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Abstract: Hemophilia A (HA) is associated with FVIII coagulation insufficiency or inac-
tivity leading to excessive bleeding. Elevated FVIII, on the contrary, is associated with
thrombophilia, thrombosis, myocardial infarctions, and stroke. Active FVIII (aFVIII) uses
its C2 domain to bind to blood cells’ membranes, consequently carrying out its coagulative
function. We developed a reliable flow cytometry (FC) method for FVIII detection that can
be utilized for assessing surface-bound FVIII on leukocytes in different coagulation/clinical
states; we analyzed 49 pediatric subjects, encompassing patients with HA, other coagu-
lopathies, venous thrombosis, and normal coagulation. Interestingly, the total leukocyte
surface FVIII showed a declining trend across thrombosis, normal, and hypo-coagulation
states. As expected, the leukocytes of HA patients displayed significantly lower levels of
cellular-surface FVIII in comparison to patients with thrombosis. However, no significant
correlation was observed between circulating levels of FVIII in plasma and the levels of
FVIII bound to leukocytes, indicating that the differences in FVIII surface binding are not
directly proportional to the availability of FVIII in the circulation and suggesting a specific
binding mechanism governing the interaction between FVIII and leukocytes. Intriguingly,
when analyzing the distinct blood subpopulations, we observed that surface FVIII levels
were significantly elevated in classical monocytes of thrombosis patients compared to HA
patients, healthy controls, and patients with other coagulopathies. Our study highlights
the reliability of our FC platform in assessing FVIII abundance on leukocytes’ membranes
across coagulation states. Monocytes, particularly in cases of thrombosis, exhibit active
binding of FVIII on their surface, suggesting a potential role in the pathophysiology of
thrombosis that requires further investigation.

Keywords: flow cytometry; factor VIII; hemophilia A; leukocytes; monocytes; coagulation

1. Introduction
Hemophilia A (HA) is a genetic bleeding disorder caused by the deficiency or inactiv-

ity of coagulation factor VIII (FVIII). Hypercoagulability or thrombophilia, in contrast, is
clinically characterized as an increased tendency to develop thrombosis, which can be either
acquired or inherited. Elevated FVIII levels were observed to be associated with throm-
bophilia, thrombosis, myocardial infarction, and stroke [1–4]. The structural properties and
membrane-binding features of the FVIII protein are described in the literature [5–7].
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FVIII maintains a covalent link with von Willebrand Factor at steady state and as
the coagulation cascade is activated, active FVIII (aFVIII) utilizes its C2 domain to bind
to the plasma membrane of platelets and other blood cells, consequently carrying out its
coagulative function.

We developed a reliable flow cytometry (FC) method to detect FVIII, which can be uti-
lized to quantify FVIII levels both on the cell surface membrane and intracellularly, within
the cytoplasm of cells [8,9]. Leukocyte abundance is reported to be associated with throm-
botic events; however, this phenomenon lacks a clear mechanistic explanation [10,11]. In
this study, we aimed to utilize FC to evaluate the percentage of aFVIII bound on leukocytes,
including lymphoid and myeloid blood subsets in various clinical conditions characterized
by bleeding or thrombosis. The primary objective of this study was to evaluate whether
the presence of surface-bound aFVIII could be correlated with the coagulation states.

2. Materials and Methods
The methodology of the study involved utilizing FC to measure the levels of cellular-

surface FVIII in leftover blood samples from a variety of patients visiting the hospital.

2.1. Study Cohort

The study cohort comprised leftover blood samples from 49 pediatric subjects with
a median age of 6 years, and a male-to-female ratio of 3:2. The evaluation involved
four distinct groups, each encompassing patients with different conditions. These condi-
tions included patients with HA (n = 13); other coagulopathies: von Willebrand Disease
(vWD)/hemophilia B (HB)/unexplained menorrhagia/bleedings (n = 11); venous throm-
bosis (n = 13); and patients with no coagulopathies/healthy controls (n = 12) (Table 1).

Table 1. Patient cohort with patient characteristics. For detailed clinical annotations, see Supplemen-
tary Table S1.

Study Cohort

Patient Coagulation State/Category Venous
Thrombosis (VT)

Normal/No
Coagulation Issues

Non-HA-Related
Bleeding HA

Number of Patients (n = 49) 13 12 11 13

Median Age, y/each category 3 12.04 11.3 2.58

Female Count/each category 2 (15.3%) 9 (75%) 8 (72.7%) 0

Male Count/each category 11 (84.6%) 3 (25%) 3 (27.27%) 13 (100%)

Common Therapy/each category Enoxaparin N/A Tranexamic acid Recombinant Factor
VIII

2.2. Differential Leukocyte Count

Firstly, differential blood counts of the received leftover blood samples were used to
assess cellular composition. The clinical-grade Sysmex XN-1000™ Hematology Analyzer
was used to perform a clinical-grade leukocyte count in order to assess the quality of the
samples received. Samples that were clotted or not evaluable for leukocytes were excluded
from the FC analysis (Figure S1). All samples were received within 48 h of the blood draw.

2.3. Cellular-Surface FVIII FC Analysis in Total Leukocyte and Leukocyte Subpopulations

Suitable samples were treated with blood cell lysis according to the manufacturer’s
procedures for VersaLyse™ Lysing Solution (Beckman Coulter, Paris, France). PBMCs
were then washed twice with 3 mL of phosphate-buffered saline (PBS) before proceeding
to FC staining. Viability staining was performed using Zombie UV™ fixable dye (BioLe-
gend, San Diego, CA, USA), followed by the labeling of cells with anti-FVIII antibodies



Cells 2025, 14, 73 3 of 12

(clone GMA8024, Green Mountain Abs, San Francisco, CA, USA) utilizing Zenon labeling
technology and the GMA8024 clone, as previously described [8]. The amount of antibody
was titrated on 3 PBMCs leftovers (Figure S3a) with increasing FVIII Ab concentrations
(0.25, 0.5, 1, 2, and 4 µg). The Zenon label amount was proportionally increased, as per the
manufacturer’s instructions (5 µL of stain for each µg of Ab). FVIII positivity was calcu-
lated by subtracting IgG MFI from the FVIII MFI values. Additionally, a comprehensive
immune phenotype panel was used to examine markers for lymphocytes, granulocytes,
and monocytes, including CD3, CD4, CD8, and CD19 for lymphocytes, CD14 and CD33 for
monocytes, and CD16 for granulocytes (BioLegend, San Diego, CA, USA). FC data were
acquired through BD FACSymphony A5 Cell Analyzer and Cytek Aurora flow cytometers.

2.4. Gating Strategy

To gate the cellular subpopulations of leukocytes, we used a logical and strict FC
gating approach starting from physical parameters of forward and side scatter to gate all
leukocytes, followed by gating single cells and viable cells, as illustrated in Figure S2. For
lymphoid subsets, T-lymphocytes were gated as CD3+CD4+ (helper T cells) and CD3+CD8+

(cytotoxic T cells). B-lymphocytes were gated as CD3−CD19+. For myeloid subsets, clas-
sical monocytes were gated as CD33+CD14+. Granulocytes were gated as CD16+. The
cellular-surface-bound FVIII percentage was measured for total leukocytes and the various
leukocyte subsets. FVIII positivity was calculated by subtracting the background noise
from the IgG isotype control (Figure S2). Leukocyte cell subpopulations with a frequency
< 1% of total live leukocytes were excluded from the analysis due to the low reliability of
FVIII measurement.

2.5. Plasma FVIII Measurements

Plasma FVIII levels were measured with one-stage clotting assays in the Sidra Pathol-
ogy Department according to clinical standard procedures. Briefly, patients’ blood was
centrifuged immediately after reception at 3000 rpm for 10 min, and plasma was aliquoted
and stored frozen at −80 ◦C before the final analysis. The time interval between the blood
draw and the processing of the sample never exceeded 8 h.

2.6. Data Analysis

FlowJo™ v10 software was used for the FC analyses. GraphPad Prism software
(version 9.2.0) and R (version 4.3.2) were used for statistical data analyses. Surface FVIII
percentage on total blood cells was correlated with plasma FVIII levels using Pearson’s
test. The FVIII percentage [mean ± standard error mean (SEM)] was plotted and compared
across different coagulation conditions using one-way ANOVA, followed by Dunnett or
Tukey’s post hoc test. A two-sided p < 0.05 was considered statistically significant. FVIII
percentage was also associated with each coagulation condition (yes/no) using logistic re-
gression, and the odds ratio (OR) [95% confidence interval (CI)] was reported. The receiver
operating characteristic (ROC) curve was plotted, and the area under the ROC curve (AUC)
metric was used to evaluate the prediction performance of the regression model.

3. Results
3.1. Description of the Study Cohort

The study cohort (n = 49 patients) and the different coagulation states are shown in
Table 1 and in more detail in Supplementary Table S1. The extremes (hyper- and hypo-) of
the coagulation states in this study are venous thrombosis and HA.
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3.2. Cellular-Surface and Plasmatic FVIII Percentages in Total Leukocytes in Different Coagulation States

We analyzed each sample for lymphoid and myeloid markers and for cell-surface-
bound FVIII.

The total leukocyte surface FVIII percentage showed a declining trend across throm-
bosis, normal, and hypo-coagulation states, and the FVIII on HA patients’ leukocytes was
significantly lower in comparison with thrombosis patients’ leukocytes (0.067% versus
0.278%, p = 0.0401, Figure 1a). Interestingly, when correlating the results with clinical
features in the thrombosis group, we noticed that patients with more recent thromboses
(<1 week) trended to a higher FVIII expression (see Figure 1a column “Thrombosis Pts”
and Figure S4).
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ues were derived from ANOVA followed by Dunnett or Tukey’s post hoc tests. (c) FC dot plots of 
surface FVIII on total PBMCs in 4 representative samples of the 4 coagulation states. Top line shows 
IgG staining, while bottom line shows FVIII staining in 4 different subjects. 

Nevertheless, when comparing plasmatic and leukocyte-bound FVIII levels via Pear-
son correlational analysis, we were unable to identify any significant correlation (Figure 
2). This suggests that the variations in cell-surface-bound FVIII on the membrane of leu-
kocytes are not directly proportional to the availability of FVIII in the blood circulation, 
and rather suggests the existence of a specific binding mechanism. 

Figure 1. PBMC-surface FVIII by FC and in plasma. (a) FC analyses of surface FVIII in total PBMC
were performed in the four different coagulation states (thromboses, no coagulopathies, non/HA
coagulopathies, and HA). In the first column, early-onset thromboses (<1 week of onset and therapy)
are represented by dark blue points and late-onset thromboses (>1 week of onset and therapy) are
represented by light blue points with the day of onset (e.g., 5d = onset 5 days before measurement).
(b) Plasma FVIII % levels were measured in parallel clinical analyses (one-stage clotting assay) for a
subgroup of patients with no coagulopathies, non/HA coagulopathies, and HA. Two-sided p-values
were derived from ANOVA followed by Dunnett or Tukey’s post hoc tests. (c) FC dot plots of surface
FVIII on total PBMCs in 4 representative samples of the 4 coagulation states. Top line shows IgG
staining, while bottom line shows FVIII staining in 4 different subjects.
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The flow cytometry results were correlated with plasma FVIII measurements, per-
formed for diagnostic purposes in a subset of the cohort (n = 36, including subjects with
no coagulopathies, non/HA coagulopathies, and HA). As expected, patients with HA
exhibited significantly lower plasma FVIII levels in comparison to patients with other
conditions (p < 0.0001) (Figure 1b).

Nevertheless, when comparing plasmatic and leukocyte-bound FVIII levels via Pear-
son correlational analysis, we were unable to identify any significant correlation (Figure 2).
This suggests that the variations in cell-surface-bound FVIII on the membrane of leukocytes
are not directly proportional to the availability of FVIII in the blood circulation, and rather
suggests the existence of a specific binding mechanism.
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Figure 2. Correlational analysis. Correlational analysis of surface FVIII percentage measured by FC
on total PBMCs versus plasmatic FVIII levels (one-stage clotting assay) in a subgroup of patients
performing both tests in parallel (dark red = HA patients, pink = coagulation/bleeding-issues patients,
and yellow = noncoagulation issues patients/normal controls). Pearson R-squared = 0.0093, p = 0.58.

3.3. Cellular-Surface FVIII in Myeloid and Lymphoid Subpopulations of Leukocytes

Subsequently, we analyzed the surface-bound FVIII levels in different blood subpopu-
lations. In the case of normal coagulation and thrombosis, lymphoid subpopulations (T-
and B-lymphocytes) generally had slightly lower surface FVIII levels (mean = 0.27%) than
myeloid cells (mean = 0.38%) (Figure 3). This result is consistent with the abundance of
FVIII protein in myeloid cells that we described previously at the intracellular level [8].
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the lowest surface FVIII percentages in HA samples, although without significant differ-
ences across the different coagulation conditions (Figure 4). 

Figure 3. Surface FVIII percentage on myeloid versus lymphoid blood subpopulations. Bar graphs
show the mean ± SEM of surface FVIII% in myeloid (CD14+/33+ monocytes and CD16+ granulocytes)
versus lymphoid (CD3+ T and CD19+ B lymphocytes) blood leukocytes subsets across the four
coagulation states. In the first 2 bars, representing thrombosis patients, early-onset thrombosis
(<1 week of onset and therapy) is represented by dark blue points and late-onset thrombosis (>1 week
of onset and therapy) is represented by light blue points. See Figure S2 for gating strategy in
PBMC subpopulations.

The analyses of B and T lymphoid subsets across the four coagulation states showed the
lowest surface FVIII percentages in HA samples, although without significant differences
across the different coagulation conditions (Figure 4).

However, when analyzing myeloid subpopulations, in CD14+/CD33+ classical mono-
cytes, we observed a significant difference in the percentage of surface-bound FVIII levels
in thrombosis patients versus HA patients (0.595% versus 0.058%, p = 0.0074), healthy
subjects (0.07% versus 0.595%, p = 0.0093), and patients with other coagulopathies (0.12%
versus 0.595%, p = 0.02) (Figure 5a). No significant differences were found in surface FVIII
on granulocytes (Figure 5b).
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However, when analyzing myeloid subpopulations, in CD14+/CD33+ classical mono-
cytes, we observed a significant difference in the percentage of surface-bound FVIII levels 
in thrombosis patients versus HA patients (0.595% versus 0.058%, p = 0.0074), healthy sub-
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Figure 4. Surface FVIII percentage on lymphoid blood cells. Bar graphs show the mean ± SEM of
surface FVIII% in (a) CD4+ and CD8+ T lymphocytes and (b) CD19+ B lymphocytes in the different
coagulation states. In the columns representing thrombosis patients, early-onset thrombosis (<1 week
of onset and therapy) is represented by dark blue points and late-onset thrombosis (>1 week of onset
and therapy) is represented by light blue points. (c) FC gating strategy and surface FVIII on T and B
lymphocyte subpopulations in a representative thrombosis sample (P046). See Figure S2 for gating
strategy in PBMC subpopulations.

We repeated the measurements using the absolute number of cells and FVIII express-
ing cells, instead of percentages, obtaining the values by multiplying patients’ WBC by the
relative % of cell subsets and FVIII subset-specific % (Figure S5). This analysis showed no
correlation between WBC and subset abundance and clinical status. The FVIII absolute
number of expressing cells was also not correlated with clinical status, although a trend
of more abundant WBC and monocytes was noted in thrombosis patients. These mea-
surements likely underpin the limitation of a small-sized cohort and the use of leftovers,
resulting in high inter-sample variability that might be less visible when dealing with
percentages rather than cell numbers.
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We repeated the measurements using the absolute number of cells and FVIII express-
ing cells, instead of percentages, obtaining the values by multiplying patients’ WBC by 
the relative % of cell subsets and FVIII subset-specific % (Figure S5). This analysis showed 
no correlation between WBC and subset abundance and clinical status. The FVIII absolute 
number of expressing cells was also not correlated with clinical status, although a trend 
of more abundant WBC and monocytes was noted in thrombosis patients. These meas-
urements likely underpin the limitation of a small-sized cohort and the use of leftovers, 
resulting in high inter-sample variability that might be less visible when dealing with per-
centages rather than cell numbers. 

3.4. Cellular-Surface FVIII as a Prediction Tool for Thrombosis and Other Coagulation Disorders 

Figure 5. Surface FVIII percentage on myeloid blood cells. Bar graphs show the mean ± SEM
of surface FVIII% in (a) CD14+/CD33+ classical monocytes and (b) CD16+ granulocytes. In the
columns representing thrombosis patients, early-onset thrombosis (<1 week of onset and therapy)
is represented by dark blue points and late-onset thrombosis (>1 week of onset and therapy) is
represented by light blue points. Moreover, in the same columns, patient codes are highlighted
for an easy reference to the clinical annotations in Table 1. A two-sided p-value was derived from
ANOVA followed by Dunnett post hoc test. (c) FC gating strategy and dot plots of surface FVIII on
classical monocytes of a representative thrombosis sample (P046). See Figure S2 for gating strategy in
PBMC subpopulations.

3.4. Cellular-Surface FVIII as a Prediction Tool for Thrombosis and Other Coagulation Disorders

We were intrigued by the association between classical monocyte surface FVIII and
thrombosis, since monocytes are pathologically relevant for the thrombotic mechanism and
their abundance is linked to thrombus formation.

Monocytes expose their cellular surfaces for coagulation factor complex assembly,
release tissue factor, and (similar to neutrophils) produce extracellular traps (ETs) that
facilitate blood cell and coagulation factor (such as FVIII and vWF) adherence at the site of
thrombus formation [12].

Thus, we sought to test whether monocyte surface FVIII levels enable the prediction of
the patient’s clinical coagulation state. Binomial regression analyses showed that monocyte
surface FVIII is powerful in predicting thrombosis (AUC = 0.88, p = 0.01) with respect to all
other clinical states (Figure 6).
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Figure 6. Prediction of clinical coagulation states. Graphs display prediction models of (a) thrombosis,
(b) normal controls, (c) other coagulopathies, (d) HA, and (e) HA + other coagulopathies. Each
coagulation state is predicted vs. all other states, based on the percentage of CD14+ CD33+ monocyte
surface aFVIII, using binomial regression models. The resulting ROC curves are shown with the
area under the curve (AUC) and the odds ratio (OR). Other parameters are thrombosis = 95% CI:
(10.20–2.48 × 105); p = 0.01, normal controls = 95% CI: (1.35 × 10−5–1.08); p = 0.20, other coagu-
lopathies = 95% CI: (3.05 × 10−3–2.06); p = 0.38, HA = 95% CI: (6.83 × 10−7–0.73); p = 0.14, and HA
plus other coagulopathies = 95% CI: (3.35 × 10−4–0.61); p = 0.09.

When we repeated the analysis using the absolute number of FVIII-expressing mono-
cytes, instead of the percentage, we obtained similar results with a prediction of thrombosis
with an AUC = 0.86, although with a p-value of 0.07 (Figure S6).

4. Discussion
The coagulative function of FVIII has been associated with its ability to adhere to cell

membranes; nevertheless, there is no mechanistic data on FVIII adhering to circulating
leukocytes. Using our novel FVIII FC assay, we correlated the abundance of FVIII on the
surface of blood leukocytes in various coagulation situations, such as thrombosis, normal
coagulation, and hypo-coagulation.

We successfully proved the reliability of our FC assay to detect even minimal quantities
of FVIII on cellular surfaces. This is facilitated by the specificity of the Zenon technology
used in the assay to label anti-FVIII antibodies [8]. Using this assay, we showed evidence
of a logical trend of FVIII binding onto the cellular surface of different blood subpopula-
tions in the various coagulation conditions. In general, FVIII bound more to leukocyte
surfaces in thrombosis, particularly in active thrombosis (with recent onset and <1 week of
therapy), followed by normal coagulation states, and was less abundant in bleeding states.
Thrombotic events displayed significantly higher leukocyte surface FVIII with respect to
HA. This finding aligns with the prior observations that patients with leukocytosis and a
high monocyte count have an increased risk of venous thrombosis [10,11].
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We could not show a significant association between plasmatic and leukocyte-bound
FVIII. This lack of direct association may enforce the hypothesis of a specific mechanism for
FVIII binding, rather than a passive absorption of FVIII on leukocytes, directly proportional
to blood availability.

Leukocytes, mainly active neutrophils, and monocytes play a vital role in thrombosis
where they accumulate during thrombus formation and produce extracellular traps (ETs,
i.e., extracellular DNA fibers) and promote coagulation through increasing the adhesion
between blood cells and coagulation factors like FVIII and vWF [13]. Additionally, activated
monocytes release tissue factor, leading to further coagulation cascade activation and,
therefore, to a reiterated involvement of FVIII in the thrombotic event [14].

Consistently, we showed that monocytes had a substantially higher abundance of
surface FVIII in thrombosis patients compared to all other coagulation states.

Importantly, monocytes are a primary extrahepatic source of FVIII [15,16]. This may
suggest that monocytes produce and secrete FVIII and carry part of the secreted protein on
their surface, directing it into the thrombus formation site. Alternatively, they actively bind
the aFVIII from the plasma pool.

The coordinate expression of tissue factor and FVIII on monocyte surface places these
cells at the crossroads of the intrinsic and extrinsic coagulation pathways, implying a
pivotal role in the amplification of the coagulation cascade at the site of thrombosis that
might be underestimated so far.

These hypotheses were not explored in this project as they are beyond the scope of
the article.

The limitations of our study include the small sample size and the use of leftovers
instead of dedicated blood samples, with both factors leading to a consequent high inter-
sample variability.

In conclusion, our results seed the hypothesis that active FVIII may have a monocyte-
mediated role in thrombosis that is worth exploring in monocyte-mediated diseases such
as atherosclerosis, tumor metastasis, and liver fibrosis [17–21] and in general throm-
botic events.

Finally, the statistical models assessing the potential of FVIII to predict the different
coagulation conditions showed that FVIII has considerable potential to distinguish between
thrombosis and other coagulation states. These findings suggest that FVIII detected by FC
can be a predictor of thrombosis.

5. Conclusions
In this pilot study, we showed that our FC platform accurately measures FVIII abun-

dance on the membranes of blood cells across varying coagulation states. Our data suggest
that the abundance of FVIII on blood cell surfaces may be predictive of thrombosis. Fur-
thermore, CD14+/33+ monocytes actively bind aFVIII on their surface during thrombosis,
suggesting a potential role in the pathogenesis of the condition through this mechanism.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells14020073/s1, Figure S1: Pre-FC Analysis Differential Leuko-
cytes Count; Figure S2: Gating strategy scheme of FVIII’s FC analysis; Figure S3: FVIII Surface
staining Validation; Figure S4: Surface bound FVIII in early versus late onset thrombosis; Figure S5:
Correlation between cell numbers, FVIII and clinical classes; Figure S6: Prediction of clinical state
based on the absolute number of FVIII expressing monocytes; Table S1: Detailed clinical annotations
of the 49 samples.
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