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Abstract

Background: Immune tolerance induction (ITI) aims to eradicate anti-factor VIII (FVIII)

antibodies (inhibitors) in persons with hemophilia A. However, this burdensome

treatment fails in 10% to 40%. To estimate the chance of ITI success in clinical decision

making, it is important to identify the predictors of ITI success.

Objectives: We performed a systematic review and meta-analysis to summarize the

current evidence on determinants of ITI outcome in persons with hemophilia A.

Methods: A literature search was conducted to identify randomized controlled trials,

cohort, or case-control studies reporting on the predictors for ITI outcome in per-

sons with hemophilia A. The main outcome was ITI success. Methodological quality

was assessed using an adapted Joanna Briggs Institute checklist, rating as high if

≥11 of 13 criteria were met. Pooled odds ratios (ORs) for ITI success were

calculated for each determinant. ITI success was defined as negative inhibitor titer

(<0.6 BU/mL), FVIII recovery ≥66% of expected, and FVIII half-life ≥6 hours in 16

(59.3%) studies.

Results:We included 27 studies, involving 1,734 participants. Methodological quality of

6 (22.2%) studies (418 participants) was rated as high. Twenty different determinants

were assessed. Historical peak titer ≤100 BU/mL (compared with >100 BU/mL, OR,

1.7; 95% CI, 1.4-2.1), pre-ITI titer ≤10 BU/mL (compared with >10 BU/mL, OR, 1.8;

95% CI, 1.4-2.3), and peak titer during ITI ≤100 BU/mL (compared with >100 BU/mL,

OR, 2.7; 95% CI, 1.9-3.8) were associated with a higher chance of ITI success.

Conclusion: Our results suggest that determinants related to the inhibitor titer are

associated with ITI success.
behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY-
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1 | INTRODUCTION

Hemophilia A is a congenital deficiency of factor VIII (FVIII), causing

muscle and joint bleeds that can lead to severe disability [1]. It occurs

due to mutations in the FVIII coding gene (F8), located at position Xq28

[2]. Bleeds in persons with hemophilia A are effectively treated with

intravenous administration of plasma-derived (pdFVIII) or recombinant

FVIII (rFVIII) [3]. However, a major complication of treatment is the

development of neutralizing alloantibodies (inhibitors) against FVIII [4].

When this occurs, replacement therapy is less effective, resulting in a

more challenging management of bleeding episodes with possible

consequent worsening of musculoskeletal damage, health-related

quality of life, and life expectancy [4]. Inhibitors occur in 5% to 10%

of persons with non-severe hemophilia A, and in 25% to 35% of pre-

viously untreated persons with severe hemophilia A [5,6].

Bypassing agents, such as recombinant activated factor VII (rFVIIa)

and activated prothrombin complex concentrate (aPCC) have been used

to control bleeding in persons with hemophilia A and inhibitors [7–9]

However, the hemostatic effectiveness of bypassing agents is lower than

that of replacement therapy, and their use as prophylactic agents has

only led to partial success [10]. Recently, a humanized bispecific

monoclonal antibody, emicizumab, which bridges activated factor IX and

factor X, therewith mimicking FVIII activity, entered therapeutic arma-

mentarium to prevent bleeds in people with hemophilia A, with and

without inhibitors [11,12]. Emicizumab has been shown to be highly

effective as a prophylactic agent administered subcutaneously according

to standard dosing schedules across all ages and body weights [13,14].

However, it does not eliminate the need for treatment with FVIII during

bleeding or surgery. In such settings, bypassing agents are still required

with the additional caveat of increased thrombotic risk if aPCC is

administered in setting of emicizumab [11,15,16]. Therefore, eradication
of inhibitors to restore the hemostatic effectiveness of FVIII represents

a desirable treatment goal [17–19].

The recommended treatment strategy to eradicate inhibitors is

immune tolerance induction (ITI), which consists of frequent admin-

istration of FVIII concentrate [20]. ITI regimens vary between low-

dose consisting of 25–50 international units (IU)/kilogram (kg) three

times a week to high-dose of ≥200 IU/kg/d [21]. Successful ITI

eradicates the inhibitor and restores the hemostatic activity of FVIII in

approximately 70% of cases with the advantage that bleedings are

responsive to FVIII concentrates again [21,22]. However, ITI is an

expensive treatment with estimated costs up to US$ 11,388.00/kg/

year for low-dose ITI regimen [23]. Moreover, ITI is a burdensome

treatment for patients and caregivers [17]. In this light, it is of utmost

importance to determine the predictors for ITI outcome to help cli-

nicians identifying those at high risk of ITI failure upfront and thus

enabling shared decision making on withholding ITI and choose

alternative treatments, such as emicizumab, in such patients.

Previous studies have reported several patient-, treatment-, and

inhibitor-related determinants of ITI outcome. Large F8 gene deletions

have been related to a poorer ITI outcome [24]. Furthermore, low pre-ITI

(<10 Bethesda units [BU]/milliliter [mL]), low historical peak titer (<200

BU/mL), young age at start of ITI, and a short time interval between

inhibitor detection as well as start of ITI have been associated with a

favorable ITI outcome [25,26]. However, these studies reported incon-

sistent results, and were predominantly conducted in small populations.

Therefore, we performed a systematic review to summarize the

currently available evidence on the association between patient-,

treatment-, and inhibitor-related determinants and ITI success in

persons with hemophilia A and inhibitors. Additionally, we performed

a meta-analysis to pool the data to obtain more precise estimates of

these associations with ITI success.

mailto:s.c.gouw@amsterdamumc.nl
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2 | METHODS

This systematic review is reported in accordance with the Preferred

Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA)

statement [27]. Inclusion and methodological quality criteria were

specified and published in a protocol in advance in the International

Prospective Register of Systematic Reviews (PROSPERO)(registration

number CRD42020219062). Methods on data analysis were drafted

in this protocol but were adjusted to an appropriate model for the

extracted data.
2.1 | Study eligibility criteria

2.1.1 | Studies

Randomized controlled trials, cohort, and case-control studies

reporting on the determinants for ITI outcome in persons with he-

mophilia A, published as a peer-reviewed full paper, were eligible for

inclusion without any restriction on publication date. Only studies

written in English were included.
2.1.2 | Participants

Studies including adult and pediatric persons with mild (FVIII 0.05-

0.40 IU/mL), moderate (FVIII 0.01-0.05 IU/mL), and severe (FVIII

<0.01 IU/mL) congenital hemophilia A with inhibitors who underwent

ITI were eligible for inclusion. Any type of treatment intended to

eradicate inhibitors was considered as ITI, regardless of ITI product,

FVIII dose, or infusion frequency. The first ITI trial for persons with

hemophilia A and inhibitor was defined as primary ITI. Any ITI trial

after the first one was defined as rescue ITI.
2.1.3 | Endpoints

The primary outcome was complete ITI success, defined according to

the definitions of the investigators of the original studies. Non-

complete ITI response included partial response and ITI failure, both

defined according to the definitions used in the original studies.
2.1.4 | Determinants

Any patient-, treatment-, or inhibitor-related determinant reported in

included studies was evaluated. Ethnicity of participants was

categorized as White or Non-White, or as African-American, or Non-

African-American [28]. F8 variants were categorized into high-risk and

low-risk for our analysis [29]. High-risk mutations include intron 22

inversions, intron 1 inversions, large deletions, and nonsense muta-

tions [29]. Low-risk mutations include small deletions or insertions,

missense mutations, or splice site mutations [29]. ITI dosing was
categorized into low- (≤50 IU/kg/d), intermediate- (50-200 IU/kg/d),

and high-dose ITI (≥200 IU/kg/d) [21]. Adjuvant therapy included

intravenous immunoglobulin, steroids, cyclophosphamide, or ritux-

imab [30]. Inhibitor response was categorized into high-, or low-

responding inhibitors, if the lifelong peak titers were ≥5 BU/mL or

<5 BU/mL, respectively [31]. Historical peak titer was defined as the

highest measured inhibitor titer before ITI. Pre-ITI titer was defined as

the most recent inhibitor titer measured before ITI start. Peak titer

during ITI was defined as the highest measured inhibitor titer during

ITI treatment.
2.1.5 | Information sources

Studies were identified by searching MEDLINE (<1946-present) and

Embase (<1947-present).
2.2 | Search

We used the following search terms: “hemophilia” and “immune

tolerance.” The full search for each database is listed in Supplementary

Tables S1 and S2. The search was designed and supervised by an in-

formation expert (R. Spijker, Amsterdam UMC, Amsterdam, The

Netherlands). The first search was conducted on February 15, 2021.

An updated search was run on December 29, 2021.
2.3 | Study selection

Title and abstracts were examined by 2 independent reviewers (IO

and RMC) to identify potentially relevant studies. Full texts of selected

articles were reviewed to assess their eligibility for inclusion, by the

same 2 independent reviewers. Any doubt or disagreement between

the 2 independent reviewers was discussed with a methodological

expert (SCG).
2.4 | Data collection process

Duplicate articles were identified and excluded by checking the au-

thors’ names, affiliations, and catchment areas. If studies included

overlapping patient cohorts evaluated during the same period, we

included the most recent study, the study with the largest number of

participants, or the study with the highest methodological quality.
2.5 | Data extraction and management

Data extraction was performed by two investigators (IO and RMC)

using a structured electronic data collection form. We contacted all

corresponding authors of the studies with missing data by email

among which 2 out of 7 responded to our request. The requested data
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included ethnicity, F8 genotypes, age at inhibitor development or ITI

start, interval between inhibitor development and ITI start, ITI product

and regimen, and inhibitor titers (historical peak titer, pre-ITI titer, and

peak titer during ITI).
2.6 | Data items

The following data were extracted from each included study: study

characteristics (name of the first author, year of publication, number

of persons included, country, study design, inclusion criteria, and

outcome definitions); patient characteristics (age, hemophilia severity,

ethnicity, and F8 genotype); treatment characteristics (ITI regimen,

including dose, frequency, and product, age at inhibitor development,

interval between inhibitor detection and ITI start, age at ITI start, and

ITI outcome definitions); inhibitor characteristics (number of exposure

days before inhibitor development, historical peak titer, pre-ITI titer,

and peak titer during ITI); and the cumulative incidence of ITI success

as well as partial response or failure.
2.7 | Summary measures

Treatment characteristics were described using median and IQR or

range for continuous variables and numbers and proportions for

categorical variables. Numbers and proportions were summarized for

complete ITI success. Odds ratios (ORs) were extracted from the re-

ports or calculated from the reported data, as we aimed to use most of

the available data. Odds ratios (ORs) with 95% CI were calculated for

each determinant of ITI success. Relative risk (RR) with 95% CI, was

also calculated to report the most precise estimates because OR, can

substantially overestimate RR [32]. Exact 95% CI, were calculated

using an online tool for the analysis of epidemiologic data (http://

epitools.ausvet.com.au). No missing data were imputed. The OR,

with 95% CI, for each determinant were plotted in forest plots. Results

were presented for primary and rescue ITI separately.
2.8 | Data exploration

To explore the within-study and between-study variability (hetero-

geneity), we visually assessed the extent of overlap in 95% CI, of the

OR, in forest plots. In addition, we estimated τ2 which is an estimate of

between-study variance [33].
2.9 | Data synthesis

As clinical and methodological heterogeneity was limited, we calcu-

lated the pooled OR, for each determinant. Conventional methods for

meta-analysis can be biased when determinants are rare in the study
population and when continuity corrections are used [34]. Therefore,

we applied the hypergeometric-normal model for the meta-analysis of

predictors for ITI outcome [35]. The meta-analysis was performed in R

(version 4.0.3), using the metaphor package for random effects [35].

The pooled OR, with 95% CI, of each determinant for ITI outcome

were plotted in a summary plot.
2.10 | Data evaluation

2.10.1 | Small study data trends

We evaluated whether small study data trends were present by

visually assessing the asymmetry of forest plots after arranging the

studies by study sample size [36].
2.10.2 | Sensitivity analysis

We performed the following sensitivity analyses: the first sub analysis

only included studies among persons with severe hemophilia A; the

second only included studies with more than 20 participants, the third

only included studies in which complete ITI success was defined in

accordance to the definition used in the International ITI study [21],

the fourth only included intermediate- or high-quality studies, and in

the fifth sub analysis ITI success was alternatively defined as both

partial and complete success, and compared with failures.
2.11 | Quality assessment

The critical appraisal of studies was assessed by 2 reviewers inde-

pendently (IO and RMC). The Joanna Briggs Institute (JBI) checklists

for cohort and cross-sectional studies were combined and adapted to

assess the methodological quality of each included study

(Supplementary Tables S3 and S4) [37–58] (https://jbi.global/critical-

appraisal-tools). Studies were classified as high quality if ≥11 of 13

criteria and intermediate quality if ≥8/13 criteria were met. A score of

≤7 was considered as low quality.
3 | RESULTS

3.1 | Study selection

The process of study selection is depicted in Figure 1. Our literature

search yielded 1,021 unique references. After screening titles and ab-

stracts, 89 reports were potentially eligible for inclusion. After reading

full texts and applying the inclusion criteria, 27 studies were included.

Reasons for exclusion of studies after full text screening included

duplicate publications of results (n = 11), not meeting the inclusion

http://epitools.ausvet.com.au
http://epitools.ausvet.com.au
https://jbi.global/critical-appraisal-tools
https://jbi.global/critical-appraisal-tools
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F I GUR E 1 Flow chart of study selection. The first literature search was conducted on February 15, 2021. After study selection, 27 studies

were eligible for inclusion. The search was updated on December 29, 2021. Four studies were eligible for inclusion; however, these cohorts

overlapped with previously included studies. Therefore, we had to exclude 4 studies. In total, 27 studies were included in this systematic review

and meta-analysis.
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criteria (n = 50), or full text not available (n = 1). Our updated search

yielded another 58 reports, of which 4 were eligible for inclusion. We

excluded 4 originally included studies because these cohorts overlapped

with the studies included after the search update. Finally, 27 studies

were selected. Supplementary Table S5 summarizes the list of studies

that appeared to meet the inclusion criteria but were excluded after

further inspection.
3.2 | Included studies

The characteristics of the included studies are summarized in Table 1

[37–58]. Eleven studies were conducted in Europe; 5 in the USA; 4 in

Asia; 2 in Africa; 1 in Canada; 1 in USA and Canada; 1 in Europe and

Canada; 1 in Europe, USA, Canada, and Australia; and the origin was

unknown in one study. One study was a randomized controlled trial,

and the other 26 (96%) were cohort studies.
3.2.1 | Participants

The number of subjects per study varied from 10 to 314. The

studies included a total of 1,734 persons with hemophilia A, of

whom 1,496 (86.3%) had severe hemophilia A and 68 (3.9%) had

non-severe hemophilia A, and 170 (9.8%) participants had an un-

known severity. Most studies (63.0%) involved both adults and

children with hemophilia A, and another nine (33.3%) studies

included only children less than 18 years (one study defined

children aged less than 20 years [58]). The age of study partici-

pants was unknown in 1 (3.7%) study [24]. Studies described

mainly primary ITI courses administered to 1,679 (96.8%) partici-

pants, whereas rescue ITI represented only 4.4% of cases (77

participants). For 22 (1.2%) participants, data for both primary and

rescue ITI were available [31]. Almost a quarter of the participants

self-identified as White (n = 410; 23.6%), 49 (2.8%) as African-

American, 228 (13.1%) as Asian, and 118 (6.8%) as being of



T A B L E 1 Study characteristics

Source Year N Country

Study

cohort

Inclusion

criteria

Severe

%

Ethnicity

%

F8

genotype

%

ITI outcome definitions

Quality

Complete

success

Partial

success Failure

Barnes [37] 2006 32 Canada MC † 94 66 white, 9 African

American, 16

Asian, 9 others

na (A) ‡ (n = 12)

(B) (i) Negative

inhibitor; (ii)

normal recovery

(n = 4);

(C) Negative inhibitor

(n = 6);

(D) No criteria (n = 1)

na na +/-

Batorova

[38]

2016 19 Slovakia MC Children (≤18 y) 100 na 32 Int22Inv, 5

Int1Inv, 21 small

deletion, 26

missense

mutation, 16

nonsense

mutation

‡ (i) Negative inhibitor;

(ii) Inability to

normalize FVIII

recovery or half-

life; (iii) Clinical

response to FVIII

therapy without

an anamnestic

increase

(A) Inability to

eradicate

inhibitor; (B)

Inability to install

an effective

prophylaxis within

36 mo of ITI

+/-

Callaghan

[39]

2011 31 US SC Children (≤18 y) 100 26 white, 61 African

American, 13

others

na ‡ na (A) Inability to

achieve CS in 22

mo; (B) ≤20%
decrease inhibitor

titer over a 6-mo

period after 3 mo

ITI

+

DiMichele

[25]

2002 164 US, Canada MC † 93 63 white, 13 Asian,

24 others

na ‡ na (A) ineffectiveness

ITI; (B) self desire

to terminate ITI;

(C) CVAD

complications; (D)

adverse reaction

to therapy; (E)

loss of medical

insurance; (F)

patient relocation;

+/-

(Continues)

6
o
f
2
0

-
O
O
M
E
N

E
T

A
L.



T A B L E 1 (Continued)

Source Year N Country

Study

cohort

Inclusion

criteria

Severe

%

Ethnicity

%

F8

genotype

%

ITI outcome definitions

Quality

Complete

success

Partial

success Failure

(G) death from

unrelated causes;

(H) poor patient

compliance; (I)

enrollment in a

BPA study

Di Minno

[40]

2021 137 Italy MC HR inhibitors 100 na 53 Int1/22Inv, 7 small

deletion, 8 small

insertion, 9 large

deletion, 3

missense, 8

nonsense, 3 splice

site

‡ (A) Inhibitor <5 BU/

mL; (B) Inability to

normalize FVIII

recovery or half-

life

(A) Inability to

achieve CS in 33

mo; (B) ≤20%
decrease inhibitor

titer over a 6-mo

period after 3 mo

ITI

+/-

Dou[41] 2021 110 China MC † na na na Negative inhibitor

(<0.6 BU/mL)

na na -

El Alfy[42] 2000 10 Egypt SC Children (<18 y) 100 na na (i) Inhibitor <2 BU/

mL; (ii) FVIII

recovery ≥60%;

(iii) absence of

anamnestic

response on

subsequent FVIII

exposure

na No decrease inhibitor

titer over a 6-mo

period

+/-

Elafly[43] 2021 20 Egypt MC Children (2-18 y);

HR inhibitors

100 other na (i) Negative inhibitor

(<0.6 BU/mL); (ii)

FVIII recovery

>66%

(i) Inhibitor <5 BU/

mL; (ii) FVIII

recovery <66%

Inability to achieve

CS/PS in 24 mo

+/-

Escobar[44] 2020 13 US MC † 92 15 white, 46 African

American,

8 Asian, 31 others

31 Int22Inv, 15 small

deletion

‡ (i) Inhibitor <5 BU/

mL; (ii) Inability to

normalize FVIII

recovery or half-

life; (iii) Clinical

response to FVIII

therapy without

an anamnestic

increase

Inability to achieve

CS/PS

+/-

(Continues)

O
O
M
E
N

E
T

A
L.

-
7
o
f
2
0



T A B L E 1 (Continued)

Source Year N Country

Study

cohort

Inclusion

criteria

Severe

%

Ethnicity

%

F8

genotype

%

ITI outcome definitions

Quality

Complete

success

Partial

success Failure

Greninger

[45]

2008 11 US SC HR inhibitors;

treatment (≥1)
with Alphanate

100 46 white, 9 African

American, 9

Asian, 36 others

36 Int22Inv, 9 small

deletion, 9

missense, 18

nonsense, 9 splice

site

‡ (i) Negative inhibitor

(<0.6 BU/mL); (ii)

Inability to

normalize FVIII

recovery or half-

life

Inability to achieve

CS/PS

+/-

Hay[21] 2012 115 na MC Children (<8 y);

Peak inhibitor titer

≥5 - ≤200;
Pre-ITI titer ≤10

BU/mL

100 51 white, 8 African

American, 20

Asian, 20 others

na ‡ (i) Negative inhibitor

(<0.6 BU/mL); (ii)

Inability to

normalize FVIII

recovery or half-

life; (iii) Clinical

response to FVIII

therapy without

an anamnestic

increase

(A) Inability to

achieve CS in 33

mo; (B) ≤20%
decrease inhibitor

titer over a 6-mo

period after 3 mo

ITI; (C)

Withdrawal from

study

+

Haya[46] 2001 42 Spain MC † 83 na na (i) Negative inhibitor;

(ii) FVIII half-life

≥8 hours

(i) Immune response

shifted from a

high- to low

responder (<10

BU/mL)

No decrease inhibitor

titer

+/-

Kreuz[47] 2016 48 Croatia, Germany,

Poland,

Portugal,

Russia, Slovakia,

Slovenia, Spain

MC † 83 96 white na ‡ (i) Negative inhibitor

(<0.6 BU/mL); (ii)

Inability to

normalize FVIII

recovery or half-

life

(A) Inability to

achieve CS/PS in

36 mo; (B)

Withdrawal from

study

+

Kurth[30] 2011 33 US MC HR inhibitors;

Treatment with

pdFVIII/VWF

100 54 white, 24 African

American, 6

Asian, 15 others

na ‡ (i) Inhibitor titer <5

BU/mL; (ii)

Clinical response

to FVIII therapy

without an

anamnestic

increase

(A) Inability to

achieve CS in 33

mo; (B) ≤20%
decrease inhibitor

titer over a 6-mo

period after 3 mo

ITI

+/-

Lapalud[48] 2015 15 France MC Children (≤6 y);

HR inhibitors;

Follow-up ≥33
mo

100 na na ‡ na Inability to achieve

CS/PS

+/-
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T A B L E 1 (Continued)

Source Year N Country

Study

cohort

Inclusion

criteria

Severe

%

Ethnicity

%

F8

genotype

%

ITI outcome definitions

Quality

Complete

success

Partial

success Failure

Lenk[49] 2000 140 Germany MC † 87 na na (i) Therapy

completed; (ii)

Normal FVIII

recovery; (iii)

Normal FVIII half-

life

(i) Inhibitor ≤2 BU/

mL; and/or (ii)

Inability to

normalize FVIII

recovery or half-

life

Inability to achieve

CS/PS (lack of

compliance,

additional

diseases or death

included)

-

Lin [50] 2011 29 Taiwan SC † 93 na na (i) Negative inhibitor

(<0.6 BU/mL); (ii)

Absence of

anamnestic

response on

subsequent FVIII

exposure

(i) >50% reduction of

inhibitor titer; (ii)

Clinical response

to FVIII therapy;

(iii) No need for

bypass therapy

No decrease inhibitor

titer

+

Mariani[51] 2001 314 Australia, Canada,

Europe, Japan,

US

MC † 100 na na ‡ Immune response

shifted from a

high- to low

responder

No decrease inhibitor

titer

+/-

Nakar[52] 2015 58 US MC † 95 85 white, 2 African

American, 2

Asian, 10 others

48 Int22Inv, 2

Int1Inv, 10 small

deletion, 2 small

insertion, 16

missense, 3

nonsense, 3 frame

shift

(i) Negative inhibitor;

(ii) Ability to use

FVIII concentrate

for treatment of

bleeding

(i) Inhibitor titer 1-5

BU/mL; (ii) Ability

to use FVIII

concentrate for

treatment of

bleeding

(A) Inability to

achieve CS/PS in

36 mo; (B)

Withdrawal from

study

+

Nogami[31] 2018 155 Japan MC † 90 Asian na Negative inhibitor na No decrease inhibitor

titer under

threshold

+/-

Oldenburg

[53]

2014 60 Germany, Italy,

Spain

MC Treatment with

high-purity

pdFVIII/VWF.

na 88 white, 12 others na ‡ (i) Negative inhibitor

(<5 BU/mL); (ii)

Inability to

normalize FVIII

recovery or half-

life; (iii) Clinical

response to FVIII

therapy without

an anamnestic

increase

Inability to achieve

CS/PS

+/-
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T A B L E 1 (Continued)

Source Year N Country

Study

cohort

Inclusion

criteria

Severe

%

Ethnicity

%

F8

genotype

%

ITI outcome definitions

Quality

Complete

success

Partial

success Failure

Rivard[54] 2013 32 Canada, France,

Greece, Italy,

Spain

MC Children (≤8 y);

Treatment with

rFVIII-FS;

HR inhibitors;

Treatment ≥9 mo

100 78 white, 6 African

American, 6

Asian, 9 others

na (A) (i) Negative

inhibitor; (ii)

Normal FVIII

recovery (n = 9);

(B) Negative inhibitor

(n = 8);

(C) ‡ (n = 5)

na na +/-

Rocino[55] 2016 71 France, Germany,

Italy,

Netherlands,

Portugal, Spain,

Sweden

MC Follow-up ≥12 mo 100 na 61 Int22Inv, 3

Int1Inv, 9 small

deletion, 5 large

deletion, 6

nonsense, 6 splice

site

‡ (i) Negative inhibitor

(<0.6 BU/mL); (ii)

Inability to

normalize FVIII

recovery or half-

life; (iii) Clinical

response to FVIII

therapy without

an anamnestic

increase

Inability to achieve

CS/PS within 9

mo follow-up

+/-

Ryu[56] 2015 17 Korea SC Historical

titer >5 BU/mL;

Pre-ITI titer

<10 BU/mL

100 Asian 35 Int1Inv, 12 small

deletion, 29

nonsense, 24

frame shift

‡ (i) Immune response

shifted from a

high- to low

responder; (ii)

Ability to use

FVIII concentrate

for treatment of

bleeding

No decrease inhibitor

titer for 10 wk

+/-

Salviato[24] 2007 16 Italy MC † 100 na 31 Int22Inv, 19 small

deletion, 13 large

deletion, 31

nonsense, 6 splice

site

na na na -

Ter Avest

[57]

2010 21 Netherlands SC Children (<6 y)

Low dose ITI

treatment

100 White 52 Int22Inv, 14 small

deletion, 29 large

deletion

‡ (i) Negative inhibitor

(<0.6 BU/mL); (ii)

Inability to

normalize FVIII

recovery or half-

life; (iii) Clinical

response to FVIII

therapy without

an anamnestic

increase

(A) No decrease

inhibitor titer for

≥ 26 wk ITI

treatment; (B)

Switch to a high

dose regimen

+/-

(Continues)
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other ethnicities. The ethnicity was unknown in 929 (53.6%) per-

sons. Nine studies (33.3%) reported the persons’ F8 genotypes.
3.2.2 | Primary ITI treatment characteristics

In 24 (88.9%) studies, information on FVIII product for ITI was given,

with similar distribution among participants (pdFVIII for 41.1%; rFVIII

for 43.8%, Table 2). A quarter of persons (435 of 1,679, 25.9%)

received low-dose ITI, 455 (27.1%) persons intermediate-dose ITI, and

245 (14.6%) participants high-dose ITI. A combination of these regi-

mens was given in 19.5% (328 of 1,679) of cases. The dose and

infusion frequency were unknown in 12.9% of primary ITI treatments.
3.2.3 | Rescue ITI treatment characteristics

In total, 5 studies reported on rescue ITI, involving 77 persons with

hemophilia A (Table 3). Fifty-eight (75.3%) participants received

pdFVIII, and 19 (24.7%) received rFVIII. The ITI regimens were

different among all studies.
3.2.4 | Complete ITI success definitions

The definition for complete ITI success varied among studies. Sixteen

(59.3%) studies used the following definition for complete ITI success

: (i) negative inhibitor titer (<0.6 BU/mL); (ii) FVIII recovery >66%,

and (iii) FVIII half-life ≥6 hours. Other definitions used for ITI outcome

are presented in Table 1.
3.3 | Methodological quality of studies

The methodological quality was high in 6/27 (22.2%) studies, as these

met at least 11 criteria from the adapted JBI checklist (Supplementary

Table S4) [37–58]. None of the 27 studies met all the criteria. Most

frequently, this was because no strategies were described to adjust for

potential confounding factors.
3.4 | Results of individual studies

The reported and calculated RRs and ORs for associations between

patient-, treatment-, and inhibitor-related determinants and ITI suc-

cess for primary ITI outcome are presented in Supplementary

Tables S6–S8. The rescue ITI findings are presented in

Supplementary Tables S9–S11. The cumulative incidence of complete

ITI success in persons with hemophilia A receiving primary ITI varied

from 26.3% to 88% and for rescue ITI from 28.6% to 71.2%. In total,

20 determinants of ITI outcome were reported in the included studies

or were re-categorized from raw data reported in the studies.



T AB L E 2 Treatment characteristics for primary ITI

Source

No. of

participants

ITI

regimen (%)

ITI

Product (%)

Age at

inhibitor

detection

(mo)

Interval

ID - ITI

start (mo)

Age at ITI

start, (mo)

No. of exposure

d before

inhibitor

administration Pre-ITI titer

Historical

peak titer

Peak titer

on ITI

Outcome (%)

pd r pdþr CS PS F

Barnes [37] 32 50 IU/kg 3-4x/wk

(28);

100 IU/kg/d (72)

6 88 6 25.2 (14.4-

55.2)

3.5 (0.3-19.2) na na 3.3 (1.5-7.8) 8.5 (4.3-67.8) 13.5 (0-126.5) 79.3 na 20.7

Batorova

[38]

19 50 IU/kg 2x/d (for 2-

3w),

50 IU/kg 3-4x/wk

(42);

100 IU/kg 2x/d (58)

68 32 0 22.8 (16.8-

156)

na 60 (18-180) 25 (15-32) 1.2 (0.6-3.4) 7.8 (2.8-20) 3.6 (1.9-4.6) 78.9 10.5 5.3f

Callaghan

[39]

31 50 IU/kg 3-4x/wk

(74);

50-250 IU/kg/d (26)

26 68 6 13 (2-141b) 13.3

(7.3-36.5)

56.5 (16.4-139.7) 7.5 (4.5-13.8) 4.4 (1.3-22) 34 (7.1-153) 22 (2-139) 71.0 na 29.0

DiMichele

[25]

164 Alternate day dosing

(21);

≥100 IU/kg/d (47);

≥200 IU/kg/d (7)

Unspecified (25)

25 75 0 na 55.8e

(0-256b)

111.6e (1.2-768b) na CS/19.5

(0-230)

F/61.3

(0-523)

CS/130

(5-4833)

F/571

(6-9999.5)

CS/154

(0-1770)

F/619

(34-3500)

70.1 na 29.9

Di Minno

[40]

137 50 IU/kg 3x/wk (24);

100 IU/kg/d (42);

200 IU/kg/d (34)

27 73 0 30 (1-576) 19 (<1-332) 57.6 (6-702) 15 (3->150) 4.5 (0-200) 64 (6-920) na 51.1 15.3 33.6

Dou [41] 110 100 IU/kg/d (7);

50 IU/kg/d (21);

50 IU/kg/ 1x/2d (72)

82 16 3 na na 72 (36-114) na na na na 64.9 na 35.1

El Alfy [42] 10 25 IU/kg 3-4x/wk

(40);

50 IU/kg 3-4x/wk

(60)

na na na na na 66 (27-126) 32 (18.8-95) 43 (19.5-

61.8)

44.5 (25.5-62.5) na 80 na 20

Elalfy [43] 20 50 IU/kg 3x/wk 100 0 0 na 8.5 (0.5-33) 60 (36-144) na 36.5 (12-169) 62 (2-412) 41 (8-320) 60 20 20

Escobar [44] 6 100 IU/kg/d 100 0 0 84 (63-384) NA 402 (318-495) na 1.0 (0.6-13.5) 33.4 (1.2-118.6) na 83.3 na 16.7

Greninger

[45]

7 ≤700 IU/kg/wk (57);

1400 IU/kg/wk (43);

100 0 0 30 (12-97.5) 16 (0-207.5) 97.5 (28-264) na 5 (1.4-27) 89 (5-200) 10 (5-46) 71.4 28.6 0

Hay [21] 115 50 IU/kg 3x/wk

(50)†††

200 IU/kg/d (50)‡‡‡

11 89 0 na na 15.6 (10.7-

23.2)†††

14.4 (11.4-

25.3)‡‡‡

na 5.9 (3.3-

7.3)†††

5.1 (3-

7.4)‡‡‡

21.7 (13.4-

52.5)†††

22.4 (12.5-

50)‡‡‡

40.1 (7.6-

150)†††

33 (1.5-

205)‡‡‡

69.7 4.5 25.8
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T A B L E 2 (Continued)

Source

No. of

participants

ITI

regimen (%)

ITI

Product (%)

Age at

inhibitor

detection

(mo)

Interval

ID - ITI

start (mo)

Age at ITI

start, (mo)

No. of exposure

d before

inhibitor

administration Pre-ITI titer

Historical

peak titer

Peak titer

on ITI

Outcome (%)

pd r pdþr CS PS F

Haya [46] 42 140 IU/kg/d 87 13 0 na 25 (12-78) 84 (48.0-177) 29 (3-250b) 11 (5.5-30) 76 (29.8-340) na 68.4 5.3 26.3

Kreuz [47] 48 50-100 IU/kg/d (13)

100 IU/kg 2x/d (88)

100 0 0 37.2 (8.4-

298.8b)

na 69.6 (9.6-337.2b) na 12.5 (0.6-

9736)

na na 70.8 8.3 20.8

Kurth [30] 8 50 IU/kg/d (13)

100-200 IU/kg/d (88)

100 0 0 32 (17-41) na 41 (28.8-78.8) na 24.5 (1.8-

73.5)

250.5 (49.5-

735.3)

na 37.5 37.5 25

Lapalud [48] 15 ≤450 IU/kg/wk (47)

700-1400 IU/kg/wk

(53)

27 73 0 na 7.1 (0.8-10.9) 22.3 (14.6-46.2) na 10 (2.3-15) 30 (12.5-181.3) 241 (70-1334) 46.7 na 53.3

Lenk [49] 140 na na na na 132e na 154.8e na na na na 78.6 8.7 12.7

Lin [50] 29 30-100 IU/kg/d to 3-

4x/wk

0 100 0 na HR 36 (12.5-

49)

204 (7.2-540)

306 (19.2-540)

na 0.85 (0.6-

1.6)e

5 (2.8-367.5)

40 (16-49) 1.0 (0.7

-3.3)e

15 (5.8-442)

84.6 11.5 3.8

Mariani [51] 314 <50 IU/kg/d (25)

50-99 IU/kg/d (23)

100-199 IU/kg/d (20)

≥200 IU/kg/d (32)

88 12 0 48 (<12-768b) 17 (<1-379b) na na 7 (0-720b) 54 (1-25,000b) na 44.6 7.3 21.0g

Nakar [52] 58 ≥100 IU/kg/d 26 74 0 18 (1.3-

603.6b)

na na na na na na 88 na 12

Nogami [31] 155 ≤75 IU/kg 3x/wk

(52);

≥90 IU/kg/d (12);

Other (30)

Unclassified (5)

13 87 0 14.4 (10.8-

25.2)

7.2 (2.4-26.4) na NA 3.9 (1.7-7.9) 14 (3.7-46) na 60.6 na 24.5h

Oldenburg

[53]

32c

9d
<100 IU/kg/d (22)a

≥100 IU/kg/d (78)a
100 0 0 na na 20.4 (0.7-206.4b)c

422.4 (277.2-

638.4b)d

na 5.7 (0.7-

831b)c

7.4 (1.0-

109b)d

20 (1.7-6842b)c

73 (11.2-737b)d
na 63.4 24.4 12.2

Rivard [54] 32 <85 IU/kg/d (34)

≥85 IU/kg/d (66)

0 100 0 12 (0-48b) 8.7 (0.2-38.9b) 24 (0-60b) 13.5 na na na 68.8 na 31.2

Rocino [55] 71 50-≥200 IU/kg/d to

3-4x/wk

17 83 0 20.4 (2.6-

492b)

na 45.6 (5.3-492.2b) 15 (2-43b) 4 (0-165b) 18.5 (0.8-704b) 43 (0.5-

16,384b)

71.8 12.7 15.5

Ryu [56] 17 <25 IU/kg 3x/wk (6);

<50 IU/kg/d (6);

75-100 IU/kg 3x/wk

65 24 12 24 (12-36) 57.6 (29.4-

109.8)

69.6 (44.4-148.8) 16 (12-47) 3.7 (2.1-5.9) 30.8 (12.6-56.8) 14.4 (3.3-39.6) 82.4 5.9 11.8
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T A B L E 2 (Continued)

Source

No. of

participants

ITI

regimen (%)

ITI

Product (%)

Age at

inhibitor

detection

(mo)

Interval

ID - ITI

start (mo)

Age at ITI

start, (mo)

No. of exposure

d before

inhibitor

administration Pre-ITI titer

Historical

peak titer

Peak titer

on ITI

Outcome (%)

pd r pdþr CS PS F

(65);

90-110 IU/kg/d (24)

Salviato [24] 16 na na na na na na na na 4.4 (1.5-8) 300 (72-976) na 68.8 na 31.3

Ter Avest

[57]

21 25-50 IU/kg 2-4x/wk

(86);

From LD to HD (14)

48 52 0 19 (13.5-28) na na 17 (10.5-35) 4.5 (2.5-14.8) na 4.6 (1.7-16.4) 85.7 na 14.3

Unuvar [58] 21 20-50 IU/kg 2x/wk

(57);

50 IU/kg 3x/wk (5);

50 IU/kg 3x/wk; HD

VWF/FVIII (5);

25 IU/kg 3x/wk (10);

30 IU/kg 3x/wk (19);

Dutch protocol (5)

100 0 0 na 2.5 (0.3-60b) 108 (42-138) 25 (14-64.5) 19.2 (3.6-

515b)

80 (6-517b) 27 (2.5-517b) 26.3 36.8 36.8

Numbers are reported as median (IQR), unless states otherwise.

CS, complete success; F, failure; H, high dose; HR, high-responding inhibitor ≥5 BU/mL; IU, international unit; ITI, immune tolerance induction; kg, kilogram; L, low dose; LR, low-responding inhibitor <5 BU/mL;

na, not available; PS, partial success; pd, plasma-derived FVIII; r, recombinant FVIII; pd+r, plasma-derived and recombinant FVIII.
aBoth primary and rescue ITI.
bRange.
cChildren.
dAdults.
eReported numbers of the largest group.
fOne person died while on ITI, therefore the ITI outcome is not available in 5.3%.
gData was insufficient to evaluate ITI outcome in 37 persons (11.8%) and ITI was ongoing in 48 persons (15.3%).
hITI was ongoing in 23 patients (14.8%).
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2.66 (1.87-3.79)

1.88 (0.95-3.70)
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F I GUR E 2 Pooled odds ratio (OR)s of determinants for complete success in primary ITI (immune tolerance induction). All presented

pooled ORs show the chance for complete ITI success. Every determinant is categorized in 2 groups and the reference group is reported. For

example, the pooled OR, for peak titer during ITI <100 BU/mL shows a 2.66 increased chance for complete ITI success compared to ≥100 BU/

mL. On the other hand, the pooled OR, for age at inhibitor development ≤12 months shows a 0.72 decreased chance for complete ITI success,

thus favoring persons older than 12 months.
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3.5 | Data synthesis

The pooled ORs of each determinant of complete ITI success of pri-

mary ITI are presented in Figure 2.
3.5.1 | Patient-related determinants of primary ITI

There was no clear association between ethnicity and ITI outcome.

Persons with hemophilia A with high-risk mutations had a 26% lower

probability to achieve complete ITI success (pooled OR, 0.7; 95% CI,

0.5-1.0), compared with those with low-risk mutations.
3.5.2 | Treatment-related determinants of primary

ITI

Eight treatment-related determinants were interrogated for their impact

on complete ITI success. Different ITI regimens, including product type,

FVIII dose and infusion frequency were not clearly associated with ITI

outcome. Neither were the time interval between inhibitor development

and ITI start, Central Venous Access Device (CVAD)-infections during

ITI, nor adjuvant therapy associated with ITI outcome.
3.5.3 | Inhibitor-related determinants of primary ITI

Persons with hemophilia A with historical peak titers ≤100 BU/mL,

pre-ITI titer ≤10 BU/mL, and peak titer during ITI ≤100 BU/mL were

1.7 to 2.7 times more likely to achieve complete ITI success than the

persons with hemophilia A with respective high inhibitor titers (pooled

OR, 1.7; 95% CI, 1.4-2.1; 1.8; 95% CI, 1.4-2.3; and 2.7; 95% CI, 1.9-3.8,

respectively). The cumulative number of exposure days to FVIII

products and the age of inhibitor development were not associated

with ITI outcome.

The data for patient-, treatment-, and inhibitor-related de-

terminants of rescue ITI were not pooled because of the limited

studies reported on rescue ITI and the low number of participants

included in this sub-cohort.
3.6 | Data evaluation

3.6.1 | Small study data trends for primary ITI

Forest plots sorted by study sample size did not reveal any small study

data trends (Supplementary Fig. S1A–S20A).



T A B L E 3 Treatment characteristics for rescue ITI

Source

No. of

participants

ITI

regimen (%)

ITI Product

(%) Age at

inhibitor

detection (m)

Interval

ID - ITI

start (m)

Age at ITI

start, (m)

No. of exposure

d before

inhibitor

administration

Pre-ITI

titer

Historical

peak titer

Peak titer

on ITI

Outcome (%)

pd r pdþr CS PS F

Escobar [44] 7 100 IU/kg/d 100 0 0 24 (12-36) na 126 (60-384) na 17 (2.4-109) 104.1 (75.5-

265.1)

na 28.6 42.9 28.6

Greninger

[45]

4 1400 IU/kg/wk 100 0 0 14 (3.4-17.4) 3.4 (0.1-

52.3)

18 (5.1-67.5) na 7.4 (4.4-197.8) 47 (11.6-210.8) 1216

(346-

2868.6)

0 na 100

Kurth [30] 25 50 IU/kg/d (8)

100-200 IU/kg/

d (92)

100 0 0 10.5 (7.3-20.5) na 54 (35.5-98) na 22 (2-76) 277.5 (122.5-

769.5)

na 32 20 48

Nogami [31] 22 ≤75 IU/kg 3x/wk

(52)a;

≥90 IU/kg/d (12)a;

Other (30)a

13 87 0 14.4 (10.8-

25.2)a

7.2 (2.4-

26.4)a

na na 3.9 (1.7-7.9)a 14 (3.7-46)a na 71.2 na 28.8

Oldenburg

[53]

17c

2d

<100 IU/kg/d (22)a;

≥100 IU/kg/d (78)a

100 0 0 na na 92.3 (30-184.8b)c

345.6 (298.8-391.2 b)d

na 20.3 (1.6-200 b)c

10 (5-15 b)d

92 (2.1-4505 b)c

200 (100-300 b)d

na 36.8 36.8 26.3

Numbers are reported as median (interquartile range), unless stated otherwise.

CS, complete success; F, failure; IU, international unit; ITI, immune tolerance induction; kg, kilogram; na, not available; PS, partial success; pd, plasma-derived FVIII; r, recombinant FVIII; pd+r, plasma-derived

and recombinant FVIII.
aBoth primary and rescue ITI.
bRange.
cChildren.
dAdults.
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3.6.2 | Sensitivity analysis for primary ITI

All sensitivity analyses resulted in similar pooled OR, (Supplementary

Fig. S1–S20).
4 | DISCUSSION

In this systematic review and meta-analysis, we summarized and

pooled the data for 1,734 persons with hemophilia A from 27 included

studies. The aim was to identify patient-, treatment-, and inhibitor-

related determinants of ITI outcome and estimate the effects of

these determinants on ITI outcome with more precision than is

possible with single studies. We found that historical peak titer below

100 BU/mL, pre-ITI titer below 10 BU/mL, and peak inhibitor titers

during ITI below 100 BU/mL were significantly associated with pri-

mary ITI success, suggesting that the robustness of anti-FVIII immune

response plays a role in ITI outcome, and a strong immune response

may be more challenging to be switched-off. Other patient-, treat-

ment-, and inhibitor-related determinants were not clearly related to

ITI outcome in primary ITI. For rescue ITI, study findings were sum-

marized; however, we were unable to draw any conclusions regarding

the associations between patient-, treatment-, and inhibitor-related

determinants and ITI outcome. This was due to the low number of

persons with hemophilia A who received rescue ITI included in these

studies and the low number of studies reporting on rescue ITI.

Because various studies reported favorable results on ITI

outcome in persons with hemophilia A with pre-ITI titers below 10

BU/mL, clinicians attempted to postpone ITI until the inhibitor titer

had dropped [21,46,59]. However, the initial level of inhibitor titer is

now considered a marker of the immune response strength toward

administered FVIII; waiting for the inhibitor to drop below 10 BU/mL

is not expected to result in an improved efficacy of inhibitor eradi-

cation during ITI. Therefore, it is nowadays recommended to start ITI

as soon as possible after a high-titer inhibitor is detected, mainly

because of the concern about the potential inhibitor-related morbidity

caused by bleeds during the waiting period for inhibitor titer to drop

[17,52]. Therefore, we emphasize that pre-ITI titer below 10 BU/mL as

a predictor for ITI success should not be interpreted as an indication

to wait until titer falls to ≤10 BU/mL before starting ITI.

Presently, the exact mechanisms of achieving tolerance by

repeated administration of FVIII is still not completely elucidated [60].

Key players in the immune response to FVIII are FVIII-specific CD4+
T-cells, FVIII-specific B-memory cells, and anti-FVIII antibody pro-

ducing plasma cells [60]. These cells are the main targets of ITI.

Different mechanisms have been described that all contribute to the

inhibition or deletion of these FVIII-specific B- and T-cells and thus in

inducing immune tolerance: inhibition of B-memory cell differentiation

into anti-FVIII antibody secreting plasma cells by high FVIII concen-

trations, and anergy of effector T-cells induced by exhaustion or

overstimulation and emergence of regulatory T cells due to chronic

exposure to FVIII in a non-inflammatory state [61,62]
Since the advent of emicizumab, a debate has started on the

utility of ITI. Current consensus statements and guidelines still

recommend ITI as the mainstay of treatment for persons with he-

mophilia A with inhibitors. Arguments in favor of ITI are the increased

therapeutic options and lower costs when tolerance for FVIII is re-

established, as emicizumab is only effective as prophylaxis and not

for treatment of bleeding. Patients who are not tolerant and require

bypassing agents for the treatment of bleeds can only use doses <100

IU/kg/d for not more than 1 day of aPCC when treatment with rFVIIa

fails, as high doses of aPCC in combination with emicizumab may

confer a thrombotic risk [11]. In vivo study by Kizilocak et al. [63]

reported that a single dose of aPCC was safe for most persons on

emicizumab who demonstrated in 66% normal thrombin generation at

approved doses of aPCC. Moreover, patients with inhibitors are

currently not eligible for gene therapy that offers the chance of a long-

term reversal of bleeding phenotype into a mild one without the need

for prophylaxis [64]. However, because ITI remains a burdensome and

costly treatment, it is of utmost importance to be able to identify

which persons are likely to respond to ITI and which persons are not.

Knowledge on determinants of ITI outcome can be used as the basis

for a prediction algorithm that may estimate the chance of successful

ITI to guide clinical decision making.

A strength of this systematic review is large number of partici-

pants, yielding the most precise estimates of associations between

patient-, treatment-, and inhibitor-related determinants and complete

ITI success. We furthermore used an advanced statistical model for

our meta-analysis. The number of participants per determinant cate-

gory was often small, resulting in either 0 or 100% of persons with ITI

success in certain subcategories. Because of these “null cells” in the

data, results using standard methods for meta-analysis can be severely

biased. Therefore, we used a meta-analysis model especially suitable

for sparse and unbalanced data: the hypergeometric-normal model

[35]. This model has several advantages: it avoids the use of continuity

correction and it takes into account the uncertainty in the estimates of

standard errors and therewith avoids bias caused by the correlation

between estimate and standard error. Another strength is that we

have performed several sensitivity analyses, showing that the effect

estimates obtained with the meta-analysis are robust.

Our study had several limitations. Firstly, the heterogeneity in ITI

protocols, as well as varying ITI outcome definitions across studies

made it difficult to compare results. Noteworthy not only the wide

variety in definitions for ITI failure, which included failure to achieve

tolerance, but also, for example, withdrawal from study, patient

relocation, or death made comparison between studies more difficult.

We regarded partial ITI success as not complete ITI success, and

grouped this into the failure group, as participants with partial success

may have not yet reached complete ITI success due to insufficient

follow up time. This might have underestimated the ORs. To address

this, we performed one sensitivity analysis that grouped complete and

partial successes, compared with failures, and another analysis among

patients with complete ITI success, as defined in the International ITI

study[21], versus failures. This did not result in different pooled OR.

Secondly, the data that were reported not precisely according to our
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used categorization of determinant, were excluded from the current

meta-analysis. This could have resulted in underreporting of data.

Thirdly, titer at start of ITI is controversial as patients with a titer of

≤10 BU/mL include two types of patients; those who never had a titer

>10 BU/mL, and those patients who had peak titers >10 BU/mL but

clinicians waited to start ITI after their titer dropped to ≤10 BU/mL.

Unfortunately, not all papers reported data on both parameters, not

allowing us to analyze the effect on ITI outcome in persons with both

historical peak titer ≤10 BU/mL as well as pre-ITI titer ≤10 BU/mL.

Fourthly, duplicate inclusion of participants may have occurred,

particularly from four large registries [25,46,49,51]. This may have led

to slight overestimation of the effect of determinants on ITI outcome,

but we expect that duplicate inclusion of participants is limited. Fifthly,

we did not include potential immunological factors as predictors of ITI

outcome in our study. Evidence on immunological variables affecting

ITI outcome is limited. However, it has been suggested that emer-

gence of IgG4 FVIII-specific antibodies during ITI was associated with

a poor ITI outcome [65]. Lastly, antibodies directed against the A2-

domain were reported to be associated with ITI failure, whereas an-

tibodies directed against the light chain of FVIII were associated with

favorable ITI outcome [45,48,66]. Further studies should elaborate on

these antibody features to see whether these immunological markers

are suitable candidates to predict ITI outcome during the course of ITI.

This study provides a comprehensive overview of patient-,

treatment-, and inhibitor-related determinants of ITI outcome. We

summarized and pooled the available evidence on associations be-

tween potential determinants and ITI outcome. Our findings suggest

that determinants especially related to inhibitor titer (pre-ITI and peak

titers) are associated with ITI outcome. Future research should

elucidate on immunological mechanisms in order to identify bio-

markers that could predict ITI outcome, and should further investigate

the role for genetic determinants for ITI outcome in a multicenter

cohort study with sufficient participants.
ACKNOWLEDGMENTS
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Mingot-Castellano ME, et al. Spanish Consensus Guidelines on pro-

phylaxis with bypassing agents in patients with haemophilia and in-

hibitors. Thromb Haemost. 2016;115:872–95.

[9] Barg AA, Livnat T, Kenet G. Inhibitors in hemophilia: treatment chal-

lenges and novel options. Semin Thromb Hemost. 2017;44:544–50.

[10] Shapiro AD, Hedner U. Advances in bypassing agent therapy for

hemophilia patients with inhibitors to close care gaps and improve

outcomes. Ther Adv Drug Saf. 2011;2:213–25.

[11] Oldenburg J, Mahlangu JN, Kim B, Schmitt C, Callaghan MU,

Young G, et al. Emicizumab prophylaxis in hemophilia A with in-

hibitors. N Engl J Med. 2017;377:809–18.

[12] Young G, Sidonio RF, Liesner R, Oldenburg J, Chang T, Uguen M,

et al. HAVEN 2 updated analysis: multicenter, open-label, phase 3

study to evaluate efficacy, safety and pharmacokinetics of subcu-

taneous administration of emicizumab prophylaxis in pediatric pa-

tients with hemophilia A with inhibitors. Blood. 2017;130(Suppl

1):85.

[13] Mahlangu JN, Oldenburg J, Paz-Priel I, Negrier C, Niggli M,

Mancuso ME, et al. Emicizumab prophylaxis in patients who have

hemophilia A without inhibitors. N Engl J Med. 2018;379:811–22.

[14] Young G, Liesner R, Chang T, Sidonio RF, Oldenburg J, Jiménez-
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