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Abstract

The main complication of hemophilia A treatment is the development of neutralizing antibodies (inhibitors) against factor VIII
(FVIN). Immune tolerance induction (ITl) is the prescribed treatment for inhibitor eradication, although its working mechanism
remains unresolved. To clarify this mechanism, we compared blood samples of hemophilia A patients with and without inhibitors
for presence of immunoregulatory cells and markers, including regulatory B-cells (Bregs), regulatory T-cells (Tregs), myeloid-
derived suppressor cells (MDSCs), and expression of regulatory markers on T-cells (programmed cell death protein 1 [PD1], ind-
ucable T-cell costimulator, cytotoxic T-lymphocyte-associated protein 4 [CTLA4]), by use of flow cytometry. By cross-sectional
analysis inhibitor patients (N = 20) were compared with inhibitor-negative (N = 28) and ex-inhibitor (N = 17) patients. In another
longitudinal study, changes in immunoregulatory parameters were evaluated during ITl (N = 12) and compared with inhibitor-neg-
ative hemophilia A patients (N = 36). The frequency of Bregs, but not of Tregs nor MDSCs, was significantly reduced in inhibitor
patients (3.2%) compared with inhibitor-negative (5.9%) and ex-inhibitor patients (8.9%; P < 0.01). CTLA4 expression on T-cells
was also reduced (mean fluorescence intensity 133 in inhibitor versus 537 in inhibitor-negative patients; P < 0.01). Fittingly, in
patients followed during ITl, inhibitor eradication associated with increased Bregs, increased Tregs, and increased expression of
CTLA4 and PD1 on CD4+ T-cells. In conclusion, inhibitor patients express significantly lower frequency of Bregs and Tregs marker
expression, which are restored by successful ITl. Our findings suggest that an existing anti-FVIIl immune response is associated
with deficits in peripheral tolerance mechanisms and that Bregs and changes in immunoregulatory properties of CD4+ T-cells likely

contribute to [Tl in hemophilia A patients with inhibitors.

Introduction

The congenital bleeding disorder hemophilia A is caused by a
deficit of coagulation factor VIII (FVIII), which results in sponta-
neous and severe bleeding. Prevention and treatment of bleeding
consist of lifelong administration of FVIIL. Although new ther-
apeutic modalities have improved patient’s well-being, 1 major
and challenging complication in the treatment of hemophilia A
remains: the development of anti-FVIII antibodies (inhibitors).
These inhibitors develop in about one-third of all patients with
severe hemophilia A, mostly during the first 15-20 exposure
days (EDs)."** Anti-FVIII antibodies render FVIII replacement
ineffective, and are associated with increased risk of uncontrol-
lable bleeding, increased morbidity, and reduced quality of life.>
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So far, the most successful method to eliminate inhibitors is
immune tolerance induction (ITI), in which long-term adminis-
tration of high-dose FVIII successfully down-modulates the anti-
FVIII antibody production in about two-third of patients.”
The working mechanism of ITI is incompletely understood as
few studies thus far addressed FVIII-induced immunological
changes during ITL"-*

Regarding inhibitor development, several risk factors are
described, of which the F§ gene mutation and age and intensity
of first treatment are well established.>32*-2* Polymorphisms in
immune response genes also appear to contribute to the inhib-
itor risk, whereas the role of the FVIII product type or expo-
sure to “danger signals” during FVIII administration is more
debated.?*3°

The strong correlation between F8 gene mutation and the risk
of inhibitor development results from the lack of central toler-
ance to FVIII in these patients with complete absence of FVIIIL
Accordingly, FVIII-reactive T-cells and B-cells are not eliminated
during development, with the inherent risk to become activated
after FVIII administration. Not all severe hemophilia patients,
however, develop an inhibitor and also healthy controls and
noninhibitor patients can harbor anti-FVIII reactivity.>'=** Thus,
peripheral tolerance mechanisms appear to play a crucial role
in counteracting the FVIII-directed immune response.3?33353¢
Subsequently, inhibitor formation will occur as soon as this
peripheral tolerance fails, either due to genetic vulnerability,
exogenous immune system challenges, or a combination of
both.?

Compared with the prevention of inhibitor development, the
question of how to restore tolerance to FVIII may be even more
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difficult to solve, given the highly effective antigen-specific B-
and T-cell memory response in a primed immune system.

The aim of this study is to improve the knowledge regarding
the working mechanism of ITIL To this end, we evaluated the
role of several immunoregulatory cell types and markers in ITI,
which are identified as being involved in tolerance mechanisms
in other (auto-)immune of inflammatory disorders. These include
not only regulatory T-cells (Tregs) but also myeloid-derived sup-
pressor cells (MDSCs), regulatory B-cells (Bregs), and tolerance
markers programmed cell death protein 1 (PD1), programmed
death-ligand 1 (PD-L1), inducable T-cell costimulator (ICOS),
and cytotoxic T-lymphocyte-associated protein 4 (CTLA4).

The immunoregulatory function of Tregs is well-known and
limited evidence suggests also a role for Tregs in inhibitor erad-
ication in hemophilia.!33** MDSCs are a heterogeneous group
of immature myeloid cells with a immunoregulatory function,
which are mostly studied in the context of cancer given their role
in the tumor immune escape but also have been described as being
involved in tolerance induction in autoimmune diseases.***’

Bregs comprise a subset of B cells with immunosuppressive
capacity by the production of interleukin-10 (IL-10).*! The defi-
cit or dysregulated function of these cells has been identified
as contributing factor for several autoimmune or inflammatory
diseases, such as systemic lupus erythematosus (SLE), rheuma-
toid arthritis (RA), and colitis ulcerosa.**

By comparison of these immunoregulatory markers between
patients with and without inhibitor and evaluation of changes
during ITIL, we aimed to identify potential key players in the
restoration of immune tolerance to FVIII, with the ultimate goal
to improve current I'TI protocols for hemophilia A.

Methods
Study design

This study involves a cross-sectional and longitudinal evalua-
tion of differences and/or changes in immune-regulatory cells and
markers, that is, the immune profile, of hemophilia A patients using
flow cytometry-based assays. For the cross-sectional analysis, dif-
ferences in the immune profile between patients without an inhib-
itor, patients with an inhibitor and patients with an inhibitor in
the past (ex-inhibitor patients) were evaluated. For the longitudinal
analysis, changes in immune profile during the course of ITI (pre-
and post-ITI) were assessed and compared with a control cohort.

Study population

The participants of this study are all hemophilia A patients
treated at the Van Creveldkliniek, the hemophilia treatment cen-
ter of the University Medical Center Utrecht (UMC Utrecht).
The cross-sectional cohort consists of 65 patients, of which the
majority (N = 37) was included between 2017 and 2018 (cohort
A). Hemophilia patients were included when previously treated
with FVIII concentrate (> 50 EDs) and belonging to either one
of the following categories: (1) no inhibitor; (2) active inhib-
itor (defined as an anti-FVIII titer > 0.3 Bethesda Units [BU]/
mL, as used at the UMC Utrecht); or (3) inhibitor in the past,
successfully treated with ITI (ex-inhibitor patients). Exclusion
criteria were the presence of anemia (hemoglobin < 6 mmol/L;
< 9.67g/dL), a diagnosis with other hematologic or immuno-
logical comorbidities, use of immunosuppressive medication,
and having active infection at the moment of blood withdrawal.
Of note, the cross-sectional cohort was complemented with 28
patients (cohort B) who participated in previous studies between
2001 and 2008 and from whom peripheral blood mononuclear
cells (PBMCs, stored in liquid nitrogen) were available.*4¢

The longitudinal cohort includes 12 inhibitor patients (cohort C)
who underwent ITI and from who serial blood samples were stored
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during ITI (between 2001 and 2013; PBMCs stored in liquid nitro-
gen). The results of cohort C were compared with a control cohort
(cohort D), consisting of 36 hemophilia patients without inhibitor,
who had 2 blood samples withdrawn with a 6-month interval with-
out clinical changes during this period (between 2017 and 2018).
The study was approved by the local medical ethics committee and
signed informed consent was obtained from all patients.

Data collection

From all study participants, the following data were col-
lected: age at moment of blood withdrawal, hemophilia severity,
number of EDs, anti-FVIII titer, and, if applicable, ITI treatment
data (including start- and stop-date, FVIII treatment dose and
regimen, maximum inhibitor titer, and date inhibitor eradica-
tion). Successful tolerance induction was defined as a negative
anti-FVIII antibody titer (< 0.3 BU), a recovery of at least 66%
and a FVIII terminal half-life of at least 6 hours.!°

PBMC isolation

Blood was drawn into citrate tubes for inhibitor testing
using the Bethesda assay and heparin tubes to isolate PBMCs
using Ficoll-Paque PLUS (GE Healthcare) density centrifuga-
tion. Isolated PBMCs were resuspended in cell culture medium
(RPMI 1640) 1640 containing 1% penicillin/streptomycin and
1% L-glutamine (all Gibco), 20% heat-inactivated fetal calf
serum (FCS, Sigma-Aldrich, F7524), and 10% dimethyl sulfox-
ide (Sigma-Aldrich) and stored in liquid nitrogen until use.

Flow cytometry analysis of immune profiles

For evaluation of the immune profile, 3 different flow cytom-
etry panels were used: (1) B-cell panel for Breg evaluation;
(2) monocyte panel for MDSCs and expression of PD-L1 and
HLA-DR on monocytes; and (3) T-cell panel for Treg evaluation
and expression of PD1, CTLA4, and ICOS on T-cells.

B-cell panel

AF700-anti-CD3  and BV711-antiCD19  (BioLegend);
PB-anti-CD20  (Sony  Biotechnology); AF700-anti-CD56,
PE-Cy7-anti-CD5, and PE-anti-CD24 (BD Biosciences);
BV510-anti-CD1d (BD Horizon); and allophycocyanin (APC)-
anti-CD38 and FITC-anti-CD27 (eBioscience).

Bregs were defined as CD19+CD24"shCD38"sh cells*~#447; the
frequency of Bregs is expressed as the percentage of Bregs from
the total number of CD19* B-cells. Previously, functional experi-
ments were performed to establish that IL-10+ producing B-cells
are enriched in this CD19"CD24bshCDheh B-cell fraction. For
this purpose, PBMCs from healthy donors and inhibitor patients
were stimulated with CpG oligodeoxynucleotides class B and
phorbol myristate acetate/ionomycin for measurement of 1L-10
production and differentiation between the total B-cell popula-
tion and the CD24"sCD38"sh and CD24°¥CD38"*% B-cell sub-
sets (See Supplemental Figure 1, http:/links.lww.com/HS/A150).

Monocyte panel

Live/dead staining 7-aminoactinomycin D, PB-anti-CD13,
FITC-anti-HLA-DR, PE-Cy7-anti-PD-L1, PE-CF594-
anti-CD356, and V500-anti-CD3 (BD Biosciences); BV785-
anti-CD14 and BV711-anti-CD19  APC-anti-CD11b
(eBioscience); and PE-anti-CD33 (Bio-Rad). Monocytes were
defined as CD3-CD19-CDS56(Lin")CD14+* cells.

MDSCs were defined as LinTHLA-DR"YCD11b*CD33*; the
frequency of MDSCs is expressed as the percentage of MDSCs
from the total number of PBMCs. HLA-DR and PD-L1 expres-
sion on monocytes was presented as mean fluorescence intensity

(MFI).
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T-cell panel

AF594-anti-CD3, BV785-anti-CD4, BV711-anti-CD45RO
(BioLegend); APC-Cy7-anti-CD45RA (Sony Biotechnology);
BV510-anti-CD27,  PE-Cy7-anti-CD25,  FITC-anti-CD69,
PE-anti-CTLA4 (BD Biosciences); PerCP-Cy5’S-anti-PD1 (Sony
Biotechnology); and APC-anti-ICOS (eBioscience). Tregs were
defined as CD4*CD25*FoxP3* cells; the frequency of Tregs is
expressed as the percentage of Tregs from the total number of
CD4+ T-cells. Expression of CTLA4, ICOS, and PD1 was pre-
sented as MFI.

For surface immunostaining, PMBCs were thawed, washed
in PBS/2% FCS/0.1% sodium azide, and incubated with anti-
bodies (0.5 x 10° cells, 30 min, 4°C). After staining, cells were
washed twice in PBS/2% FCS. Cells of the B-cell and monocyte
panel were immediately analyzed.

Cells from T-cell panel were fixed and permeabilized (Cytofix/
Cytoperm; eBioscience; 30 min, 4°C) for intracellular staining.
Thereafter cells were washed twice and stained with anti-FoxP3
antibody (30min, 4°C). Cells were washed twice and resus-
pended in PBS/2% FCS for analysis.

Fluorescence activated cell sorting (FACS) acquisition was
performed on an LSR Fortessa flow cytometer (BD Biosciences).
Only samples with cell viability > 95% were included, and we
ensured minimal inter-test variability by measuring in sets with
an equal distribution between the different groups (no inhibitor/
inhibitor/ex-inhibitor); for the longitudinal cohort, all available
serial samples from 1 patient were measured at once. For data
analysis, Flow]Jo software (LLC, version 10, Ashland, OR) was
used. A complete gating strategy for the 3 FACS panels is shown
in Supplemental Figure 2 (http:/links.lww.com/HS/A150).

Statistical analysis

Data are expressed as mean with SD and 95% confidence
interval or median with interquartile range (IQR) as appropri-
ate. Kruskal-Wallis test was used to evaluate group differences
in the cross-sectional cohort. In case of statistically significant
results, a post hoc analysis was performed using the Bonferroni
correction. A sensitivity analysis was performed in which only
patients with severe hemophilia A were included.

Data from the longitudinal ITI cohort were compared with the
longitudinal control cohort in order to differentiate ITI-specific
changes from aspecific time-related changes in outcome param-
eters. Here, for each ITI-patient, 2 timepoints were selected: pre-
ITI, representing the start of ITI, and post-ITI, representing the
first negative anti-factor VIII (aFVIII) titer or the time point at
which the lowest aFVIII titer was reached (requiring a minimal
3-fold decrease in aFVIII titer). For each outcome, parameter
relative changes pre- and post-ITI were calculated and expressed
as a ratio. For the control cohort, relative changes were calcu-
lated using the 2 samples, withdrawn at a 6-month interval.
Mann-Whitney U test was used to compare ratios of the ITI
cohort and control cohort. A sensitivity analysis was performed
in which only patients were included with a negative inhibitor
titer at the post-ITI timepoint. A P value < 0.05 was consid-
ered as statistically significant. All analyses were performed with
IBM SPSS Statistics for Windows, version 25.0.0.2 (IBM Corp,
Armonk, NY). Graphs were produced with GraphPad Prism,
version 8.3.0 for Windows (GraphPad Software, La Jolla, CA).

Results

Comparison of immune profile between inhibitor,
no inhibitor, and ex-inhibitor patients

Patient characteristics
The cross-sectional cohort (cohorts A and B) consisted of 65
patients in 3 groups, of which 28 (43.1%) without an inhibitor,
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20 (30.7%) with a current inhibitor (30.7%), and 17 (26.2%)
with an inhibitor in the past, that is, ex-inhibitor patients
(Table 1). Cohort A represented 37 of 65 patients (56.9%),
including 20 no inhibitor patients, 7 inhibitor patients, and 10
ex-inhibitor patients. The remainder of patients from cohort B
(28/65,43.1%) consisted of 8 no inhibitor patients, 13 inhibitor
patients, and 7 ex-inhibitor patients.

Median age of the cohort was 32 years (IQR, 10-53 y) and
the majority of patients suffered from severe hemophilia A
(81.5%), with no significant differences between subgroups.
Age at inhibitor development, the maximum anti-FVIII titer and
the frequency of high responders (anti-FVIII > 5 BU) were com-
parable between current inhibitor and ex-inhibitor patients.

In the inhibitor group, 12 of 20 (60.0%) of patients were
treated with ITT at any moment during their disease course:
2 received ITI in the past (unsuccessful), 6 were on ITI at the
moment of blood withdrawal, and 4 started with ITI after blood
withdrawal. The 8 inhibitor patients, not treated with ITI, were
mostly patients with mild hemophilia A (6/8). In the ex-inhibitor
group, 14 of 17 received ITI in the past; in the other 3 patients,
the anti-FVIII reactivity resolved spontaneously. These 3 patients
all had low-titer inhibitors, 2 with severe hemophilia A (age 1
and 2 y) and 1 with mild hemophilia A (76 y). The time to a
negative inhibitor in these patients ranged from 4 to 92 months.

Frequency of immunoregulatory cell types and markers

Using flow cytometry, the frequency of immunoregulatory
cell types and markers in PBMCs was measured and compared
between the 3 groups (no inhibitor, inhibitor, and ex-inhibitor;
Figures 1 and 2; and Supplemental Table 1, http:/links.lww.
com/HS/A150).

The total number of B-cells was not significantly differentamong
the 3 groups (inhibitor: 14.2% [IQR, 9.6%-23.0%]; noninhibi-
tor: 10.4 [8.1-14.4]; and ex-inhibitor: 10.6 [6.5-15.4]; P = 0.06).
The frequency of Bregs (expressed as percentage of CD19+
B-cells), however, was significantly lower in inhibitor patients
compared with both noninhibitor patients and ex-inhibitor
patients (respectively, 3.2% [IQR, 1.6-6.6%] versus 5.9% [IQR,
4.1-10.4%] and 8.9% [IQR, 4.6-15.6%]; P < 0.01; Figure 1).

Total T-cell numbers and the frequency of CD4+ T-cells
were similar among all groups (P = 0.36 and P = 0.72, respec-
tively; Supplemental Table 1, http:/links.lww.com/HS/A150).
Specifically, the frequency of Tregs was also not different.
Regarding regulatory markers ICOS and PD1 on CD4+ T-cells
and PD-L1 on monocytes, similar to Bregs, the lowest expres-
sion was observed in inhibitor patients and the highest expres-
sion in ex-inhibitor patients, although these results did not
reach statistical significance (PD1: P = 0.89; ICOS: P = 0.66;
PD-L1: P = 0.14; Figure 2; and Supplemental Table 1, http://
links.lww.com/HS/A150). Also, the expression of CTLA4 on
T-cells, both on effector T-cells (Teffs) and Tregs, was reduced
in inhibitor patients compared with the other 2 groups. The
difference between inhibitor and no inhibitor patients reached
statistical significance (CTLA4 on all CD4+ T-cells: MFI 133
[IQR, 91-177] versus 537 [IQR, 450-625], respectively; P
= 0.001). No differences were observed in the frequency of
MDSCs and the expression of HLA-DR on monocytes (See
Supplemental Table 1, http://links.lww.com/HS/A150).

Subanalysis, including data of severe hemophilia A patients
only, confirmed these findings, showing a significant decrease in
frequency of Bregs and CTLA4 in inhibitor patients and down-
ward trends in PD1, ICOS, and PD-L1 (See Supplemental Table
2, http:/links.lww.com/HS/A150).

Changes in immune-regulatory cell types and
markers before and after ITI

In order to further clarify the association between immuno-
regulatory components and restoration of tolerance to FVIIIL, we
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Baseline Characteristics of Cross-sectional Cohort (Cohorts A and B).

Characteristics No Inhibitor, N = 28 (43.1%) Inhibitor, N = 20 (30.7%) Ex-inhibitor, N = 17 (26.2%) P
Age,y 30.9 (11.8-52.8) 43.3 (1.6-62.8) 23.2(9.0-47.9) 0.95
Hemophilia severity 0.16
Mild 2 (7.1%) 6 (30.0%) 2 (11.8%)
Moderate 1(3.6%) 1 (5.0%) 0(0.0%)
Severe 25 (89.3%) 13 (65.0%) 15 (88.2%)
Treatment regimen <0.01
On demand 7 (25.0%) 17 (85.0%) 2 (11.8%)
Prophylaxis 21 (75.0%) 3(15.0%) 15 (88.2%)
FVIII product type
pd-FVIII 2 (7.1%) 1(5.0%) 0(0.0%) <0.01
rFvill 22 (78.6%) 9 (45.0%) 14 (82.4%)
Bypassing agent 0(0.0%) 9 (45.0%) 1(5.9%)
DDAVP 0(0.0%) 1(5.0%) 1(5.9%)
rFVill-Fc 4 (14.3%) 0(0.0%) 1(5.9%)
Bypassing agent 0(0.0%) 17 (85.0%) 0(0.0%)
rFVlla 12 (60.0%) <0.01
aPCC 4(20.0%)
DDAVP 1 (5.0%)
Current aFVIll titer, BU 0.0 (0.0-0.0) 2(3.3-18.4) .0(0.0-0.0) <0.01
Age at inhibitor development, y 19 4 (1.4-39.8) 4 (1.1-14.5) 0.14
Maximum aFVIIl titer, BU 26.0 (7.9-236.3) 45 O (3.7-75.4) 0.62
High responder (aFVill > 5 BU) 16 (80.0%) 0 (62.5%) 0.29
ITI status at blood sampling
Before ITI 12 (60.0%) NA < 0.001
During ITI 6 (30.0%) NA
After ITI 2(10.0%) 14 (82.4%)
Never received [Tl 3 (17.6%)?
ITI success rate 8 (66.7%) 14 (100%) 0.04
[Tl duration, mo 11.6 (1.2-36.0) 15.0 (6.2-28.1) 0.62

Categorical variables are presented as cases/total (percentage). Continuous data are presented as median (interquartile range). Tested with Fisher exact test (categorical variables) or Kruskal-Wallis test

(continuous variables).
aThree patients had spontaneous resolution of inhibitor and were not treated with ITI.

aFVIIl = anti-factor VIII; aPCC = activated prothrombin complex concentrate; BU = Bethesda Units; DDAVP = desmopressin; FVIIl = factor VIII; ITI =
recombinant activated factor VII; rFVIIl = recombinant factor VIII; rFVIIl-Fc = recombinant factor VIIl-Fc fusion product (extended half-life product).

pd-FVIIl = plasma-derived factor VIII; rFVila =

evaluated changes in immune profiles during the course of ITI
in relation to anti-FVIII antibody titers in a longitudinal cohort
of 12 ITT patients (cohort C). Results were compared with a
control cohort of 36 inhibitor-negative hemophilia A patients,
cohort D (See Supplemental Table 3, http://links.lww.com/HS/
A150 for patient characteristics).

Clinical details of the ITI patients are summarized in Table 2. All
but 1 patient (who had spontaneous resolution of anti-FVIII anti-
bodies) underwent ITI with a median duration of 1.6 years (IQR,
0.4-3.0 y) and a success rate of 83.3% (10/12). Compared with the
control cohort, in which the frequency of immunoregulatory vari-
ables remained stable over time, I'TI patients showed an increase
in the frequency of included immune-regulatory cells and markers
post-ITI compared with the pre-ITI measurement (Figure 3).

Effective ITI was associated with a significant increase in the
ratio of Bregs (1.8 versus 1.0; P = 0.02), the ratio of Tregs (1.5
versus 1.0; P = 0.02), and several Tregs markers: CTLA4 on
Tregs (2.2 versus 1.0; P = 0.03) and PD1 on CD4+ T-cells and
Teffs (1.3 versus 1.0; P = 0.04 and 1.3 versus 1.0; P = 0.05,
respectively). Thus, we hereby correlate inhibitor eradication
with upregulation of several regulatory cells and markers.

Next, to substantiate these results, we performed a subanalysis
in only ITI patients who showed complete inhibitor eradication
post-ITI (ie, anti-FVIII < 0.3 BU) (Table 3). Analysis in this sub-
group of 8 ITI patients (compared with the same control group)
further emphasized our data: the Breg ratio and CTLA4 ratio
were significantly higher the ITI group (Breg ratio: 2.0 versus 1.0;
P = 0.04 and CTLA4 ratio on Tregs: 2.7 versus 1.0; P = 0.01).
Increased ratios were also observed for PD-L1 on monocytes,

immune tolerance induction; NA = not applicable;

Tregs and PD1 and ICOS on T-cells, but these data did not reach
statistical significance (Table 3).

Discussion

This study aimed to improve the knowledge of ITI in hemo-
philia by comparing immune profiles between noninhibitor,
inhibitor, and ex-inhibitor patients and evaluating changes
during the course of ITI. We found the lowest frequency of
immunoregulatory cells and markers, in particular of Bregs and
CTLA4 on T-cells, in inhibitor patients, with evidence for rever-
sal during ITI, supporting the role of these immunoregulatory
components in restoration of tolerance to FVIIL Thus, inhibitor
status may be associated with a reversible lack of peripheral
immune tolerance, which can be restored by ITI treatment.

Bregs play a pivotal role in the maintenance of peripheral
tolerance,**$ which to date is mostly ascribed to their abun-
dant production of IL-10, a cytokine that inhibits pro-inflam-
matory cytokines and supports the generation and maintenance
of Tregs.*** In healthy persons, it was shown that Bregs possess
immune-regulatory capacity by the inhibition of naive T-cell
differentiation into T helper 1 (T,;1) and T, 17 cells and the
conversion of CD4*CD25- cells into Tregs.**° In immune-re-
lated diseases, ranging from SLE and RA to common variable
immunodeficiency and transplant patients with graft rejec-
tion, numerical or functional deficits of these cells are descri
bed.##4475051 Regarding hemophilia A, to date, only 1 publi-
cation cross-sectionally evaluated regulatory cells in inhibitor
formation.’? Inhibitor patients had a reduction in Bregs and
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Figure 1. Frequency of immunoregulatory cells in hemophilia A patients. PBMCs of hemophilia A patients were analyzed by flow cytometry for the fre-
quency of Bregs, Tregs, and MDSCs. (A, C, and D), The relevant gating strategy to select, respectively, Bregs (CD19*CD24""CD38""e"), Tregs (CD4*CD25*FoxP3*),
and MDSCs (Lin"HLA-DR*CD11b*CD33%). (B, D, and F), The median (+ IQR) frequency of, respectively, Bregs, Tregs, and MDSCs in no inhibitor patients, inhibitor
patients, and ex-inhibitor patients (patients with inhibitors in the past; successfully treated with ITI). APC = allophycocyanin; Bregs = regulatory B-cells; IQR = interquartile
range; [Tl = immune tolerance induction; MDSC = myeloid-derived suppressor cell; NK = natural killer; PBMC = peripheral blood mononuclear cell; Tregs = regulatory T-cells.

produced less IL-10 after activation compared with both hemo-  ex-inhibitor patients and the change in number of regulatory
philia A patients without inhibitors and healthy controls. Our  cells during ITI treatment. We showed that ex-inhibitor patients
study confirmed these data and went beyond by inclusion of  express the highest number of Bregs and that Bregs increase by



Schep et al

I. Immunoregulatory markers on CD4+ T-cells
CTLA4 on T-cells

800 B No inhibitor

p<0.01 p<0.01 p=0.04
— — —
600 = Inhibitor
E 200 BN Ex-inhibitor
200
0_
Ny
«;§> & &
1COS on T-cells
800+
600
I
S 400
200
0-
N\
«;§> & &
PD1 on T-cells
400+
300
I
S 200
100
o0-
N\
,\;3} /\3\ /\@o"
Il. Immunoregulatory markers on monocytes
PD-L1 on monocytes HLA-DR on monocytes
4000 5000
3000 4000
Z 2000 z 3000
2 2000
1000 1000
0 0
.\xd“ *§5§ *ﬁéﬁ v;““ “66“ “§5“
AT QAPT Y W
o e o W

Figure 2. Frequency of immunoregulatory markers on CD4+ T-cells
and monocytes in hemophilia A patients. PBMCs of hemophilia A
patients were analyzed by flow cytometry for the frequency of immunoreg-
ulatory markers PD1, ICOS, and CTLA4 on CD4+ T-cells and PD-L1 and
HLA-DR on monocytes, expressed as the median (+ IQR) MFI. Results are
presented for all CD4+ T-cells and separately for Teffs and Tregs. Within the
CD4+ T-cell fraction, the majority were Teffs (94.9%, IQR, 93.8%-96.0%) and
the remainder were Tregs (5.1%, IQR 4.0%-6.2%), with no significant differ-
ences between the 3 groups (for details, See Supplemental Table 1, http://
links.lww.com/HS/A150). CTLA4 = cytotoxic T-lymphocyte-associated protein 4; ICOS =
inducible T-cell costimulator; IQR = interquartile range; MFI = mean fluorescence intensity;
PBMC = peripheral blood mononuclear cell; PD1 = programmed cell death protein 1; PD-L1
= programmed death-ligand 1; Teffs = effector T-cells; Tregs = regulatory T-cells.

more than 100% during ITL Taken together, the results support
a potential role for Bregs in the induction of peripheral immune
tolerance to FVIII treatment.

Contrary to Bregs, Treg results were more variable. In the
cross-sectional cohort, no differences were found between

Immune Tolerance Induction in Hemophilia A

inhibitor and noninhibitor patients, whereas we did observe
a significant increase of 50% in Tregs during ITL This is the
first study evaluating the frequency of Tregs according to inhib-
itor status and during ITL. Given the well-described suppres-
sive function of Tregs is it likely that these cells are involved
in downregulation of the immune response to FVIIL, which is
also supported by earlier work of Tregs in tolerance induction
to FVIIL13:3453

The inhibitory Treg (qualitative) efficacy was not specifically
addressed in our study, due to limitations in availability of sam-
ples. In support for a role of Tregs, inhibitor patients did express
the lowest levels of regulatory receptors PD1, ICOS, and most
significantly CTLA4, which also increased during ITL.

The receptor CTLA4 is mainly expressed on activated CD4+
T-cells but also constitutively on Tregs, where it inhibits T-cell
activation by competing with CD28 for the binding of B7
(CD80/CD86) molecules on APCs. As a consequence of such
restriction of co-stimulatory CD28/B7 signals, T-cell responses
are downregulated, benefiting T-cell homeostasis and promoting
peripheral tolerance.

We found that CTLA4-expression was inversely related to
the presence of inhibitors and positively correlated with the
induction of tolerance, underscoring earlier research in which
polymorphisms in the CTLA4 gene were associated with the
risk of inhibitor development.**7 Moreover, a hemophilic
mouse model also showed a beneficial role of CTLA4 in ITL.
In this study, injection of CTLA4-immunoglobulin (CTLA4-Ig)
prevented the primary (inhibitor) antibody response to FVIIL
In addition, CTLA4-Ig also prevented or diminished further
increases in aFVIII titers after FVIII administration in hemophilic
mice, which already developed an aFVIII antibody response.
Thus, CTLA4 appears to play a role in tolerance induction and
could be a potential target for therapy against inhibitory aFVIII
antibodies.

A limitation of our study pertains the restricted number
of PBMCs available per patient, which allowed our evalua-
tion to regulatory cell numbers and marker expression but
unfortunately prevented functional evaluation of Bregs and
Tregs or identification of FVIII-specific immune cell popula-
tions. The latter is particularly challenging given the low fre-
quency of these specific cells in peripheral blood. Regarding
human Bregs, investigators so far use markers that include a
population of Bregs as based on demonstrated ability to pro-
duce IL-10.4*8 In our study, we also used these same markers
(CD19*CD24"shCD38"¢") to include Bregs.**° Moreover,
we performed functional assays to confirm that IL-10 pro-
duction is enriched in the CD19+CD24he"CD38"s" B-cell pop-
ulation (See Supplemental Figure 1, http:/links.lww.com/HS/
A150).

While we did obtain reasonable size patient cohorts, a second
limitation of this study is the heterogeneity with regard to age and
severity of hemophilia A of included patients. Although in the
cross-sectional study, age was similar between the 3 groups and
a subanalysis (including only patients with severe hemophilia
A) was performed, we cannot rule out results being affected by
patient heterogeneity. Indeed, patients included in our longitu-
dinal ITI cohort were from a considerable age range, including
young children. For reasons that pertain to medical-ethical con-
siderations, it was not feasible to include age-matched controls
for the very young ITI patients. We were careful to investigate
whether the deficit of age-matched controls impedes interpreta-
tion of our results. However, we did not find a significant cor-
relation between age and level of Bregs neither CTLA4 in the
cross-sectional cohort that obviously takes age into consider-
ation (Bregs: Pearson relation coefficient, —=0.21; P = 0.09 and
CTLAA4: Pearson relation coefficient, 0.11; P = 0.41). Moreover,
within the ITI cohort, an increase in immunoregulatory cells or
markers was not limited to the young patients (0-2 y) but was
also observed in the adult ITI patients. Thus, despite the lack of
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Clinical Characteristics of Longitudinal ITI Cohort (Cohort C).
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SubjectID  Age When Inhibitor (y)  Titer Maximum (BU)  Age StartITI(y)  DurationITI(y)  Pre-ITI (T = 0) aFVIlIl Titer  Post-ITI (T = 1) aFVIIl Titer
1 0.1 245.0 0.9 1.6 53.0 0.2

2 0.6 441 0.8 0.8 441 1.0

3 0.7 207.0 0.8 2.9 18.0 0.0

4a 1.0 3.40 na na 3.4 0.0

5 1.0 7.7 1.1 3.1 2.5 0.1

6 1.1 67.0 1.1 1.6 43.5 3.2

7® 1.2 927.0 2.1 >7 124.0 6.9

8 14 45.0 1.7 0.2 113.9 0.1

9 15 16.0 1.7 0.4 5.8 0.1

10 2.1 8.3 2.2 0.3 3.2 1.0

11 7.9 144.0 40.9 5.0 7.6 0.4

12 23.6 900.0 31.6 4.4 580.0 2.4
Total 1.1(0.7-1.9) 56.0 (10.2-236.0) 1.1(0.8-1.9 1.6 (0.4-3.0) 16.4 (4.0-50.8) 0.2 (0.1-2.1)

Categorical variables are presented as cases/total (percentage). Continuous data are presented as median (interquartile range).
L ow-titer antibodies; spontaneous inhibitor eradication.

bPatient is still receiving [Tl at the moment of analysis.

aFVIll = anti-factor VIII; BU = Bethesda Units; ID = identification number; ITl = immune tolerance induction; na = not applicable.

an age-matched control group, we still consider that our data
provide new valuable insights into I'TI in hemophilia A patients.

Considering heterogeneity, time between last FVIII expo-
sure and blood withdrawal was also variable. Especially in
inhibitor patients, this ranged from several days or months in

most patients to a couple of years in 2 patients with persistent
(high-titer) antibodies after unsuccessful ITI. To what extent
timing of blood draw relative to FVIII infusion affects immune
cell subsets and markers is not understood, and our project does
not fully address this question. The high median inhibitor titer
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Figure 3. Relative change in immunoregulatory cells and markers before and after ITI. The relative change in frequency of immunoregulatory cell
types and markers was evaluated by flow cytometry during inhibitor eradication in 13 ITI patients and compared with 36 control patients (hemophilia A patients
with no inhibitor). The mean (+SD) ratios of outcome parameters express the relative change in frequency of regulatory immune cells and markers during ITI or
during a 6-mo interval without any relevant clinical changes for the control cohort. The ratio as presented was calculated by dividing the cell frequency post-ITI
by the frequency pre-ITl; for the control cohort, frequencies were calculated by dividing frequency at T = 6 mo with the frequency at T = 0. A ratio of 1 (dashed
line) means that the frequency of the measured parameter was unchanged; a ratio above 1 means an increase in frequency; and a ratio less than 1 means a
decrease in frequency. Bregs = regulatory B-cells; CTLA4 = cytotoxic T-lymphocyte-associated protein 4; ICOS = inducible T-cell costimulator; ITI = immune tolerance induction; MDSC
= myeloid-derived suppressor cell; Teffs = effector T-cells; PD1 = programmed cell death protein 1; PD-L1 = programmed death-ligand 1; Tregs = regulatory T-cells.
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Relative Change in Immunoregulatory Cells and Markers Before
and After Successful ITI Compared With Control Hemophilia A
Patients.

Immunoregulatory ITI Patients, N =8 Control Patients, N = 36

Parameters Ratio Ratio P
aFVvill (BU) 0.02 (0.00-0.04) 1.0 (1.0-1.0) <0.01
Bregs (% of B-cells) 2.0(0.8-3.2) 1.0 (0.9-1.1) 0.04
MDSCs (% of PBMCs) 3.1(0.0-6.3) 1.3(1.1-1.4) 0.87
PD-L1 on monocytes (MFl) 1.4 (0.8-2.0) 1.0 (1.0-1.1) 0.19
Tregs (% of CD4+ T-cells) 1.4 (0.7-2.0) 1.0 (0.9-1.1) 0.24
CTLA4 (MFI)

On T-cells 1.4(0.6-2.2) 1.0 (0.9-1.0) 0.12

On Teffs 1.4(0.5-2.2) 1.0 (1.0-1.0) 0.18

On Tregs 2.7 (0.4-5.0) 1.0 (1.0-1.0) 0.01
PD1 (MFI)

On T-cells 1.3(0.8-1.7) 1.0 (1.0-1.1) 0.52

On Teffs 1.3(0.9-1.7) 1.0 (1.0-1.1) 0.56

On Tregs 1.5(0.9-2.0) 1.0 (1.0-1.0) 0.06
ICOS (MFI)

On T-cells 1.0 (0.6-1.4) 1.0 (0.9-1.1) 0.89

On Teffs 0.9 (0.5-1.3) 1.0 (0.9-1.1) 0.26

On Tregs 1.4(0.6-2.2) 1.0 (0.9-1.0) 0.51

Subanalysis including only ITI patients with a negative aFVIll titer (< 0.3 BU) at the post-ITl time-
point. The change in frequency of immunoregulatory cells and markers was compared between
ITI patients and control hemophilia A patients. For each patient, the relative change in frequency
of cells/markers was calculated (ratio) between start of ITl and the first negative inhibitor (in IT!
patients) or with a 6-mo interval (in the control group consisting of inhibitor-negative hemophilia
A patients). Differences in the ratio (expressed as mean + 95% Cl) between the 2 groups (ITI vs
control) were compared using the Mann-Whitney U test.

aFVIIl = anti-factor VIII; Bregs = regulatory B-cells; BU = Bethesda Units; Cl = confidence interval;
CTLA4 = cytotoxic T-lymphocyte-associated protein 4; ICOS = inducible T-cell costimulator; [Tl =
immune tolerance induction; MDSCs = myeloid-derived suppressor cells; MFI = mean fluorescence
intensity; PBMC = peripheral blood mononuclear cells; PD1 = programmed cell death protein 1;
PD-L1 = programmed death-ligand 1; Teffs = effector T-cells; Tregs = regulatory T-cells.

in both cohorts (7.2 BU and 18.8 BU in the cross-sectional and
ITI cohort, respectively), however, demonstrates that all patients
had an active immune response to FVIII at the moment of blood
withdrawal. Therefore, regardless of the exact timing to last
FVIII exposure, we consider our data valid to evaluate differ-
ences in immune tolerance mechanisms in inhibitor and nonin-
hibitor patients.

A final limitation of this study is the fact that F§ gene muta-
tional status was unknown for most patients, and this could not
be taken into account when interpreting results.

The novelty of our study is that we carefully addressed the
role of various immunoregulatory cells and markers in ITI in
hemophilia A patients. Obtained results from the cross-sec-
tional cohort were confirmed in the longitudinal analysis of ITI
patients, which further strengthens the findings of this study.

We found the outcomes most remarkable for Bregs and
CTLA4 expression on T-cells. For reconsolidation of both these
findings, further experimentation is necessary. A possible out-
come might be that Bregs initiate restoration of tolerance by
IL-10 production, leading to upregulation of Tregs markers and
thereby blocking the capacity of these T-cells to stimulate B-cell
production of FVIII-neutralizing antibodies. This study contrib-
utes to the mechanistic insight of ITI by showing new pivotal
targets for tolerance reinstatement. This could include adminis-
tration of IL-10 agents, representing the most important effector
cytokine of Bregs or CTLA4-Ig, which already showed to inhibit
anti-FVIII responses in a murine hemophilia model.*®

In conclusion, we showed that the presence of anti-FVIII anti-
bodies is associated with lower frequencies of immunoregulatory
cells and markers and that these immune-tolerogenic compo-
nents increased during tolerance induction. These results suggest
that an existing anti-FVIII immune response is associated with

Immune Tolerance Induction in Hemophilia A

deficits in peripheral tolerance mechanisms, which can recover
during the course of ITI.

Future research, preferably in a more homogeneous cohort,
should validate these findings and exploit the identified key
immunoregulatory cells and markers towards the development
of improved ITI protocols.
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