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BACKGROUND: Hemophilia A (HA) therapy requires intravenous replacement infusions of factor (F) VIIl concentrate. Inhibitors are
high-affinity immunoglobulin G that are directed against FVIII and thereby render replacement therapy ineffective. This
complication has significant prognostic implications. We aimed to examine the immune system involvement in inhibitor formation
specifically T-cell excision circles (TRECs) and B-cell excision circles (KRECs), markers of new T and B cells, respectively, and examine
them as surrogate markers for inhibitor formation.

METHODS: Blood samples were collected from 35 children with severe HA. Children were divided into two groups: with FVIII
inhibitors and without FVIII inhibitors. TRECs and KRECs were measured in peripheral blood.

RESULTS: A total of 11 patients with inhibitors and 24 without were evaluated. Children with inhibitors had higher levels of TRECs
however not statistically significant (p = 0.085). CJKREC levels were higher in the inhibitor patients (p = 0.003). Moreover, the sj/
¢jKREC ratio was lower in the inhibitor patients (p = 0.015).

CONCLUSIONS: Our findings may add to the notion that inhibitor formation is attributed to humoral immunity due to peripheral
B-cell expansion and loss of peripheral tolerance. Improved knowledge regarding the involvement of the immune system in the

formation of FVIII inhibitors will enable better therapy tailoring in the era of non-replacement therapies.

Pediatric Research (2023) 93:1546-1550; https://doi.org/10.1038/s41390-022-02268-5

IMPACT:

® The etiology of FVIII inhibitor formation is multifactorial, in which the immune system plays a pivotal role.
® Our findings may add to the notion that inhibitor formation is attributed to humoral immunity due to peripheral B-cell

expansion and production of antibodies against FVIII.

® Improved knowledge regarding the involvement of the immune system in the development of FVIII inhibitors will enable the
identification of patients prone to inhibitor development and better therapy tailoring in the new era of non-replacement

therapies.

INTRODUCTION

Hemophilia A (HA) is a common inherited bleeding disorder
caused by mutations in the F8 gene and is characterized as a
functional or quantitative deficiency of coagulation factor VIl
(FVIN). Its severity is classified according to the patient’s FVIII
clotting activity in plasma (FVII:C): severe if <1%, moderate if
between 1 and 5%, and mild if >5 and <40% of normal.’
Replacement therapy requires frequent, repeated intravenous
lifelong infusions of FVIII concentrate. The major complication of
this therapy is the development of neutralizing alloantibodies
which inhibit FVIII activity (inhibitors). Inhibitors are high-affinity
immunoglobulin G (IgG) antibodies directed against FVIII, thereby
rendering replacement therapy ineffective. The incidence of

inhibitor formation is 20-30% in patients with severe HA." This
complication has significant prognostic implications.

The etiology of FVIII inhibitor formation is multifactorial.? We
aimed to examine the immune system involvement in inhibitor
formation and search for immune surrogate markers for inhibitor
formation prior to its appearance. Notably, the thymus is known
for its protective role against autoimmunity. This function is
maintained by eliminating self-reactive T lymphocytes and
generating FOXP3+ regulatory T cells.® T-cell receptor excision
circles (TRECs) are produced during T lymphocyte maturation in
the thymus. TREC is a by-product of VDJ rearrangement process
that occurs in the thymus, and can be used as a marker for thymic
output. These circular segments of DNA are unable to replicate
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during mitosis, being diluted in peripheral blood after cell division.
TRECs are found in high copy numbers in peripheral blood during
the first two decades of life and provide information about the
naive T lymphocytes that imigrate from the thymus.* A similar
process occurs in B cells; however, this elimination of self-reactive
cells occurs in the bone marrow. Kappa receptor excision circle
(KREC) is a marker of new B cells originating from the bone
marrow.” There are two subtypes of KREC that include sjKREC
(signal joint), which is only present in developing cells undergoing
V(D)J recombination, while an intronic rearrangement termed
¢jKREC (coding joint) is present in all mature B cells. Thus, B-cell
replication history can be deduced by dividing sjKREC (new B
cells) by ¢jKREC (all B cells), providing an estimation of new B cells.

One of the mechanisms that may explain the formation of
inhibitors is the breakdown of immune tolerance. Accordingly, a
defect during the development and maturation of lymphocytes
can lead to autoimmunity against FVIIl. This defect may be noted
at an early stage in the development of the thymus and bone
marrow (central tolerance)®® or later in mature lymphocytes as a
result of antigenic stimulation (peripheral tolerance).

Defects in this early tolerance induction have been observed in
subjects with rheumatoid arthritis, systemic lupus erythematosus,
and type 1 diabetes.’'? It has been reported that T- and B-cell
markers (TREC and KREC, respectively) may play a role in
autoimmune diseases. Patients with non-chronic TP, an auto-
immune disease, have higher levels of KRECs and this may explain
the underlying difference between chronic and non-chronic
patients.’

It has been previously reported that TRECs can be used as
markers in alloimmunity as well."®> The distinction of inhibitors in
patients with hemophilia as alloimmune is not always accurate. It
should be noted that inhibitors may develop also in mild
hemophilia patients therefore autoimmunity may also be involved
in the pathogenesis.

Our aim was to investigate whether inhibitor formation in HA
may be related to loss of central tolerance or loss of peripheral
tolerance, as well as examine if TREC or KREC can be used as a
surrogate marker for inhibitor formation prior to its development.

We performed a pilot study examining the differences in TREC
and KREC levels in children with severe HA with and without
inhibitors. In addition, in a subgroup of children who developed
inhibitors, we examined the differences in TREC and KREC before
and after inhibitor formation. By understanding the mechanism
underlying the development of an inhibitor, we may be able to
identify the patients at risk and individually tailor the most
beneficial therapy for them.

MATERIAL AND METHODS

Patients

Between the period 2010 and 2020, blood samples were collected from 35
children with the diagnosis of severe HA followed and treated in the
national hemophilia center at Sheba Medical Center. All patients had a
level of FVIII of less than 1% and the majority had a genetic diagnosis as
well. Children’s parents gave consent for their child’s participation in the
study. The study was approved by the Ethics Committee of Sheba Medical
Center.

Clinical data
Clinical data were collected from medical records and the children were
divided into two groups: with FVIII inhibitors and without FVIII inhibitors
(following at least 50 exposures to FVIIl concentrate). A comparison was
made between the two groups regarding the demographic and clinical
data (Table 1).

Quantifying KREC and TREC
Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral
blood. Extraction of DNA from PBMCs was done using kit G-DEX lIb
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(INtRON) according to the manufacturer’s instructions. TREC quantification
was determined by quantitative real-time PCR (gqRT-PCR). PCR reactions
contained TagMan universal PCR master mix (Applied Biosystems), specific
primers (900 nM), and probes labeled with FAM-TAMRA (250 nM), and
0.5mcg of genomic DNA. RT-PCR was performed using StepOne Plus
device (Applied Biosystems). The calibration curve was prepared by
decimal dilution (10°-10% copies) of plasmid known signal-TREC. TREC
copy number in a particular sample was automatically calculated by
comparing the Ct value of that sample to the calibration curve using an
absolute quantification algorithm. The amounts of sjKREC and ¢jKREC were
determined by real-time PCR as described for TREC, using appropriate
primers and probes. All the reactions were performed in triplicates.
Amplification of RNAseP (TagMan assay, Applied Biosystems) was used for
quality control, to ensure that equal amounts of genomic DNA were used
for PCR analyses. The numbers of TREC and KREC copies are copies/500 ng
of DNA.

Statistical analysis

Statistical analysis was performed with IBM SPSS Statistics (version 23.0;
Armonk, NY: IBM Corp.). Continuous variables were presented as median
(range or interquartile range, as indicated). Categorical variables were
presented as counts or proportions. For continuous variables, the
Mann-Whitney U test was used to compare two independent patient
subgroups (without vs. with inhibitors), and the Wilcoxon signed-rank test
was used to compare two dependent patient subgroups (before vs. after
inhibitor development). For categorical variables, the Fisher exact test was
used to compare two independent patient subgroups (without vs. with
inhibitors). Two-tailed p values of less than 0.05 were considered
statistically significant.

RESULTS
Patients
The study population included 35 male children with severe HA,
followed and treated routinely in our comprehensive hemophilia
treatment center. Table 1 shows patients’ demographic data. All
samples were taken after at least 50 days of exposure to recombinant
FVIIIl replacement therapy, 11 patients had active FVIII inhibitors and
24 patients did not develop inhibitors. Patients developed an
inhibitor after 5-20 exposure days (median 12 days) (Table 1). The
rate of family history of inhibitor formation was significantly higher in
the inhibitor patients (p<0.001). We further evaluated samples
available from three patients with inhibitors that were checked prior
to inhibitor formation and compared them to samples of the same
patients reevaluated following inhibitor formation

The three patients for whom we had levels before and after
inhibitor formation had blood samples at the age of 1 month,
1 week, and 3 months. Plasma samples following inhibitor
formation were obtained at 9, 11, and 4 months, respectively.
Interestingly, two of these patients harbored an inversion 22
mutation and one had a deletion of exons 8-9. All had a family
history of inhibitor formation.

TREC and KREC levels

TREC copies. TREC levels were determined in all 35 patients. In 3
of 35 patients, we had blood samples before and after inhibitor
development. When analyzing TREC levels, children with inhibitors
had a higher median level of TREC; however, the difference was
not statistically significant (p = 0.085; Fig. 1). When we compared
only the three patients for whom we have samples before and
after inhibitor formation, the difference compared to the non-
inhibitor patients was not significant either (p=0.17). When
comparing the three children (Fig. 2) who had samples before and
after inhibitor formation, we found numerically higher levels of
TREC copies after inhibitor formation; however, the difference was
not statistically significant (p = 0.250), which can be explained by
the small number of patients in the subgroup. We also compared
if patients with low responding inhibitors BU <5 had differences in
comparison to patients with high responding inhibitors >5 BU and
found no significant difference (p =0.733).
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Table 1. Genetic and clinical parameters in our hemophilia patients.

Parameter

Family history of inhibitor (n)
Yes 7
No 4

Type of FVIII prophylaxis (n)
Plasma-derived FVIII
Recombinant FVIII

o N

Type of FVIIl gene mutation (n)
Inversion 22
Deletion: exons 8-10
Deletion: exons 8-9
Missense: c.1171C>T p.Arg391Cys
Nonsense: c.3439C>T p.GIn1147
Nonsense: c.6976C>T p. Arg2326

Deletion: exon 1-14 1

- O = O

—

Unknown 0

FVIII coagulation factor VIII, n number of patients.
p values are calculated by the Fisher exact test.

P=0.085
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Fig. 1 TREC levels in hemophilia A patients with and without
inhibitors. The data are presented as box-and-whiskers plots. The
boxes span the 25th to the 75th percentile, the line inside each box
denotes the median, and the whiskers span the lowest to the
highest observations. The Mann-Whitney U test was used to
compare the patient groups.

KREC levels. sjKREC levels, assessed in 32 patients, were not
significantly different between the patients with and without
inhibitors (p =0.651, Fig. 3a); in contrast, cjKREC levels were
significantly higher in patients with inhibitors (p = 0.003, Fig. 3b).
Accordingly, the sj/cjKREC ratio was significantly lower in the
inhibitor patients, as compared to non-inhibitor patients
(p =0.015, Fig. 3c). When comparing the three children who had
samples before and after inhibitor formation, we found numeri-
cally higher sjKREC (in 2/3 patients) and ¢jKREC (in 3/3 patients)
levels following inhibitor formation (Fig. 4a, b, respectively). In
addition, a lower sj/cjKREC ratio was observed following inhibitor
formation; however, the difference was not statistically significant.

We did not find a statistically significant difference between the
three patients with samples prior to inhibitor formation compared
to the patients without inhibitor formation. sjKREC (p =0.2). We
also compared inhibitor patients with low responding inhibitors
BU <5 to patients with high responding inhibitors >5 BU and
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With FVIIl inhibitor (n =11)

Without FVIII inhibitors (n = 24) p value
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Fig. 2 TREC levels in three hemophilia A patients with inhibitors
before and after inhibitor formation. Each dot represents a single
measurement, and each line connects two dots that refer to the
same patient, demonstrating the individual changes in the TREC
level. The Wilcoxon signed-rank test was used to compare the TREC
level before and after inhibitor formation.

found no significant difference
p = 0.146; sj/cjKREC, p = 0.7).

(SJKREC, p=0.48; cKREC,

DISCUSSION

The development of inhibitors against FVIII represents the most
severe complication of therapy in HA patients, as inhibitors
seriously affect patients’ morbidity and mortality.'*

The reason why inhibitors develop in only a fraction of patients
has puzzled clinicians and scientists for years, but there is still no
unequivocal explanation. Risk factors for the development of
inhibitors are classified into two main groups: genetic (non-
modifiable) and environmental (modifiable).”” Genetic factors
include, among others, F8 mutation, family history, ethnicity, and
polymorphisms in immune-modulating genes.'®™'® Environmental
factors include “danger signals” such as intensive exposure to
FVII'® and presence of pro-inflammatory signals (might occur
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Fig.3 KREC levels in hemophilia A patients with and without inhibitors. a sjKREC levels in hemophilia A patients with (before) and without
inhibitors. b ¢jKREC levels in hemophilia A patients with (before) and without inhibitors. c sj/cjKREC ratio levels in hemophilia A patients with
(before) and without inhibitors. The data are presented as box-and-whiskers plots. The boxes span the 25th to the 75th percentile, the line
inside each box denotes the median, and the whiskers span the lowest to the highest observations. The Mann-Whitney U test was used to

compare the patient groups.
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Fig. 4 KREC levels in three hemophilia A patients prior to and
after inhibitor formation. a sjKREC levels in hemophilia A patients
before and after inhibitor formation. b cjKREC levels in hemophilia A
patients before and after inhibitor formation. Each dot represents a
single measurement, and each line connects two dots that refer to
the same patient, demonstrating the individual changes in the
measured parameters. The Wilcoxon signed-rank test was used to
compare the values before and after inhibitor formation.

during treatment of large bleeds, infections, surgery, vaccines).
Risk factors, as well as their complex inter-relationships with the
immune system, increase the hazard of inhibitor formation,
particularly in the previously untreated patient population.®

We found that the majority of patients who developed an
inhibitor had a family history of inhibitor formation and high-risk
F8 gene mutations (e.g., F8 intron 22 inversion, see Table 1), in
accordance with previous reports.?’ 2 As the majority of patients
were treated with recombinant FVIII products, it is impossible to
assess differences in inhibitor formation with respect to the type
of FVIII product used in our cohort.

The role of the immune system in the formation of inhibitors
has been previously investigated however this is the first study
assessing the importance of TRECs and KRECs in these immune
mechanisms. The combination of genetic and non-genetic factors
can significantly activate or inhibit the immune response as a
result of changes in immunological regulators and cytokine
profiles.** %7 Several studies indicate that the immune response
triggered by the presence of exogenous FVIIl is a T helper cell-
mediated event that depends on antigen-presenting cells
(APCs).>? For the synthesis of antibodies against FVIIl to occur,
FVIII must be presented to an MHC class Il molecule to be
recognized by CD4+ T cells. Along with this, FVIIl fragments are
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presented via MHC class | to CD8+ T cells. This peptide-MHC
complex on the surface of APCs is recognized by antigen T-cell
receptors. To improve the effectiveness of this course, a second
signal occurs between APCs and T cells, the binding of CD80/86
on APCs and CD28 on T cells.?* Activation of T cells can be type 1
helper T-cell activation that is important for cellular immunity, or
type-2 helper T-cell activation resulting in humoral immunity. The
cytokines released from Th1 cells stimulate the development of
IgG1 and 1gG2 subclass whereas Th2 cells stimulate the
development of IgG4. Studies in hemophilia have shown that
titers of high-response inhibitors are correlated with 1gG4, which
suggests that Th2-mediated immune response is strongly related
to the synthesis of anti-FVIIl antibodies.?®

TREC and KREC have been used as a biomarker of thymus and
bone marrow function in several pathological processes, as well as
in newborn screening tests for primary immunodeficiencies;
evaluation of immune system recovery during AIDS treatment
with antiretroviral therapy or after bone marrow transplantation;
and clarification of autoimmune disease pathogenesis.® If central
tolerance is involved in inhibitor pathogenesis, we expect the
TREC and sjKREC levels to be increased or unchanged, whereas if
peripheral tolerance occurs, we expect the TREC levels to be
decreased, as well as the ratio of cj/sjKREC levels due to dilution,
attributed to T- and B-cell replication in the periphery. When there
is peripheral tolerance, the proliferation of B cells yields a decrease
in sjKREC levels; however, ¢jKREC levels increase, and therefore the
ratio of sj/cjKREC decreases.

We found a higher level of TRECs in patients who developed
inhibitors; however, this was not statistically significant (Fig. 1).
With regard to KREC, we found a higher level of ¢jKREC and lower
sj/cJKREC ratio in children with inhibitors (see Fig. 3). Among the
three patients who were tested before and after inhibitor
detection, no significant difference was found (Figs. 2 and 4);
however, this may be attributed to the small sample size.

Our findings may add to the notion that inhibitor formation is
attributed to humoral immunity mediated by Th2 and production
of IgG4, due to peripheral B-cell expansion and production of
antibodies against FVIII (loss of peripheral tolerance). This is in
agreement with previous studies that have shown a similar
pattern in autoimmune diseases.?” *° Due to the small group of
patients we cannot rule out that T cells (evidenced by TREC) play a
role in the pathogenesis of inhibitor formation This pilot study has
some limitations. The number of patients was small, which limited
the statistical significance of our findings. Furthermore, ideally, we
should have samples of all patients prior to and after the
development of FVIII inhibitor, which would potentially enable us
to predict when and who will develop an inhibitor. We cannot
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know if TRECs and KRECs represent FVIllI-specific cells and not
third-party antigen reactive cells.

Future studies with larger cohorts are required to elucidate this
issue, along with newer and more accurate tests such as next-
generation sequencing for a better understanding of the immune
aspects of inhibitor formation.

Improved knowledge regarding the involvement of the immune
system in the formation of FVII inhibitors will enable better
therapy tailoring in the new era of non-replacement therapies.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding author upon reasonable request.
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