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Abstract (English) 
 
The major complication in Hemophilia A (HA) therapy is inhibitor formation against the infused 

FVIII. While this topic is being highly studied in the recent years, the full mechanism of their 

development is still unknown. Previous work from our laboratory identified a possible role of 

plasmacytoid dendritic cells (pDCs) in inhibitor development in HA. Even though conventionally 

they are mainly known for their type I interferon response, their antigen-presenting capability is also 

being investigated. Moreover, another therapeutic option for HA with or without inhibitors is 

represented by Emicizumab, whose use has shown encouraging results in terms of efficacy and safety 

in adult patients. However, there are still very few reports comparing FVIII and Emicizumab 

prophylactic treatments in pediatric HA patients. Hence, this study compares the immunological and 

hematological profiles of pediatric HA patients undergoing these treatments and it studies the 

involvement of myeloid cells in FVIII immune response, focusing on pDCs and macrophages, in both 

human and mice. FVIII-treated patients had higher frequency of circulating CD11c+ cells compared 

to Emicizumab-treated ones, while HLA-DR expression on these cells was higher in Emicizumab-

treated patients, along with higher HLA-DR expression on the surface of HA CD14+ cells than in 

healthy ones. Plasma cytokine analysis showed elevated levels of IL-12p40, TNF-α, CCL-22, IL-18, 

and CCL-4 in HA patients compared to healthy controls, altogether showing a dysregulated myeloid 

compartment in HA. Conversely to Hemophilia B (HB) and healthy donors, human HA pDCs 

exhibited a non-conventional activation in response to FVIII in vitro, mainly dictated by IL-8, MCP-

1, IL-1Ra, and IP-10 gene expression, with a more pronounced signature in pDCs derived by 

Emicizumab-treated patients and previously untreated patients (PUPs). Whereas, upon FVIII 

stimulation in vitro, murine HA isolated pDCs showed increased activation and pro-inflammatory 

gene expression compared to murine wild-type (WT) pDCs. In vivo, FVIII administration led to an 

increase in pDC percentages in secondary lymphoid organs and upregulation of MHC-II and CD62-

L, suggesting activation and recalling to lymph nodes. Adoptive transfer experiments demonstrated 

that donor pDCs predominantly trafficked to the lungs and spleen within 3 hours post-injection of 

FVIII, excluding the lymph nodes. In contrast, patient-derived macrophages from FVIII-treated 

patients exhibited a stronger M1-like polarization following FVIII in vitro stimulation, marked by 

increased TNF-α expression, while those from Emicizumab-treated patients showed elevated Arg-1 

expression, suggesting a more immune-regulatory phenotype, delineating a different gene expression 

pattern between FVIII and Emicizumab treatment. Meanwhile, FVIII stimulation at different time 

points (3h, 6h, 24h) in both HA and WT murine macrophages did not significantly alter surface 

markers (CD14, MHC-II) or induce notable changes in M1/M2 polarization through gene expression. 
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Collectively, these findings highlight distinct myeloid cell activation patterns associated with FVIII 

response and show a broad characterization of the immunological events associated with HA, 

particularly focusing on the different prophylactic regimens in pediatric patients. 
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Abstract (Italiano) 
 
La complicazione principale nella terapia dell’emofilia A (HA) è la formazione di anticorpi inibitori 

contro il FVIII infuso. Sebbene questo argomento sia stato molto studiato negli ultimi anni, non è 

ancora chiaro il meccanismo completo del loro sviluppo. Studi precedenti del nostro laboratorio 

hanno identificato un possibile ruolo delle celle dendritiche plasmacitoidi (pDCs) nello sviluppo degli 

inibitori nell’HA. Anche se sono principalmente note per la loro risposta con rilascio di interferone 

di tipo I, si sta studiando anche la loro capacità di agire come cellule presentanti l’antigene. Invece, 

un altro tipo di terapia per l’HA con o senza inibitori è rappresentata da Emicizumab, la cui 

somministrazione ha mostrato risultati incoraggianti in termini di efficacia e sicurezza nei pazienti 

adulti. Tuttavia, ci sono ancora pochi studi che mettono a paragone i trattamenti di profilassi con 

FVIII e Emicizumab nei pazienti pediatrici con HA. Pertanto, questo studio confronta i profili 

immunologici ed ematologici nei pazienti pediatrici con HA sottoposti a questi trattamenti e studia il 

coinvolgimento delle cellule mieloidi nella risposta immunitaria FVIII, concentrandosi su pDCs e 

macrofagi, sia in umani che nel modello murino. I pazienti trattati con FVIII hanno mostrato una 

maggiore frequenza di cellule CD11c+ circolanti rispetto a quelli trattati con Emicizumab, mentre 

l'espressione di HLA-DR sulla superficie di queste cellule era più alta nei pazienti in trattamento con 

Emicizumab, insieme ad una maggiore espressione di HLA-DR sulla superficie delle cellule CD14+ 

emofiliche A rispetto a quelle di soggetti sani. L'analisi delle citochine del plasma ha mostrato livelli 

elevati di IL-12p40, TNF-α, CCL-22, IL-18 e CCL-4 nei pazienti con HA rispetto ai controlli sani, 

rivelando nel complesso un compartimento mieloide disregolato nell’emofilia A. Al contrario delle 

cellule provenienti da pazienti affetti da emofilia B (HB) e quelle sane, le pDCs emofiliche umane 

hanno un'attivazione non convenzionale in risposta a FVIII in vitro, principalmente dettata dalla 

particolare espressione genica di IL-8, MCP-1, IL-1Ra e IP-10, più pronunciata nelle pDC derivate 

da pazienti trattati con Emicizumab e pazienti precedentemente non trattati (PUPs).  Invece, le pDC 

murine emofiliche isolate da midollo osseo, post stimolazione di FVIII in vitro, hanno una maggiore 

attivazione ed espressione genica di tipo pro-infiammatorio rispetto a controlli wild-type (WT). In 

vivo, la somministrazione di FVIII ha portato ad un aumento delle percentuali di pDC negli organi 

linfoidi secondari e all'iper-regolazione del MHC-II e del CD62-L sulla loro superficie, suggerendo 

l'attivazione e il richiamo di queste cellule nei linfonodi. Gli esperimenti preliminari di trapianto di 

pDC hanno dimostrato che in realtà le pDC derivate da topi donatori venivano prevalentemente 

richiamate ai polmoni e alla milza dopo 3 ore dall'iniezione di FVIII, non dirigendosi dunque ai 

linfonodi. Al contrario, i macrofagi derivati dai pazienti trattati con FVIII hanno mostrato una 

polarizzazione M1-simile più accentuata in seguito alla stimolazione di FVIII in vitro, contrassegnata 
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da un’aumentata espressione di TNF-α. Invece, i pazienti in trattamento con Emicizumab hanno 

mostrato un’elevata espressione di Arg-1, suggerendo un fenotipo immunoregolatorio, delineando un 

diverso profilo genico tra FVIII ed Emicizumab. Nel frattempo, la stimolazione con FVIII a diversi 

intervalli di tempo (3h, 6h, 24h) non hanno alterato significativamente l’espressione dei marcatori di 

superficie CD14 e MHC-II o indurre cambiamenti notevoli nella polarizzazione M1/M2 attraverso 

l'espressione genica sia nei macrofagi murini HA che WT. In conclusione, questi risultati evidenziano 

distinti modelli di attivazione delle cellule mieloidi associati alla risposta FVIII e mostrano un'ampia 

caratterizzazione degli eventi immunologici associati all'HA, in particolare concentrandosi sui diversi 

regimi di profilassi nei pazienti pediatrici. 
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1. Hemophilia A  

Hemophilia is an inherited X-linked disorder caused by reduced or absent activity of a coagulation 

factor (F) due to mainly either mutation or deletion in F8 and F9 genes, leading respectively to 

hemophilia A (HA) and hemophilia B (HB)1. The most common mutation that contributes to the 

development of HA is intron 22 inversion, followed by point mutations and rarely deletions and 

insertions2. HA has a prevalence of 1 in 5.000 male live births and its diagnosis can be classified 

according to plasma level of residual FVIII activity in: severe, when factor level is less than 1%; 

moderate, when it is 1-5%; mild, when the range is from 5% to 40%3. Since hemophilia is affecting 

the coagulation cascade, the main clinical manifestation is bleedings, either spontaneous or following 

a trauma4. The risk of hemorrhage depends on both the severity of clotting factor deficiency and the 

age of the patient, and generally it affects soft tissues, muscles and joints leading to hematomas, 

hemarthrosis and inflammation of the synovial tissue that can end in hemophilic arthropathy4. The 

risk of long-term disability in hemophilia is not solely dependent on the frequency of bleeding 

episodes; a single joint bleed may be sufficient to cause lasting damage; consequently, an optimal 

therapy is coveted. At present, there is not a cure for hemophilia and the standard of care is represented 

by prophylaxis, which consists either of the replacement clotting factor therapy, nowadays mainly of 

recombinant origin (rFVIII), or non-replacement therapy. At first, severe pediatric HA patients are 

preferably treated with FVIII as prophylaxis, with the purpose of keeping plasma FVIII activity above 

5-10% to prevent arthropathy and therefore increasing the patient’s quality of life5. This treatment, 

however, shows some disadvantages: i) short rFVIII half-life (t1/2), approximately 12 hours, thus 

requiring frequent infusions6; ii) formation of antibodies (Abs) neutralizing the activity of infused 

FVIII (inhibitors) in 30% of severe HA; iii) high cost of maintenance5. To overcome these problems, 

FVIII-modifications as well as innovative molecules have been designed during the last years, 

examples of which are extended half-life (EHL) products, bispecific antibodies (Emicizumab and 

Mim8), and rebalancing therapies to improve thrombin generation (Fitusiran) or tissue factor pathway 

inhibitor (Marstacimab, Concizumab) 7–11. FVIII can be linked to the human IgG1 domain creating a 

fusion protein (rFVIIIFc) thus allowing the molecule binding to the neonatal Fc receptor (FcRn), 

whose expression is stable life-long, and it avoids protein degradation by lysosomes and enables 

recycling, therefore increasing its half-life. Another extension in FVIII t1/2 is represented by the 

polyethylene glycol (PEG) modification that challenges the elimination process of the protein by 

increasing its size and the pharmacokinetic profile, hence reducing the renal clearance of FVIII12. 

Long-term safety issues of PEG are still under consideration13,14. Heavy and light chains of rFVIII 

can be bound together by introducing a di-sulphide bond, also known as single-chain rFVIII15. FVIII 

appears to have a higher affinity to von Willebrand Factor (vWF), which is an important improvement 
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of its pharmacokinetics properties16,17. Additionally, changing the route of administration (i.e., 

subcutaneous or oral) may reduce the treatment burden, even though it is not feasible with 

replacement therapy, especially in patients with difficult venous access, such as infants and toddlers18. 

At present, all these changes led to an increase of about 1.5-2 times in FVIII t1/2 compared to regular 

rFVIII17,19. Eventually, the main concern is to reduce the infusion frequency, which is currently every 

other day, maintaining or improving the hemostatic efficacy20. 

1.1. Inhibitors pathophysiology and novel treatments 

As mentioned above, treatment with FVIII products is complicated by the occurrence of neutralizing 

antibodies, also referred to as inhibitors. This is the worst complication to deal with since they make 

factor replacement ineffective and those who develop inhibitors present worse morbidity. This 

phenomenon happens more commonly in severe HA patients (25-30%) compared to HB ones (3-

5%)3, usually within 50 exposure days. Among these percentages, it is possible to distinguish low-

titer inhibitor patients, presenting levels < 5 Bethesda Units (BU)/ml, which can be transient and will 

disappear without treatment, and high-titer patients, diagnosed with level > 5 BU/ml21. In the context 

of hemophilia A, 1 BU refers to the capacity of the patient's plasma to inhibit 50% of FVIII in a 

sample of pooled normal plasma. When antibodies are being produced, there’s principally a 

polyclonal IgG response, but it has been reported that the major component of anti-FVIII Abs is IgG4, 

followed by IgG122,23. High levels of high-affinity IgG4 anti-FVIII antibodies are generally observed 

only in patients with high-titer inhibitors22. However, the reason why some patients show the presence 

of Abs while others do not, it is still not clear. A susceptibility in antibodies development can be due 

to genetic and environmental factors and their knowledge is of primary importance for hemophilia 

care in order to identify subjects at risk before the start of the treatment. The type of F8 mutation is 

an extremely validated aspect: those who carry large deletions, non-sense mutations and intron 22 

inversions have 7- to 10-fold higher probability of developing inhibitors compared to those who have 

missense mutations24,25. This is probably because, in  case of F8 mutations, small quantities of the 

non-functional coagulation factor are being produced and these are possibly enough to induce a sort 

of tolerance23. One genetic feature is the presence of single nucleotide polymorphisms (SNPs) in the 

human leukocyte antigen (HLA) system genes26 and in the cytokines involved in antibody-mediated 

immune response, such as Interleukin- (IL) 4, IL-10 and Tumor Necrosis Factor-alpha (TNF-a), that 

can be either considered risk or protective factors27,28. FVIII protein itself shows different SNPs and 

several natural wild-type (WT) haplotypes within FVIII domains, that may demonstrate ethnic 

specificity29. Other risk factors can be represented by the age of first exposure30 and the type of FVIII 

used for treatment: higher inhibitor incidence has been suggested in rFVIII compared to the plasma-
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derived one (pdFVIII)31, probably due to its interaction with vWF. FVIII presentation to the immune 

system and the consequent interaction between CD4+ T cells and B cells can be considered one of 

the environmental factors leading to antibodies formation. This topic will be better discussed 

afterwards, in relation to FVIII immunogenicity.  

In the past, inhibitor-positive patients were treated with immune tolerance induction (ITI) which 

consists in frequent infusions of high doses of FVIII to induce homeostasis through the presence of 

the protein in the bloodstream32. The main goal of ITI is to modify the immune response towards 

tolerance and therefore leading to inhibitor eradication33. It has been demonstrated that this technique 

is an efficient tool to eliminate inhibitors in HA patients and tolerization is achieved in approximately 

70% of cases after several months or years34–36. Inhibitor eradication with ITI, even though it is a 

highly expensive procedure, is reducing the long-term costs associated with inhibitor therapy5. 

Variables in this therapy consists in the type and the dose of factor product, the administration 

frequency and the timing of ITI initiation37. Different ITI regimens have been developed, following 

the first prototype described in 1977, the Bonn protocol38. Different studies suggests that successful 

ITI can be promoted by B cell depletion, thus justifying the administration of anti-CD20 and 

recombinant FVIII products in combination in the ITI therapy leading to good results39. Novel 

therapies of tolerance induction are reserved for patients who have not been tolerized by standard 

regimens or are identified as having a poor prognosis in ITI. For instance, one possibility for inhibitor-

positive patients non responding to ITI are bypassing agents, i.e. recombinant activated factor VII 

(FVIIa) and activated prothrombin complex concentrates (aPCCs), that help progression of 

coagulation bypassing FVIII-dependent steps, enhancing thrombin generation. Both of them have 

been shown to control at least 80% of bleeding episodes associated with high-titer inhibitors40. 

However, their hemostatic efficacy is difficult to predict and it does not reach the overall success rates 

obtained with specific factor replacement in patients without inhibitors41. Newer drugs such as the 

RNAi Fitusiran and the anti-tissue factor pathway agent (anti-TFPI) are under investigation and seem 

to be optimal candidates as non-factor replacement therapy42. 

Nowadays, the first line treatment for inhibitor-positive patients following replacement factor therapy 

is to the use a humanized bispecific antibody, named Emicizumab. Emicizumab has also been used 

more and more by clinic as a prophylactic treatment. This monoclonal antibody has the capacity of 

bridging activated FIX (FIXa) and FX, thus mimicking the action of activated FVIII (FVIIIa)43,44. 

The final event is the production of thrombin in a dose-dependent manner. Having a different 

molecular structure than FVIII and being humanized makes the treatment difficult to both elicit an 

immune response and to be neutralized by already present inhibitors44. During the recent years, the 
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HAVEN study paved the way for the use of Emicizumab treatment in adult HA patients, with or 

without inhibitor, showing its efficacy, safety and its significant reduction of annual bleeding rate 

(ABR)45–48. Based on the results of these trials, Emicizumab, administered in weekly to monthly 

subcutaneous injections according to the dosage, has been approved as a prophylactic treatment in 

multiple countries, including the United States, Europe, Australia, and Japan, regardless of the 

presence of FVIII inhibitors and across all age groups43,49,50. Notably, the HAVEN 7 safety study is 

the first clinical trial focused on HA infant (<12 months), showing its efficiency and tolerance on 

these very young patients51. 

By being a monogenic disease, HA is an optimal target for gene therapy approaches and even a small 

increase in factor VIII activity (>1 IU/dL) can ameliorate the bleeding phenotype and the patient’s 

quality of life. There are three types of gene therapy approaches for hemophilia that are currently 

under investigation: i) in vivo gene therapy, with direct infusion of a vector carrying the therapeutic 

gene; ii) ex vivo gene therapy, which entails the transplantation of gene-modified cells to enable 

transgene expression; iii) gene editing, which precisely corrects the deletions or the mutations at their 

original location. HA in vivo gene therapy is typically carried out using adeno-associated viral vectors 

(AAV)52, while ex vivo gene transfer into hematopoietic and other stem cells is achieved by lentiviral 

vectors (LV)53.  AAV are viral vectors with a ~4.5kb cargo capacity, and they can efficiently 

transduce non-dividing as well as dividing cells and they are mostly used in clinical settings/trials for 

the treatment of monogenic disease. In fact, they are considered to have a superior safety profile since 

their non-integrating nature allows long-term transgene expression in episomal form. On the contrary, 

LV present a greater cargo capacity (~7kp) and can integrate the therapeutic transgene cassette into 

the genome of host cells, both dividing and non-dividing54. Over the past three decades different 

approaches have been developed, with the use of systemic administration of recombinant AAV 

containing the sequence of F8 codon-optimized variant transgenes under the control of a liver-specific 

promoter leading to the approval of Valoctocogene roxaparvovec (ROCTAVIAN®, AAV-FVIII) in 

2022 and 2023 and by U.S. Food and Drug Administration (FDA) for the treatment of severe HA 

patients. AAV and LV are presently the two most popular therapeutic gene therapy agents, although 

30% to 60% of people are currently ineligible for AAV-based gene therapy due to pre-existing anti-

AAV neutralizing antibodies (NAbs) in the worldwide population and varying according to several 

factors, such as AAV serotype spreading, geographical location and age55,56. Preclinical studies of 

HA57–59 and limited clinical observations60,61 showed that hematopoietic cells can produce FVIII, 

therefore suggesting that hematopoietic cells, including hematopoietic stem and progenitor cells 

(HSPC), can be exploited in HA cell and gene therapy approaches. Recently, results from ongoing 

clinical trials for HA exploiting LV-FVIII-transduced autologous HSPC (NTC03818763 and 
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NTC05265767) published their preliminary results from treated patients, showing the efficacy of this 

method62,63. Additionally, this approach represents a novel possibility to treat pediatric HA patients. 

However, these studies are preliminary and, to date, only a few patients have been enrolled, thus more 

participants, additional clinical trials and longer follow-ups will be required to understand their real 

effectiveness and safety profile, and to understand whether this can become a universal approach for 

the treatment of HA patients. 

2. Immune system 

The immune system is a complex network of cells, tissues, organs, and the molecules they produce, 

all working together to protect the body against foreign antigens, such as microbes, viruses and 

toxins64. It is well established that the immune system comprises two compartments: the innate and 

the adaptive immune system. The first line of defense in the body is represented by structural barriers, 

like skin and mucous membranes, and chemical barriers, like low pH, temperature and chemical 

mediators. Subsequently, pathogens could be recognized by pattern recognition receptors (PRRs), 

whose main class is represented by Toll-like receptors (TLRs), either expressed on the surface or 

within cell compartments of the immune system. These receptors are recognizing pathogen associated 

molecular patterns (PAMPs) commonly expressed by pathogens, such as lipopolysaccharide (LPS) 

expressed by bacteria or nucleic acids. Moreover, it is possible to have complement activation or 

phagocytosis from specialized cells, like macrophages and neutrophiles. Cellular recruitment is 

mediated by cytokines and chemokines which are essential for mounting an effective immune 

response contributing to pathogen clearance. It is crucial that the levels of these molecules are tightly 

regulated to prevent their dysregulation, which is often associated with chronic inflammation or 

autoimmune disorders65–67.  

After a pathogen has passed the previously mentioned barriers, the next line of defense is represented 

by specialized cells, such as monocytes, differentiating in macrophages after maturation; 

granulocytes; dendritic cells (DCs) and natural killer (NK) cells. Macrophage main activity is 

phagocytosis, while also being good in acting as antigen-presenting cells (APCs) to T cells68. 

Similarly, DCs are the specialized APCs, perfectly bridging innate and adaptive immune system69. 

Conversely, NK cells are cytotoxic lymphocytes belonging to innate immunity whose main activity 

is to release perforins and granzymes once activated, as well as Interferon (INF)-γ needed for APC 

recalling and viral immunity activation70. APCs express on their surface multiple copies of the major 

histocompatibility complex (MHC), which are membrane glycoproteins recognizing different 

epitopes and they are subdivided into two classes: class I (MHC-I), expressed by all nucleated cells 

and presenting endogenous/intracellular peptides; class II (MHC-II), expressed by APCs and 
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presenting exogenous peptides. In human MHC is also referred to as human leukocyte antigen (HLA) 

complex, where MHC-I is represented by HLA A, B and C, while MHC-II by HLA DP, DM, DOA, 

DOB, DQ and DR 71. 

On the other hand, adaptive immunity works in an antigen-dependent way, and they rely on antigen 

recognition and presentation by APCs. The main actors in this kind of response are lymphocytes, 

which either act as effectors or as memory lymphocytes72. A cascade of events precedes lymphocyte 

activation and expansion to ensure that their potent effector function is focused on true pathogenic 

threats. As far as naïve T cells are concerned, they can maturate in one of three main subgroups: CD8+ 

cytotoxic T cells, CD4+ helper T cells and regulatory T cells (Tregs). Conventionally, the T cell 

receptor (TCR) expressed on T cell membrane is recognizing the peptide expressed by the MHC of 

the APC. Each T cell contains a unique TCR and, if it recognizes the exposed peptide, it will lead to 

the exit from the quiescent state through the activation of downstream signaling pathways, metabolic 

reprogramming and cloning expansion73,74. The further presence of co-stimulatory signals between 

the APC and the T cell will finally ensure the initiation of the response. TCR on CD4+ T cell 

recognizes MHC-II-loaded peptides and their bond assists CD8+ T cell activation, proliferation and 

expansion through the release of T cell supporting cytokines and the expression of co-stimulatory 

molecules; whereas, TCR on CD8+ T cell recognizes MHC-I-loaded epitopes and activate a cytotoxic 

response though granzymes, perforin and pro-inflammatory cytokine release75. Instead, Tregs are 

essential for maintaining peripheral tolerance, limiting chronic inflammatory illnesses and preventing 

autoimmune disorders76. Unlike T cells, B cells are acting as specialized APCs by using the antigen-

specific B cell receptor (BCR). Moreover, they are involved in the production of antibodies, better 

known as humoral response, if the innate immunity alone is ineffective. The bond between BCR and 

the recognized antigen promotes B cell differentiation into one of two divergent paths: some B cells 

can become short-lived antibody-secreting cells called plasma-blasts, while others undergo somatic 

hypermutation and selection in the germinal center. Here, some selected B cells will become memory 

B cells, capable of responding to future infections, while others become long-lived antibody-

producing plasma cells, which can produce and secrete thousands of antibodies per second77,78. 

2.1. Immunogenicity of FVIII  

FVIII is a non-enzymatic cofactor whose activity is fundamental for the hemostatic response since it 

allows eventual clot formation by bringing FIX and FX closer79. This glycoprotein is made up of 6 

domains: A1; A2; B; A3; C1; C280. B domain seems not to be involved in the coagulation activity 

and it is cleaved after FVIII activation by thrombin81. F8 is located on the long arm of X chromosome 

(Xq28), it measures 186 kb and consists of 26 exons82. The liver is the major source of FVIII in the 
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body and liver sinusoidal endothelial cells (LSECs) are its main FVIII producers83; additionally, also 

hematopoietic cells can produce FVIII even though to a lesser extent58,59.  

In normal plasma, FVIII is non-covalently bound to vWF which regulates its t1/2 in circulation and 

prevents FVIII proteolysis by FXa and activated protein C. Following its proteolytic activation by 

thrombin, FVIII dissociates from vWF and it is able to bind platelets surface and to interact with FIXa 

and FX, leading to coagulation84. FVIII has been extensively studied because of its immunogenic role 

on inhibitors formation in HA patients, as previously discussed. Since the observation of decreasing 

inhibitors titre in parallel with decreasing CD4+ T cell numbers in HIV-infected HA patients85, it is 

generally accepted that a classical T cell dependent immune response is required for the generation 

of inhibitors. Conventionally, peptides for which no thymic deletion has occurred may be 

immunogenic; however, the fact that not all patients with severe HA develop inhibitors suggests that 

also peripheral immune tolerance mechanisms play a role in preventing activation of immune system 

cells. How and why FVIII recognition by APCs happens in HA patients is not completely clear yet, 

but many studies suggest possible clarification of this process. An hypothesis has been made on vWF 

and FVIII relationship on immune response: first, vWF binding to FVIII reduces endocytosis by 

APCs86,87; second, by increasing FVIII t1/2, it may increase also its contact and processing by B cells 

in the splenic marginal zone (SMZ), possibly inducing tolerance of the protein by promoting 

immunoregulatory mechanisms88. SMZ represents a crucial area in which blood-borne antigens and 

APCs can interact89. In a mouse model of HA, splenectomy resulted in reduction of anti-FVIII 

humoral response90, further highlighting the importance of this anatomical area. SMZ is of particular 

interest for the presence of marginal zone B cells that seem to be implicated in the immune response 

eventually leading to inhibitor formation91. A study by Jing et al. showed that also T follicular helper 

(Tfh) cells, a particular subtype of T helper, are accumulated in the spleen of HA inhibitor-positive 

mice and that depletion of this cell type impairs antibodies production92. Another cell type involved 

in inhibitor formation are Tregs that, in certain circumstances, appear to be increased in number and 

their activity could induce tolerance to FVIII33,93. Among all these populations, as discussed above, 

DCs are the principal type of APCs and they are used as an accurate model for in vitro studies. In 

hemophilia context, DC interaction with vWF, the different responses they have towards all FVIII 

products and co-cultures studies with T cells gave us an idea of their important role in antigen 

presentation. Along with all the previous cell types, an hypothesis has been made: local alarms or the 

presence of the so-called “danger signals” in the micro-environment could activate APCs, making 

them able to recognize FVIII and therefore inducing the activation of the immune response94. 

Nevertheless, it has been demonstrated that FVIII or its complex with vWF are not considered 

“danger signals” to monocytes-derived DCs when they are by theirselves95, supporting the idea that 
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the immunogenicity of FVIII products after administration could be due to the intrinsic presence of 

danger signals (able to activate the immune reaction) following the production of recombinant or the 

plasma-derived FVIII. Interestingly, a study showed the difference in gene and cytokine expression 

profiles in murine splenic DCs treated with rFVIII and pdFVIII96. This constitutes additional evidence 

that, based on the type of FVIII and on the environment, different responses toward FVIII are being 

activated: in fact, in this study rFVIII promoted T-helper 1 (Th1) type response, while pdFVIII-treated 

mice showed an increased number of splenic Tregs and release of T-helper 2 (Th2) type cytokines.  

 

However, all the previous studies are not representative of all DC subsets present in the human body, 

among which one important population to take in consideration is plasmacytoid dendritic cells 

(pDCs).  

2.2. Plasmacytoid dendritic cells (pDCs) 

Dendritic cells, both circulating and resident, play a pivotal role in the control of innate and adaptative 

immune responses. Analysis of DC populations in several lymphoid and non-lymphoid organs has 

shown a considerable heterogeneity, pointing out a variety of specialized subsets able to respond to a 

wide range of pathogens and danger signals and to interact with specific subsets of T cells97,98. Based 

on the morphology, developmental requirements and cell surface receptor expression, DCs are 

classified into two main groups: myeloid dendritic cells (mDCs) and plasmacytoid dendritic cells 

(pDCs). All of them originate from hematopoietic stem cells (HSCs) in the bone marrow (BM), giving 

rise to a series of downstream precursor cells that are progressively committed to specific cell 

lineages99–101. An important issue is to determine where in this process of hematopoiesis the lineages 

leading to the different subtypes of DCs diverge. Initially, it was considered obvious that DCs would 

belong to the myeloid lineage. The hypothesis of having DCs developing from a lymphoid precursor 

arose when DC and T cell progeny were formed in an irradiated thymus in which thymic lymphoid 

precursor cells and BM-HSCs were transferred102. Over the years, many studies have been performed 

until the development of a simplified classification based on ontogeny has been created, which often 

associated with function103–105. Plasmacytoid dendritic cells appear to be the ones that possibly show 

partial lymphoid contribution, since 30-40% of them express RAG-1 (recombinant activating gene 

1), generally correlated with lymphocytes V(D)J recombination106–108. pDCs were first identified in 

human blood and tonsils109,110 and they have generated considerable research interest since they are 

APCs and professional type I IFN-producing cells111, mostly in response to viral infections. This cell 

subset represents 0,2-0,8% of peripheral blood cells, whose number seem to be apparently related to 

the age, being higher in younger subjects112. Phenotypically, human and murine pDCs show some 
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differences: both of them lack the expression of lineage-specific markers; human pDCs are CD11c-

/CD123+/CD4+/CXCR3+/BDCA2+/CD33- and HLA-DR+, while murine pDCs are CD11cint/B220+/ 

PDCA-1+/Siglec-H+/MHC-I+/MHC-II+ 113. Depending on the stimulus, pDCs can act as either 

immunogenic or tolerogenic114: the first one is generally associated with an immature state of the cell, 

while the second with a mature one115. Viral sensing by pDCs take place through TLR expression: it 

has been demonstrated that these cells express high levels of the endoplasmatic TLR-7 and TLR-9116 

making them able to recognize respectively guanosine- or uridine-rich single-stranded (ss) RNA and 

ssDNA having unmethylated CpG-containing motifs117. These TLRs work in combination with 

adaptor proteins that will initiate different signaling pathways such as those involving NF-kB and 

mitogen-activated protein kinases (MAPKs). In the pDCs context, Myd88 pathway helps TLR 

association with molecules like Interleukin-1 receptor associated kinases (IRAKs) and interferon 

regulatory factors (IRFs), ultimately allowing the production of type I INF. pDCs constitutively 

express high levels of IRF4, IRF7 and IRF8118, among which IRF-7 appears to be the one that 

facilitate INF response119. Noteworthy, the archetypal TLR9 agonist, CpG-oligodeoxynucleotides 

(ODNs) induce activation and maturation of pDCs and mDCs, enhancing Th1 cytokine production 

by activated T and NK cells120. 

An important signal of pDC development is provided by the cytokine Fms-like tyrosine kinase 3 

ligand (Flt3L), a growth factor for hemopoietic progenitors, through the binding of its cognate 

receptor Flt3, which appears to be stimulating also mDCs121. This has been experimentally 

demonstrated in murine models deficient for Flt3 that show decreased number of pDCs122 or by Flt3 

administration which is able to increase pDC number in vitro and in vivo in both human and mice123–

125. Additionally, Flt3L enhances Flt3 expression on pDC precursors through a type I-INF mechanism 

and it has also been shown that INF absence shows a decrease in pDC development, but not in 

mDCs126. During pDC development, one gene to consider is E2-2, a member of the E protein family 

also known as Tcf4. E2-2 was shown to bind pDC-specific genes including Blood Dendritic Cell 

Antigen 2 (BDCA-2) and IRF-7108. Moreover, it has been demonstrated that E2-2 deficient 

progenitors start the development of pDC linage, but eventually fail to differentiate127, indicating a 

conserved requirement of this protein for the final development of pDCs. STAT proteins help the 

balancing of E proteins: notably, STAT3 stimulates Flt3L-dependent expression of E2-2, while 

STAT5 induces the expression of inhibitor DNA-binding 2 (ID2) protein, E2-2 repressor128. 

Although pDC primary role is related to anti-viral responses, they have been widely studied also for 

their involvement in tumor immunity, autoimmunity and possible tolerance promotion114,129,130. Due 

to their TLRs and MHC/HLA expression, pDCs are balanced between innate and adaptive immunity: 
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their ability of working as APCs and type I INF-producing cells promotes the activation of different 

cell population, such as NK, B and T cells and mDCs131,132. In particular, they can help naïve T cell 

differentiation in a certain subtype rather than another, demonstrating an immunogenic or a 

tolerogenic ability according to the environment they are into131. Focusing on their tolerogenic ability, 

different studies demonstrated that pDCs are able to induce Treg development. Additionally, Treg 

induction is genetically regulated by the expression of genes like indoleamine 2,3-dioxygenase (IDO) 

and inducible T-cell co-stimulator ligand (ICOS-L). In particular, IDO expression by pDCs 

contributes to the sustainment of a regulatory phenotype of these cells as a result of transforming 

growth factor beta (TGF-b) induction of IDO regulatory function133. Moreover, it has been shown 

that administration of a peptide antigen or a protein along with rapamycin, which is able to inhibit the 

mTOR signaling pathway, can induce Treg stimulation leading to suppression of the inhibitor 

formation in the context of hemophilia A134. Together with this, Treg homeostasis can be maintained 

by DC proliferation, which can be further stimulated by Flt3L93. DC development induced by the 

activity of Flt3L is regulated by the phosphatidylinositol 3-kinase (PI3K)–mTOR pathway121. 

Consequently, pDCs could play an important role in the inhibition of anti-FVIII antibodies formation 

due to the fact that they show a more robust basal mTOR signal that is not inhibited by rapamycin 

action and, at the same time, expanding Treg production and maintenance135, creating a tolerogenic 

environment. This conclusion is further supported by a study in which miR-126, a microRNA 

(miRNA) expressed by pDCs, suppresses Tsc1 activity, which is a negative regulator of mTOR. 

Therefore, by inhibiting Tsc1, mTOR pathway is elevated and pDC survival is enhanced, together 

with type I INF production136. Moreover, miR-126 expression by pDCs was also observed in a direct 

gene therapy study from our laboratory, in which we tried to limit immune response to FVIII 

following FVIII gene transfer in vivo, through the use of LVs containing the miRNA target sequences-

(miRTs) 126 as a layer of post-transcriptional control and which was able to silence transgene 

expression in miR-126-expressing cells137. When miRT-126 was used, transgene expression in pDCs 

was silenced and this probably prevented the inhibitor formation observed in the group of mice 

receiving the same LV without miRT-126, thus resulting in sustained and prolonged FVIII activity 

in HA mice up to 1 year following vector delivery. 

Therefore, these contrasting activities suggest an important role of this peculiar cell type, indicating 

that further studies are required to characterize their involvement in immunological responses and 

properly understand their role following FVIII administration and inhibitor formation in HA patients. 



 20 

2.3. Macrophages  

Macrophages play a crucial role in innate immunity by regulating various homeostatic and 

evolutionary host defense mechanisms. Additionally, macrophages are involved in a wide range of 

biological processes, including modulating the endogenous levels of reactive oxygen species (ROS), 

maintaining iron homeostasis, repairing tissue injury, and supporting numerous other metabolic 

functions. As already discussed, macrophages fulfil three essential roles: phagocytosis, antigen 

presentation, and immunomodulation138. These functions are indispensable for orchestrating normal 

immune responses under diverse pathophysiological conditions. They derive from the myeloid 

progenitor in the BM, moving into the bloodstream as circulating monocytes to migrate towards a 

specific tissue, where they finally differentiate into resident macrophages acting on specific 

functions68,139, therefore it is important to comprehend whether they become tissue-specific 

macrophages in the steady state or upon inflammation. Examples of committed macrophages are 

represented by Kupffer cells (liver), microglia (central nervous system), osteoclasts (bone), 

histiocytes (connective tissue), as well as macrophages of the alveoli, spleen, intestine and 

peritoneum140. Murine macrophages express CD11b+, the common myeloid marker, CD14+, the LPS 

receptor, and the macrophage specific receptors F4/80+, CD68+ and CD163+ as well as the two 

phagocyte receptors Dectin-1+ and the mannose receptor CD206+. The fate of macrophages is 

influenced by environmental cues, which drive polarization toward either the classically activated 

pro-inflammatory (M1) response or the tolerogenic (M2) immune response. Macrophage 

polarization, whether toward the M1 or M2 phenotype, is a tightly regulated process involving several 

key signaling pathways, as well as transcriptional, epigenetic, and post-transcriptional regulatory 

networks141,142. However, it is important to highlight that their regulated biological processes do not 

fall within such a simplistic schema and that the original polarization can be reversible upon 

environmental changes143.  

The Th1-derived inflammatory mediator, IFN-γ, is pivotal in driving macrophage polarization to the 

M1 phenotype, along with TNF-a, granulocyte macrophage-colony stimulating factor (GM-CSF), 

LPS and common pathogens144. Classically activated M1 macrophages produce substantial quantities 

of pro-inflammatory cytokines, including TNF-α, IL-1β, IL-6, IL-12, IL-18 and IL-23, and ROS, 

which contribute to pathogen killing and the recruitment of additional pro-inflammatory cells and, if 

necessary, tumor resistance144,145. Nitric oxide synthase (NOS) is an enzyme catalyzing the NADPH-

dependent oxidization of L-arginine to L-citrulline and nitric oxide (NO) and it exists in various 

isoforms, out of which the most canonical one for identifying the M1 phenotype is the inducible one, 

commonly referred to as iNOS. NO is an important mediator of cytotoxicity and other physiological 
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functions, like vasorelaxation, and its expression rely on the pro-inflammatory stimulation. M1-

specific surface markers are high levels of MHC II, CD68, CD80, and CD86, as well as of the Th1 

cell-attracting chemokines, including CXCL1, CXCL3, CXCL5, CXCL8, CXCL9, CXCL10, 

CXCL11, CXCL13, CXCL16, CCL2, CCL3, CCL4, CCL5, CCL8, CCL15, CCL11, CCL19, and 

CCL20146–148. 

In contrast, M2 macrophages can be alternatively activated by parasitic or fungal infection, immune 

complexes, apoptotic cells, macrophage colony-stimulating factor (M-CSF), IL-13, TGF-b, and Th2 

cytokine IL-4, as well as by IL-33 and IL-25 via Th2 cells146,147. Their main tasks are associated with 

tissue remodeling, wound healing, regulation of the tumor microenvironment, allergic reactions, and 

responses to helminthic infections. They show downregulated pro-inflammatory cytokines and 

upregulated IL-4, IL-10 and IL-13 together with the M2-specific enzyme arginase-1 (Arg1). Arg1 

converts L-arginine to urea and L-ornithine and, by degrading arginine, Arg1 deprives iNOS of its 

substrate and downregulates NO production. Contrary to iNOS expression, baseline expression of 

Arg1 can be found in multiple populations of tissue macrophages. The M2 phenotype can be 

characterized by the expression of CD209+ and CD64+ together with the induction of the production 

of macrophage-derived chemokines such as IL-13, CCL1, CCL2, CCL13, CCL14, CCL17, CCL18, 

CCL22, CCL23, CCL24, CCL26, and IL-1R146,149,150. They can also produce high amounts of IL-8, 

monocyte chemo-attractant protein-1 (MCP)-1, INF-γ-induced protein 10 (IP-10), macrophages 

inflammatory protein (MIP)-1β, in order to recruit neutrophils, monocytes, and T lymphocytes in an 

anti-inflammatory or regulatory response151. 

As previously discussed, it is already established the possible FVIII immunogenicity and its link with 

APCs. Navarrete et al. demonstrated how exogenous FVIII primarily localize in the spleen of injected 

mice, how macrophages and DCs trap FVIII in the SMZ and how macrophage-depleted mice show 

close to complete abrogation of the humoral anti-FVIII immune response90. Together with this, it had 

already been proved how FVIII clearance is mediated mainly by splenic macrophages, even in 

absence of the vWF complex, and how its uptake appears to be independent of the B-domain and not 

influenced by the typical receptors152. In addition, previous studies have shown macrophage 

polarization dysregulation in HA, negatively affecting critical regenerative macrophage functions 

such as wound infiltration and red blood cell phagocytosis153. According to these studies, FVIII in 

vitro stimulation of human macrophages showed a similar response between HA and healthy samples, 

mainly shifting towards a M2 regulatory polarization. This might have the capacity of contributing 

restoration of homeostatic antioxidative capacity in HA patients154. Additionally, macrophage have 
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an important role in the hemarthrosis context of HA, producing high levels of pro-inflammatory 

cytokines and shift to a M1 phenotype in the synovial membranes155.  

Overall, these findings highlight the complex interplay between FVIII, macrophages, and immune 

response in hemophilia A, suggesting the need for further investigation into macrophage-mediated 

immune modulation and its potential therapeutic implications in HA management. 
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The main objective of this thesis is to study the involvement of myeloid cells in FVIII immune 

response and their possible contribution in inhibitor formation. Thus, the objectives of my PhD thesis 

were: 

- to compare the immune and clinical effects of rFVIII and Emicizumab by providing additional 

insights into pediatric HA patients undergoing Emicizumab prophylaxis, compared with those 

receiving rFVIII treatment: this was allowed by investigating the immune cell compartment to assess 

baseline physiological variations under these different therapeutic conditions.  

 

- to characterize pDCs and to study their cell-specific response to FVIII in both human and mice both 

in vivo and in vitro. 

 

-to highlight myeloid cell dysregulation in HA pediatric patients, focusing our attention on 

macrophages and their response to FVIII, in human samples as well as in the murine model. 
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Study population 

Pediatric patients’ blood samples were obtained upon signed informed consent and were collected by 

our collaborators at Ospedale Regina Margherita, AOU Città della Salute e della Scienza di Torino 

and Azienda Ospedaliera SS. Antonio e Biagio e Cesare Arrigo, Alessandria, Italy. The research was 

approved by institutional ethical committees (Protocol n. 712/CE, Study n. CE 147/20). This study 

contains patients affected by HA, HB, and healthy subjects whose characteristics are listed in Table 

1. Data on full blood panel, coagulation analysis and clinical biochemistry tests was obtained through 

the medical reports at the time of sample collection. 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 less than 10 years; inhibitor history; by being PUPs or PTPs.  

 

Sample processing and immune phenotyping by flow cytometry 

Blood samples were collected in EDTA containing tubes and processed within 24 hours. First, 

samples were centrifuged at 1500rpm for 10 minutes to obtain plasma, which was then stored in 

aliquots at -80°C for further analysis. Whole blood was then lysed by using Red Blood Cell Lysis 

Buffer (RBCLB, 155 mM NH4Cl, 10 mM NaHCO3, 0.1 mM EDTA) for 10 minutes on ice, 

successively the reaction was neutralized, and centrifuged at 300g for 5 minutes 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 ³85%. The obtained single cell suspension was stained with fluorochrome-

conjugated antibodies, listed in Table 2, and resuspended in FACS Buffer (PBS containing 0.5% BSA 

and 2mM EDTA). Percentage, number and activation status of different whole blood immune 

populations were assessed by acquiring the samples straight after processing on the Attune NxT 

Acoustic Focusing Cytometer (Thermofisher Scientific) and data analysis was performed using the 

FlowJo software (BD Biosciences). A schematic representation on the gating strategy for analyzed 

population, including pDCs, is shown in Figure 1. 

 

Animals 

Animal studies were approved by the Animal Care and Use Committee of the Università del Piemonte 

Orientale "A. Avogadro" (Novara, Italy) and the by the Italian Ministry of Health with the 

authorization no.758/2021-PR, according to the Eurpoean Union regulations. For in vivo and ex vivo 

experiments, we used 7-9 weeks old WT and hemophilic mice in Bl/6 background57,83. For in vivo 

administration of h-FVIII, HA and WT mice were treated by tail-vein injection (Octocog Alpha, Byer; 

2U/mouse) 24- or 3-hours prior organ harvesting; control mice were injected with sterile PBS. For 
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the in vivo tracking, immune magnetically isolated pDCs from BM were first stained with CellTrace 

Cell Proliferaion Kit (Invitrogen) following manufacturing protocol and then injected in Bl6 HA mice 

while PBS-injected mice were used as control. A representation of pDC purity following isolation 

and after CellTrace staining is shown in Figure 2. 

 

Human pDC and macrophage differentiation and FVIII stimulation 

The aforementioned human single cell suspensions were also used for differentiating patient-derived 

pDCs and macrophages in vitro. Specifically, whole blood after red blood cell (RBC) lysis was plated 

in a 24-well or 48-well, according to total cell number, at a density of 1-1,5 x 106 cells/ml in serum-

free RPMI-1640. Cells were incubated at 37°C 5% CO2 and monocytes were allowed to adhere for 

60-90 minutes as previously described59. Non-adherent cells were gently removed by performing few 

washings using serum-free medium. Enriched monocytes were cultured in differentiation medium: 

for pDCs, complete media + rh-FLT3L (100 ng/mL) (ImmunoTools GmbH); for macrophages, 

complete media + rh-M-CSF (10 ng/mL) (ImmunoTools GmbH). Medium was changed every 2-3 

days and the differentiation process took around 7 to 10 days. Differentiated cells were then 

stimulated with recombinant human FVIII (rh-FVIII) (Octocog Alpha, Byer; 1 U/mL) while not 

treated cells served as negative control. 24 hours following stimulation, supernatants were collected 

and stored at -80°C for further cytokine analysis, while adherent cells were lysed with TRIzol Reagent 

(Invitrogen) for RNA extraction. 

 

Organ collection and cell isolation and culture  

For most of both mouse in vitro and in vivo studies, spleen (SP), peripheral lymph nodes (LN) and 

bone marrow (BM) were harvested. Peripheral blood (PB) was also collected with 50mM EDTA in 

the in vivo experiments. SP and LN were first digested in complete media+0,1% collagenase IV 

(Sigma) at 37°C for 30 min and then treated with EDTA (10mM) for 5 minutes. SP and PB were 

lysed with RBCLB 1x, and all the cell suspensions were strained through a 40μm filter. For pDC 

immunomagnetic isolation, single cell suspension from either BM or SP or LN were stained with 

biotinylated antibodies (Siglec-H and PDCA-1) and then separated with the Streptavidin MicroBeads 

(Miltenyi), following manufactures’ protocol. Directly isolated HA pDCs from BM, SP and LN were 

stained for flow cytometric analysis to characterize their marker expression. HA and WT BM-isolated 

pDCs were plated in a p24 in complete media and stimulated with h-FVIII (1U/mL) and compared 

with their unstimulated CTR or with total BM cells, stimulated or not with h-FVIII. Supernatants 

following stimulation were stored at -80°C for further cytokine analysis and cells were lysed with 

TRIzol Reagent (Invitrogen) for RNA extraction. For the in vivo tracking, pDC dissemination in the 
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organs ex vivo was examined by IVIS SpectrumCT (Perkin Elmer), flow cytometry (Attune NxT, 

Thermofisher Scientific) and fluorescence microscopy (EVOS, Life Technologies.). HA and WT total 

BM cells after lysis were plated in 12-well plates at a density of 1,5x106 cells/well for macrophage 

differentiation by using IMDM+ 10% FBS+ 1% glutamine+ 1% penicillin/streptomycin + rm-M-CSF 

(5 ng/mL) (ImmunoTools GmbH). Medium was changed every 3 days in which the differentiation 

status was checked by flow cytometry and eventually needed 12 days. Once differentiated, HA and 

WT macrophages were stimulated in vitro with rh-FVIII (Octocog Alpha, Byer; 1 U/mL) while not 

treated cells served as negative control. 24 hours following stimulation, supernatants were collected 

and stored at -80°C for further cytokine analysis, while adherent cells were lysed with TRIzol Reagent 

(Invitrogen) for RNA extraction. 

 

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 manufactures’ instructions (Merck). For standard 

curve, reconstituted standards were diluted in the diluent provided in the kit. Among all patients, 

plasma samples from 24 HA, 8 HB and 6 healthy were selected and each sample was performed in 

duplicate. Acquisition was carried out using the Bio-Plex 200 reader, providing information regarding 

the concentration (pg/mL). Data analysis and charts creations were conducted using GraphPad Prism 

8 (GraphPad Software). 

 

Bio-Plex Pro Human Cytokine Screening Panel on pDC supernatants 

The evaluation of a 48 cytokines and chemokines panel was performed on human pDC supernatant 

samples using a magnetic bead-based multiplex immunoassays (Bio-Plex; BIO-RAD Laboratories; 

Cat #12007283) following manufactures’ instructions. For standard curve, reconstituted standards 

were diluted in the same medium used for culture. 5 HA, 5 HB and 3 healthy subjects were selected 

for evaluating the cytokine production by pDCs in all conditions (FVIII and Non-Treated) and each 

sample was performed in duplicate. Data from the reaction were acquired using the Bio-Plex 200 

reader, providing information regarding the Median Fluorescence Intensity (MFI) and concentration 

(pg/mL). Data analysis and charts creations were performed using GraphPad Prism 8 (GraphPad 

Software). 
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Enzyme-linked Immunosorbent Assay (ELISA) 

ELISA assay for the detection of cytokines were performed following manufacturer’s instructions. 

All the cytokines analyzed through this assay have been listed in Table 3. Each sample was performed 

in duplicates and data are shown as concentrations (pg/mL). Levels below the detection limit for each 

analyte were defined as 0 pg/mL. 

 

RNA extraction and Real-Time qPCR 

Total RNA extraction from human or murine cells was performed using TRIzol Reagent (Invitrogen) 

following manufacturer’s protocol. RNA samples were quantified with NanoDrop 2000 

(Thermofisher Scientific) and complementary DNA (cDNA) was obtained using RevertAid H minus 

first Strand cDNA Synthesis Kit (Thermofisher Scientific, cat #K1632). The cDNAs obtained by 

reverse-transcription were used to study the gene expression profile: primers were designed by 

exploiting the Primer designing tool (NCBI – NIH; https://www.ncbi.nlm.nih.gov/tools/primer-

blast/) and are listed in Table 4. Real-Time qPCR was carried out by using the Titan HotTaq EvaGreen 

qPCR Mix (ROX) (Bioatlas, cat #BT11101) and by performing the reaction in a StepOnePlusTM 

instrument (Applied Biosystems). Data are analyzed with the relative expression method (-DDCt) and 

expressed as fold-change (FC) between FVIII treatment over non-treated. 

 

Statistical analysis 

Statistical analyses and comparisons were performed with GraphPad Prism 8.0 (GraphPad). 

Percentages of blood immune population were calculated automatically by FlowJo software (BD 

Biosciences). All data are expressed as mean ± Standard Deviation (SD). Comparison among 

different groups were carried out with unpaired t-test or Mann-Whitney test, when the comparison 

included two groups, while one way analysis of variance (ANOVA) has been exploited, when the 

comparison included three groups. Whereas, two-way ANOVA was used to analyze the gene 

expression and cytokine analysis on grouped tabled when comparison between treatments were 

needed. A p-value of less than 0.05 was considered to be statistically significant and the significance 

was expressed as followed: p<0,05=*; p<0,01=**; p<0,001=***; p<0,0001=****). 
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Tables and Figures for Materials and Methods 

 

  

Groups, n (%) 

         HA 

         HB 

         Healthy 

47 (100) 

28 (59,57) 

11 (23,40) 

8 (17,3) 

Age at time of sample collection, mean (SD) 

         HA.  

         HB 

         Healthy 

 

10,28 (7,97) 

9,36 (9,29) 

27,37 (4,74) 

Treatment status of HA patients, n (%) 

         rFVIII 

         Emicizumab 

28 (100) 

10 (35,71) 

18 (64,29) 

Age of HA treated patients, mean (SD) 

           rFVIII 

          Emicizumab 

 

17,8 (8,05) 

6,11 (3,84) 

Inhibitor history in HA, n (%) 

         On going 

         Tolerized 

5 (17,86) 

3 (60) 

2 (40) 

Previously untreated patients (PUPs), n (%) 3 (10,71) 

Previously treated patients (PTPs), n (%) 3 (10,71) 

HA Genotype, n (%) 

         Unknown 

         Intron 22 inversion 

         Missense mutation 

28 (100) 

18 (64,3) 

7 (25) 

3 (10,7) 

 

Table 1. Study population characteristics. 
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Antibody Reactivity Clone Fluorochrome Manufacturer Dilution 

CD123 Human 6H6 FITC eBioscience 1:50 

CD33 Human WM53 AlexaFluor700 eBioscience 1:50 

CD3 Human UCHT1 Pe-Cy5 eBioscience 1:25 

CD11c Human 3.9 PE eBioscience 1:25 

CD183 Human CEW33D APC eBioscience 1:50 

CD14 Human 61D3 APC-eFluor780 eBioscience 1:50 

HLA-DR Human LN3 Pe-Cy7 eBioscience 1:75 

Siglec-H Mouse REA819 Biotinylated Miltenyi 1:50 

CD317 

(PDCA-1) 
Mouse eBio927 APC eBioscience 1:50 

CD317 

(PDCA-1) 
Mouse REA818 Biotinylated Miltenyi 1:50 

CD45R 

(B220) 
Mouse RA3-6B2 PE eBioscience 1:100 

CD86 Mouse PO3.3 PerCP-Vio700 Miltenyi 1:50 

CD11b Mouse M1/70 Pe-Cy7 eBioscience 1:100 

MHC-II Mouse M5/114.15.2 AlexaFluor700 eBioscience 1:625 

CD11c Mouse N418 APC-eFluor780   

CD80 Mouse 16-10A1 FITC Miltenyi 1:50 

CD274 

(PDL-1) 
Mouse MIH5 PE-Cy7 eBioscience 1:100 

CD62-L Mouse MEL-14 APC-eFluor780 eBioscience 1:50 

F4/80 Mouse BM8 PE eBioscience 1:50 

CD14 Mouse Sa2-8 APC eBioscience 1:50 

CD45 Mouse 30-F11 APC-eFluor780 eBioscience 1:200 

 

Table2. Flow cytometry antibodies. 
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Cytokine Reactivity Type of sample 
Manufactur

er 

Catalogue 

number 
Sensitivity 

IL-8 

(CXCL8) 
Human pDC supernatants 

ImmunoTool

s 
31670089 2,6 pg/mL 

IP-10 

(CXCL10) 
Human pDC supernatants FineTest EH0102 4,688 pg/mL 

IL-1Ra Human pDC supernatants FineTest EH0172 18,75 pg/mL 

MIP-1b 

(CCL4) 
Human 

Macrophage 

supernatants 
Invitrogen 88-7034 4 pg/mL 

TNF-a Human 
Macrophage 

supernatants 
Invitrogen 88-7346 4 pg/mL 

IL-12p40 Human 
Macrophage 

supernatants 
Invitrogen BMS2013 31,3 pg/mL 

IL-18 Human 
Macrophage 

supernatants 
MBL Co. 7620 12,5 pg/mL 

IL-1Ra Mouse 
pDC/macrophage 

supernatants 
FineTest EM1904 18,75 pg/mL 

IP-10 

(CXCL10) 
Mouse 

pDC/macrophage 

supernatants 
FineTest EM0004 18,75 pg/mL 

 

Table3. List of ELISAs performed and samples used. 
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PRIMER 

NAME 
PRIMER SEQUENCE AMPLICON SIZE 

h-IL8  F TGACTTCCAAGCTGGCCGTG 

 R GTGTTGGCGCAGTGTGGTC 
190 bp 

h-IL1Ra F GGCCTCCGCAGTCACCTAAT 

R TGCAAGCCTTCAGAATCTGGG 
267 bp 

h-IP10 F ACGCTGTACCTGCATCAGCA  

R TCGATTTTGCTCCCCTCTGGT 
236 bp 

h-MCP1 F ACCTTCATTCCCCAAGGGCTC 

R GTTTGCTTGTCCAGGTGGTCC 
236 bp 

h-E2-2 F CCAGGAACCCTTTCGCCCACCAAAC 

R TGCTGGTTGCTGGTTTGGAGGAA 
223 bp 

h-ID2 F AGCCTGCATCACCAGAGACC  

R ACACCGCTTATTCAGCCACAC 
158 bp 

h-TNFa 

 

F CACAGTGAAGTGCTGGCAAC 

R AGGAAGGCCTAAGGTCCACT 
180 bp 

h-IL12p40 F GCGGAGCTGCTACACTCTC 

R CCATGACCTCAATGGGCAGAC 
126 bp 

h-IL18 F TCTTCATTGACCAAGGAAATCGG 

R TCCGGGGTGCATTATCTCTAC 
75 bp 

h-CCL4 F CTGTGCTGATCCCAGTGAATC 

R TCAGTTCAGTTCCAGGTCATACA 
61 bp 

h-iNOS F TGCGAGTTCCCCTTCTAGCG 

R CCCGCCCCTTCAAGGAAAGA 
240 bp 

h-TGFb F CCAGGAACCCTTTCGCCCACCAAAC 

R TGCTGGTTGCTGGTTTGGAGGAA 
113 bp 

h-ARG1 F ACTTAAAGAACAAGAGTGTGATGTG 

R CATGGCCAGAGATGCTTCCA 
218 bp 

mhb-actin F TGCCTGACGGCCAGGTCAT 

R ATCTCCTTCTGCATCCTGTCGG 
226 bp 

h-IRF7 F GCCGGCTGGAAAACCAACTT  

R CTCTGCCTCAGTCTGGTCCG 
162 bp 

m-TNFa F AGCCCCCAGTCTGTATCCTT 

R CTCCCTTTGCAGAACTCAGG 
212 bp 
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m-IL6 F GCTGGTGACAACCACGGCCTTC 

R TCTGCAAGTGCATCATCGTTGTTC 
201 bp 

m-TGFb F CTCCCGTGGCTTCTAGTGC 

R GCCTTAGTTTGGACAGGATCTG 
133 bp 

m-IL10 F AGCCTTATCGGAAATGATCCAGT 

R GGCCTTGTAGACACCTTGGT 
229 bp 

m-CCR7 F TGTACGAGTCGGTGTGCTTC 

R GGTAGGTATCCGTCATGGTCTTG 
161 bp 

m-IRF8 F AAGGGCGTGTTCGTGAAG 

R GGTGGCGTAGAATTGCTG 
159 bp 

m-IL12p40 F CGTGCTCATGGCTGGTGCAAAGA 

R CAGGGTCTCCTCGGCAGTTG 
200 bp 

m-IL18 F GACTCTTGCGTCAACTTCAAGG 

R CAGGCTGTCTTTTGTCAACGA 
169 bp 

m-IRF7 F GCGCCAAGACAATTCAGGGG 

R AAGCAGAGGGCTTGGGGTTT 
199 bp 

m-iNOS F GTTCTCAGCCCAACAATACAAGA  

R GTGGACGGGTCGATGTCAC 
126 bp 

m-ARG1 F ATCCCACCTAGGAGACAAAG  

R GGGACCTGGAATCTGTCTAT 
116 bp 

m-CCL4 F TTCCTGCTGTTTCTCTTACACCT 

R CTGTCTGCCTCTTTTGGTCAG 
121 bp 

 

Table 4. List of oligonucleotides used as Forward and Reverse for Real-Time qPCR. 
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Figure 1. Gating strategy representation of human pDC. 

 

 

 
 

Figure 2. Gating strategy representation of analyzed immune cell populations. 
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Figure 3. Representation of murine pDC isolation and CellTraceTM staining before in vivo 

injection. 
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Medical reports and circulating immune population analysis 
 
A total of 47 blood samples were collected, creating a cohort of 28 HA, 11 HB pediatric patients and 

8 healthy subjects. HA and HB samples were first used by the hospital to evaluate 

clinical/hematological parameters, such as total blood count, coagulation and clinical biochemistry. 

The samples were then processed within 24 hours and employed for flow cytometry staining and to 

isolate and obtain patient-derived cells in culture. First, we analyzed the medical reports between HA 

and HB patients. All the parameters analyzed are listed in Table 5. Number of components per group 

may differ since not all patients underwent the same tests at the time of sample collection. In general, 

out of range values set by the medical reports did not underline a pathological condition in the 

patients. As far as total blood count is concerned, values regarding RBCs morphology and activity, 

such as HGB, MCV and MCH, are significantly lower in Emicizumab-treated patients compared to 

FVIII-treated patients. Moreover, both percentage and number of eosinophils are significantly higher 

in Emicizumab-treated patients, as shown in Figure 4A. Regarding coagulation tests, the main 

difference observed is aPTT ratio: patients in Emicizumab prophylaxis showed a lower aPTT ratio 

compared to both FVIII-treated patients, and HB patients undergoing FIX prophylaxis (Figure 4B).  

Following flow cytometry staining, circulating immune populations from HA, HB and healthy blood 

samples, such as T cells (CD3+), monocytes (CD14+), B cells, hematopoietic stem and progenitor 

cells (CD34+), pDCs and DCs (CD11c+) were analyzed (Figure 5). No significant differences were 

observed among CD3+, CD14+, B cells and CD34+ (Figure 5A). Circulating CD14+ cells are higher 

in percentage in both HA and HB patients in contrast to healthy samples, being significant between 

HB and healthy. Although there is a straightforward major presence of healthy B cells in circulation 

compared to the hemophilic samples, both A and B, this could be a limitation correlating to the age 

and quantity of the samples collected which vary between the three groups. On the other hand, pDC 

percentage was higher in samples from HA patients compared to HB and healthy samples, even if not 

significant. In addition, stratification of HA patients according to undergoing treatment showed that 

Emicizumab-treated patients have more circulating pDCs compared to patients receiving FVIII 

(Figure 5B). Besides, FVIII-treated patients have more circulating CD11c+ cells compared to 

Emicizumab ones (Figure 5C). This data is directly proportional to patients’ age, since most of the 

younger patients (<10 years old) are following Emicizumab prophylaxis, unlike the older patients 

(>10 years old) who are undergoing FVIII infusions. A more meticulous analysis was performed to 

evaluate any differences in the HLA-DR expression on the surface of myeloid cells, specifically 

pDCs, CD11c+ (DCs) and CD14+ (monocytes/macrophages). In particular, HLA-DR on CD14+ cells 

was more expressed in HA patients compared to healthy subjects (Figure 6A), but the statistical 

difference was not maintained once HA samples were stratified according to undergoing treatment 
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(Figure 6B). On the other hand, when evaluating HLA-DR expression on CD11c+ cells in both FVIII 

and Emicizumab groups, the latter showed a higher expression compared to FVIII-treated patients 

(Figure 6B). 
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Table 5. Summary of information from blood samples of HA and HB patient medical reports. Mann Whitney test 
was used for comparing two groups and significance was set at p-value of p<0,05 

Total blood count 
Parameter 
Value (SD)  

HA        
(n=24) 

HB                
( n=7)  

p-
value 

FVIII      
(n=8) 

Emicizumab 
(n=16) 

p-
value 

WBC (10^9/L) 6,76 (1,80) 7,18 (2,22) 0,61 6,55 (1,54) 6,70 (1,95) 0,69 
RBC (10^12/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 (10^9/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-
value 

FVIII      
(n=8) 

Emicizumab     
(n=16) 

p-
value 

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 (10^9/L) 3,21 (1,36) 3,29 (1,43) 0,89 3,74 (1,59) 2,97 (1,19) 0,17 
Lymphocytes (10^9/L) 2,6 (0,95) 2,97 (1,34) 0,42 2,12 (0,43) 2,66 (1,05) 0,08 
Monocytes (10^9/L) 0,44 (0,21) 0,54 (0,23) 0,28 0,39 (0,10) 0,46 (0,24) 0,37 
Eosinophils (10^9/L) 0,29 (0,20) 0,20 (0,13) 0,29 0,12 (0,06) 0,38 (0,19) 0,001 
Basophils (10^9/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-
value 

FVIII   
(n=8) 

Emicizumab 
(n=14) 

p-
value 

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-
value 

FVIII    
(n=7) 

Emicizumab 
(n=11) 

p-
value 

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 
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Figure 4. Principal findings of hospital medical reports: a comparison between Hemophilia A (HA) prophylaxis 
treatments and Hemophilia B (HB). A) Difference in percentage and number of circulating eosinophils between FVIII 
and Emicizumab-treated HA patients. B) Comparison of aPTT ratio between all prophylactic treatments, FVIII and 
Emicizumab for HA and FIX for HB. 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 calculated. The 
upper and lower dashed lines indicate the normal range within which the values are considered not pathological. One-
way ANOVA has been used for comparing the three groups, while unpaired t-test was used when two groups were 
compared and significance was set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); p<0,0001 (****). 
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Figure 5. Flow cytometry evaluation of all the human blood immune populations analyzed expressed as % on live 
cells. Comparison between HA, HB and healthy; HA in treatment either with FVIII or Emicizumab; HA having more or 
less than 10-year-old. A) Differences in CD3+, CD14+, B cell and CD34+ percentage in the stratifications. B) Difference 
in pDC percentage in the stratifications. C) Difference in CD11c+ percentage in the stratifications. 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 calculated. One-way ANOVA has been used for comparing the three groups, 
while unpaired t-test was used when two groups were compared and significance was set at p-value of p<0,05 (*); p<0,01 
(**); p<0,001(***); p<0,0001 (****). 

 

 
Figure 6. Quantification of HLA-DR expression on blood immune cell surface through Median Fluorescent 
Intensity (MFI). A) Comparison between HA and healthy pDCs, CD11c+ and CD14+ cells. B) Stratification of HA 
patients according to their undergoing treatment, either rFVIII or Emicizumab. All data are represented as scatter plot 
where the middle line represent the mean between the group samples and the standard deviation (SD) is calculated. Mann-
Whitney test has been used for comparing differences in the two groups and significance was set at p-value of p<0,05 (*); 
p<0,01 (**); p<0,001(***); p<0,0001 (****). 
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Human plasma cytokines profile  
 
To address any subtle changes that could be linked to a pro- or anti-inflammatory state of the patients, 

forty-eight cytokines and chemokines have been analyzed simultaneously in HA, HB and healthy 

plasma samples by means of a magnetic bead-based multiplex immunoassay. This assay allows the 

detection of even very small concentration of a cytokine through its coupled magnetic capture beads 

technology and its high sensitivity, taking advantage of fluorescent signals. Among all patients, 

plasma samples from 24 HA, 8 HB and 5 healthy were selected and compared, followed by HA 

samples stratification according to the prophylactic treatment. Figure 7 shows the broad spectrum of 

the cytokine analyzed as a log10 of the group’s mean concentration in order to normalize and to level 

differences in concentration between the cytokines. This allows the identification of five differently 

produced cytokines/chemokines among the three groups of subjects: IL-12p40, TNF-a, CCL-22, IL-

18 and CCL-4. These cytokines are significantly more present in HA plasma than healthy ones 

(Figure 8A). Stratification of HA patients do not clarify a specific pattern between FVIII or 

Emicizumab treatment for these cytokines, in which the statistical difference is kept for only CCL-

22 and IL-18, being higher in patients in prophylaxis with Emicizumab compared to those with FVIII 

(Figure 8B).  
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Figure 7. Plasma cytokine analysis. A) Comparison between HA (n=24), HB (n=8) and healthy (n=5). B) Comparison 
between HA patients in FVIII (n=8) or Emicizumab (n=15) prophylaxis. 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). Two-way ANOVA 
was used for comparing the groups and significance was set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); 
p<0,0001 (****). 
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Figure 8. Broad spectrum of monocyte/macrophages-related cytokines in hemophilic patient plasma. A) 
Comparison between HA (N=24) and healthy (N=5) samples. B) Stratification of HA patients according to their 
undergoing treatment, either FVIII (N=10) or Emicizumab (N=14). 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 differences in the two 
groups and significance was set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); p<0,0001 (****). 
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Human pDC response to FVIII in vitro 
 
Enriched monocytes served as precursors for pDC differentiation in vitro. An example of 

morphological features at the end of the differentiation process is shown in Figure 9. Once pDCs were 

obtained, they were stimulated with FVIII for 24 hours and compared to their unstimulated control. 

pDCs differentiated from both HB and healthy samples were stimulated with FVIII as well to evaluate 

if the response was cell-specific towards the antigen or developed by HA pDCs only. First, we 

performed a forty-eight-panel magnetic bead-based multiplex immunoassay to evaluate which 

cytokines were more produced by these cells and possibly influenced by FVIII addition in culture 

media. Cytokine quantification in pDC culture media identified 5 differently modulated cytokines in 

all three groups: IL-1RA, IL-8, SCGF-b, MCP-1, IP-10 (Figure 10). This pilot experiment helped in 

focusing our attention on these five cytokines. Their production has been further examined in cell 

supernatants throughout all samples. Overall, we did not observe any difference in production of IP-

10, IL-1Ra and IL-8 when we compare HA, HB and healthy pDCs, independently of the FVIII 

stimulation (Figure 11A). However, when HA samples are stratified according to undergoing 

treatment, pDCs obtained from FVIII-treated patients are the ones producing more cytokine in the 

culture media in all conditions, unlike Emicizumab-treated patients that are producing these cytokines 

in little to no quantity (Figure 11B).  

To better exert the differences among these cytokines, mRNA levels of genes were analyzed with the 

delta-delta Ct method (ΔΔCt) and expressed as fold changes (FC) of FVIII-treated over non-treated 

control (FC=1). Overall, we can observe that HA and HB pDCs had an opposite behavior on the 

production of IL-8 and MCP-1 following FVIII administration; on the other hand, IL-1Ra and IP-10 

are upregulated in both HA and HB pDCs, with higher values in HA samples, suggesting a general 

stronger response by HA pDCs (Figure 12A). Healthy pDCs appear to differ from both HA and HB 

pDCs. When HA pDCs are stratified by treatment, differentiated pDCs from samples of patients who 

are in treatment with Emicizumab display a general more potent gene upregulation, in which IP-10 

expression is statistically significant when compared to pDCs coming from FVIII-treated patients 

(Figure 12B). In addition, the stratification of PUPs (n=4) evidenced that upregulation of IL-8 and 

IP-10 in all HA patients is strongly influenced by these 4 samples, associating their pDCs to a strong 

pro- inflammatory response following FVIII administration (Figure 12C). pDCs have been 

additionally characterized by their expression of the pDC-specific genes E2-2 and ID-2, also used to 

evaluate pDC activation status, since it is reported that activated pDCs down-regulate E2-2 and up-

regulate ID-2156,157. In general, we did not observe any up- or down-regulation of these two genes in 

all groups in general (Figure 13A). Interestingly, following HA stratification, those which down-

regulate both E2-2 and ID-2 are pDCs differentiated by FVIII-treated patients, confirming a 
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maintenance on pDC phenotype while not getting activated because of FVIII stimulation (Figure 

13B). 

 

 

 

 

 

 

 

 

 

 
Figure 9. Representative image of monocyte-derived pDCs from patients. The picture is acquired using contrast 
microscopy at 200x magnification. Cells display the characteristic small, rounded morphology with little extroversions, 
typical of pDC populations. 
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Figure 10. Heat-map of cytokine concentrations in human pDC supernatants following FVIII stimulation in HA, 
HB and healthy groups. For each group is possible to distinguish FVIII-treated samples (on the left) and non-treated 
ones (on the right). Scale is shown as pg/mL. Two-way ANOVA was used for comparing the groups and significance 
was set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); p<0,0001 (****). 
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Figure 11. Evaluation of cytokines in supernatants of patient-derived pDCs differentiated in vitro after 24h FVIII 
stimulation. A) Comparison between HA and healthy pDCs. B) Stratification of HA patients according to their 
undergoing treatment, either rFVIII or Emicizumab. All data are represented as separated scatter graphs 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 calculated. All undetected samples by the test were considered as 0 pg/mL. Two-way ANOVA was used for 
comparing the groups and significance was set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); p<0,0001 (****). 
 
 
 
 
 
 
 

Figure 12. Gene expression analysis on FVIII-treated patient-derived pDCs. A) Analysis of mRNA expression levels 
of IL-8, IL-1Ra, IP-10 and MCP-1 in HA and HB FVIII-treated over non-treated human pDCs. B) Stratification of HA 
patients according to the treatment (FVIII vs Emicizumab) and C) according to being PUPs or not. Data are represented 
as a double-gradient heatmap in which the scale is set as shown on the right, having 1 as baseline value (white) and 
showing in blue the values smaller than 1 and samples compared to non-treated control, and they are shown as the group’s 
mean value. Two-way ANOVA was used for comparing the groups and significance was set at p-value of p<0,05 (*); 
p<0,01 (**); p<0,001(***); p<0,0001 (****). 
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Figure 13. Evaluation of mRNA expression levels of defining-markers of human pDCs, E2-2 and ID-2. A) 
Comparison between HA and HB pDCs. B) Stratification of HA patients according to undergoing treatment, either FVIII 
or Emicizumab. Values are calculated as fold change of FVIII-treated samples compared to non-treated control. All data 
are represented as separated scatter graphs 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 calculated and the dashed line set at 1 indicate the 
corresponding non activated control value. Mann-Whitney test was used for comparing the groups and significance was 
set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); p<0,0001 (****). 
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Murine organ-specific pDC characterization and maturation status 
 
Because of the inability of studying human organ-specific pDCs other than the peripheral blood 

monocytes-derived ones, a model of murine HA was exploited that allowed us to better characterize 

pDCs and, subsequently, their response to FVIII both in vitro and in vivo. First, we decided to 

characterize organ-specific pDCs obtained through direct immunomagnetic isolation. We selected 

and evaluated the expression of phenotypical and activation markers (CD11b, CD11c, B220, CD86 

and MHC-II) on Siglec-H+ and PDCA-1+ cells from processed BM, SP and LN of three HA mice. 

Intriguingly, the main difference can be identified in both percentage and MFI of MHC-II expression: 

BM pDCs are showing significantly lower MHC-II expression compared to SP and LN, thus 

confirming that BM pDCs are immature cells, therefore their MHC-II expression is lower compared 

to secondary lymphoid organs in which pDCs are showing a more mature phenotype (Figure 14). 

This is further confirmed by CD11c expression, which is a typical marker of committed dendritic 

cells, whose MFI increases in more specialized organs. 

 

 

 

Figure 14. Characterization of lineage and activation markers in isolated HA murine pDCs (N=3) in BM, SP and 
LN. B220, CD86, CD11b, MHC-II and CD11c marker expression was evaluated by both Median Fluorescence Intensity 
(MFI) and percentage. Data are represented as a scatter plot with bar where the upper part of the bar is equal to the mean 
of the individual values belonging to the group and the standard deviation (SD) is calculated. One-way ANOVA has been 
used for comparing the groups and significance was set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); p<0,0001 
(****). 

 

 

BM SP LN
0

500

1000

1500

BM SP LN
0

20

40

60

80

BM SP LN
0

2000

4000

6000
✱

BM SP LN
0

20

40

60

80

100

BM SP LN
0

20000

40000

60000

80000

100000

BM SP LN
0

20

40

60

80

100

BM SP LN
0

50

100

150

200

BM SP LN
0

10

20

30

40

BM SP LN
0

2000

4000

6000
✱

✱

BM SP LN
0

20

40

60

80

100
✱✱

✱✱

CD11b CD11c B220 CD86 MHC-II

M
FI

%



 53 

Short-term murine pDC-specific response to FVIII in vitro  
 
One of the main limitations of working with human samples was the inability to set up more time-

points to evaluate cytokine secretion and gene expression during time. In this respect, we wanted to 

evaluate pDC short-term response to FVIII in vitro, both alone and when communicating with the 

environment they are in. For this purpose, pDCs from BM of both HA and WT mice were 

immunomagnetically isolated, cultured and, following 3 hours, stimulated with rh-FVIII. In the 

meanwhile, total BM cells were plated and stimulated in the same way. This helped in understanding 

their behavior towards FVIII both when they are alone in direct contact with it and when they are able 

to communicate with the whole environment they are coming from. Therefore, the activation status 

of both isolated and non-isolated pDCs was assessed by flow cytometry (CD80, PD- L1, MHC-II and 

CD62-L). In general, according to their MHC-II surface expression, murine HA isolated pDCs show 

more activation compared to both HA pDCs in contact with bone marrow environment and to WT 

isolated pDCs independently of the FVIII stimulation in vitro (Figure 15), while the other marker 

expression is not affected by either FVIII stimulation or the genotype. To further confirm the 

activation status, gene expression analysis comparing isolated pDCs and total BM cells, activated or 

not, was evaluated through real-time PCR for the following pro- and anti-inflammatory genes: TNF-

α, IL-6, TGF-β, IL-10, CCR7 and IRF8. Similarly to flow-cytometry, isolated HA pDCs, due to their 

TNF-α and IL-6 upregulation, are slightly more prone to a pro-inflammatory response following 

FVIII stimulation than WT pDCs, which instead strongly downregulate these genes. Still, TGF-β and 

IL-10 expressions are also downregulated by WT pDCs while being very similar to their control for 

the HA pDCs (Figure 16).  
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Figure 15. Activation status evaluation of HA and WT murine pDC either isolated or in communication with total 
BM cells after FVIII in vitro stimulation. A) Evaluation of CD80, PD-L1, MHC-II and CD62-L surface expression on 
pDCs by flow cytometry. Two-way ANOVA was used for comparing the groups and significance was set at p-value of 
p<0,05 (*); p<0,01 (**); p<0,001(***); p<0,0001 (****). Data are represented as a scatter plot with bar where the upper 
part of the bar is equal to the mean of the individual values belonging to the group and the standard deviation (SD) i 
calculated. 
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Figure 16. mRNA level expression of HA and WT isolated murine pDCs and total BM cells. Evaluation of TNF-a, 
IL-6, TGF-b, IL-10, CCR7 and IRF8 expressed as fold-change of treated over non-treated. All the data are represented as 
a scatter plot with bar where the upper part of the bar is equal to the mean of the individual values belonging to the group 
and the standard deviation (SD) is calculated and dashed line set at 1 indicate the corresponding non activated control 
value. One-way ANOVA has been used for comparing all the groups and significance was set at p-value of p<0,05 (*); 
p<0,01 (**); p<0,001(***); p<0,0001 (****). 
 
 
 
 
 
 
 
 
 
 
 
 

wt: t
otal

 BM

HA: to
tal

 BM

wt: i
so

lat
ed

 pDCs

HA: is
olat

ed
 pDCs

0

1

2

3

4

TNFa HA vs WT

Fo
ld

 c
ha

ng
e 

(2
^-

dd
C

t)

✱

wt: t
otal

 BM

HA: to
tal

 BM

wt: i
so

lat
ed

 pDCs

HA: is
olat

ed
 pDCs

0.0

0.5

1.0

1.5

2.0

2.5

IL6HA vs WT

Fo
ld

 c
ha

ng
e 

(2
^-

dd
C

t) ✱

wt: t
otal

 BM

HA: to
tal

 BM

wt: i
so

lat
ed

 pDCs

HA: is
olat

ed
 pDCs

0.0

0.5

1.0

1.5

2.0

TGFbeta HA vs WT

Fo
ld

 c
ha

ng
e 

(2
^-

dd
C

t)

✱

wt: t
otal

 BM

HA: to
tal

 BM

wt: i
so

lat
ed

 pDCs

HA: is
olat

ed
 pDCs

0.0

0.5

1.0

1.5

2.0

2.5

Il10 HA vs WT

Fo
ld

 c
ha

ng
e 

(2
^-

dd
C

t)

wt: t
otal

 BM

HA: to
tal

 BM

wt: i
so

lat
ed

 pDCs

HA: is
olat

ed
 pDCs

0

2

4

6

CCR7 HA vs WT

Fo
ld

 c
ha

ng
e 

(2
^-

dd
C

t)

wt: t
otal

 BM

HA: to
tal

 BM

wt: i
so

lat
ed

 pDCs

HA: is
olat

ed
 pDCs

0.0

0.5

1.0

1.5

IRF8 HA vs WT

Fo
ld

 c
ha

ng
e 

(2
^-

dd
C

t)

TNF-α IL-6 TGF-β

IL-10 CCR7 IRF8



 56 

Murine pDC response to FVIII in vivo  
 
FVIII supplementation in vitro gave us an idea on what the pDC-specific response could be in a 

“closed” environment. Therefore, we wanted to evaluate what their response could be with FVIII 

administration in vivo, mimicking the response of these cells in HA patient. We assessed the short-

term (3 hours) and long-term (24 hours) response in HA and WT mice, in both homeostatic (PBS-

injected mice) and FVIII-challenged conditions. First, we estimated any differences in pDC 

percentage between HA and WT mice in bone marrow, spleen, lymph nodes and peripheral blood. 

Even at basal level, pDC percentage seem higher in all organs in HA rather than WT. However, the 

main difference is observed at the 24h challenge time-point: secondary lymphatic organs, spleen and 

lymph nodes, have significantly higher percentage of pDCs in FVIII-challenged HA mice compared 

to their WT counterpart (Figure 17). Moreover, we analyzed their activation status by evaluating the 

surface expression of markers such as PD-L1, MHC-II and CD62- L. First, PD-L1 expression was 

checked to confirm a possible pDC tolerogenic response, in case of up-regulation. HA and WT pDCs 

of all organs behaved similarly to FVIII administration: in general, PD-L1 surface expression 

increased at the 3h time-point while reaching the same percentage of the control following 24h 

(Figure 18A). Interestingly, our analysis clearly shows a different MHC-II expression between both 

challenged and non-challenged HA and WT pDCs. In all the organs and even at a basal level, MHC-

II expression appears to be higher in HA pDCs than in WT pDCs, but apparently HA cells do not 

seem to be particularly affected by FVIII-challenge. Noteworthy, MHC-II percentage in 3h-

stimulated WT mice is upregulated compared to both WT groups, control and 24h-challenge (Figure 

18B). We then decided to examine CD62-L, a cell surface marker indicating a movement towards 

peripheral lymph nodes. HA pDCs showed a strong upregulation of CD62-L following FVIII 

administration in both time points, mainly in spleen and peripheral blood (Figure 18C). However, 

also 3h-challenged WT pDCs increase their expression of this marker in mostly all organs, while at 

24h time point CD62-L returns to levels similar to the control. 
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Figure 17. Evaluation of murine pDC percentage in bone marrow (BM), spleen (SP), lymph nodes (LN) and 
peripheral blood (PB) of WT and HA in mice injected with FVIII in vivo for 3h or 24h and compared to PBS-
injected controls. Data are shown as scatter plot with bars where the upper part of the bar is equal to the mean of the 
individual values belonging to the group and the standard deviation (SD) is calculated. Two-way ANOVA was used for 
comparing the groups and significance was set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); p<0,0001 (****). 

Figure 18. Analysis of activation status of injected HA and WT murine pDCs by their percentage of expression of 
A) PD-L1, B) MHC-II and C) CD62-L. Data are shown as scatter plot with bars where the upper part of the bar is equal 
to the mean of the individual values belonging to the group and the standard deviation (SD) is calculated. Two-way 
ANOVA was used for comparing the groups and significance was set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); 
p<0,0001 (****). 
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pDC adoptive transfer and tracking in vivo  
 
Considering the high expression of CD62-L in murine HA pDCs following FVIII administration, we 

wanted to confirm their possible movement or recall towards peripheral lymph nodes upon FVIII 

challenge. First, HA pDCs were immunomagnetically isolated and then stained with CellTraceTM to 

differentiate the donor-derived cells through fluorescence. As a pilot experiment, stained-pDCs were 

injected into a recipient HA mouse for 3 hours and a non-injected mouse was used as control. At the 

end of the time-point, different organs were harvested to examine fluorescence ex vivo (Figure 19). 

The major fluorescence is detected in the liver, probably linked to organ auto-florescence, followed 

by lungs, spleen and kidney, while no donor-derived cells were detected in bone marrow, peripheral 

blood and both axillary and inguinal lymph nodes. To further confirm the presence of donor cells, 

organs were processed obtaining single cell suspension and finally checked through both flow 

cytometry and fluorescence microscopy.  CellTrace+/Siglec-H/PDCA-1+ cells were analyzed in bone 

marrow, spleen, liver, lungs and lymph nodes by flow cytometry: the highest percentage of donor-

derived cells was detected in the lungs, probably because of the intravenous injection, with decreasing 

percentages in liver, spleen and bone marrow (Figure 20A). No cells were detected in the lymph 

nodes, most likely due to the short time point chosen and/or the reduced number of cells injected. 

Consistently, fluorescence microscopy detected donor pDCs through FAR-Red emission only in cell 

suspensions from lung and spleen (Figure 20B). 



 59 

 

Figure 19. Donor pDC dissemination evaluation in a recipient HA mouse compared to non-injected HA mouse. 
pDCs were stained with FAR-Red fluorochrome and their disseminated in the organs ex vivo through IVIS. Intensity of 
fluorescence is comparable to the bar on the right. 
 
 
 

 
Figure 20. pDC dissemination through CellTraceTM staining. A) Flow cytometric analysis of donor pDC inside the 
recipient organs. Data are shown as a dot plot subdivided in four quadrants. On the y axis there are the pDC-lineage 
markers while on the x axis the Dye they have been stained with. B) Fluorescence microscopy for the evaluation of FAR-
RED cells in digested organs. 
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Cytokine production of patient-derived macrophages after FVIII stimulation in vitro 
 
As previously discussed, the different modulated cytokines in human plasma samples provide a 

foundation for understanding the macrophage role in FVIII response, since all these cytokines are 

related to or produced by macrophages activity. With this aim, we decided to produce patient-derived 

macrophages to confirm whether the systemic changes observed in HA plasma were carried out by 

in vivo macrophages. To accomplish this, macrophages were first differentiated in vitro starting from 

patient-derived monocytes; an example of morphological features at the end of the differentiation 

process is shown in Figure 21. Subsequently, cytokine production in cell supernatants was assessed. 

This investigation included both not-activated controls (NA) and FVIII-treated cells after 24 hours. 

The cytokines analyzed were IL-12p40, CCL-4, IL-18 and TNF-a. IL-12p40 was undetected in all 

samples, while no differences were observed between HA and healthy macrophages in the production 

of the other cytokines, despite FVIII-stimulation (Figure 22A). However, when HA samples are 

stratified by prophylactic treatment, it became apparent that macrophages derived from patients 

undergoing FVIII prophylaxis produced higher levels of these cytokines compared to those from 

patients on Emicizumab prophylaxis, with a significantly higher production of CCL-4, regardless of 

in vitro FVIII stimulation (Figure 22B). 
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Figure 21. Representative image of monocyte-derived macrophages from patients. The picture is acquired using 
contrast microscopy at 100x magnification. Cells display the characteristic rounded morphology, sometimes elongated or 
egg-shaped, typical of macrophage populations. 
 
 
 
 
 
 

Figure 22. Evaluation of cytokines in supernatants of patient-derived macrophages differentiated in vitro after 24h 
FVIII stimulation. A) Comparison between HA and healthy macrophages. B) Stratification of HA patients according to 
their undergoing treatment, either rFVIII or Emicizumab. All data are represented as separated scatter graphs 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 calculated. All undetected samples by the test were considered as 0 pg/mL. Two-way ANOVA has been 
used for comparing the groups and significance was set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); p<0,0001 
(****). 
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Gene expression pattern identification of FVIII-treated patient-derived macrophages 
 
To investigate whether macrophages transition to a pro- (M1) or anti-inflammatory (M2) phenotype 

in response to FVIII stimulation, we analyzed the gene expression profiles of stimulated and 

unstimulated macrophages derived from HA, HB and healthy individuals. We focused on analyzing 

the expression at mRNA level of IL-12p40, IL-18, TNF-a and CCL-4, as well as cytokines 

characterizing M1 (TNF-a, IL-12p40 and iNOS) and M2 (TGF-β and Arg-1) phenotypes. To better 

dissect FVIII activity on macrophages, single values are expressed as fold-change (FC) of FVIII-

treated over not-activated control samples and they are represented in a double-gradient heatmap as 

group’s mean value (Figure 23). Altogether, it is possible to highlight an overall pattern similarity 

between HB and healthy macrophages, in which the genes are not strongly up or downregulated after 

FVIII administration in vitro. The only exception seems to be represented by IL-12p40, where HB 

samples behave similarly to HA macrophages rather than those derived from healthy donors. Instead, 

HA macrophages appear to have a specific pattern of upregulation of most of the genes investigated 

(Figure 23A). Stratification of HA samples allowed to discriminate the subgroup from which the 

upregulation originate (Figure 23B). In particular, HA macrophages derived from patients undergoing 

FVIII prophylaxis have a strong upregulation of TNF-a and a downregulation of Arg-1, yet both 

being not statistically significant. Instead, macrophages differentiated by Emicizumab-treated 

patients show a general less strong activation, mainly characterized by a higher Arg-1 and lower TNF-

α expression compared to macrophages derived from patients in prophylaxis with FVIII. To better 

identify the different gene expression between the groups and clarify whether there is a shift towards 

the M1 or M2, different analysis and stratifications have been performed on the primarily involved 

genes of these phenotypes (Figure 24). 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 

24A). When HA FVIII-stimulated macrophages are compared with their corresponding non-activated 

control, it is possible to highlight a statistically significant higher expression of TNF-a and a 

downregulation of TGF-β, with a slight upregulation of IL-12p40 and iNOS as well (Figure 24B). It 

is clear from Figure 24C that the tendency of upregulating TNF-a is mainly pushed 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. 
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Figure 23. Gene expression analysis of patient-derived macrophages stimulated with FVIII in vitro, to understand 
if they shift towards a M1 or M2 phenotype. A) Comparison between HA (N=23), HB (N=11) and healthy (N=6) 
macrophages. B) Stratification of HA patients according to their undergoing treatment, either rFVIII (N=10) or 
Emicizumab (N=13). Single values 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. Two-way ANOVA has been used for comparing the 
groups and significance was set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); p<0,0001 (****). 
 
 

Figure 24. Close up on gene expression analysis of patient-derived macrophages stimulated with FVIII in vitro, to 
understand if they shift towards a M1 or M2 phenotype. All data are represented as histogram plots 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 
calculated. A) Comparison of fold-changes between HA, HB and healthy macrophages. One-way ANOVA has been 
exploited for comparing the groups. B) Comparison of fold changes between HA macrophages stimulated with FVIII and 
their unstimulated controls. Unpaired t-test has been used for statistical analysis. C) Stratification of HA patients 
according to their undergoing treatment, either rFVIII or Emicizumab. Unpaired t-test has been used for statistical analysis 
and significance was set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); p<0,0001 (****). 
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Murine macrophage differentiation and characterization following FVIII in vitro 
 
Since one of the main limitations of working with human-derived cells was the inability of setting up 

more time-points, we decided to obtain HA and WT murine macrophages starting from BM 

precursors and their differentiation process was checked every 3 days by flow cytometry. HA 

macrophages, identified as CD11b+/F4/80+, showed a slower differentiation capability compared to 

WT ones, anyhow reaching the 100% of differentiated cells on the 12th day (Figure 25A). After 

obtaining 100% of CD11b+/F4-80+ cells, macrophages were stimulated with FVIII for 3h, 6h and 24h 

and the expression of CD14 and MHC-II was examined through flow cytometry. Although CD14 

surface expression is a little fluctuating between the several FVIII time-points of stimulation, there is 

no difference between conditions. As regards MHC-II surface expression, WT macrophages seem 

not to be affected by FVIII supplementation in the media, while HA ones slightly change their 

expression between the different time-points, even though there is no statistical difference (Figure 

25B). Moreover, gene expression for TNF-a, IL-12p40, IL-18, IRF-7, iNOS, TGF-β, ARG1 and 

CCL-4 was examined to determine whether there is a M1 or M2 polarization. Overall, FVIII 

supplementation to culture media did not influence a switch in both HA and WT macrophages. In 

fact, in all time points analyzed FVIII did not give an impact on gene expression since it did not 

significantly increase or decrease compared to control samples (Figure 26). 
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Figure 25. Murine macrophage differentiation capability and differential marker expression following FVIII 
stimulation in vitro. A) Evaluation of differentiation capability of macrophages from bone marrow precursors through 
percentage of positivity of the two macrophage-defining markers (CD11b and F4/80) in the two genotypes. Data are 
shown as points & connecting line with standard deviation bars. Each point represents the mean value for each group. 
Two-way ANOVA has been used for comparing the groups and significance was set at p-value <0,05 (*). 
B) CD14 and MHC-II differential expression on differentiated macrophages following FVIII supplementation in vitro 
(3h, 6h, 24h and control). Data are shown as scatter plot with bars where the upper part of the bar is equal to the mean of 
the individual values belonging to the group and the standard deviation (SD) is calculated. Two-way ANOVA has been 
used for statistical analysis and significance was set at p-value <0,05 (*). 
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Figure 26. mRNA level expression of HA and WT differentiated murine macrophages. Evaluation of TNF-a, IL-
12p40, IL-18, IRF-7, iNOS, TGF-b, ARG1 and CCL4 expressed as fold-change of FVIII-treated over non-treated. FVIII 
treatment in vitro was performed ad 3h, 6h and 24h. All the data are represented as a scatter plot with bar where the upper 
part of the bar is equal to the mean of the individual values belonging to the group and the standard deviation (SD) is 
calculated and dashed line set at 1 indicate the corresponding non activated control value. Two-way ANOVA has been 
used for comparing all the groups and significance was set at p-value of p<0,05 (*); p<0,01 (**); p<0,001(***); p<0,0001 
(****). 
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Discussion 
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One of the major challenges in the clinical management of HA lies in the development of inhibitor 

antibodies against administered FVIII. They represent the most serious and frequent complication 

associated with replacement therapy, significantly compromising treatment efficacy and patient 

outcomes. Although considerable advances have been made in the production of both recombinant 

and plasma-derived FVIII concentrates, there is not a definitive cure for HA. For a long time, the 

standard of care for HA has been represented by prophylactic therapy, consisting of frequent 

intravenous administration of the lacking clotting factor concentrates, which, while effective in 

controlling bleeding episodes, can inadvertently stimulate the immune system, leading to inhibitor 

formation in a subset of patients158. However, only ~30% of individuals with severe HA develop 

inhibitors, and this immune response is typically developed within the first 20 FVIII exposures159. As 

already discussed, inhibitor-positive patients often require alternative treatment strategies, such as 

bypassing agents or ITI protocols, both of which present additional clinical and logistical 

challenges32,33. Thereby, understanding the immunological basis of inhibitor development has 

become an essential objective in this specific research field. In this context, the mechanisms 

elucidating FVIII uptake, processing, and presentation by different tissues and tissue-resident 

immune cells have gained significant research interest. Organs such as spleen, liver, lymph nodes, 

and the vascular endothelium are now recognized as key players in shaping the immune response to 

FVIII90,160–162. Whether FVIII is presented in an immunogenic or tolerogenic way remains a critical 

question, with ongoing studies aiming at explaining the cellular and molecular pathways associated 

with exogenous FVIII recognition and all that comes with it. Advancing our understanding of these 

processes is essential for the development of more effective, individualized therapies designed for 

preventing or overcoming inhibitor formation in HA.  

 

To achieve this, it was necessary to elucidate the immune response to FVIII of immune cell 

populations first. Hence, also according to previous investigation from our laboratory, this study 

investigates pDC and macrophage response to FVIII, both in a “closed” system, e.g., patient-derived 

cells or murine cells differentiated in vitro, and in an “open” one, analyzing samples from pediatric 

HA patients and exploiting the HA mouse model. While macrophages have been relatively well-

studied in HA, pDCs remain largely unexplored, despite their established relevance in other 

inflammatory and autoimmune contexts. pDCs are known for their potent interferon production and 

ability to influence adaptive immunity through cytokine secretion and antigen presentation. As such, 

exploring their behavior in HA may reveal novel insights into the immunogenic potential of FVIII 

and the broader immune dysregulation associated with the disease. Moreover, this thesis provided a 



 69 

comparison between the two most common prophylactic treatments, FVIII and Emicizumab, focusing 

on immunological screening of pediatric HA patients, for which the research is still limited.  

 

In support of this gap-in-knowledge, medical reports concerning total blood count, coagulation and 

biochemistry clinical parameters highlighted that the main differences are shown once HA treatment 

therapies are compared. It has already been described how parameters linked to RBC activity are 

different between HA and healthy subjects163; according to our study, it appears that this difference 

could possibly be associated with undergoing treatment, since they are significantly decreased in 

Emicizumab-treated patients. This suggests that Emicizumab prophylaxis might influence 

erythropoiesis or RBC turnover, potentially through indirect mechanisms, such as reduced bleeding 

frequency and/or lower inflammatory burden, known to affect RBC production and quality164. In 

addition, despite our data are showing lower hemoglobin levels in patients treated with Emicizumab, 

a preliminary study has indicated that prophylaxis with Emicizumab leads to improvements in 

hemoglobin levels and RBC indices following prophylaxis initiation165. Consequently, both the 

differences observed in our study are most likely attributable to an age bias, 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 prophylaxis 

has never been reported in literature and it could involve a combination of immune modulation and 

cytokine environment of the hemophilic immune system166,167. However, these values still fall within 

the normal range and could be related to patients’ age, as already discussed in literature168,169, 

highlighting again the need to further investigate this point.  In addition, the decreased aPTT ratio 

remarks Emicizumab efficacy, in agreement with literature43,51. However, it is difficult to link our 

observations to the different treatments due to the limited sample numbers, variability in individual 

immune responses, and the potential influence of other potential confounding factors, such as 

underlying inflammatory conditions, genetic predispositions, or differences in baseline immune cell 

profiles. 

In general, our results suggest that HA innate immune system, and specifically the myeloid 

compartment identified by CD11c+ and CD14+ cells, shows a different capability in communicating 

with the adaptive immune systems. 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 CD11c+ cells and higher surface expression of the HLA-DR marker compared to FVIII-

treated patients. Overall, this is also confirmed by all the plasma cytokines analyzed, all produced by 

or acting on monocytes and macrophages. In fact, monocytes and macrophages are the primary 
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producer of TNF-a, IL-18 and CCL-4: the first two are involved in INF-γ production and, in 

particular, IL-18 works in synergy with IL-12 to stimulate INF-γ production170,171. Anyhow, none of 

the aforementioned cytokines are being produced to delineate a pathologic condition in these children, 

since they are all within normal ranges described by literature172,173. It is possible to rather describe a 

recall of cells of innate immunity, like dendritic cells, granulocytes and 

monocytes/macrophages145,150,170. Instead, when our attention is focused on human gene expression 

analysis on both pDCs and macrophages, it is highlighted that knowing the characteristics of the 

patient is crucial: the profile of the analyzed genes is strongly influenced by the treatment the patient 

is undergoing or any previous FVIII injections. 

 

Regarding HA pDCs, broadly speaking, their response to FVIII tend to be a pro-inflammatory one, 

acting differently from both HB and healthy pDCs, and gene upregulation is apparently dictated by 

the cells differentiated by Emicizumab-treated patients. In particular, following in vitro stimulation, 

IP-10 is significantly higher in these cells compared to those coming from FVIII-treated patients. IP-

10 is commonly known to be minimally expressed in healthy individuals, but it is upregulated during 

inflammation, mainly following INF-γ stimulation174. Its role is linked to both amplification and 

suppression of cell proliferation according to the type of CXCR3 isoform is bound to175. During the 

recent years, it has been extensively demonstrated that pDCs are able to produce this cytokine after 

both type I INFs and INF-γ stimuli176–178. Therefore, the observed increase in IP-10 gene expression 

may reflect a shift towards a Th1-twisted immune profile, potentially mediated through IFN-γ-driven 

feedback loops. It remains to be clarified whether this upregulation is a result of direct FVIII 

recognition, or a secondary effect mediated through APCs activation and cytokine milieu.  

 

Concerning HA macrophages, their switch towards either M1 or M2 phenotype is difficult to predict 

but it seems to be influenced by the patient prophylactic regimen as well. Macrophage polarization 

dysfunction in HA has already been discussed 153–155 and this could have implication for the 

inflammatory milieu140,179. In agreement with these studies, this thesis shows through gene expression 

analysis that all human HA macrophages appear to switch to a M1-like phenotype following FVIII 

stimulation, regardless of the prophylaxis regimen followed by the patients from whom these cells 

were derived. This is primarily supported by the significant upregulation of TNF-a and 

downregulation of TGF-β when FVIII-stimulated HA and control macrophages are compared. 

Interestingly, macrophages from patients undergoing FVIII prophylaxis showed a trend in 

upregulating TNF-α, reinforcing the M1 phenotype association in these cells. Conversely, those from 

patients treated with Emicizumab displayed an upregulation of Arg-1, a marker of M2-like activity, 
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indicating a potential differential impact of the prophylaxis on macrophage polarization. In general, 

it is possible to describe macrophages from FVIII-treated patients as more “prone-to-activation”, 

since they easily tend to switch to a M1-like phenotype; while macrophages from Emicizumab-treated 

patients are less strongly activated and there is not a clear shift toward M1 or M2, despite Arg-1 

upregulation.  

However, at the same time point and in both cell populations, genes and cytokines are not displaying 

the same response, and this leads to the main limitation of working with human samples. The murine 

model has been a useful method to overcome this problem, and it allowed to understand more clearly 

the pDC-specific or macrophage-specific response. 

 

To the best of our knowledge, in the context of HA mice we are the first to analyze pDC 

characterization and presence in multiple organs. First, pDCs have been isolated and characterized in 

the secondary lymphoid organs where they generally act (spleen and peripheral lymph nodes), but 

also in the organ where they originate (bone marrow). Our characterization in HA mouse organs 

confirmed that the maturation of these cells takes place in the lymphoid organs (higher MHC-II 

expression levels), while still being immature in the bone marrow (lower MHC-II levels), in 

agreement with previous reports114,115,180. Then, FVIII response of isolated HA pDCs was evaluated 

in vitro and compared with isolated WT pDCs as well as with HA and WT pDCs in co-culture with 

total BM cells. This approach delineated a higher MHC-II expression on isolated HA pDCs, 

regardless of the FVIII stimulus, compared to all groups, suggesting a higher capability of HA pDCs 

in communicating with adaptive immune system. This was further confirmed by gene expression 

analysis where isolated HA pDCs show to have a pro-inflammatory response to FVIII in vitro: TNF-

α and IL-6 are upregulated compared to their WT counterpart. Instead, the administration of FVIII in 

vivo showed an increase in HA pDC percentage after 24h, mainly in spleen and lymph nodes, 

suggesting that these cells either proliferate or they have been migrating in these lymphatic organs. 

The second hypothesis is the most probable since it is in agreement with the observed increase of 

CD62-L expression following FVIII administration, mainly in HA pDCs from peripheral blood. 

These results corroborate our in vitro observation of CCR7 upregulation, indicating that these cells, 

both when alone and when surrounded by other immune cells, tend to migrate and probably 

differentiate or present the FVIII antigen in the lymph nodes, possibly to better communicate with 

adaptive immune system, as also suggested by higher MHC-II expression from these cells. In 

agreement with these results, Kaczmarek et Al. previously reported that following administration of 

FVIII together with CpG oligodeoxynucleotides (ODN), an immunostimulatory of pDCs, in vivo, 

pDC percentage is increased in mouse spleen together with a higher expression of both MHC-II and 
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CD86, implying their activation towards the FVIII antigen only in presence of another triggering 

stimulus181. However, they also confirm that pDCs are not involved in FVIII presentation, yet our 

findings indicate a more active involvement, especially in HA models, despite not confirming their 

ability of presenting FVIII. Further exploring these variables could help clarify the functional 

relevance of pDCs in FVIII presentation and inhibitor development. In contrast, our results show that 

also WT pDCs challenged with FVIII after 3h displayed increased levels of both MHC-II and CD62-

L, suggesting a short-term response which is possibly shut-down by the surrounding environment. 

Following this line of reasoning, the HA counterpart could be either delayed in the switch-off of the 

response or it keeps going on because of the FVIII-challenge. To better investigate whether pDCs are 

migrating following FVIII challenge, pDC dissemination capability was evaluated in vivo by means 

of a cell tracker, confirming a movement towards the BM and SP, but not in the peripheral LN. Since 

in this preliminary experiment their migration ability was only evaluated at the 3h time-point, thus 

possibly explaining why no cells migrated towards the lymph nodes. Therefore, additional studies 

need to be conducted to confirm this hypothesis. 

 

As far as murine macrophage-specific response to FVIII is concerned, the differentiation capability 

between HA and WT BM precursors was first investigated. Their maturation was evaluated by the 

expression of macrophage-specific markers and in accordance with literature182,183, we observed a 

stable but slower macrophage differentiation kinetics of HA precursors compared to WT 

macrophages throughout all days, although both HA and WT cells achieved 100% of differentiation 

at the same time. Unlike human macrophages, FVIII stimulus in murine macrophage did not evidence 

a change in expression of markers such as CD14 or MHC-II, underlying neither an inactivation of the 

pro-inflammatory pathway nor recalling of the adaptive immune system, generally linked to a 

tolerogenic response184–186. Consistently, FVIII supplementation in culture media did not confirm a 

polarization switch in both HA and WT cultures, indicating that maybe this cell type needs 

increased/repeated exposure to FVIII to influence their response to the replacement therapy. 

 

Collectively, our results provide a broad perspective of the immunological events associated with 

HA, particularly focusing on innate immunity and its implications with prophylactic regimens. 

Through analyses of clinical parameters, cell phenotyping, cytokine profiling and gene expression 

studies in human samples and mouse models, this study has uncovered differences on how the 

immune system responds to FVIII in pDCs and macrophages. Our observations draw attention to the 

fact that HA prophylactic regimens exert active effects on immune cell behavior, activation 

capability, and perhaps long-term immune tolerance or reactivity. The innate immune system in HA, 
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especially the myeloid compartment, appears to adopt a treatment-dependent functional status, 

probably influencing the likelihood of developing inhibitors or tolerating the FVIII therapy. In this 

context, pDCs act as particularly intriguing players: their gene expression and migration patterns 

suggest a more active role in FVIII immunogenicity than previously thought. Similarly, macrophages 

reveal a polarization bias that could mirror their history of exposure or intrinsic disease-related 

dysregulation. 

 

There are nevertheless some limitations that must be acknowledged. The relatively small patient 

sample size and heterogeneity in treatment duration, previous FVIII exposure, and age can all 

influence immune parameters, and may mask subtle effects. The complexity of interpreting cytokine 

and gene expression levels at the same time point in human cells, where external factors such as 

concurrent infections, baseline inflammation, or genetic background may modulate responses, 

remains a challenge. Our murine model helped to address some of these limitations, though it presents 

differences as well in immune architecture and FVIII metabolism that may not fully translate to 

humans. 

 

In conclusion, this work will contribute to a deeper knowledge of the immunological environment in 

pediatric HA patients, offering new insights that could lead to a more personalized treatment strategy 

aimed at maximizing therapeutic efficacy while minimizing, or even avoiding, the risk of adverse 

immune responses, thus paving the way for safer, more effective long-term management of the 

disease. 
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