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Introduction

Summary

Despite the clinical relevance of anti-factor VIII (FVIII) antibodies (anti-
FVIII inhibitors) impairing haemostatic activity of haemophilia A (HA)
patients, the immunological mechanisms underlying their production are
unknown. Aiming to understand more clearly the immune response in
patients with [HAo-FVIII(+)] and without [HAQ-FVIII(-)] anti-FVIII
inhibitors, we have characterized the cytokine pattern of peripheral blood
leucocytes, using an in vitro stimulation of whole blood samples with plasma-
derived (pFVIII) or recombinant FVIII (rFVIII). The results highlighted
decreased levels of tumour necrosis factor (TNF)-ar* neutrophils with higher
interleukin (IL)-5/TNF-a ratio in HA-FVIII(+). All HA samples displayed
decreased levels of IL-10" monocytes when compared to the blood donor (BD)
samples. HAQ-FVIII(+) showed lower levels of TNF-a* monocytes and
increased IL-10/TNF-o. ratio. Analysis of adaptive immunity revealed
increased levels of interferon (IFN)-y", TNF-ot* and IL-4* T-cells, from both
CD4* and CD8' T cells, in HAo-FVIII(—) when compared to BD. Moreover,
increased frequency of IL-10" B cells and higher levels of a-FVIII IgG1 were
observed in HAQ-FVIII(-). Basal levels of cytokine* B-cells, similar to BD, and
higher levels of a-FVIII IgG4 are major features in HA®-FVIII(+). The global
cytokine profile demonstrated a major anti-inflammatory/regulatory pattern
in HAo-FVIII(+), confirmed by the in vitro stimuli with pFVIII or rFVIIL. The
polarized anti-inflammatory/regulatory immune response in HAo-FVIII(+)
and the mixed pattern with a bias towards an inflammatory cytokine profile,
modulated by IL-4 in HAQ-FVIII(—), may be the key element to drive the
development of distinct subclasses of anti-FVIII antibodies. These finding
have implications for the design of safe and effective therapeutic protocols to
control inhibitors synthesis in HA patients.

Keywords: antibody responses, flow cytometry/FACS, haematology, immune
regulation, intracellular cytokine staining

[1]. Studies from HA experimental models have demon-
strated that although anti-FVIII antibodies appeared after

Haemophilia A (HA) is an X-linked genetic disease in which
a mutation in the F8 gene results in either a lack of circulat-
ing functional factor VIII protein or production of a defec-
tive FVIII with impaired activity. The treatment of HA
patients is based on the infusion of plasma-derived FVIII
(pFVIII) or recombinant FVIII (rFVIII). The most prevalent
clinical complication observed after repeated FVIII admin-
istration in HA patients is the development of anti-FVIII
inhibitory antibodies that affect approximately 25% of HA
patients and are able to block the FVIII procoagulant activity
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four to five injections, FVIII inhibitory antibodies usually
appeared after six injections [2]. In humans, the anti-factor
FVIII antibodies may comprise distinct immunoglobulin
(IgG) subclasses, mainly 1gG1 and IgG4, and the anti-FVIII
CD4* T cells recognize a complex repertoire of FVIII
epitopes, secreting both T helper type 1 (Thl) and Th2
cytokines, with interleukin (IL)-10 related especially to the
anti-FVIII antibody synthesis [3].

Several studies have been focused upon the immune
response of HA patients in order to elucidate the mechanism
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underlying the development of anti-FVIII inhibitors. These
studies may contribute to the establishment of alternative
immunotherapeutic approaches to prevent or minimize the
clinical complication elicited by repeated FVIII exposure. It
has been demonstrated that, similar to several other antigen-
specific humoral immune responses, the development of
anti-FVIII inhibitors seems to be dependent on the activa-
tion of FVIII-specific CD4* T cells, including both pro- and
anti-inflammatory/regulatory CD4" T cells [4-8]. More
recently, it has been suggested that discontinuous exposure
to the FVIII could impair the activation of T cells, leading to
atypical regulatory T cell activity, triggering the synthesis of
‘inhibitors’ [3]. Additionally, other studies have described
specific cytokine gene polymorphisms, including tumour
necrosis factor (TNF)-o and IL-10, as important key factors
for FVIII inhibitors development [9-11].

As the anti-FVIII inhibitors are usually life-threatening
and difficult to treat, there is an urgent need for improved
therapies to reduce the incidence of anti-FVIII inhibitors in
HA patients. Despite the clinical relevance of anti-FVIII
inhibitory antibodies to the impaired haemostatic activity of
patients with HA, the exact immunological mechanisms
underlying the production of these are still unknown. In
order to understand the underlying immune response to
FVIII, we have characterized the cytokine pattern of periph-
eral blood leucocytes elicited by pFVIII and rFVIIIL, using a
short-term in vitro stimulation of whole blood samples from
HA patients with and without FVIII inhibitors. We have
examined the differential proinflammatory [interferon
(IFEN)-y, TNF-0] and anti-inflammatory/regulatory (IL-4,
IL-5 and IL-10) cytokine synthesis by innate (neutrophils
and monocytes) and adaptive (CD4* and CD8" T cells and B
lymphocytes) immunity.

Materials and methods

Study population

This cross-sectional study involved 85 subjects classified into
three groups referred as healthy blood donors (BD) (n = 30;
mean age = 31-6 £ 12-8 years); HAo-FVIII(—), HA patients
without anti-FVIII inhibitors (n=30; mean age=27-6 =
16-6 years); and HAo-FVIII(+), HA patients with anti-FVIII
inhibitors (n = 25; mean age = 22-8 * 15-3 years, mean anti-
FVIII inhibitor level = 30-8 UB/ml). All the invited patients
attended the Hemominas Foundation, Minas Gerais, Brazil.
This study was approved by the ethics committee of the
Hemominas Foundation and from National Commission of
Ethics in Research, Brazil.

Short-term in vitro culture of whole blood

Heparinized blood samples collected in vacutainer tubes (BD
Pharmingen, San Diego, CA, USA) were used for the short-
term in vitro cultures as proposed by Peruhype-Magalhaes
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et al. (2006) [12], modified as follows: control cultures (CC)
were performed in 14-ml polypropylene tubes (Falcon®; BD
Pharmingen, San Jose, CA, USA), using 1-25-ml aliquots of
whole blood samples, incubated in the presence of 1-25 ml
RPMI-1640 (Sigma, St Louis, MO, USA) for 1 hat 37°Cin a
5% CO, humidified incubator. After the preincubation
period, Brefeldin A (BFA) (Sigma) was added at a final con-
centration of 10 ug/ml and tubes were incubated for 4 h at
37°C in a 5% CO, humidified incubator. BFA is a used to
inhibit the intracellular vesicle trafficking and is important
when performing intracellular cytokine studies, as it allows
theaccumulation of cytokine at the Golgi complex, increasing
the sensitivity for further analysis by flow cytometry.

FVIII-stimulated cultures (pFVIII and rFVIII) were,
respectively, primed by preincubation of 1-25 ml aliquots of
whole blood with 250 pl of plasma-derived FVIII or recom-
binant FVIII (ProSpec, Rehovot, Israel), diluted previously
in sterile water, at a final concentration of 600 ng/ml
(0-05 TU/ml for pFVIII and 2-6 IU/ml for rFVIII) for 1 h at
37°C in a 5% CO, humidified incubator. The physiological
concentration of FVIII ranges from 100 to 800 ng/ml (50—
150 TU/dl), therefore 600 ng/ml of FVIII used in this study
was within the reference range for human plasma [13,14].
The pFVIII- and rFVIII-stimulated tubes were then cultured
in the presence of BFA at 10 pg/ml for a further 4 h at 37°C
in a 5% CO, humidified incubator.

Positive control cultures were also performed in order to
evaluate the sample viability. For this purpose, 625 ul of
aliquots of whole blood samples were incubated in the pres-
ence of 580 ul RPMI-1640 plus phorbol 12-myristate
13-acetate (PMA) (Sigma) at 25 ng/ml, ionomycin (Sigma)
at 1 mg/ml and BFA at a 10 ug/ml final concentration.
Whole blood cultures were incubated for 4 h at 37°C in a 5%
CO; humidified incubator. Blood samples were diluted 1:1 in
all cultures performed. Cytokine patterns observed in the
positive control cultures, named PMA-stimulated cultures,
confirmed the cell antigen-responsiveness capacity for all
blood samples, as demonstrated by high levels of IFN-y* and
TNF-0 cells observed within total gated lymphocytes
(Fig. 1).

Immunophenotyping of cell subsets and intracellular
cytokines

After short-term incubation, all cultures (CC, pFVIII and
rFVIII) were treated with 2 mM ethylenediamine tetraacetic
acid (EDTA solution (Sigma) for 10 min at room tempera-
ture and then washed twice with phosphate-buffered saline
wash (PBS-W) [PBS 0:5% (w/v) bovine serum albumin
(BSA fraction V, =96% pure; Sigma) and 0-1% (w/v) sodium
azide (Sigma)] by centrifugation at 400 g at 18°C for 7 min.
The cells were immunostained in the dark for 30 min at
room temperature with TriColor-labelled [TC — phycoeryth-
rin (PE)-cyanin 5 (Cy5)] monoclonal antibodies (mAbs)
(Caltag, Burlingame, CA, USA), including anti-CD4 (clone
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Fig. 1. Analysis of cell viability by in vitro phorbol 12-myristate 13-acetate (PMA)-stimulation strategy. Flow cytometry charts were used to first

discriminate the lymphocytes (R1) from myeloid cells (R2) in control cultures (a) and PMA-stimulated cultures (b). PMA-activated blast cells can be
identified as FSCH" (500-1k) and SSCH! (200-600) in (b). Following, the percentage of interferon (IFN)-y* cells (c,d) and tumour necrosis factor
(TNF)-or* cells (e,f) within the gated lymphocytes were quantified using the cut-off edge established in the isotopic control staining. The comparative

analysis of cytokine™ cells (events above the cut-off line) in the PMA-stimulated cultures and control cultures were used to evaluate cell viability. The
percentage of IFN-y" and TNF-o." cells (d,f, respectively) within 50-60% was used as an acceptable parameter of cell viability in all experiments.

S3.5), CD8 (clone M-L233), CD14 (clone TiiK4), CD16
(clone 3G8) or CDI19 (clone 4G7) mAbs. After lysing/
fixation procedure, the leucocytes were permeabilized by
incubation with PBS permeabilization reagent (PBS-P)
[PBS-W supplemented with 0-5% (w/v) saponin (Sigma)]
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for 10 min at room temperature. Fixed/permeabilized cells
were then incubated for 30 min in the dark at room tem-
perature in the presence of 20 ul PE-labelled anti-cytokine
mAbs (IFN-y, clone B27; TNF-a, clone MAB11; IL-4, clone
MP4-25D2; IL-5, clone TRFK5; and IL-10, JES3-9D7) in the
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presence of PBS-P, all purchased from e-Bioscience (San
Diego, CA, USA). After intracytoplasmic cytokine staining,
the leucocytes were washed in PBS-W and fixed with fluo-
rescence activated cell sorter (FACS) FIX solution (1% of
paraformaldehyde, 1-02% of sodium cacodilate and 0-66%
of NaCl, pH 7-2, all from Sigma) and stored at 4°C for at least
20 min before data acquisition in the flow cytometer.

Flow cytometry acquisition and analysis

After the immunophenotyping procedure, the leucocyte sus-
pensions were run in a FACScalibur® flow cytometer (Becton
Dickinson, San Jose, CA, USA) collecting a total 30 000
ungated events/sample. The acquired data were analysed
using CellQuest software (Franklin Lakes, NJ, USA). Distinct
gating strategies were used to analyse the cytokine-expressing
leucocyte subpopulations from the innate (neutrophils and
monocytes) and adaptive immunity (T cell subsets and B
lymphocytes). Neutrophils were selected as SSC™"CD 16"
cells and monocytes as CD14™&" cells on FL3/anti-CD16-TC
or FL3/anti-CD14-TC versus laser side-scatter (SSC) dot
plots, respectively. The lymphocyte population was first
selected on laser forward-scatter (FSC) versus side-scatter
(SSC) dot plots. The number of gated neutrophils, monocytes
and lymphocytes analysed ranged from 19 500 to 22 500,
1200 to 2100 and 6000 to 9000, respectively.

Following the initial gate selection, the frequencies of
cytokine” cells were quantified by quadrant statistics applied
on FL3/anti-cell surface marker-TC versus FL2/anti-
cytokine-PE dot plots, PE-Cy5-labelled antibodies were
detected on the FL3 channel, while the PE-labelled antibod-
ies were detected on the FL2 channel. Distinct tubes were
used to evaluate the percentage of cytokine* cells for each T
lymphocyte subset (CD4* and CD8) and B cells (CD19).
Data were expressed as percentage of cytokine® cells within
gated neutrophils, monocytes and total lymphocytes. The
results were assembled further to calculate the global cytok-
ine profile as proposed by Vitelli-Avelar et al. (2008) [15].
Briefly, the median percentage for each cytokine* cell popu-
lation was calculated by taking the values obtained for each
population studied [HAo-FVIII(+), HAo-FVIII(-) and
BD]. Following the definition of the cut-off edge between
low and high cytokine producers for each cell population, a
multi-colour diagram was created to categorize individual
samples as low cytokine producers, high proinflammatory
cytokine producers for IFN-y and TNF-o" cells and high
anti-inflammatory/regulatory cytokine producers for IL-4,
IL-5 and IL-10* cells. After this first assembly the samples
corresponding to mixed, high proinflammatory or high anti-
inflammatory/regulatory cytokine producers were identified
in the multi-colour diagram.

Assessment of FVIII-specific IgG1 and 1gG4

The IgGl and IgG4 reaction to purified pFVIII was per-
formed as described previously [16-18]. Briefly, enzyme-
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linked immunosorbent assay (ELISA) plates (Nunc-
Immuno Maxisorp; Nunc A/S, Roskilde, Denmark) were
coated with 100 ul of 1 IU/ml (12-6 ug/ml) plasma-derived
FVIII (pFVIII, HemofilM; Baxter Healthcare Corporation,
Deerfield, IL, USA) overnight at 4°C in PBS, as described by
Bril et al. (2006) [16]. Plates were then washed with PBS-T
[PBS plus Tween-20 0-1% (v/v)] and blocked for 1 h at 37°C
with PBS, bovine serum albumin (BSA) 1% (w/v) (BSA frac-
tion V, =96% pure; Sigma). Different dilutions of plasma
samples were incubated for 2 h at 37°C using PBS, BSA
0-1% (w/v). The anti-FVIII binding was detected using a
peroxidase-labelled mouse anti-human IgG1 (clone 8c/6—
39) and IgG4 (clone HP-6025) (Sigma) diluted (1:1000 and
1:6000, respectively) in PBS, BSA 1% (w/v) for 1 h at 37°C.
Following incubation and wash procedures with PBS,
Tween-20 0-05% (v/v), 100 ul of substrate solution [4 mg of
1,2-diaminobenzene (OPD), 1-2 ul of H,O, 30% (v/v) in
10 ml of 27 mM citrate, 50 mM Na,HPO, buffer, pH5-0;
Sigma) was added to each well and plates incubated for
20 min at room temperature. Following incubation, the
enzymatic reaction was stopped by adding 50 pul of 4 N
H,SO, solution to each well. The optical density (OD) was
determined using a filter of 492 nm.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism
5 software package (San Diego, CA, USA). As all data files
assume a non-Gaussian distribution, statistical comparisons
were carried out using the non-parametric Kruskal-Wallis
test followed by Dunn’s multiple comparison test to evaluate
the cytokine profiles among HAo-FVIII(-), HAo-FVIII(-)
and BD. The comparative analyses between control culture
and stimulated culture were performed by Wilcoxon’s
matched-pairs test. The frequency of high and low cytokine
producers was compared by contingency table analysis by
test. The differences were considered significant when
P-values were <0-05.

Results

Decreased levels of TNF-o" neutrophils and higher
IL-5/TNF- ratio is the hallmark of HAo-FVIII(+)

Analysis of cytokine® neutrophils in the control cultures
showed a significant lower frequency of TNF-o* cells in the
HAo-FVIII(+) group compared to the HAa-FVIII(—) group
(Fig. 2a). After in vitro FVIII stimuli (pFVIII and rFVIII), the
HAo-FVIII(+) group showed a significant lower frequency of
TNF-0o" cells compared to both the BD and HAo-FVIII(-)
groups. However, upon in vitro FVIII stimuli, only the HAo(-
FVIII(-) group showed a significant reduction in the percent-
age of TNF-0o." neutrophils compared to the respective control
culture. No differences in the percentage of IL-5" neutrophils
were observed in the control cultures. After in vitro FVIII
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Fig. 2. Analysis of intracytoplasmatic cytokine profile of (a) neutrophils and (b) monocytes from peripheral venous blood of blood donor (BD)
(white bars), haemophilia A factor VIII [HAo-FVIII(-)] (light grey bars) and HAa-FVIII(+) (dark grey bars) groups. Data from control (CC) and

>

FVIII-stimulated cultures (pFVIII and rFVIII). Statistical significance at P < 0-05 are represented by letters ‘@, ‘b’ and ‘c’ for comparisons with BD,
HAo-FVIII(-) and HAo-FVIII(+) groups, respectively. Significant differences between culture types in the same group were marked with *’. The

number of gated neutrophils and monocytes analysed ranged from 19 500-22 500 and 1200-2100, respectively.

stimuli (pFVIII and rFVIII), the HAo-FVIII(+) group pre-
sented a significant increase in the percentage of IL-5 neu-
trophils compared to the respective control culture, leading to
significant differences compared to both the BD and HAoi-
FVIII(-) groups. Analysis of the IL-5/TNF-a. ratio revealed
higher values in the HAa-FVIII(+) group in all experimental
conditions analysed compared to the HA-FVIII(—) group
and in the pFVIII-stimulated cultures compared to both the
BD and HAo-FVIII(-) groups (Fig. 2a).

Despite both HAo-FVIII(—) and HAo-FVIII(+)
displaying decreased levels of IL-10" monocytes, lower
levels of TNF-ot* monocytes observed in HAQ-FVIII(+)
lead to increased IL-10/TNF-q. ratio

Analysis of the cytokine * monocytes revealed lower levels of
TNF-o cells in the HAo-FVIII(+) group compared to the
BD and HAo-FVIII(—) groups in all experimental condi-
tions tested (Fig. 2b). Although, after in vitro stimulation
with FVIII, all groups presented significantly lower levels of
TNF-0" monocytes, the distinct profile between the HAal-
FVIII(+), BD and HAo-FVIII(—) groups was still observed.
Analysis of the IL-10" monocytes in the control cultures
showed lower levels in both the HAo-FVIII(+) and HAo-

© 2010 Authors

FVIII(—) groups compared to BD. After FVIII stimulation, all
tested groups presented significant increase in the levels of
IL-10+ monocytes compared to the respective control
cultures. Analysis of the IL-10/TNF-a. ratio in all groups
showed a dichotomic pattern between the HAo-FVIII(—)and
HAo-FVIII(+) group, with higher levels observed in the
HAo-FVIII(+) group. Upon in vitro stimulation with FVIIT a
general increase in the IL-10/TNF-o ratio in monocytes was
observed, but was more marked in the BD and HAo«-
FVIII(+) groups (Fig. 2b).

Increased levels of IFN-y", TNF-o" and IL-4* T cells,
both CD4* and CD8", are observed selectively in
HAQ-FVIII(-)

Analysis of the cytokine® lymphocytes showed increased
levels of IFN-y*, TNF-o" and IL-4" cells in CD4" T cell
subsets in the HAa-FVIII(-) group, independent of the
experimental condition tested (Fig. 3a). A similar profile was
observed for CD8" T cells. However, in vitro stimulation with
FVIII has a selective impact in HAo-FVIII(-), triggering
increased frequency of TNF-o" and IL-4" CD8" T cells. No
differences were observed oin the levels of IL-10* T cells
(Fig. 3b).
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and rFVIII). Statistical significance at P < 0-05 are represented by letters ‘a,

and ‘¢’ for comparisons with BD, HAo-FVIII(—) and HAa-FVIII(+)

groups, respectively. Significant differences between culture types in the same group were marked with *’. The range of cells represented was derived
from 6000-9000 gated events, giving a mean of 7500 lymphocytes. For CD4* T cells a range of 2700—4050 events were analysed. Similarly for CD8*

T cells, approximately 1920-2880 events were analysed.

Increased frequency of IL-10* B cells and higher levels
of a-FVIII IgG1 are observed in HAQ-FVIII(-),
whereas basal levels of cytokine* B cells and higher
levels of o-FVIII IgG4 are the major features of
HAQ-FVIII(+)

The cytokine profile of B cells revealed significantly higher
IL-10" cells in the HA0-FVIII(—) group compared to BD in
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all experimental conditions tested (Fig. 4a). No significant
differences in the frequency of TNF-of B cells were
observed between the studied groups (Fig. 4a). Analysis of
the anti-FVIII antibodies demonstrated significant higher
levels of FVIII-specific IgGl antibodies in the HAa-
FVIII(-) group, whereas higher levels of 1gG4 anti-FVIII
antibodies were observed in the HAo-FVIII(+) group
(Fig. 4b).
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HAo-FVIII(+) (dark grey bars) groups. The range of cells represented was derived from 6000-9000 gated events, giving a mean of 7500

lymphocytes. For CD19" B cells a range of 720-1080 events were analysed.

The global cytokine profile of peripheral blood
leucocytes demonstrate a predominance of
anti-inflammatory/regulatory pattern

in HAQ-FVIII(+)

Analysis of the cytokine profiles revealed that most individu-
als in the BD group had a mixed cytokine pattern. In con-
trast, the HAo-FVIII(+) group displayed a predominant
expression of anti-inflamatory/regulatory cytokines. This
profile was statistically distinct compared with that observed
for the BD and HAa-FVIII(—) groups. Only patient no. 17 in
the HA0-FVIII(+) group presented a non-polarized cytok-
ine profile. The HAo-FVIII(-) group showed a mixed
pattern, with a bias towards an inflammatory cytokine
profile, modulated by IL-4 (Figs 5 and 6).

© 2010 Authors

In vitro stimuli with pFVIII or rFVIII confirm
further the shift of the global cytokine profile

of HAQ-FVIII(+) towards an anti-inflammatory/
regulatory pattern

After in vitro stimulation with pFVIII and rFVIII, despite
minor changes the global cytokine profiles still remained
distinct between the studied groups. The BD group sustained
a mixed cytokine profile, whereas the anti-inflammatory/
regulatory cytokine profile was maintained in the HAo-
FVIII(+) group. The in vitro stimulation with pFVIII led to a
slight change in the global cytokine pattern in the HAo-
FVIII(—) group. However, the global profile in this group still
displayed a higher inflammatory profile compared to HAo-
FVIII(+) (Fig. 7).

431

Clinical and Experimental Immunology © 2010 British Society for Immunology, Clinical and Experimental Inmunology, 162: 425-437



D. G. Chaves et al.

rFVllI-neutrophils

2-50
oe® 3\
I_ & ° °Re o
0-80 ° °
° [
° °
§ ° L]
e 060 i: .:O ° ° > High-producers
g ~. ® b °
s 040 b §‘ oo o o
T8
= o .:o : 4
022 | 8 _____ HO oS e 17
0BT B ooy %
‘) ¢} @ Low-producers
é%@ ) oo 0883
0-00 a ol ©Q
0-32
\
e
oo [¢] <]
0-16
°
Fig. 5. Representative scattergraphs of tumour = :‘: [} .:. > _
. N . . 2 L
necrosis factor (TNF)-o" and interleukin ~ 008 . ° °
(IL)-5" neutrophils employed to establish the E ? 000 oo 0
concept of low cytokine producers (white), o
high proinflammatory (black) or | o®e 0o awm
anti-inflammatory/regulatory (grey) cytokine 0.04 |--T020 ____ o _______o ______¢ 000___| 2
producers. Low cytokine-producers were (% [e'e) @o o
defined for values of cytokine® cells lower than 5.0 o0 000 Z; Low-producers
the global median, whereas high cytokine ‘ 0-00 g 00
producers were defined for values of cytokine®
Global BD HAa-FVIII(-) HAa-FVII(+)

cells higher or equal the global median cut-off.

Discussion

Treatment with FVIII infusions may induce the development
of anti-FVIII inhibitors in approximately 25% of HA
patients [19]. In the past three decades, advances in clinical
immunology research have improved understanding of the
mechanism underlying the development of anti-FVIII
inhibitors that affect the FVIII therapy negatively. Several
factors, including those related to the therapeutic scheme as
well as those associated with the patient immune response
[4-11], seems to affect this phenomenon. Several key points
have been evaluated, including the impact of FVIII gene
mutation on immune response pathways [20,21], the poly-
morphisms of HLA genes and also cytokine genes
[9-11,22,23] as relevant predictive factors of differential cell
activation and cytokine synthesis during the development of
anti-FVIII inhibitors in HA patients. Aiming to focus further
on the role of the immune system for establishment/
maintenance of the FVIII inhibitor profile, in this study we

have characterized the cytokine profile of peripheral blood
leucocytes from HA patients with and without anti-FVIII
inhibitors, prior to and after in vitro stimulation with FVIIL

Our data highlighted a shift towards an anti-
inflammatory/regulatory immune response in the innate
immunity cells from HAo-FVIII(+) patients, as demon-
strated by an increased IL-5/TNF-a ratio in neutrophils and
IL-10/TNF-o ratio in monocytes. Despite that the FVIII
stimuli in vitro was able to trigger a general increase of IL-10*
monocytes, the predominance of an anti-inflammatory/
regulatory global cytokine profile was sustained exclusively
in the HAo-FVIII(+) group. These findings emphasize
further that the anti-inflammatory/regulatory-predominant
cytokine profile in the innate immunity cells is related
somehow to the development/maintenance of FVIII
inhibitors. Our data also demonstrated that the defined anti-
inflammatory/regulatory global cytokine profile observed
for the HAo-FVIII(+) group was still observed, even after in
vitro stimulation with pFVIII or rFVIIIL. Conversely, analysis

»
| 8

Fig. 6. (a) Control culture cytokine profile represented by colour diagram: low-cytokine producers ([___]); high proinflammatory cytokine
producers ([IIllll); high anti-inflammatory/regulatory cytokine producers ([____]); and mixed cytokines producers ([II). Global cytokine
profile was determined by the combination of individual cells patterns. (b) Overall cytokine patterns representing the frequency of pro- and
anti-inflammatory/regulatory and mixed cytokine profiles of blood donors (BD(, haemophilia A factor VIII [HAo-FVIII(-)] and HAa-FVIII(+)
groups. Statistical significance at P < 0-05 are represented by letters ‘a’ and ‘b’ for comparison with BD and HAa-FVIII(-) groups, respectively.
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Global cytokine profile
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Fig. 7. (a) Global cytokine profile determined by the combination of individual cells patterns of blood donors (BD), haemophilia A factor VIII
[HAo-FVIII(-)] and HAo-FVIII(+) groups in control and stimulated (pFVIII and rFVIII) cultures. (b) Overall cytokine patterns representing the
frequency of pro- and anti-inflammatory/regulatory and mixed cytokine profiles of BD, HAo-FVIII(—) and HAo-FVIII(+) groups in control and

stimulated (pFVIII and rFVIII) cultures.

of the innate immunity cells from the HAa-FVIII(-) group
showed levels of cytokines in neutrophils compared to the
BD group with a dominant proinflammatory cytokine
profile. These patients presented increased levels of TNF-of
monocytes that lead to a lower IL-10/TNF-o ratio, consistent
with the predominance of a proinflammatory immune
profile. These data are consistent with the association of
haplotypes that define intermediate synthesis of IL-10 with
the inhibitor’s development [11].

Analysis of the adaptive immune compartment demon-
strated that the HAo.-FVIII(+) group showed basal levels of
cytokines® cells within their T and B lymphocytes, compa-
rable with those observed in the BD reference group. This
microenvironment deficient of T cell cytokines and the pres-
ence of IL-5 and IL-10 derived, respectively, from neutro-
phils and monocytes may favour the activation of B cells
towards the synthesis of IgG4. We consider that the deficient
co-stimulation promoted by CD4" T cells during the B cell
activation play a relevant role driving the immune response
towards the synthesis of T independent antibody response,
especially in the enriched monocyte-derived IL-10 microen-
vironment observed in the HA0-FVIII(+) group. It has been
demonstrated that there is a direct implication of IL-10 in
humoral responses, particularly in compartments where the
T-B cell interplay determines the subsequent immune
response, increasing IgG4 secretion [24]. The paradigm of B
lymphocyte activation consists of a two-signal model that
has been proposed by Bretcher and Cohn (1970) [25]. This
proposal has developed from the premise that recognition of
antigen alone is insufficient to stimulate naive B cells, as this
could potentially induce autoreactive responses, whereas the
cognate T-B cell interaction would lead to a full B cell
response. Recent evidence has suggested that T cell cytokine-
deficient B cell activation is part of the humoral immune
response, and therefore the antigen alone, or antigen plus
signals provided by cells other than T cells, can provide all
the necessary signals to induce a B cell response.

Moreover, analysis of the adaptive immune compartment
revealed that the HAa-FVIII(—) group presented a typical
proinflammatory modulated cytokine profile typified by
increased levels of IFN-y" and TNF-o" T cells along with
enhanced levels of IL-4* T cells, both CD4* and CD8"
subsets. Our data also demonstrated that this proinflamma-
tory modulated cytokine profile was preserved after in vitro
stimuli with FVIII, as evidenced by increased synthesis of
TNF-o0. and IL-4* by CD8" T cells, observed selectively in the
HAo-FVIII(—) group. According to our findings, recent
study demonstrated that all T cell clones from one patient
without FVIII inhibitors displayed along with the ability to

© 2010 Authors

produce IL-4, a predominance of a proinflammatory
immune response characterized by enhanced levels of IFN-y
[26]. Further analysis of our data demonstrated that a typical
IL-10-modulated immune profile in B cells and higher levels
of o-FVIII IgG1 with no apparent inhibitory functions are
observed in HA-FVIII(-). Previous studies have suggested
that the secretion of IgG1 antibodies is dependent upon B
cells synthesizing IL-10 [27]. Analysis of the global cytokine
profile revealed further that peripheral blood leucocytes
from the HAo-FVIII(-) group presented a mixed cytokine
pattern in the presence of in vitro pFVIII stimuli, with a
predominant proinflammatory immune response in the
presence of rFVIII, observed similarly in the BD reference
group, contrasting with the predominance of an anti-
inflammatory/regulatory pattern in the HAo-FVIII(+)
group. These results are in agreement with the data obtained
from the single cell analysis. Based on these findings, we
hypothesize that the proinflammatory modulated immune
response determined by increased IFN-y and TNF-o. pro-
duced by T cells, controlled by increased levels of IL-4* T cells
and IL-10" B cells, may favour the synthesis of anti-FVIII
IgGl, avoiding the development of anti-FVIII IgG4
inhibitors. It is possible that HAa-FVIII(—) patients control
the development of anti-FVIII inhibitory I1gG4 antibodies
using a dual pathway by: (i) modulating the proinflamma-
tory immune response by the recruitment of IL-4* CD4" and
CD8" T cells and (ii) up-regulating the production of IL-10
by B cells favouring the synthesis of anti-FVIII IgG1 anti-
bodies in a T cell-dependent fashion. The production of
IgG1 mediated by proinflammatory T cell-derived cytokines
stimulation is also well established [28].

Based on these findings, we hypothesize that the anti-
inflammatory/regulatory-predominant microenvironment
determined by neutrophils and monocytes, along with the
basal levels of cytokines produced by T cells and B lympho-
cytes, may favour the synthesis of anti-FVIII 1gG4 with
inhibitory activity. Previously, reports have suggested the
relevance of an anti-inflammatory/regulatory immune
response, with the involvement of CD4" T cells to drive the
synthesis of anti-FVIII IgG4 inhibitors [3,7]. In fact, it has
been suggested that a proinflammatory cytokine pattern may
be important in initiating the anti-FVIII immune response
and the shift towards an anti-inflammatory/regulatory
cytokine profile in CD4" T cells may represent the striking
point to the development of a strong inhibitor production
[3]. Our data suggested that the maintenance of anti-FVIII
production in our patients, despite being related to an anti-
inflammatory/regulatory cytokine pattern, did not count
with a relevant T cell response. It is possible that differences
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in the methodological approach used in our study, i.e. the
use of whole blood samples and autologous plasma in the
cultures to reproduce the in vivo microenvironment,
revealed these phenomena not previously reported when
working with isolated PBMC, CD4" T cell clones and absence
of autologous plasma.

According to our hypothesis, during the initial FVIII infu-
sions there is probably a T cell-dependent proinflammatory
guided response that leads to anti-FVIII IgGl non-
inhibitory antibody. After repeated exposures to intravenous
FVIII, with higher frequencies in severely affected patients,
the shift towards an anti-inflammatory/regulatory T cell
cytokine-deficient pattern may occur, favouring the class-
switch to IgG4 anti-FVIII inhibitors. It is possible that the
establishment of immunotherapeutic protocols should be
implemented early after the beginning of FVIII treatment to
maintain the T cell-dependent immunity and avoid the shift
towards a T cell anti-inflammatory/regulatory cytokine-
deficient response that favours the production of anti-FVIII
inhibitors and at the same time improve the life quality and
treatment success of HA patients. An important issue to
consider in future investigations is the kinetic conversion of
proinflammatory towards an anti-inflammatory/regulatory
immune response against FVIII during the treatment of HA
patients. It is possible that the maintenance of a T cell-
mediated immune response with a proinflammatory modu-
lated profile may be the key to avoid the development of
anti-FVIII inhibitory IgG4 immune responses. In this
context, it is also relevant to define the role of regulatory T
cells (Trg) and By cells in the control of the anti-FVIII
immune response in patients who do not develop FVIII
inhibitors.
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