completed ITI with FVIII and switched to emicizumab.
Results/Conclusions: Seven successfully tolerized and five partially tolerized patients 
were identified. Three patients continued intermittent FVIII infusions on emicizumab at 
50-70 IU/kg twice weekly, once weekly, or every other week due to concerns for inhibi-
tor relapse or loss of recent FVIII tolerance by the treating provider. Eleven of 12 patients 
(92%) maintained negative inhibitor titers at a mean follow-up of 14.2 ± 6.1 months. One 
individual had an inhibitor relapse with a peak titer of 2.5 BU/mL. Five of the 11 patients 
(45%) with negative inhibitor titers had detectable nonneutralizing anti-FVIII IgG4 anti-
bodies, but none of the patients had detectable IgG1 antibodies. There were no inhibitor 
recurrences in a subset of six patients after FVIII re-exposure for bleeding events or sur-
gery. Given that the presence of an inhibitor significantly impacts factor product choice 
for bleeding management, ongoing inhibitor monitoring in tolerized patients with hemo-
philia A who transition to emicizumab is strongly recommended.
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Essentials

•	 The risk of inhibitor recurrence in tolerized patients who switch to emicizumab is not known.
•	 We report the inhibitor status of 12 tolerized patients with hemophilia A on emicizumab.
•	 One individual in the cohort had an inhibitor recurrence with a low-titer inhibitor.
•	 The majority of tolerized patients in this cohort had negative inhibitor titers on emicizumab.

1  |  INTRODUC TION

The formation of factor VIII (FVIII)-neutralizing antibodies, referred 
to as inhibitors, is a significant complication of FVIII replacement 
therapy in individuals with hemophilia A. However, approximately 
70% of patients with inhibitors who undergo immune tolerance in-
duction (ITI) with FVIII for inhibitor eradication achieve successful or 
partial tolerance.1,2 Individuals who achieve tolerance after ITI are 
able to administer FVIII infusions for bleeding prevention and treat-
ment without inhibitor relapse or an anamnestic rise in the inhibitor 
titer with continued FVIII exposure.

Emicizumab is a humanized bispecific IgG4 monoclonal antibody 
administered subcutaneously that mimics activated FVIII activity 
through recognition of factors IXa/IX and X/Xa enabling thrombin 
generation.3 In the United States and multiple countries internation-
ally, emicizumab is approved for bleeding prevention in adult and pe-
diatric patients with hemophilia A with and without inhibitors. The 
reduced dosing frequency, subcutaneous route of administration, 
and significantly reduced annualized bleeding rates of emicizumab 
reported in the HAVEN 1-3 phase 3 trials4–6 has allowed a variety 
of individuals with hemophilia A to switch to emicizumab to prevent 
bleeds. In previously tolerized patients transitioning from FVIII pro-
phylaxis to emicizumab, the absence of regularly scheduled FVIII in-
fusions raises concerns for the loss of inhibitor eradication and FVIII 
tolerance achieved through ITI, particularly in the pediatric popula-
tion. However, the risk of inhibitor relapse or anamnesis with FVIII 
reexposure for bleeds or surgical procedures in tolerized patients on 
emicizumab alone is not known. Additionally, the optimal post-ITI FVIII 
infusion regimen to maintain FVIII tolerance is not well understood.

Due to the mechanism of action of nonfactor therapies such 
as emicizumab, individuals on these therapies require infusions of 
FVIII or a bypassing agent (BPA) for bleeding or surgical interven-
tion.5–9 Thus, the presence of an inhibitor and one’s response to 
FVIII remains the primary determinant of whether FVIII or BPAs are 
administered in these settings. The primary objective of this study 
is to evaluate the inhibitor status of a cohort of pediatric patients 
followed in our hemophilia treatment center with severe hemophilia 
A and a history of inhibitors who achieved successful or partial toler-
ance after ITI and transitioned from FVIII prophylaxis to emicizumab.

2  |  METHODS

This is a single-center retrospective review of electronic medi-
cal records of patients followed at the Hemophilia of Georgia 
Center for Bleeding and Clotting Disorders of Emory University 

at the Pediatric Hemophilia Treatment Center in the Aflac Cancer 
and Blood Disorders Center at Children’s Healthcare of Atlanta in 
Atlanta, Georgia. All pediatric patients < 21 years of age with severe 
hemophilia A (FVIII activity < 1%) with a history of an inhibitor who 
achieved successful or partial tolerance status after undergoing ITI 
with recombinant or plasma-derived FVIII were included in the study. 
Successful tolerance was defined by a negative inhibitor titer (<0.6 
Bethesda Units (BU)/mL), FVIII recovery ≥ 66% of expected, and an 
FVIII half-life >6 hours.10 Partial tolerance was defined by a negative 
inhibitor titer but abnormal FVIII recovery or half-life after 33 months 
of ITI. Inhibitor titers <5  BU/mL and ≥5  BU/mL were classified as 
low-titer inhibitors (LTI) and high-titer inhibitors (HTIs), respectively. 
Approval for this study was obtained by the Children’s Healthcare of 
Atlanta Institutional Review Board (protocol no. 18-143). All research 
was conducted according to the principles outlined in the Declaration 
of Helsinki. Descriptive statistics were primarily used for data analy-
sis due to the nature of the study and small sample size. Fisher’s exact 
test was used to compare differences in inhibitor relapse based on 
exposure to intermittent FVIII infusions on emicizumab. A P value 
<0.05 was considered statistically significant.

2.1  |  FVIII Inhibitor Assays

Inhibitor testing results reported at routine clinic visits were ex-
tracted from electronic medical records. FVIII inhibitor titers before 
emicizumab were performed by the Nijmegen Bethesda assay in 
the hospital coagulation laboratory. Inhibitor testing on emicizumab 
consisted of the chromogenic Bethesda assay using bovine reagents 
and anti-FVIII IgG isotyping (ie, IgG1 and IgG4) by fluorescence-
based immunoassay (FLI) performed by the Centers for Disease 
Control and Prevention.11 FVIII antibody detection is not available in 
the hospital coagulation laboratory; thus, inhibitor assessment be-
fore emicizumab initiation is limited to the inhibitor titer.

3  |  RESULTS/DISCUSSION

Twelve male patients with severe hemophilia A between 2 and 
19  years old with a history of an inhibitor and successful (seven 
patients) or partial (five patients) tolerance status were identified 
(Table  1). All five patients with a partial tolerance status after ITI 
were categorized as such due to shortened half-lives despite nega-
tive inhibitor titers, normal FVIII recovery, and clinical response to 
FVIII without anamnesis. Four patients in the cohort had a HTI for 
their peak historical inhibitor titer before initiation of ITI. All patients 
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transitioned to FVIII prophylaxis after ITI at varying FVIII regimens 
of 25-200 international units per kilogram (IU/kg) every other day or 
three times weekly. All patients were compliant with post-ITI FVIII 
prophylaxis for 0.2-11 years before the start of emicizumab. A nega-
tive inhibitor titer was confirmed before initiation of emicizumab. 
Nine of the 12 patients (75%) transitioned to emicizumab alone ad-
ministered every 1-2 weeks. The remaining three patients, two par-
tially tolerized and one successfully tolerized, were maintained on 
intermittent FVIII infusions with recombinant FVIII at 50-70  IU/kg 
twice weekly, once weekly, or every other week on emicizumab at the 
discretion of the treating provider due to concerns for loss of recently 
achieved FVIII tolerance (<12 months) in two patients and concerns 
for a high risk of inhibitor relapse without ongoing FVIII exposure in 
a partially tolerized patient with >10 years of uninterrupted post-ITI 
FVIII prophylaxis.

Inhibitor testing was performed at a median of 12.5 months (min-
max: 6-26 months) after the initiation of emicizumab and the major-
ity of patients had an average of two inhibitor assessments (ranging 
from one to four assessments) during this time period. All seven 
patients with successful tolerance status had negative inhibitor ti-
ters on emicizumab (Figure 1). Four of the seven patients (57%) had 
detectable non-neutralizing anti-FVIII IgG4 antibodies, but all seven 
patients had undetectable anti-FVIII IgG1 antibodies. Among the five 
partially tolerized patients, one patient with a history of a HTI had an 
inhibitor recurrence with a peak inhibitor titer of 2.5 chromogenic 
BU (CBU)/mL. The inhibitor remained a low titer (median, 2.1 CBU/
mL; range, 1.2-2.5 CBU/mL) with detectable IgG4 and undetectable 
IgG1 on three separate inhibitor assessments. This patient did not 
have any FVIII or BPA exposure prior to the last assessment of his 

inhibitor status. It is possible that the discontinuation of his FVIII pro-
phylaxis of 150 IU/kg every other day unmasked an underlying inhib-
itor that was suppressed by high dose FVIII infusions. It remains to be 
determined whether this individual will generate a high-responding 
inhibitor with FVIII re-exposure. The four remaining patients with 
partial tolerance status had negative inhibitor titers. Three patients 
with negative inhibitor titers had detectable IgG4 antibodies, and no 
patients had detectable IgG1 antibodies.

A subset of six patients on emicizumab without intermittent FVIII 
infusions had repeat inhibitor testing after FVIII re-exposure for acute 
bleeding events or surgical management (Table  2). There were 16 
bleeds and three surgeries documented in this subgroup, resulting in 
1-30 total recombinant or plasma-derived FVIII exposure days per pa-
tient. The majority of bleeds were hemarthroses induced by trauma. 
There were three surgical procedures consisting of port-a-cath re-
movals in two patients and neurosurgical intervention for an epidural 
hematoma resulting from a trauma-induced back injury in one patient. 
The last documented inhibitor assessment was performed between 2 
and 10 months after the last FVIII exposure for bleeding or surgery. 
All six patients (100%) had negative inhibitor titers and undetectable 
IgG1 antibody after FVIII re-exposure. Two patients (33%) had detect-
able IgG4 antibodies with new-onset IgG4 detection in one of the pa-
tients 2 months following treatment for an elbow bleed.

In this study, we report that 92% (11/12) of patients with success-
ful/partial tolerance status maintained negative inhibitor titers after 
transitioning to emicizumab. One individual (8%) had an inhibitor re-
currence with a LTI. All three patients continued on intermittent FVIII 
infusions (two partially and one successfully tolerized) maintained 
negative inhibitor titers on emicizumab. There was no significant 

F I G U R E  1  Summary of inhibitor 
testing outcomes by tolerance status. 
Flow diagram depicts inhibitor titer and 
anti–factor VIII (FVIII) IgG4 antibody 
testing results stratified by tolerance 
status and emicizumab regimen with or 
without intermittent FVIII infusions. There 
were no individuals with detectable anti-
FVIII IgG1 antibodies in this cohort and 
thus the IgG1 status is not included in the 
diagram
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difference in the proportion of patients with inhibitor recurrence 
among the individuals on emicizumab alone compared to those on 
emicizumab with intermittent FVIII infusions (11% vs 0%; P  >  .99). 
Moreover, none of the six patients on emicizumab alone re-exposed 
to FVIII for bleeding events or surgeries had inhibitor relapse.

Few large international immune tolerance registries evaluating ITI 
outcomes report variable but low rates of inhibitor relapse between 
2% and 12%.12–14 Another multicenter, international, retrospective 
study with an average post-ITI follow-up of 9 years reported an inhib-
itor relapse rate of 6.8% between 13 and 53 months after ITI among 
44 patients successfully or partially tolerized with a plasma-derived 
FVIII containing von Willebrand factor product.15 The three individ-
uals with inhibitor relapse (two with complete success and one with 
partial success after ITI) were all able to reestablish their successful/
partial tolerance status after rescue ITI. Conversely, Antun and col-
leagues16 reported higher rates of a positive inhibitor titer of 30% on 
one occasion and 19% on more than one occasion with a 32.5% prob-
ability of inhibitor relapse at 5 years. The authors reported that inhib-
itor recurrence was associated with the use of immunosuppressive 
therapies such as rituximab and FVIII recovery <85%, but not with 
adherence to FVIII prophylaxis post-ITI. Nevertheless, the status of 
FVIII tolerance in tolerized patients with hemophilia A who transition 
to a novel nonfactor products in the absence of regular FVIII infu-
sions is unknown. Although larger prospective studies are essential 
for addressing unanswered questions on FVIII tolerance with novel 
nonfactor therapies, this study provides important preliminary data 
suggesting that there may be a low incidence of inhibitor recurrence 
in successfully and partially tolerized patients with hemophilia A who 
switch from FVIII prophylaxis to emicizumab.

IgG1 and IgG4 are the most common subclasses of anti-FVIII an-
tibodies in patients with hemophilia A with inhibitors; IgG4 tends to 
correlate with a functional FVIII inhibitor.17–20 Interestingly, 45% of 
patients with negative inhibitor titers in this cohort had detectable 
non-neutralizing anti-FVIII IgG4 antibodies by FLI. Anti-FVIII antibody 
profiling is not routinely performed in conjunction with functional in-
hibitory assays in most clinical laboratories, and the role of antibody 
subclass identification in inhibitor testing and interpretation remains 
under investigation. Discordance between the inhibitor titer and anti-
body detection can also contribute to confusion in the clinical interpre-
tation of antibody subclass identification. Detection of IgG1 antibodies 
in hemophilia A inhibitors samples by FLI demonstrated that IgG1 anti-
bodies preceded a positive inhibitor titer in five of seven patients who 
ultimately developed inhibitors, but IgG4 antibodies were detected in 
patients with negative inhibitor titers and those without an inhibitor his-
tory.11,18 Similarly, the prospective observational Hemophilia Inhibitor 
PUP study evaluating biomarkers in inhibitor development among 
previously untreated patients with severe hemophilia A detected high-
affinity IgG1 antibodies before detection of an inhibitor along with high-
affinity IgG3 and IgG4 antibodies; however, IgG4 was not detected in 
subjects with LTIs, FVIII-specific non-neutralizing antibodies, or sub-
jects without FVIII inhibitors or antibodies.21 A limitation of this cur-
rent study is the lack of routine evaluation of FVIII antibody profiling 
over time prior to patients switching to emicizumab for comparison. TA
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Although IgG4 persistence is concerning for the presence of an under-
lying anti-FVIII antibody that could progress to inhibitor recurrence or 
an anamnestic response in the setting of intense factor exposure with 
a catastrophic bleeding event or major surgery, the clinical significance 
of IgG4 detection in this setting remains unclear and warrants further 
investigation.

Given the number of novel nonfactor therapies in the pipe-
line for hemophilia A management,22 further studies evaluating 
inhibitor risk as well as FVIII tolerance induction and maintenance 
on these therapies will be critical for guiding management of the 
different subset of patients with hemophilia A. This is the first 
study evaluating inhibitor outcomes in previously tolerized pedi-
atric patients who transitioned from post-ITI FVIII prophylaxis to 
emicizumab. Future prospective studies evaluating inhibitor out-
comes on emicizumab (ie, Emicizumab PUPs and Nuwiq ITI study, 
clinical trial ID NCT04030052; MOTIVATE [Modern Treatment 
of Inhibitor-Positive Patients with Haemophilia A] study, clin-
ical trial ID NCT04023019; and PRIORITY [Preventing Inhibitor 
Recurrence Indefinitely] study) will provide greater insight into 
these unanswered questions.
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