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Abstract
Background: Inhibitor development occurs in ~30% of persons with severe
hemophilia A treated with factor (F)VIII replacement products, but the real mechanism
of the development is poorly known. miR-128 is a crucial regulator of immune re-
sponses, and it is implicated in the pathobiology of various autoimmune disorders.
Objectives: To investigate the expression of miR-128 in peripheral blood mononuclear
cells (PBMCs) and CD4*" naive and memory T cells of patients with severe
hemophilia A with and without inhibitors.

Methods: Forty-five patients with severe hemophilia A, >50 exposures to FVIII and
with persistent (n = 9), transient (n = 10), or no inhibitor (n = 26) were enrolled. The
whole blood was drawn to isolate PBMCs and then CD4" naive and memory T cells.
Total RNA was extracted, and levels of miR-128 were evaluated in PBMCs, naive
T cells, and memory T cells by quantitative polymerase chain reaction. Analysis of
covariance test was used to compare the expression of miR-128 in different inhibitor
conditions.

Results: A statistically significant increase in miR-128 levels in PBMCs (1.5-fold
change; P = .027) and memory T cells (2.6-fold change; P = .015) was found in patients
with (persistent and transient) inhibitors compared with patients without inhibitors. In
particular, a higher expression of miR-128 in memory T cells (3.8-fold change; P = .022)
was found in patients with a persistent inhibitor compared with patients without
inhibitors.

Conclusion: The present study indicates an overexpression of miR-128 in memory
T cells of persons with severe hemophilia A developing inhibitors, likely regulating the

expression of key genes in T cell differentiation.

© 2026 The Authors. Published by Elsevier Inc. on behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
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Essentials

miR-128 regulates the immune response and is implicated in many autoimmune disorders.
miR-128 expression was evaluated in persons with severe hemophilia A with and without inhibitors (INHs).

miR-128 was increased in PBMCs and memory T cells of persons with (active and transient) INH.

e Among persons with INH, those with active INH had higher expression of miR-128 in memory T cells.

1 | INTRODUCTION

Hemophilia A is a bleeding disorder characterized by plasma defi-
ciency of clotting factor (F)VIII. Persons with severe hemophilia A
and no measurable FVIII activity (<0.01 IU/mL) experience frequent
and spontaneous bleeding episodes, mainly at joints and muscles
[1,2]. Bleeding episodes are controlled through the infusion of
plasma-derived or recombinant FVIII concentrates. Unfortunately, up
to 30% of patients develop, mainly in the first 20 infusions, anti-FVIII
neutralizing alloantibodies (ie, inhibitors [INHs]) that decrease the
efficacy of the replacement therapy [3]. INH development follows
stimulation of CD4" T cells by exogenous FVIII, whereas follicular
CD4" T cells mediate maturation of B cells, class switching, and
development of FVIlI-specific IgG-secreting plasma cells and memory
B cells [4]. The INH development has been described as a multifac-
torial complication resulting from environmental and genetic factors,
among which null mutations in the FVIII coding gene, leading to
the complete lack of FVIII activity, are to date the strongest risk
factor [5-7]. Overall, the molecular basis of INH development
remains poorly understood.

MicroRNA (miRNA) is a class of noncoding RNAs of 19 to 25
nucleotides that mainly control the posttranscriptional expression of
protein-coding genes by interacting with the 3" untranslated region
of target mMRNAs and by inducing mRNA degradation or translational
repression [8]. The classical miRNA biogenesis pathway consists of
transcription of intragenic/intergenic DNA sequence into a long pri-
mary miRNA containing multiple stem-loop structures, cleavage at
the base of the primary miRNA hairpin by the DGCR8/Drosha
complex to generate a precursor miRNA (pre-miRNA), export of the
pre-miRNA to the cytoplasm and cleavage of the pre-miRNA loop by
the endoribonuclease Dicer to produce mature miRNA duplex (ie, 5p
and 3p strands). The strand with lower 5’ stability is picked up by the
AGO protein and the other strand undergoes degradation [9].
miR-128 is encoded by 2 intragenic sequences (miR-128-1 and
miR-128-2) localized within introns of RSHDM1 (2q21.3) and ARPP-
21 (3p22.3) genes, respectively. Although both pre-miR-128 form
different stem-loop structures, after processing by Dicer they vyield
identical mature miR-128 (miR-128-3p) [10]. miR-128 is involved in
several biological process including the immune response. Changes in

the miR-128 expression and activity regulate immunologic responses
and contribute to vulnerability to autoimmune disorders (ie, inflam-
matory bowel disease and rheumatoid arthritis) and neuro-
inflammatory disorders (Alzheimer disease, Parkinson disease,
Huntington disease, epilepsy, and multiple sclerosis) [11]. Increased
levels of miR-128 have been described in T cells of patients with
rheumatoid arthritis [12], monocytes and lymphocytes of patients
with Alzheimer disease [13], and in naive CD4" T cells of patients
with multiple sclerosis [14]. In this study, the expression of miR-128
was evaluated in PBMCs, CD4" naive T cells, and CD4" memory
T cells of 45 patients with severe hemophilia A with and without INH.

2 | METHODS

2.1 | Patients

From March 2021 to June 2023, 45 unrelated male patients with
severe hemophilia A (FVIII:C <1%), regularly followed at the Angelo
Bianchi Bonomi Hemophilia and Thrombosis Center, Fondazione
Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) Ca’
Granda, Ospedale Maggiore Policlinico (Milan, Italy), were conse-
quently enrolled. All patients had received at least 50 infusions of
FVIII during on-demand or prophylactic treatment. At the enrollment,
patients were not undergoing immune tolerance induction therapy
and did not experience inflammatory disorders, coronary artery
disease, or cancer. Twenty-six patients that never developed INH
were classified as INH negative (INH™); 19 patients that before or at
the enrollment time had a measurable INH (>0.5 Bethesda Units/mL
[15]) were classified as INH positive (INH"). Among the INH" pa-
tients, 10 had developed a transient (ie, temporary) INH and were
subclassified as INHt"; 9 had an active (ie, current) INH and were
subclassified as INHa™. Demographic and clinical characteristics of
enrolled patients are reported in the Table.

Written informed consent was obtained for all patients. The
study was conducted in accordance with the Declaration of Helsinki
and approved by the Institutional Review Board of the Fondazione
IRCCS Ca' Granda, Ospedale Maggiore Policlinico, Milan, Italy
(206_2018bis; April 6, 2018).
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TABLE Demographic and clinical characteristics of enrolled TABLE (Continued)
patients.
ID INH status  INH titer® ITI° Age (y)° Country
ID INH status  INH titer® ITI” Age (y)° Country
42 INH™ - — 45 Italy
1 INHt 1 Effective 28 Italy
43 INH™ - - 25 Italy
2 INHt™ 1 No 25 Italy
44 INH™ - — 49 Italy
3 INH™ — - 49 Italy
45 INH™ - - 48 Italy
4 INH™ — - 45 Italy
46  INHa' 6 Failed 22 Ecuador
5 INH™ - - 28 Italy
47 INH™ - — 41 Italy
6 INH™ — - 58 Italy
ID, patient identification number; INH, inhibitor; ITI, immune tolerance
7 INHt" 1 Effective 70 Italy induction. INH™, INHa™, and INHt™ denote an INH never developed,
8 INH- - _ 56 Italy developed and persistent, and developed in the past and no longer
measurable, respectively; — denotes a not applicable information.
9 INH™ - - 23 Italy 2Current and last positive inhibitor in INHa™* and INHt™ patients,
10 INH- _ . 74 Italy respectively, are reported in Bethesda Units/mL.
5ITI outcome (effective/failed) and absence of ITI therapy (no) are
11 INH™ — — 37 Italy reported.
c .
12 INHt" 0.9 Effective 67 Italy Age at blood sampling.
13 INH™ — - 19 Italy
14 INH™ — - 36 Italy
i .
15 INHt 2 Failed 27 Italy 2.2 | Isolation of PBMCs, naive T cells, and memory
16 INH™ = = 57 Italy T cells
17  INHa" 12 Failed 49 Italy
18  INHa* 1 Failed 50 ltaly Peripheral blood (32 mL) was drawn by clean venipuncture of the
antecubital veins in Vacutainer CPT tubes (BD Biosciences). After
19  INHa" 2 Failed 23 Egypt . . .
centrifugation at 1700 g for 30 minutes at room temperature, PBMCs
20 INH™ - - 35 Argentina were collected and washed 3 times with phosphate buffer saline;
21 INH™ — - 39 Italy one-eighth of PBMCs were suspended in 500 pL of Qiazol Lysis So-
22 INH- _ _ 42 Italy lution (Qiagen) and stored at —80 °C until the RNA extraction. The
B remaining PBMCs were equally distributed to undergo the isolation
23 INH — - 23 Italy
of naive and memory T cells by means of the human naive CD4*
- . .
20 s 6 Failed 8 s T Cell Isolation Kit Il and the Memory CD4* T cell isolation kit
25 INHa* 125 No 12 Senegal (Miltenyi), respectively, according to the manufacturer’s instructions.
26  INHa™ 1 No 14 Italy Double staining with antihuman CD4-APC/CD45RA-FITC and
27 INHa* 4 Failed 43 Italy CD4-APC/CD45RO-FITC antibodies (Miltenyi) were performed to
evaluate by flow cytometry the purity of naive and memory T cells,
28 INHt™ 2 Effective 16 Italy .
respectively.
29  INHt*t 2 Effective 45 Italy
30 INHt 1 Effective 22 Philippines
31 INHt" 3 No 34 Egypt 2.3 | RNA extraction and expression analysis of
32 INHt* 11 Effective 28 Italy miR-128
34 INH™ — - 44 Italy
Total RNA was isolated from PBMCs, naive and memory T cells using
35 INH™ — - 32 Italy . . . . .
the miRNeasy kit (Qiagen). The miR-128-3p, miR-128-5p, and the
36 INH™ - - 50 Italy RNU6B were reverse transcribed with their respective miRNA-
37 INH™ — - 38 Italy specific primers and the TagMan MicroRNA Reverse Transcription
38  INH- - _ 50 Italy Kit (Thermo Fisher). Expression analysis of the miR-128-3p, miR-128-
B 5p, and the housekeeping RNU6B was performed on 13 ng of
40 INH = = 42 Italy i i ]
miRNA-specific cDNA using Tag-Man assays 002216, 466976, and
41 INHa* 9.5 No 63 Italy

(Continues)

001093, respectively, and TagMan Fast Advanced Master Mix
(Thermo Fisher). Fluorescence signals were monitored using the
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FIGURE 1 Box plots show the relative expression (fold change) of miR-128-3p in PBMCs (A), CD4" naive (B), and memory (C) T cells of
patients with severe hemophilia A with (INH") and without (INH™) inhibitor. The P value and the number (n) of analyzed individuals for each

inhibitor condition are between parentheses: *P < .05.

StepOnePlus Real-Time PCR system (Applied Biosystems) and Ste-
pOne v2.3 software (Applied Biosystems). Two duplicates of each
sample were analyzed, and the relative quantities were determined
using the 2722t method.

2.4 | Statistical analysis

Analysis of covariance (ANCOVA) was used to compare miRNA
expression across groups (INH™ vs INH™ and INHa' vs INHt" vs
INH™) taking into account for covariates variability with Tukey-
Kramer post hoc test to perform pairwise comparisons between all

groups.

3 | RESULTS AND DISCUSSION

Many studies have been performed trying to identify genetic and
environmental factors predisposing to INH development in hemo-
philia, but the majority of them, such as duration and dose of treat-
ment at initial exposure, type of replacement product, and
polymorphisms in immune response genes, have been described with
conflicting results [16]. Despite null mutations in the F8 gene and a
positive family history are ascertained as major risk factors, the
complication remains largely unpredictable and the mechanism of
development currently poorly known. miRNAs regulate post-
transcriptional gene expression in many cells including those of the
immune system, thus managing the proliferation and differentiation
of B cells and the development, repair, and activation of T cells [17].
However, their role on INH development has been poorly investi-
gated in persons with hemophilia. To the best of our knowledge, only
1 study addressed this point by performing ncRNA microarrays and
quantitative polymerase chain reaction (qPCR) analysis on RNA
extracted from whole blood samples of a small number of patients
with hemophilia A (3 with and 6 without INHs) [18]. The authors

reported a 6-fold lower expression of miR-1246 in patients with INHs
than in patients without INHs. Since miR-1246 is known to be
downregulated in human natural killer cells stimulated with inter-
leukin (IL) 2, IL-15, and IL-21 [19], and it directly targets the F8
transcript [18], the authors suggested a possible role of miR-1246 in
hemophilia pathophysiology and in variable responses to FVIII-
replacement therapy. To improve knowledge about the possible
role of miRNAs in INH development, we focused on miR-128, whose
overexpression or lowerexpression has been associated with many
neuroinflammatory and autoimmune disorders [11]. To this aim, we
specifically studied the expression of miR-128 in immune cells:
PBMCs, mainly consisting in lymphocytes; and the lymphocyte sub-
populations of naive and memory CD4" T cells where miR-128 was
previously found dysregulated in patients with multiple sclerosis [14].
We analyzed cells of 45 persons with severe hemophilia A that,
after >50 exposures to FVIII, showed an active (INHa™; 9), a past
(INHt™; 10), or a never developed (INH™; 26) INH (Table). At the time
of blood collection, all patients did not have other comorbidities that
are known to alter levels of miRNAs. The median age of available
patients was slightly higher in the INH™ group than in the INHa* and
INHt* groups (41.7 vs 31.6 and 36.2 years, respectively) (Table).
Since the expression of miR-128 in PBMCs was reported to decrease
with age [20], analysis of miR-128 expression was adjusted for age.
The majority (84.4%) of enrolled patients were Italian (Table). As
expected, the only 3 persons with an ethnicity (Black or Hispanic)
known to have a higher risk of INH development [21] were positive
for INH (Table). Since no correlation between ethnicity of patients
and miR-128 levels was found, no further adjustment was needed.
All RNA samples extracted from PBMCs were suitable for the
gPCR amplification; only 1 (patient 25; INHa™) failed the amplifica-
tion and was excluded from the analysis (Table). Despite the high
starting volume of blood, very few RNA was extracted from naive and
memory T cells of 9 patients (patient 46, INHa™; patient 12, INHt™;
and patients 10, 14, 37, 42-45, INH™) (Table). Therefore, gPCR
amplification and analysis were finally performed on PBMCs of 44
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FIGURE 2 Box plots show the relative expression (fold change) of miR-128-3p in PBMCs (A), CD4 ™ naive (B) and memory (C) T cells of
patients with severe hemophilia A with active (INHa™), transient (INHt™), and without (INH™) inhibitor. The analysis of covariance P and the
number (n) of analyzed individuals for each inhibitor condition are between parentheses: *P < .05.

patients (18 with and 26 without INH) and on naive and memory
T cells of 36 patients (8 with persistent, 9 with transient, and 19
without INH).

miR-128-5p was not detected since probably degraded in the
analyzed cells. By contrast, a statistically significant increase in miR-
128 levels was found in PBMCs (1.5-fold change; P = .027) and, to a
greater extent, in the subpopulation of memory T cells (2.6-fold
change; P = .015) of patients with INH (INH") compared with patients
without INH (INH™) (Figure 1A, C). No difference in miR-128-3p
expression was found in naive T cells of patients with (INH") and
without (INH™) INH (Figure 1B). Since memory T cells are the most
abundant cell type in PBMCs (up to 30%), the small increase
observed in these cells could be driven by memory T cells. Moreover,
the fact that miR-128 was quantitatively modified in CD4" memory T
cells of patients with hemophilia who have developed INH but not in
CD4" naive (i.e. never activated) T cells may suggest that the high
expression of miR-128 is not genetically determined but most likely
involved in the molecular pathway of INH development. This is also
supported by a recent report of miRNA core signatures of CD4"
memory and naive T cells from healthy subjects [22], which does not
list miR-128.

To evaluate possible difference in miR-128 expression in the
INHa* and INHt" subconditions, a multiple (INH™, INHa", and
INHt") comparison was performed in PBMCs, naive T cells, and
memory T cells (Figure 2). The analysis was statistically significant
only in memory T cells (ANCOVA, P = .025) (Figure 2C). Pairwise
comparison confirmed the overexpression of miR-128 in memory T
cells (3.8-fold change; P = .022) of patients with active INH (INHa™)
compared with patients without INH (INH™) (Figure 2C), while no
statistically significant differences were found in memory T cells of
patients with a past INH (INHt") compared with those with active
(INHa™") or without (INH™) INH (Figure 2C). Since miR-128 levels in
INHt' patients seem intermediate compared with levels in INHa™
and INH™ patients (Figure 2), it could be speculated that the immu-
nologic response (ie, the INH production) might occur once a
threshold value of miR-128 is exceeded. While the upregulation

observed in CD4" memory T cells of INHa™ vs INH™ patients with
hemophilia A is supported by a statistical power >80%, the small and
not statistically significant differences observed in memory T cells of
INHt" patients vs INHa™ and vs INH™ patients are not. A larger
sample size would allow to better understand whether the miR-128
signature in memory T cells of patients with hemophilia A and a
past INH (INHt™) resemble to the INHa™ or to the INH™ condition.
Hence, the main limitation of the study is the relative low number of
analyzed patients. It is caused by the overall low incidence of patients
(i) with severe hemophilia A (1-9 in 100,000; Orphanet; https://www.
orpha.net/en/disease/detail/169802); (i) who develop the INH
(~30%); (iii) who spontaneously or after immune tolerance induction
resolve it and, even more, by the reduced recovery efficiency (~80%)
of RNA obtained from purified naive and memory CD4" T cells that
probably relies on the intrinsic low and variable frequency of these
cells in PBMCs.

To our knowledge, this study is the first to report an over-
expression of miR-128 in highly specific CD4* memory T cells. A high
expression of miR-128 has been previously found in other immunologic
cells, such as naive CD4™" T cells of patients with multiple sclerosis [14],
monocytes and lymphocytes of patients with Alzheimer disease [13],
and T cells of patients with rheumatoid arthritis [12]. Moreover, the
role of miR-128 in the inflammation response has been previously
investigated. In multiple sclerosis, miR-128 was reported to inhibit Th2
cell development and favor proinflammatory Th1 responses by directly
suppressing BMI1 (B lymphoma Mo-MLYV insertion region 1 homolog)
[14], which stabilizes the Th2 transcription factor GATA binding pro-
tein 3in T cells [23]. In rheumatoid arthritis, downregulation of miR-
128 has been demonstrated to suppress the nuclear factor kB
pathway and the inflammation response through TNFAIP3 (tumor
necrosis factor, a-induced protein 3), which is a direct target of miR-
128 [12]. Moreover, since monocytes are potentially the antigen pre-
senting cells in FVIII immune responses, it would be interesting to
evaluate miR-128 levels also in this cell type.

In conclusion, despite the aforementioned limitations, this study
provides evidence of overexpression of miR-128 in CD4" memory T
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cells of persons with severe hemophilia A with an active INH and
pave the way for future investigations to confirm and understand the
effective contribution of miR-128 in INH development and memory

cell maintenance in patients with severe hemophilia A.
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