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Abstract
Development of inhibitors remains a major clinical complication in patients with hemophilia A receiving replacement therapy with
factor VIII (FVIII). Understanding the immune mechanisms involved in the development of inhibitors can provide valuable
information about pathways to human tolerance. Recent evidence indicates that B regulatory (Breg) cells play a pivotal role in
controlling the production of antibodies (Abs) while promoting follicular T helper (Tfh) cells and monocytes, expressing the low-
density lipoprotein receptor-related protein (LRP/CD91), which is involved in FVIII intake from the circulation. We studied
circulating levels of Breg cells along with Tfh cells and the expression of LRP/CD91 on monocytes in patients with hemophilia A
using 8-color flow cytometry and cell culture. Compared to healthy controls, patients with hemophilia A with inhibitors showed a
severe reduction in levels of Breg cells and produced less interleukin-10 when activated via the CD40 signaling pathway. In
addition, patients with hemophilia A with inhibitors exhibited an overexpression of LPR/CD91 on monocytes and normal levels of
Tfh cells. Levels of Breg cells were not significantly related to LPR/CD91 although negative associations were evidenced. Col-
lectively, these results provide new insights into the role of Breg cells and LPR/CD91 in the development of inhibitors in patients
with hemophilia A.
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Introduction

A major clinical challenge in the treatment of patients with

hemophilia A is the development of neutralizing antibodies

(Abs) or inhibitors, against factor VIII (FVIII). Indeed, inhibi-

tors are observed in approximately 25% to 30% of severely

affected patients and usually appeared within the first 50 days

of treatment.1 They rapidly abrogate FVIII activity and/or its

pharmacokinetic properties, rendering replacement therapy

ineffective.2 As a result, patients with inhibitors are expected

to be at increased risk of morbidity and mortality. Although, the

mechanisms underlying generation of inhibitors were inten-

sively studied, the question why some patients are more likely

to develop inhibitors and other do not is still unanswered.

By analogy to other humoral immune responses, develop-

ment of inhibitors involves a close interaction among antigen-

presenting cells such as monocytes/dendritic cells, T cells, and

B cells. In this view, monocytes/dendritic cells play a pivotal

role given their capacity to internalize FVIII from the

circulation, thereby initiating the primary immune response.

Recently, the low-density lipoprotein receptor-related protein

(LRP), also known as a-2-marcoglobulin receptor or CD91,

was shown to be upregulated on monocytes of patients with

hemophilia A.3 The LRP/CD91-dependent endocytic pathway
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was involved in the catabolism of FVIII and also in its plas-

matic regulation.4-6 These studies suggest that the LRP/CD91

pathway might play an important role in the development of

inhibitors by activating immune cells such as B cells, which

differentiate into antibody-secreting cells and memory B cells.

More recently, a subset of B cells known as B regulatory

(Breg) cells was identified. These cells exert their suppressive

capacity through the production of interleukin 10 (IL-10), an

inhibitory cytokine utilized also by T-cells to modulate

immune responses.7 B regulatory cells were also found to play

a key role in modulating the production of Abs in a variety of

conditions.7 Therefore, it was suggested that any dysfunction of

Breg cells may lead to the development of inhibitors in patients

with hemophilia. On the other hand, B cells interact with folli-

cular T helper (Tfh) cells to produce Abs. This process is highly

regulated as evidenced in animal models, where depletion of

these cells significantly impact on the development of Abs.8,9

Till recently, Tfh cells were found only in germinal centers of

lymph nodes; however, recent studies have shown that these

cells can also be identified in the circulation and directly con-

tribute to the generation of high-avidity Abs after

vaccination.10

To date, limited information on the circulating levels of

Breg cells, Tfh cells, and their interrelationships with mono-

cytes expressing the LRP/CD91 receptor has been reported in

patients with hemophilia. Given that Breg cells can impact on

the production of Abs, we hypothesized that they may be

altered in patients with hemophilia who develop inhibitors.

To test this hypothesis, we analyzed the phenotype and func-

tional characteristics of circulating Breg cells, along with Tfh

cells and monocytes expressing the LRP/CD91 receptor in

patients with hemophilia with and without inhibitors.

Materials and Methods

Methods

Patients with hemophilia were recruited at the Pediatric Hema-

tology Clinic, Sultan Qaboos University Hospital, Sultanate of

Oman. In this cross-sectional study, participants were classified

into patients with hemophilia A with or without active inhibi-

tors based on the Bethesda assay. All patients were evaluated

for the absence of clinical signs and symptoms of acute inflam-

matory or other overt diseases prior to blood sampling for

inhibitor testing. Healthy age-matched male controls were also

recruited for comparison. Both patients and healthy controls

were negative for human immunodeficiency virus, hepatitis

C virus, and hepatitis B virus. The study protocol was approved

by the local ethics committee, and a signed informed consent

was obtained from all patients and healthy controls.

Isolation of Peripheral Mononuclear Cells

Blood samples were drawn into citrate tubes and processed

within 1 hour of collection. Plasma was used for inhibitor

testing while peripheral blood mononuclear cells (PBMCs)

were separated by Ficoll-Hypaque density centrifugation,

washed, and re-suspended in phosphate buffer saline (PBS)

containing heat-inactivated fetal calf serum (FCS). The

freshly-prepared PBMC samples were either stained

with appropriate monoclonal Abs or stored in liquid nitrogen

until used.

Monoclonal Abs Used and Surface Immunostaining

Specific monoclonal Abs conjugated to fluorescein isothiocya-

nate (FITC), phycoerythrin (PE), PE-Texas Red (ECD), PECy-

7, PE-CF594, allophycocyanin (APC), APC-Cy7, and peridin

chlorophyllprotein-Cy5.5 (PerCP-Cy5.5) were used as surface

or intracellular markers. Anti-CD3-ECD, anti-CD4-APC, anti-

CD279-PECy-7, anti-CD278-PerCP5.5, anti-CD185-FITC,

anti-CD19-APC, anti-CD24-FITC, anti-CD38-PE-CF594,

anti-IL-10-PE, anti-CD14-APC, and anti-CD91-PE monoclo-

nal Abs were obtained from Becton and Dickinson (BD Bios-

ciences, New Jersey, USA). A total of 10 � 105 PBMCs were

incubated with each cocktail of monoclonal Abs according to

the manufacturer’s instructions. Briefly, in the 96-well poly-

styrene plate appropriate amounts of monoclonal Abs, includ-

ing CD19/CD24/CD38 for Breg cells, CD3/CD4/CD185/

CD278 /CD279 for Tfh cells, and CD14/CD91 for monocytes,

and 100 mL PBMCs were incubated in the dark for 30 minutes

at 4�C. The cells were then washed twice with PBS containing

1% FCS and were resuspended in 250 mL of 2% paraformalde-

hyde and stored at 4�C for up to 12 hours before being used for

flow cytometry. Unstained cells and n-1 monoclonal Abs were

used as controls in all experiments.

Immunophenotypic Analysis

The LSR Fortessa and FACS Diva software (BD) were used for

cell acquisition and analysis, respectively, as previously

reported.11 Briefly, the sensitivity of fluorescent detectors was

set and monitored using calibrated beads according to the man-

ufacturer’s recommendations (BD). Fluorescence voltages and

compensation values were determined using singly

fluorochrome-stained PBMC from a healthy donor. Lympho-

cytes or monocytes were first identified according to their

light-scattering properties and then analyzed for expression

of surface markers. B regulatory cells were defined as

CD19þCD24hiCD38hi, Tfh cells as CD3þCD4þCD185þ

CD278þCD279þ, and LRP-monocytes as CD14þCD91þ. For

each sample, a minimum of 50 � 105 events in live cell gate

was accumulated. To discriminate the live from dead cells,

LIVE/DEAD Stain Kit (Invitrogen, New York) was used in all

experiments.

Functional Analysis of Breg Cells

A 24-well plate was used to culture cells for IL-10 production.

For each sample 2 � 106 cells were used. Cells were culture in

RPMI medium 1640 (ThermoFisher scientific, Paisley, United

Kingdom) containing D-glucose, HEPES buffer, L-glutamine,

sodium bicarbonate, sodium pyruvate, fetal bovine serum, and
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antibiotic. Two wells were used for each sample. In the first

well, PBMCs were stimulated with 1 mg/mL lipopolysacchar-

ide (Sigma, Missouri, USA) or 0.5 mg of mouse anti-CD40

mAb (Invitrogen) and others were left not stimulated. The cells

were then incubated at 37�C in 5% CO2 for 48 hours. Blocking

was done in the last 5 hours with 50 ng/mL phorbol myristate

acetate, 1 mg/mL inomycin (Sigma), and 10 mg/mL brefeldin A

(Sigma). After incubation period, cells were harvested and

stained with 1 mL LIVE/DEAD Stain Kit (Invitrogen) on ice

according to the manufacturer’s instructions. They were then

stained extracellularly with anti-CD19-APC, anti-CD24-FITC,

and anti-CD38-PECF594 for 20 minutes in the dark at room

temperature. Cells were washed and fixed in BD CytofixTM

fixation buffer (BD Biosciences) in the dark at room tempera-

ture and then BD CytopermTM permeabilization buffer plus

(BD Biosciences) was used for permeabilization. Cells were

washed and stained intracellularly with anti-IL-10-PE and then

fixed for cell acquisition by flow cytometry.

Statistical Analysis

Quantitative data were summarized using mean, standard

deviation, and range. Group differences in the circulating levels

of Breg cells, Tfh cells, and LRP-monocytes were evaluated

using the Kruskal-Wallis test. The unpaired nonparametric

Mann-Whitney U test was used to identify differences between

the 2 study groups when Kruskal-Wallis showed statistically

significant results. Correlations among study variables were

evaluated by Spearman correlation tests. All tests were

2-tailed with an a level of .05. Analyses were performed using

the GraphPad PRISM 5.0 software.

Results

Study Population Characteristics

Patient characteristics at study enrollment are summarized in

Table 1. Overall, the demographic and hematological data were

similar between patients with or without inhibitors. A total of

27 (90%) patients without inhibitors were on prophylaxis

with recombinant FVIII, whereas 10% were receiving

plasma-derived FVIII. All patients with hemophilia with inhi-

bitors were on demand therapy with recombinant FVIIa. The

mean (standard deviation, SD) and range of anti-FVIII inhibi-

tors was 6.5 (1.5 [1.6-12.5]) BU/mL. Two (6%) patients with-

out inhibitors have sickle cell trait. No patient received

depletion therapy or had a recent surgery. In both patients

with or without inhibitors, the most common ABO group was

O with frequencies of 50% and 56%, respectively, followed

by group B.

Numerical Analysis of Breg Cells

To phenotypically characterize Breg cells, a sequential gating

strategy was used as described by Blair et al12 and shown in

Figure 1. To determine whether levels of Breg cells vary

among study groups, we first compared levels of total B-cells

as defined by CD19þ cells. No significant differences in total

B-cells were found among patients with hemophilia A with or

without inhibitors and healthy controls, with frequencies of

7.1% (0.8%), 6.6% (0.7%), and 7.6% (0.5%; P ¼ .18), respec-

tively. We next compared the levels of Breg cells among the

study groups. As shown in Figure 2, levels of Breg cells were

substantially lower in patients with inhibitors (3.2% [0.3%]) as

compared to healthy controls (7.3% [0.6%]; P ¼ .001). Inter-

estingly, levels of Breg cells were also reduced in patients with

inhibitors compared to patients without inhibitors (P ¼ .04). In

contrast, levels of Breg cells were similar between patients with

hemophilia A without inhibitors and healthy controls (P ¼ .7).

Collectively, these data suggest that patients with hemophilia A

with inhibitors displayed a pronounced reduction in Breg cells,

contrasting with patients with hemophilia without inhibitors.

Analysis of Circulating Tfh Cells

To more precisely characterize circulating Tfh cells, a combi-

nation of homing markers and transcription factors was simul-

taneously used, including the chemokine (C-X-C motif)

receptor 5 (CXCR5 or CD185), inducible co-stimulator (ICOS

or CD278), and the programmed cell death protein 1 (PD-1 or

CD279). This combination was shown to better mirror the Tfh

Table 1. Baseline Characteristics of Study Participants.

Characteristics

Study Population

Patients With Hemophilia
A Without Inhibitors (n ¼ 30)

Patients With Hemophilia
A With Inhibitors (n ¼ 6) Healthy Controls (n ¼ 20)

Age, years 6 (1 [1-16]) 7 (2 [1-14]) 5 (1 [1-12])
Male, n (%) 30 (100) 6 (100) 20 (100)
Hemoglobin levels, g/dL 12 (2 [10-15]) 11 (2 [10-13]) 12 (1 [10-14])
Lymphocytes, % 55 (4 [21-81]) 51 (5 [40-70]) 54 (3 [21-81])
Monocytes, % 8 (1 [4-17]) 10 (2 [6-13]) 8 (2 [6-12])
FVIII concentration, IU/mL 0.11 (0.04 [0.001-1.2]) 0.08 (0.04 [0.004-0.01]) –
Anti-FVIII inhibitor titer, BU/mL ND 6.5 (1.5 [1.6-12.5]) ND

Abbreviations: FVIII, factor VIII; ND: not detectable.
aResults are shown as mean (standard deviation [range]).
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cells found in lymph nodes.7,8 The levels of Tfh cells were

similar among patients with hemophilia A with or without

inhibitors and healthy controls; Figure 3 (0.8% [0.1%],

0.75% [0.08%], and 0.6% [0.09%]; P ¼ .23, respectively).

Overall, these data indicate that Tfh cells are preserved in both

patients with or without inhibitors.

Analysis of the Expression of LRP/CD91 on Monocytes

Because LRP/CD91 acts as a catabolic receptor for FVIII, we

examined whether CD91 expression on monocytes differ

among the study groups. Figure 4 showed that the frequency

of monocytes expressing CD91 was markedly higher in

patients with inhibitors as evidenced by a nearly 3-fold higher

values of CD14þCD91þ in these patients (17.8% [2.5%]) com-

pared to healthy controls (6.9% [1.9%]; P ¼ .001). Similarly,

levels of monocytes expressing CD91 were significantly

increased in patients without inhibitors (18.9% [3.5%]) com-

pared to healthy controls (6.9% [1.9%]; P ¼ .001). Of note,

levels of monocytes expressing CD91 were similar between

patients with hemophilia A with and without inhibitors. These

results suggest that patients with hemophilia A display greater

levels of LRP/CD91 on monocytes than healthy individuals.

Functional Analysis of Breg Cells

We next investigated whether the different study groups dis-

played differences in IL-10 activation pathway by analyzing

intracellular production of IL-10 in Breg cells after stimulation.

Interestingly, Breg cells from patients with hemophilia A with

inhibitors produced lower levels of IL-10 (2.2% [0.2%]) as

compared to patients with hemophilia A without inhibitors

(5.6% [0.7%], P ¼ .04) or healthy controls (7.3% [0.5%],

P < .001; Figure 5). Conversely, IL-10 production by Breg cells

was similar between patients with hemophilia A without inhi-

bitors and healthy controls (P ¼ .09). Taken together, these

findings suggest that Breg cells from patients with hemophilia

A with inhibitors had impaired IL-10 production, contrasting

Figure 1. A representative gating strategy used to identify circulating regulatory B cells and their production of interleukin-10.
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with patients with hemophilia A without inhibitors and healthy

controls.

Associations Among Levels of Breg and Tfh Cells and
LPR/CD91 on Monocytes

We assessed next, the relationships among levels of Breg cells,

Tfh cells, LPR-monocytes and other study variables. Interest-

ingly, levels of Breg cells in patients with hemophilia with

inhibitors was negatively associated with LRP/CD91 on mono-

cytes (r ¼ �0.37, P ¼ .09) and positively with Tfh cells (r ¼
0.41, P ¼ .22) but did not reach statistical significance. More-

over, most of the other correlations among study variables were

not statistically significant (data not shown).

Discussion

Replacement therapy with FVIII still constitutes the first-line

treatment for patients with hemophilia A, but the development

of inhibitors remains a major clinical complication for this

therapy. Understanding the immune mechanisms involved in

the development of inhibitors can provide valuable information

on pathways to human tolerance. Several clinical and experi-

mental studies have shown that B cells are key in maintaining

and breaking tolerance to FVIII.13 In fact, the production of

neutralizing Abs relies on the development FVIII specific

memory B cells or long-lived plasma cells, on one hand, while

generation of several distinct regulatory cells may prevent inhi-

bitor formation on the other hand, as evidenced in animal mod-

els using anti-CD3 monoclonal antibody therapy.14 In this

study, we explored whether these newly identified Breg cells

might play a role, with other cells, in the development of neu-

tralizing Abs in patients with hemophilia A. Interestingly, our

findings showed that levels of circulating Breg cells were sig-

nificantly reduced in hemophilia A patients with inhibitors

compared to patients without inhibitors or healthy controls.

Several mechanisms may account for the reduction of Breg

cells in this group of patients. First, a decrease in the differ-

entiation of naı̈ve/memory B cells to Breg cells. This assump-

tion is supported by observation that Breg cells might arise at

any stage of B-cell development depending on the environment

in which B cells are located.7 It has been shown that immature

and mature B cells as well as memory B cells are endowed with

the capacity to differentiate into Breg cells in both animal

models and humans.7 However, other studies suggest that Breg

cells might also derive from a specific progenitor independent

of developmental pathways of conventional B cell subsets.15

Secondly, it might be due to an increase in the migration of

Breg cells from the peripheral blood to lymph nodes and other

tissues. This is supported by the fact that Breg cells home to

secondary lymphoid organs in order to regulate immune

responses and production of Abs.7 Finally, an increase in apop-

tosis of Breg cells could be another plausible explanation given

that these cells control the exacerbation of various inflamma-

tory processes.7,15 In addition to the decreased levels of Breg

cells, we also found that patients with inhibitors display

impaired IL-10 production when activated via the CD40 sig-

naling pathway. Early studies have shown that CD40 signaling

is pivotal for the generation and function of Breg cells.12 CD40

ligation results in the activation of multiple signaling cascades

of which Janus family of kinases (JAK1) and signal transducer

and activators of transcription family (STAT3) are involved in

IL-10 production.12,16 Whether the decreased production of

IL-10 is associated with deficits in JAK1 and STAT3 signaling

cascades remains to be investigated. Because of insufficient
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quantities of cells, such functional analyses were not performed

in the present study. It is, therefore, of importance to address

these functional properties of Breg cells in patients with hemo-

philia A with inhibitors including more study participants.

Previous studies have shown that Tfh cells are critical for

directing the development of Abs by B cells in the germinal

centers.9 Limited studies have focused on associations between

circulating Tfh cells and Breg cells in patients with hemophilia

A. Using a combination of markers that better mimic Tfh cells

in lymph nodes, their levels in the circulation were investigated

and correlated with Breg cells and LPR/CD91 expression on

monocytes in patients with hemophilia A with or without inhi-

bitors. In this study, we used simultaneously 5 markers to

accurately define the Tfh cell phenotype in the peripheral

blood. Our results revealed that levels of Tfh cells do not differ

significantly among patients with hemophilia A with or without

inhibitors and healthy controls. In addition, our findings indi-

cate that levels of Tfh cells are not significantly correlated with

Breg cells, IL-10-producing Breg cells, and LRP/CD91 expres-

sion on monocytes in both patients with hemophilia with or

without inhibitors. The lack of an ability to observe significant

correlations might be explained in part by the fact that the Tfh

cell phenotype measured in this study does not exactly reflect

Tfh cells in germinal centers, although an extensive panel of

monoclonal Abs was used to better define circulating Tfh cells.

Whether these are truly insignificant associations among Tfh

cells, Breg cells, and LRP/CD91 expression on monocytes,

require further investigation along with the coculture assays

using sorted cells.

The results of this study also extend to investigation on the

role of LRP/CD91 expression on monocytes in patients with

hemophilia A. They confirm other reports showing that LRP/

CD91 is upregulated on monocytes of patients with hemophilia

A.3 Interestingly, we further showed that LRP/CD91 is also

overexpressed in patients with hemophilia A with inhibitors.

Both patients with hemophilia A with or without inhibitors

exhibited a nearly 3-fold increase in LRP/CD91 expression

on monocytes compared to healthy controls. Additionally, our

findings indicate that levels of LRP/CD91 expression on mono-

cytes are negatively correlated with Breg cells and IL-10-

producing Breg cells, but these associations did not reach

statistical significance. These results are consistent with a

model in which decreased levels of Breg cells might increase

the expression of LRP/CD91 expression on monocytes that

may take more FVIII from the circulation, thereby accelerating

the development of inhibitors. This suggestion is supported by

a recent study showing that FVII-pulsed human monocyte-

derived dendritic cells can present peptides from several FVIII

domains.17 Both mature and immature monocyte-derived den-

dritic cells were able to internalize efficiently FVIII peptides,

retaining their capacity of presentation for 4 days and binding

strongly to multiple HLA-DRB1 molecules.17 However, our ex

vivo findings contrast with those observed in vitro indicating

that CD91 expression on human monocyte-derived dendritic

cells does not play a dominant role in FVIII intake.18 There-

fore, further studies are needed to support our findings and to

test whether Breg cells could suppress the LRP/CD91 over-

expression on monocyte-derived dendritic cells via IL-10 pro-

duction as this cytokine can induce changes in the presentation

of antigens through several mechanisms.

One limitation of this study is the relatively small number of

patients with hemophilia A with inhibitors included, but the

low level of statistical dispersion of the results suggests that

increasing the number of patients would not have a major effect

on the significance of the obtained results. In addition, rela-

tively few patients with hemophilia A patients develop inhibi-

tors in our ongoing pediatric cohort, adding to that the overall

small number of individuals who are being diagnosed and fol-

lowed in our clinic, accumulating to 154 patients to date.19

Another limitation is that most enrolled patients were children.

Therefore, it could be useful in future studies to include adult

patients with hemophilia A with late-onset inhibitor to inves-

tigate whether Breg cells are also functionally impaired.

Conclusion

In conclusion, to our knowledge this is the first report to

demonstrate that patients with hemophilia A with inhibitors

displayed a reduction in levels of circulating Breg cells with

a deficit in their IL-10 production, and an overexpression of

LPR/CD91 on monocytes, along with normal levels of Tfh

cells. Overall, these results provide new insights into the role

of Breg cells, Tfh cells, and LPR/CD91 receptor in patients

with hemophilia A with inhibitors. Further investigation of the

interrelationships among these immune cells will help eluci-

date the mechanisms underlying the development of inhibitors

in patients with hemophilia A.
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