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ABSTRACT

Haemophilia A (HA) is an X-linked bleeding disorder caused by factor VIII (FVIII) deficiency, treated with FVIII infusions or,
more recently, Emicizumab subcutaneously. Although Emicizumab is safe and effective, FVIII is still required for severe bleed-
ing, trauma, or surgery, and few studies have compared these prophylactic options in paediatric patients. This study explores the
immunological and haematological profiles of paediatric HA patients receiving FVIII or Emicizumab, using haemophilia B pa-
tients and healthy controls. Clinical parameters and immune cell populations showed no major differences aside from age-related
variations. However, HA patients displayed higher HLA-DR expression on CD14* cells than healthy controls, and Emicizumab-
treated patients showed increased HLA-DR expression on CD11c* cells compared with FVIII-treated patients. Plasma cytokines
including IL-12p40, TNF-a, CCL-22, IL-18, and CCL-4 were elevated in HA, suggesting a dysregulated myeloid compartment in
HA. Patient-derived macrophages exhibited a stronger pro-inflammatory (M1-like) polarization after in vitro FVIII stimulation,
with increased TNF-a and reduced TGF-{3 gene expression. Stratification by prophylaxis showed that macrophages from FVIII-
treated patients maintained the M1 phenotype, whereas those from Emicizumab-treated patients showed no clear shift and tended
toward an immune-regulatory profile. These findings highlight distinct myeloid and cytokine signatures associated with different
prophylaxis, emphasizing the need for optimized therapeutic strategies.

1 | Introduction level is < 1%; moderate, when it is 1%-5%; mild, when the range is

from 5% to 40% [3]. The main clinical manifestation is bleeding,

Haemophilia is an inherited X-linked disorder characterized by re-
duced or absent activity of a coagulation factor (F) due to mutations
or deletions in F8 or F9 genes, leading to haemophilia A (HA) and
haemophilia B (HB) respectively [1, 2]. HA has a global prevalence
of approximately 1 in 5000 male live births and its severity is classi-
fied based on residual plasma FVIII activity in: severe, when factor

either spontaneous or following a trauma [4], with the former typ-
ically affecting soft tissues, muscles and joints, leading to hema-
tomas, hemarthrosis and synovial tissue inflammation that can
eventually progress to hemophilic arthropathy [4] Standard HA
treatment involves prophylactic FVIII replacement, though its ef-
ficacy is limited by a short half-life - partially addressed by EHL
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molecules [5-7]- and the frequent development of neutralizing an-
tibodies (inhibitors), which occur in 30% of severe HA typically
within the first 50 exposure days [8, 9], affecting the efficacy of the
replacement therapy. Currently, immune tolerance induction (ITI)
remains the primary but limited solution for inhibitor eradica-
tion, with a 30% success rate [10]. Non-replacement therapies first
gained ground as ITI substitutes and include drugs that are able to
restore haemostasis promoting thrombin generation with mecha-
nisms different from exogenous FVIII infusions. Newer molecules
such as the RNA interference therapeutic Fitusiran and the tissue
factor pathway inhibitors have shown significant “rebalancing”
potential and are promising therapeutic options [11]; Emicizumab,
a humanized bispecific antibody able to bind activated FIX and
FX, is currently a consolidated prophylactic therapy for HA pa-
tients of all ages, with or without inhibitor [12, 13]. Clinical trials,
such as the HAVEN studies, have established its efficacy, safety
profile, and its ability to significantly reduce the annual bleeding
rate (ABR) in HA patients with or without inhibitors. Notably, the
HAVEN 7 study was the first clinical trial to demonstrate the effi-
cacy and tolerability of Emicizumab in infants (< 12months old),
opening new possibilities for very young patients [14]. Despite
these advancements, there is limited research directly comparing
the immune and clinical effects of recombinant FVIII ’FVIII) and
Emicizumab in paediatric HA patients. It has been reported that
inhibitor-positive patients demonstrated an up regulation of innate
immune modulator genes, suggesting that innate immunity plays
a critical role in the development and/or maintenance of inhibitors
[15]. Thus, a better understanding of how these therapies may af-
fect immune cell profiles in children could inform both treatment
decisions and broader questions related to immune development
in the context of HA management. This study aims to address
this gap by comparing paediatric HA patients undergoing the two
different prophylaxis regimens, either Emicizumab or rFVIIIL. To
strengthen the results, HB patients, who receive factor IX (FIX)
replacement therapy and exhibit the same bleeding phenotype of
HA, were included as internal controls together with healthy
subjects. Eventually, we propose to investigate the immune cell
compartment to assess physiological variations under these differ-
ent therapeutic conditions, providing new insights into their dis-
tinct physiological impacts in early life.

2 | Methods
2.1 | Study Population

Paediatric patients’ blood samples were obtained upon signed
informed consent and were collected by our collaborators at
Azienda Ospedaliera Universitaria (AOU) Citta della Salute e
della Scienza (Torino) and AOU SS. Antonio e Biagio e Cesare
Arrigo (Alessandria). The research was approved by institutional
ethical committees (Protocol n. 712/CE, Study n. CE 147/20). This
study includes patients affected by HA, HB, and healthy subjects
whose characteristics are listed in Table S1. Data on full blood
panel, coagulation analysis and clinical biochemistry tests were
obtained through medical reports at the time of sample collec-
tion. When possible, HA patients have been stratified according
to their undergoing treatment at the time of sample collection,
either FVIII or Emicizumab; their age, more or <10years; in-
hibitor history; by being previously untreated patients (PUPs)
or previously treated patients (PTPs), <10 infusions. PUPs

were defined as patients who had never been exposed to FVIII,
whereas PTPs had received limited FVIII exposure (<10 expo-
sure days) before switching to Emicizumab. Notably, both PUPs
and PTPs belong to the Emicizumab-treated group in this co-
hort. The Emicizumab-treated subgroup is enriched in younger
patients, which contributes to a lower overall mean age of the
HA cohort compared to the FVIII-treated subgroup. Moreover,
HB samples were included as an internal control to assess the
specificity of FVIII-driven immune responses.

2.2 | Sample Processing and Immune Phenotyping
by Flow Cytometry

Blood samples were collected in EDTA-tubes and processed
within 24 h. First, samples were centrifuged at 1500g for 10min
to obtain plasma, which was then stored in aliquots at —80°C.
Whole blood was then lysed by using Red Blood Cell Lysis Buffer
(RBCLB, 155mM NH,Cl, 10mM NaHCO,, 0.1mM EDTA) for
10min on ice; successively, the reaction was neutralized and cen-
trifuged at 300g for 5min, and eventually resuspended in RPMI-
1640 (Gibco) containing 10% FBS, 1% glutamine (Sigma-Aldrich),
and 1% penicillin/streptomycin (Sigma-Aldrich) (complete
media). Cell viability was assessed by Trypan blue, and it was
generally >85%. The obtained single cell suspension was stained
with fluorochrome-conjugated antibodies, listed in Table S2, and
resuspended in FACS Buffer (PBS containing 0.5% BSA and 2mM
EDTA). Percentage, number/L, and activation status of blood im-
mune populations were assessed by acquiring the samples on
the Attune NXT Acoustic Focusing Cytometer (Thermofisher
Scientific), and data were analysed using the FlowJo software
(BD Biosciences). The number/L of the analysed cell populations
was derived by multiplying the percentages obtained by flow cy-
tometry with the corresponding white blood cell (WBC) counts,
as determined from the total blood count performed on the day
of sample collection for each patient. A schematic representation
of the gating strategy used for evaluating all the immune popula-
tions in the whole blood sample is shown in Figure S1.

2.3 | Milliplex Human Cytokine/Chemokine/
Growth-Factor Panel on Plasmas

The evaluation of a 48 cytokines and chemokines panel was
performed on plasma samples using a magnetic bead-based
multiplex immunoassays (Human Cytokine/Chemokine/
Growth-Factor Panel A 48 Plex Kit, Cat # HCYTA-60K-PX48)
following manufacturers' instructions (Merck). For the standard
curve, reconstituted standards were diluted in the diluent pro-
vided in the kit. 24 HA, 8 HB and 5 healthy plasma samples were
analysed in duplicate. Acquisition was performed using the Bio-
Plex 200 reader (BIO-RAD), providing information regarding
the concentration (pg/mL).

2.4 | Human Macrophage Differentiation
and FVIII Stimulation

Peripheral blood cells were used to in vitro differentiate patient-
derived macrophages [16]. After lysis, whole blood cells were
plated at a concentration of 1-1.5 x 10° cells/mL in serum-free
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RPMI-1640. Cells were incubated at 37°C 5% CO, and mono-
cytes were allowed to adhere for 60-90min. Non-adherent cells
were gently removed by performing few washings using serum-
free medium. Enriched monocytes were cultured in differen-
tiation medium: RPMI 1640 10% FBS+rh-M-CSF (10pg/mL)
(ImmunoTools GmbH). Medium was changed every 2-3days,
and the differentiation process took around 7 to 10days.
Differentiated cells were stimulated with recombinant human
FVIII (Octocog Alpha, Bayer; 1 U/mL) while non-treated cells
served as negative control. 24-h following stimulation, superna-
tants and lysed cells were collected and stored at —80°C.

2.5 | Enzyme-Linked Immunosorbent Assay
(ELISA)

ELISA assay for the detection of human cytokines MIP-18
(CCL4), IL-18, TNF-a and IL-12p40 were performed follow-
ing manufacturer's instructions (Thermofisher Scientific). Cell
supernatants of healthy individuals and hemophilic patient-
derived macrophages stimulated with FVIII or non-stimulated
were analysed in duplicates. Data are shown as concentrations
expressed in pg/mL. The detection limits for the chemokines
were: MIP-1 (4 pg/mL), IL-18 (6.25 pg/mL), TNF-a (4 pg/mL) and
IL-12p40 (< 10 pg/mL). Levels below the detection limit were de-
fined as Opg/mL. Due to variability in sample availability and
experimental suitability (e.g., cell differentiation efficiency), not
all samples were included in all analyses, resulting in differences
in sample size across experiments.

2.6 | RNA Extraction and Real-Time qPCR

Total RNA extraction was performed using TRIzol Reagent
(Invitrogen) following manufacturer's protocol. RNA samples
were quantified with NanoDrop 2000 (Thermofisher Scientific)
and complementary DNA (cDNA)wasobtained using RevertAid H
minus first Strand cDNA Synthesis Kit (Thermofisher Scientific).
The obtained cDNAs were used to study the gene expression pro-
file: primers were designed exploiting the Primer designing tool
(NCBI-NIH; https://www.ncbi.nlm.nih.gov/tools/primer-blast/)
and are listed in Table S3. Real-Time qPCR was performed with
the Titan HotTaq EvaGreen qPCR Mix (ROX) (Bioatlas) and using
the StepOnePlus instrument (Applied Biosystems). Data are ana-
lysed with the 2724Ct method and expressed as fold change (FC)
between FVIII treatment over non-treated. Due to variability in
sample availability and experimental suitability (e.g., cell differ-
entiation efficiency), not all samples were included in all analyses,
resulting in differences in sample size across experiments.

2.7 | Statistical Analysis

For statistical analyses and charts we used GraphPad Prism
8.0 (GraphPad). Percentages of the different blood immune
populations were assessed through the FlowJo software (BD
Biosciences). All data are expressed as mean + Standard Deviation
(SD). Comparison among different groups was carried out with
unpaired t-test or Mann-Whitney test, when two groups were
compared, while one-way analysis of variance (ANOVA) has been
applied when the comparison included three groups. Two-way

ANOVA was used to analyse the gene expression and cytokine
analysis on patient-derived macrophages. A p-value of <0.05 was
statistically significant and the significance was expressed as fol-
lows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p <0.0001.

3 | Results

3.1 | Medical Reports and Circulating Immune
Population Analysis

Our initial objective was to assess potential differences, if any, in
total blood count, coagulation, and clinical biochemistry param-
eters between HA and HB paediatric patients; a second analysis
was conducted comparing FVIII- versus (vs) Emicizumab-treated
HA subjects. All the parameters analysed are listed in Table 1. The
number of components per group may differ since not all patients
underwent the same tests at the time of sample collection. In gen-
eral, it is important to underline that the values for which statistical
differences are observed always fall within the normal ranges set
by the paediatric medical reports and do not indicate a pathological
difference. As far as total blood count is concerned, values regard-
ing RBCs morphology and activity, such as HGB, MCV and MCH,
were significantly higher in FVIII-treated patients compared to
Emicizumab-treated. Moreover, both the percentage and number
of eosinophils were significantly higher in Emicizumab-treated
patients, as shown in Figure 1A. In both cases, this difference
might be associated with different mean age among the two groups
[17]. Interestingly, patients in Emicizumab prophylaxis showed a
lower aPTT ratio compared to both FVIII-treated patients and HB
patients undergoing FIX prophylaxis (Figure 1B). CD3+, CD14+,
dendritic cells (CD11c+/SSC, ) and granulocytes (CD11c+/SSC, ),
CD34+ and B cells, representing both the lymphoid and myeloid
compartments, were analysed in percentage and count by flow cy-
tometry and are reported in Figures S2 and S3. CD11c+ cells were
divided in SSC ,and SSC,, to better discriminate respectively den-
dritic cells and granulocytes, according to cell complexity. Overall,
patients’ cell characterization showed that FVIII-treated patients
had more circulating granulocytes than Emicizumab ones, both
in percentage (Figure 2A) and number (Figure S3). Most younger
patients (< 10years old) are on Emicizumab prophylaxis; older pa-
tients (> 10years old) are getting FVIII infusions (Figure 2B), thus
this data is directly proportional to patients' age. A more in-depth
analysis was conducted to assess any variations in the HLA-DR
expression on the surface of myeloid cells. Specifically, there were
higher levels of HLA-DR on CD14+ cells in HA patients than in
healthy people, in terms of median fluorescence intensity (MFI)
(Figure 3A). The statistical difference was absent when HA sam-
ples were stratified according to undergoing treatment (Figure 3B
and Figure S4). On the other hand, when evaluating HLA-DR
expression on granulocytes and dendritic cells in both groups,
Emicizumab-treated patients showed a higher expression
compared to FVIII-treated ones in MFI (Figure 3B).

3.2 | Plasma Cytokines Profile

To detect changes potentially associated with a pro- or anti-
inflammatory state, a panel of 48 cytokines and chemokines
was simultaneously analysed in plasma samples from HA, HB,
and healthy individuals using a magnetic bead-based multiplex
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https://www.ncbi.nlm.nih.gov/tools/primer-blast/

TABLE1 | Summary of information from blood samples of HA and HB patient medical reports.

Total blood count
Parameter mean (SD) HA (n=24) HB (n=7) P FVIII (n=38) Emicizumab (n=16) P
WBC, 10°/L 6.76 (1.80) 7.18 (2.22) 0.61 6.55 (1.54) 6.70 (1.95) 0.69
RBC (10'2/L) 5.02 (0.41) 5.05 (0.48) 0.77 5.19 (0.46) 4.92(0.36) 0.10
HGB (g/dL) 13.13 (1.70) 13.24 (1.33) 0.88 14.65 (1.60) 12.32(1.17) 0.0006
HCT (%) 39.43 (4.91) 40.51 (2.37) 0.58 44.23 (4.02) 37.03 (3.32) 0.0001
MCV (fL) 78.8 (8.62) 80.7 (6.7) 0.59 85.4 (3.54) 75.4 (8.59) 0.006
MCH (pg) 26.3(3) 26.4(3.11) 0.94 28.2 (1.08) 25.2(3.21) 0.022
MCHC (g/dL) 33.33(1.48) 32.67 (2.06) 0.35 33.13 (1.17) 33.3(1.64) 0.64
RDW-CV (%) 13.92(2.9) 13.82 (1.25) 0.70 12.99 (0.74) 13.59 (3.53) 0.64
PLTS (10%/L) 286.17(120.54)  360.43(154.71)  0.19  244.75(92.68) 304.67 (130) 0.24
MPV (fL) 8.7 (1.4) 8.5(1.4) 0.66 9.6 (1.1) 8.4 (1.4) 0.021
Differential leucocyte count
Parameter value (SD) HA (n=24) HB (n=7) P FVIII (n=38) Emicizumab (n=16) P
Neutrophils (%) 47.13 (11.58) 45.14 (12.73) 0.70 54.95 (12.57) 44.29 (9.11) 0.016
Lymphocytes (%) 39.32(2.24) 41.99 (13.76) 0.58 34.41 (11.79) 44.29 (8.95) 0.10
Monocytes (%) 6.63 (2.24) 7.38 (1.4) 0.40 6.05 (1.39) 6.97 (2.55) 0.38
Eosinophils (%) 4.25(2.64) 2.8 (1.74) 0.18 1.81(0.97) 5.62(2.34) 0.0004
Basophils (%) 0.73 (0.32) 0.56 (0.15) 0.23 0.86 (0.38) 0.63 (0.28) 0.11
Neutrophils (10%/L) 3.21(1.36) 3.29 (1.43) 0.89 3.74 (1.59) 2.97 (1.19) 0.17
Lymphocytes (10°/L) 2.6 (0.95) 2.97 (1.34) 0.42 2.12(0.43) 2.66 (1.05) 0.08
Monocytes (10%/L) 0.44 (0.21) 0.54(0.23) 0.28 0.39 (0.10) 0.46 (0.24) 0.37
Eosinophils (10%/L) 0.29 (0.20) 0.20 (0.13) 0.29 0.12 (0.06) 0.38 (0.19) 0.001
Basophils (109/L) 0.05 (0.022) 0.04 (0.007) 0.31 0.06 (0.03) 0.04 (0.017) 0.13
Coagulation
Parameter value (SD) HA (n=22) HB (n=9) P FVIII (n=8) Emicizumab (n=14) p
Chromogenic missing factor (%) 4.97 (7.67) 6.89 (2.37) 0.47 8.53(9.36) 3.16 (0.33) 0.12
PT-ratio 1.06 (0.06) 1.17(0.09)  0.004 1.03 (0.05) 1.09 (0.06) 0.28
aPTT ratio 1.44 (0.67) 1.77 (0.29) 0.26 2.00 (0.39) 1.05 (0.51) 0.0002
p-fibrinogen (mg/dL) 254.36 (50.77)  273.2(96.41)  0.58  255.87(67.82) 254.8 (15.97) 0.90
Clinical biochemistry
Parameter value (SD) HA (n=18) HB (n=6) P FVIII (n=7) Emicizumab (n=11) p
s-Glucose (mg/dL) 83.22(9.35) 84.5 (8.43) 0.77 84 (5) 82.72 (11.54) 0.79
s-Creatinin (mg/dL) 0.5 (0.25) 0.46 (0.17) 0.46 0.69 (0.30) 0.40 (0.13) 0.009
s-Bilirubin Tot (mg/dL) 0.49 (0.35) 0.6 (0.43) 0.53 0.7 (0.45) 0.39 (0.22) 0.042
s-Bilirubin direct (mg/dL) 0.17 (0.11) 0.25(0.19) 0.24 0.24 (0.13) 0.12 (0.04) 0.01
s-Bilirubin indirect (mg/dL) 0.33(0.28) 0.45 (0.33) 0.48 0.47 (0.30) 0.27 (0.22) 0.09
s-AST (UI/L) 28.47 (10.69) 25.5 (4.09) 0.52 21.71 (6.18) 30.72 (10.97) 0.031
s-ALT (UI/L) 19.53 (9.45) 13.83 (5.23) 0.18 21.57 (13.28) 17.27 (6.76) 0.49
(Continues)
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TABLE1 | (Continued)

Clinical biochemistry

Parameter value (SD) HA (n=18) HB (n=6) P FVIII (n=7) Emicizumab (n=11) p

s-GGT (UI/L) 12.78 (5.62) 11.67 (3.07) 0.65 16.71 (6.87) 10.5 (2.76) 0.013
s-Iron (ug/dL) 87.69 (34.66)  132.4(76.04)  0.15 98.14 (38.13) 79.56 (31.5) 0.49
s-Transferrin (g/L) 2.74(0.25) 2.76 (0.34) 0.66 2.79(0.23) 2.7(0.27) 0.63
s-Ferritin (ug/L) 68.47(73.84)  58.25(24.14)  0.79 117.15 (97.89) 34.4(13.17) 0.017

Note: Mann-Whitney test was used for comparing two groups and significance was set at p-value of p <0.05. The bold values are statistically significant (p <0.05).
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FIGURE1 | Principal findings of hospital medical reports: A comparison between Haemophilia A (HA) prophylaxis treatments and Haemophilia
B (HB) in total blood count. (A) Difference in percentage and number of circulating eosinophils between FVIII-treated and Emicizumab-treated HA
patients. (B) Comparison of aPTT ratio (ratio between the patient's clotting time and control normal pooled plasma clotting time) between all prophy-
lactic treatments, FVIII and Emicizumab for HA and FIX for HB. All data are represented as a scatter plot where the values for individual patients
are represented by dots, while the bars represent the means of the individual groups + standard deviation (SD). The upper and lower dashed lines
indicate the normal range (not pathological) values. One-way ANOVA has been used for comparing the three groups, while unpaired t-test was used
when two groups were compared (*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001).

immunoassay. This assay allows the detection of even very small
concentrations of a cytokine through its coupled magnetic cap-
ture beads technology and its high sensitivity, taking advantage
of fluorescent signals. The broad spectrum of the investigated
cytokines is charted in Figures S5 and S6 as a log, , of the group’s
mean concentration in order to normalize and to level differ-
ences in concentration between the cytokines. Instead, the con-
centration of each cytokine in every group is listed in Table S4.
The analysis highlighted five differently produced cytokines/
chemokines among the three groups of subjects: IL-12p40,

TNF-a, CCL-22, IL-18, and CCL-4. This cytokine pattern is
mainly associated with monocyte/macrophage activity, since all
of them are either produced by or acting on these cells [18-21].
In all cases, those cytokines were significantly more present in
HA than healthy plasma (Figure 4A). However, these cytokines
did not reveal a distinct immunological pattern differentiating
FVIII and Emicizumab treatments since statistical analysis
shows only significantly higher levels of CCL-22 and IL-18 in
patients receiving prophylaxis with Emicizumab compared to
those treated with FVIII (Figure 4B and Figure S7A).
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3.3 | Cytokine Production by Patient-Derived became apparent that macrophages derived from patients under-

Macrophages Following In Vitro FVIII Stimulation going FVIII prophylaxis produced higher levels of these cytokines
compared to those from patients on Emicizumab prophylaxis,

Building on above-mentioned data, suggesting a potential role for ~ with a significantly higher production of CCL-4, regardless of

macrophages, we decided to obtain patient-derived macrophages in vitro FVIII stimulation (Figure 5B and Figure S7B).

to confirm whether the systemic changes observed in HA plasma

were carried out by in vivo macrophages. To accomplish this, mac-

rophages were first differentiated in vitro starting from patients’ 3.4 | Gene Expression Pattern Identification

monocytes followed by an evaluation of the cytokine productionin ~ of FVIII-Treated Patient-Derived Macrophages

the culture supernatants. This assessment included both untreated

(NA) and FVIII-treated differentiated macrophages. The cyto- To investigate macrophages transition to a pro- (M1) or anti-

kines analysed were IL-12p40, CCL-4, IL-18 and TNF-a. IL-12p40 inflammatory (M2) phenotype in response to FVIII stimulation,

was undetected in all samples, while no differences were observed we analysed the gene expression profiles of untreated and stim-

between HA and healthy macrophages in the production of the ulated macrophages derived from HA, HB and healthy individ-

other cytokines, despite FVIII-stimulation (Figure 5A). However, uals. We analysed the mRNA level of IL-12p40, IL-18, TNF-a

when HA samples are stratified by prophylactic treatment, it and CCL-4, as well as cytokines characterizing M1 (specifically,
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FIGURE 4 | Broad spectrum of monocyte/macrophages-related cytokines in hemophilic patient plasma. (A) Graphs showing comparison of
IL12p40, TNF-a, CCL-22, IL-18 and CCL-4 quantification in plasma of HA patients and healthy donors. (B) Stratification of HA patients according
to their undergoing treatment, either rFVIII or Emicizumab. All data are represented as a Tukey plot where the out-of-range samples are represented
as a dot. Mann-Whitney test has been used for comparing the two groups (*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001).
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(*p<0.05; **p<0.01; ***p <0.001; ****p <0.0001).
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TNF-a, IL-12p40 and iNOS) and M2 (TGF-f and Arg-1) pheno- behave similarly to HA macrophages rather than those derived
types. To better dissect FVIII activity on macrophages, single from healthy donors. Instead, HA macrophages appear to have a
values are expressed as fold-change (FC) of FVIII-treated over specific pattern of upregulation of most of the genes investigated
untreated samples and they are represented in a double-gradient (Figure 6A). Stratification of HA samples allowed to discriminate
heatmap as group's mean value (Figure 6A). Altogether, it is pos- the subgroup from which the upregulation originates (Figure 6B).
sible to highlight an overall pattern similarity between HB and In particular, HA macrophages derived from patients undergoing
healthy macrophages, in which the genes are not strongly up or ~ FVIII prophylaxis have an upregulation of TNF-a and a down-
downregulated after FVIII administration in vitro. The only ex- regulation of Arg-1, yet both being not statistically significant.
ception seems to be represented by IL-12p40, where HB samples Instead, macrophages differentiated by Emicizumab-treated
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FIGURE 6 | Gene expression analysis of patient-derived macrophages stimulated with FVIII in vitro, to understand if they shift toward an M1
or M2 phenotype. (A and B) Heatmaps showing gene expression profiles of HA (N=23), HB (N=11) and healthy (N=6) macrophages (A), and sub-
sequent stratification of HA patients according to their undergoing treatment, either rEVIII or Emicizumab (B). Values for each gene are calculated
as fold-change of FVIII-treated over non-treated samples and they are represented as double-gradient heatmap as group’s mean value. Comparison
of TNF-a, IL12p40, iNOS, TGFb and ARGl mRNAs expression between HA, HB and healthy macrophages (C), HA macrophages stimulated with
FVIII and their untreated controls (D), and stratification of HA patients according to their undergoing treatment, either rFVIII or Emicizumab (E).
Data are represented as histogram plots with bars representing the means of the individual groups + SD. One-way ANOVA or two-way ANOVA
have been used for comparing the three groups, while unpaired t-test was used when two groups were compared (*p <0.05; **p <0.01; ***p <0.001;
#EEp < 0.0001).
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patients show a general less strong activation, mainly character-
ized by a higher Arg-1 and lower TNF-a expression compared to
macrophages derived from patients in prophylaxis with FVIIIL. To
better identify the different gene expression between the groups
and clarify whether there is a shift toward the M1 or M2, dif-
ferent analysis and stratifications have been performed on the
primarily involved genes of these phenotypes (Figure 6C). As
already shown by the heatmap, there are no differences in gene
expression of HA, HB and healthy macrophages following FVIII
administration in vitro (Figure 6C). When HA FVIII-stimulated
macrophages are compared with their corresponding untreated
controls, it is possible to highlight a statistical higher expression of
TNF-a and a downregulation of TGF-{3, with a slight upregulation
of IL-12p40 and iNOS as well (Figure 6D). Our results show a clear
tendency of TNF-o upregulation by macrophages from patients in
FVIII prophylaxis and that the upregulation of Arg-1 is mainly
occurring in macrophages derived by patients in treatment with
Emicizumab (Figure 6E).

4 | Discussion

Although the differences between various types of HA prophy-
laxis are well established, most published studies primarily focus
on drug activity, efficacy, and ABR associated with the multiple
available therapies [22-27]. This study offers a comparison of
the two common prophylactic treatments for HA, rFVIII and
Emicizumab, focusing on an immunological screening of pae-
diatric patients. For comparison, we also included paediatric
HB patients given their common bleeding phenotype caused by
a different coagulation factor while being unaffected by FVIII-
targeted immune responses. Medical reports concerning total
blood, coagulation, and biochemistry clinical parameters high-
lighted that the main differences are shown once HA treatment
therapies are compared. Despite our data showing higher hae-
moglobin levels in patients treated with rFVIII, a preliminary
study has indicated that prophylaxis with Emicizumab leads to
improvements in haemoglobin levels and RBC indices following
prophylaxis initiation [28]. Consequently, the difference observed
in our study is most likely due to the age, as patients receiving
Emicizumab in our cohort were, on average, considerably younger
than those treated with FVIII. On the contrary, to our knowledge,
eosinophils being higher in patients under Emicizumab prophy-
laxis has never been reported in literature, and it could involve a
combination of immune modulation and cytokine environment
of the hemophilic immune system [29, 30]; however these values
still fall within the normal range and could be again related to
patients’ age highlighting again the need to further investigate
this point by increasing our cohort number and performing age-
matched analysis. In addition, the decreased aPTT ratio remarks
on Emicizumab efficacy and stability, in agreement with previ-
ous literature [14, 31]. Nonetheless, it is challenging to establish a
correlation between our observations and the different treatments
due to the limited sample size, different age, variability in individ-
ual immune responses, and the potential influence of additional
factors such as pre-existing inflammation, genetic predisposi-
tions, or disparities in initial immune cell types.

In general, we can assert that the HA innate immune system, and
specifically the myeloid compartment, shows a different capabil-
ity in communicating with the adaptive immune systems, since

CD14 is a key marker for the identification of human monocytes/
macrophages, while CD11c is used for dendritic cells and granu-
locytes. This is mainly confirmed by the HLA-DR expression on
CD14+ being higher in HA cells compared to healthy ones. The
difference is clear following HA patient stratification according
to undergoing treatment. In fact, Emicizumab-treated patients
have decreased circulating granulocytes and higher surface ex-
pression of the HLA-DR marker compared to FVIII-treated pa-
tients in both granulocytes and dendritic cells. Despite age could
represent a confounding factor in HLA-DR expression, since it
has been reported that it is developmentally regulated, with lower
levels observed in neonates and early infancy and a progressive
increase with age toward adolescence and adulthood [32, 33], our
observations appear to diverge from this trend, as HA samples
display higher HLA-DR expression compared to healthy con-
trols despite the paediatric setting. This suggests that the differ-
ences observed in our cohort are unlikely to be solely explained
by age-related variation, but rather may reflect disease-specific
immune modulation associated with haemophilia A. In fact, the
higher expression on HLA-DR on these myeloid cells suggests
immune activation and an increased capability of these antigen-
presenting cells in communicating with the adaptive immune
system [34, 35]. Overall, this is also confirmed by the differently
modulated cytokines in HA plasma, all produced by or acting
on monocytes and macrophages. In fact, monocytes and macro-
phages are the primary producers of TNF-«, IL-18, and CCL-4:
the first two are involved in INF-y production and, in particular,
IL-18 works in synergy with IL-12 to stimulate INF-y production
[36, 37]. Anyhow, all the aforementioned cytokines are produced
within ranges described by literature [38, 39]. It is possible to
rather describe a chemoattractant activity for cells of innate im-
munity, like dendritic cells, granulocytes and monocytes/macro-
phages [20, 21, 36]. The gene expression analyses better clarify the
behaviour of HA macrophages following in vitro FVIII admin-
istration rather than their cytokine production. One explanation
could be associated with the time point chosen: due to scarcity of
the sample, it was possible just to investigate one time point per
sample, and 24h seemed to be a better fit for both experimental
tests. Studies on cytokine production comparing HA, HB, and
healthy macrophages confirm that FVIII supplementation in the
culture media does not induce a specific cytokine pattern. The
only distinction arises from the patients these cells were differ-
entiated from, undergoing different prophylaxis. Moreover, our
in vitro experiments showed no production of the cytokines found
to be dysregulated in patients’ plasma, hinting that either mac-
rophages are not the primary source of these cytokines in vivo,
or that FVIII alone is insufficient to trigger their production by
macrophages in our experimental conditions.

Macrophage polarization dysfunction in HA has already been
described [40-42] and this could have implications on the in-
flammatory milieu [43, 44]. Here as well, we show through
gene expression analysis that all HA macrophages appear to
switch to an M1-like phenotype following in vitro FVIII stimu-
lation, regardless of the prophylaxis regimen. This is primarily
supported by the significant upregulation of TNF-a and down-
regulation of TGF-f when FVIII-stimulated HA and untreated
macrophages are compared. Interestingly, further stratification
based on the type of prophylaxis treatment revealed distinct
trends. Macrophages from patients undergoing FVIII prophy-
laxis showed a trend in upregulating TNF-«, reinforcing the
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M1 phenotype association in these cells. Conversely, those from
patients treated with Emicizumab displayed another trend in
upregulating Arg-1, a marker of M2-like activity, indicating a
potential differential impact of the prophylaxis on macrophage
polarization. In general, we can describe macrophages from
FVIII-treated patients as “more prone to activation”, since they
easily tend to switch to an M1-like phenotype, while macro-
phages from Emicizumab-treated patients are less strongly acti-
vated and there is not a clear shift toward M1 or M2.

In summary, our findings indicate differences in the myeloid
compartment of HA patients and, possibly, distinct different inter-
actions with the adaptive immune system between Emicizumab-
treated and FVIII-treated patients. Our data show a higher
recall or activation of HA monocytes-macrophages in vitro and
in vivo and highlight the complexity of macrophage responses
in HA patients, particularly under different prophylactic treat-
ments. Importantly, the differences observed between FVIII- and
Emicizumab-treated patients may have relevant translational
implications. While patients in replacement therapy are contin-
uously exposed to FVIII and may continuously engage antigen-
presenting cells, Emicizumab acts independently of FVIII and
does not directly stimulate the same immune pathways. As a re-
sult, patients receiving Emicizumab may develop and maintain a
distinct baseline immune profile, particularly within the myeloid
compartment. Therefore, our findings suggest that the type of pro-
phylactic treatment may not only control bleeding but also shape
the immune landscape in a way that could impact long-term im-
munogenicity to FVIII and inhibitor development. Ultimately,
this study contributes valuable insights to paediatric HA patients,
expanding the understanding necessary to optimize therapeutic
strategies while minimizing or preventing adverse effects.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Study population character-
istics. Table S2: Flow cytometry antibodies. Table S3: List of oligonu-
cleotides used as Forward and Reverse for Real-Time qPCR. Table S4:
Group mean values of plasma cytokines in patients with HA, HB, and
healthy controls. The last column indicates statistical comparisons
between groups, with symbols indicating significant differences at
p<0.05: 1=HA vs. HB; $=HA vs. Healthy; § =HB vs. Healthy; / = no
difference. Figure S1: Schematic representation of gating strategy used
for analysed immune cell populations. (A) Gating for CD3+, CD11c+
(hi=granulocytes; and low =dendritic cells), CD14+ and CD34+ cells.
(B) The gating strategy for B cells was performed by selecting the neg-
ative events for CD14, CD11c and CD3 and then included the physical
parameters. Each graph was first created on singlets, then live cells ac-
cording to physical parameters and the next gates were adapted from its
corresponding negative samples. Figure S2: Flow cytometry evaluation
of all the blood immune populations analysed expressed as % on live
cells. Comparison between HAvs HB patients, FVIII- vs. Emicizumab-
treated HA patients and <10year- vs. >10year-old HA patients. (A)
Percentage of CD3+ cells. (B) Percentage of B cells. (C) Percentage of
CD14+ cells. (D) Percentage of dendritic cells. (E) Percentage of granu-
locytes. (F) Percentage of CD34+ cells. All data are represented as scat-
ter plot with bar where the upper part of the bar is equal to the mean of
the individual values belonging to the groups and the standard devia-
tion (SD) is calculated. One-way ANOVA has been used for comparing
the three groups, while unpaired t-test was used when two groups were
compared (*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001). Figure S3:
Flow cytometry evaluation of all the blood immune populations ana-
lysed expressed as number on live cells. Comparison between HA vs.
HB patients, FVIII- vs. Emicizumab-treated HA patients and < 10year-
vs. >10year-old HA patients. The number/L of the analysed cell popu-
lations were derived by multiplying the percentages obtained by flow
cytometry with the corresponding white blood cell (WBC) counts, as
determined from the total blood count performed on the day of sample
collection for each patient. All data are represented as scatter plot with
bar where the upper part of the bar is equal to the mean of the individual
values belonging to the groups and the standard deviation (SD) is cal-
culated. Unpaired t-test was used to compare the two groups (*p <0.05;
**p<0.01; ***p<0.001; ***p<0.0001). Figure S4: Quantification of
HLA-DR expression on blood immune cell surface through Median
Fluorescent Intensity (MFI). Stratification of HA patients according
to their age (<10years old and>10years old) and undergoing treat-
ment, either rFVIII or Emicizumab. All data are represented as a
scatter plot where the values for individual patients are represented
by dots, while the middle line represents the means of the individual
groups = SD. Two-way ANOVA has been used for comparing the two
groups (*p<0.05; **p<0.01; ***p<0.005; ****p<0.0001). Figure S5:
Plasma cytokine comparison between HA (n=24), HB (n=8) and
healthy (n=>5) subjects. Values are detected as concentration (pg/mL)
for each sample and they are represented as a single-gradient heatmap
as group's log;, (mean value). Figure S6: Plasma cytokine comparison
between HA patients in FVIII (n=8) or Emicizumab (n=15) prophy-
laxis. Values are detected as concentration (pg/mL) for each sample
and they are represented as a single-gradient heatmap as group's log10
(mean value). Figure S7: Monocyte/macrophages-related cytokines.
(A) Graphs showing comparison of IL12p40, TNF-a, CCL-22, IL-18 and
CCL-4 quantification in plasma of HA patients stratified according to
their undergoing treatment, either rFVIII or Emicizumab, and healthy

donors. (B) Graphs are showing CCL4, IL-18 and TNF-a expression
by monocyte-derived macrophages from each group following FVIII
stimulation (FVIII) compared to untreated (NA). Comparison between
HA macrophages, stratified according to their undergoing treatment,
either rFVIII or Emicizumab, and healthy macrophages. All data are
represented as a scatter plot where the values for individual patients are
represented by dots, while the middle line represents the means of the
individual groups + SD. All undetected samples by the test were con-
sidered as 0 pg/mL. One-way ANOVA has been used for comparing the
groups (*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001).
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