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CD4 T cells specific for factor VIII are present at high frequency
in healthy donors and comprise naive and memory cells

Sylvain Meunier," Catherine Menier,' Elodie Marcon," Sébastien Lacroix-Desmazes,? and Bernard Maillére’

1CEA-SaCIay, Institute Frederic Joliot, Service d'Ingénierie Moléculaire des Protéines, Gif-sur-Yvette, France; and 2INSERM Unité Mixte de Recherche S 1138, Centre de
Recherche des Cordeliers, Paris, France

m We investigated the frequency and subset origin of circulating factor VIII (FVIII)-specific
CD4 T cells in healthy donors. Total CD4 T cells and purified CD4 T-cell subsets were
* Mgny CD4 T cells spe- stimulated with FVIII-loaded autologous dendritic cells and challenged for specificity in
cific for FVil fascgpe interferon-y enzyme-linked immunospots. The number of specific T-cell lines allowed
e SSSElem 7 estimation of the frequency of T cells circulating in the blood of the donors. All the 16
healthy donors, re- S . .
vealing a low central healthy donors generated strong in vitro T-cell responses, leading to the generation of 154
. FVIII-specific T-cell lines. The mean frequency of FVIII-specific CD4 T cells in healthy

tolerance to FVIII. o ) ) )
donors was similar to that of T cells specific for foreign antigens and greater than that of
* Some FVIil-specific

CDA4 T cells are differ-
entiated into memory
cells but do not expand.

T cells specific for known immunogenic therapeutic proteins. Normal levels of
endogenous FVIII in healthy donors therefore do not prevent a significant escape

of FVIII-specific CD4 T cells from negative thymic selection. FVIII-specific T cells mainly
originated from both the naive and central memory cell subsets, but their frequencies
remained low as compared with those of cells specific for foreign antigens in immunized
donors. The observation of a spontaneous generation of FVIII-specific memory T cells
without a global expansion suggests peculiar peripheral tolerance mechanisms to FVIII
in healthy donors.

Introduction

A large array of self-antigens are the targets of natural antibodies found in healthy donors.’
In particular, up to 20% of healthy individuals possess immunoglobulin G reactive to procoagulant
factor VIII (FVIII), which may potentially inhibit FVIIl activity.>® Incidentally, loss of tolerance to
endogenous FVIIl may occur in individuals without previous abnormality in hemostasis, leading to
acquired hemophilia, a severe autoimmune bleeding disorder.* Taken together, these observations
call into question the concept that tolerance to FVIIl is ensured by the expression of the endogenous
protein. This is in contrast to observations made in patients with congenital hemophilia A (HA), an
X-linked hemorrhagic disease characterized by FVIII deficiency. The incidence of inhibitory
alloantibodies to FVIII after replacement therapy using exogenous therapeutic FVIll is indeed higher in
patients with no endogenous FVIIl production than in patients with mild/moderate forms of the disease
who produce a mutated FVIIL.® In agreement with their helper functions, FVIll-specific CD4 T cells
participate in the loss of tolerance to FVIIl in patients with HA.®7 CD4 T cells are selected positively
and negatively by self-peptides presented by HLA class 2 molecules carried by specialized thymic
cells. After encountering antigen in the periphery, naive T cells differentiate into effector cells that in
turn become central memory cells and effector memory cells,® the ultimate stage being effector
memory reverting cells.® FVIll-specific CD4 T cells have been mainly characterized in patients with
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Figure 1. Generation of FVIlI-specific CD4 T cells from healthy
individuals. CD4 T-cell lines were generated as described in Material
and Methods. (A) FVIll-specific T-cell lines generated from donor #329.
(B) Cross-reactivity analysis between KLH- and FVIll-specific T-cell lines.
(C) Frequencies of CD4 T cells specific for FVIIl and KLH estimated for
16 healthy blood donors. The frequency of CD4 T-cell precursors was
calculated using Poisson distribution according to the following formula:
Frequency = —Ln([number of negative wells/total number of wells
tested])/(number of CD4 T cells per well). Statistical significance was
assessed using the Wilcoxon match-pairs signed rank test. ****P < .0001.
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Figure 2. Characterization of FVIll-specific CD4 T-cell subsets. CD4 T cells
were separated by flow cytometry into 4 subsets: naive T cells (CD45RA™

CD45RO™ CD127" CD62L" CD197"), central memory cells (TCMs; CD45RA™
CD45RO* CD127" CD62L" CD197™), effector memory cells and effector cells
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moderate or severe HA,'®'" but pioneering studies have also
documented the existence of FVlll-reactive CD4" T cells in
healthy individuals."®"* However, no clear difference was found in
terms of intensity of the anti-FVIIl response or epitope specificity
between T cells from healthy individuals and patients with HA who
had developed anti-FVIll alloantibodies.'*'* To shed some light on
the mechanisms underlying T-cell tolerance to FVIIl under
physiological conditions, we quantified and characterized naturally
occurring FVlll-specific CD4™ T cells in healthy donors.

Material and methods
Generation of FVIII- or KLH-specific T-cell lines

Peripheral blood mononuclear cells (PBMCs) were purified from
the blood of anonymous healthy donors who gave informed
consent (Etablissement Frangais du Sang, Rungis, France).
Dendritic cells (DCs) were generated in 5-day cultures with
1000 U/mL of interleukin-4 and 1000 U/mL of granulocyte
macrophage colony-stimulating factor (RD systems) of plastic-
adherent cells isolated from 500 million to 1 bilion PBMCs.
CDA4 T cells were isolated using magnetic microbeads (Miltenyi
Biotech, Bergisch Gladbach, Germany) from 100 million non-
adherent PBMCs. CD4 T-cell subsets were purified by flow
cytometry (FACSARIA IIl; Becton Dickinson, San Jose, CA) using
the following labeled antibodies: fluorescein isothiocyanate-
labeled anti-CD3, phycoerythrin-labeled anti-CD45RA, peridinin
chlorophyll protein complex cyanin 5.5-labeled anti-CD4,
allophycocyanin-labeled anti-CD45RO, phycoerythrin cyanin
7—-labeled anti-CD127, Birilliant Violet 421-labeled anti-CD197,
and Brilliant Violet 711-labeled anti-CD62L (Becton Dickinson).
CD4 T-cell lines were generated in vitro in Iscove modified Dulbecco
medium supplemented with 10% human serum, 0.24 mM of
glutamine, 0.55 mM of asparagine, 1.5 mM of arginine (all amino
acids from Sigma-Aldrich), and 50 U/mL of penicillin/50 wg/mL of
streptomycin (Invitrogen) by 3 once-per-week rounds of stimulation
of CD4™ T cells (200 000 per well) with autologous DCs (20 000
per well) previously incubated overnight at 37°C with recombinant
0.2 pM of FVIIl (Kogenate; Bayer, San Francisco, CA) or 0.25 uM
of keyhole limpet hemocyanin (KLH; Sigma, St Louis, MO) as
previously described.'®

ELISPOT assay

The antigen specificity of the CD4 T-cell lines was analyzed by
interferon-y (IFN-vy) enzyme-linked immunospot (ELISPOT). T cells
(30000 cells per well) were incubated with autologous DCs
alone (control) or with DCs previously loaded with FVIII (0.2 nM)

Figure 2. (continued) CD45RO™ (TEM&TeffRO; CD45RA™ CD45RO™ CD127*
CD62L7), and effector memory cells and effector cells CD45RA™ (TEMRA&TeffRA,;
CD45RA™ CD45RO~ CD127" CD62L"; supplemental Figure 1). CD4 T-cell lines
were generated from the cells of these subsets by 3 once-per-week rounds of in
vitro stimulation with autologous DCs loaded with 0.2 wM of FVIIl or 0.25 wM of
KLH (for naive cells only). Specificity of CD4 T-cell lines raised against FVIIl or KLH
was analyzed by IFN-y ELISPOT. (A) FVIll-specific T-cell lines obtained from the
different CD4 T-cell subsets isolated from 2 representative donors: #393 and #423.
(B) Frequencies of FVllil-specific CD4 T cells isolated from the different CD4 T-cell
subsets of all donors. Statistical significance was assessed using the Wilcoxon
match-pairs signed rank test. *P < .05. Ctrl, control.
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or KLH (2 wM) in MultiScreen 96-well plates (Merck Millipore)
previously coated with 2.5 pg/mL of anti-human IFN-y monoclonal
antibody (mAb; 1-D1K; Mabtech). After overnight incubation,
spots were revealed using 0.25 ng/mL of biotinylated anti-human
IFN-y mAb (7-B6-1; Mabtech) in phosphate-buffered saline/
bovine serum albumin 1%, extravidin-phosphatase (dilution
1:3000 in phosphate-buffered saline/Tween 20 0.05%/bovine
serum albumin 1%; Sigma-Aldrich), and nitro blue tetrazolium/
5-bromo-4-chloro-3-indolyl phosphate-toluidine salt (Sigma-Aldrich).
CD4 T-cell lines were considered specific when a spot count was
twofold higher in the presence of the protein than in its absence,
with a minimal difference of 25 spots.

Results and discussion

To detect KLH- and FVIll-specific CD4 T lymphocytes, purified
CD4 T lymphocytes collected from healthy individuals were
distributed into multiple wells and stimulated weekly by autologous
DCs previously loaded with FVIIl or KLH. After 3 rounds of
stimulation, each independent T-cell line (CD4 T cells present in a
single well) was evaluated for its specificity by IFN-y ELISPOT
under culture conditions favoring the differentiation of T cells into
TH1 cells. KLH was introduced as a control antigen to assess the
ability of the donors to mount a CD4 T-cell response. As shown
Figure 1A, 9 T-cell lines specific for FVIIl were obtained from donor #329,
corresponding to almost half of the seeded wells at the initiation
of the culture. As shown for donor #330, FVlIl-specific T-cell lines
did not react with KLH, and KLH-specific T-cell lines were not
activated by FVIII (Figure 1B). A total of 154 FVIll-specific T-cell
lines were isolated from the 16 donors (supplemental Table 1), all
of them responding to FVII. As demonstrated previously,'®
the distribution of the antigen-specific CD4 T cells at the initiation
of our assay follows a Poisson distribution. This allowed us
to calculate a frequency of FVlll-specific CD4 T cells between
0.3 and 4.2 per million of total CD4 T cells, with a mean of
1.7 cells per million. The frequency of FVIlI-specific CD4 T cells
was ~10-fold greater than that calculated in the case of
CD4™ T cells specific for human recombinant IFN-B (S.M., Aurélien
Azam, Marie de Bourayne, E.M., and B.M., manuscript in preparation),
investigated using the same set of donors and methods previously
used to calculate frequency in the cases of CD4™ T cells specific for
therapeutic antibodies,'® human erythropoietin, antitrypsin, anti-
thrombin, and insulin.'® Strikingly, the frequency of FVIll-specific
CD4 T cells was in the range of that calculated in the case of
foreign antigens such as mouse mAbs,'® ovalbumin,’® and HIV
peptide vaccine.'” It was however below the frequency found for
strong immunogens, such as KLH,'®'® and it was too low to be
detected without any in vitro culture phase. The data suggest that
the basal level of expression of endogenous FVIII (ie, 0.1 wg/mL or
0.3 nM in normal plasma'®) does not preclude a large escape of
FVIil-specific CD4 T cells from negative thymic selection. Whether
such a large pool of circulating FVIIl-specific CD4 T cells provides
help to natural FVlll-specific B cells and accounts for the
presence of natural anti-FVIIl antibodies in a substantial per-
centage of healthy individuals®?° and whether the uncontrolled
recruitment of this pool leads to the development of acquired
hemophilia remain to be established. Furthermore, it is tempting to
speculate that, because of the impaired production of FVIII that
characterizes HA, the pool of FVIll-specific CD4 T cells is enlarged
in patients with HA, although formal evaluation of the size of the
preexisting T-cell repertoire in previously untreated patients is
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ethically challenging. The hypothesis is substantiated by recent
ancillary results from the SIPPET study that document the
existence of FVIl-binding antibodies in the plasma of 8% of
previously untreated patients.?'

To assess the phenotypes of the anti-FVIIl CD4 T cells in healthy
individuals, we separated the CD4 T cells from 5 different donors
into 4 main subsets, namely naive T cells, central memory cells,
effector memory cells and effector cells CD45RO™, and effector
memory cells and effector cells CD45RA™ (supplemental Figure 1;
supplemental Table 2) and generated FVIIl-specific T-cell lines. As
shown in the case of donors #393 and #423, all T-cell subsets
gave rise to FVlll-specific T-cell lines, albeit with different
efficiencies (Figure 2). A large number of T-cell lines originated
from naive cells and to a lesser extent from central memory cells
(Figure 2A). The frequency of FVlll-specific T cells was calculated
in each subset with respect to the whole population (supplemental
Table 2). Naive and central memory cells (Figure 2B) represented
53% and 29% of the FVIlI-specific T cells, respectively, whereas
the 2 other subsets were less represented (12% for effector
memory cells and effector cells CD45RO™ and 6% for effector
memory cells and effector cells CD45RA™). Although striking, the
existence of self-reactive memory cells in normal individuals has
already been observed by others®? and by us for another self-
amtigen.23 Importantly, FVIll-specific memory CD4 T cells were
found at frequencies equivalent to that of naive CD4 T cells,
suggesting that they did not expand, as memory cells specific
for foreign antigens generally do.'®2* Indeed, memory responses
to foreign antigens lead to frequencies of memory T cells that
are =100-fold greater than the frequencies of naive T cells
specific for the same antig(ens.18’24 It is however probable that
FVIil-specific memory CD4 T cells expand in patients with HA who
have developed inhibitors. The apparent lack of expansion of FVIII-
specific memory CD4 T cells seen in our study with healthy donors
may have resulted from a suboptimal priming of the T cells by the
low concentration of endogenous FVIII in the absence of
inflammatory cytokines or from active regulation by regulatory
T cells.?>2® Importantly, in our analysis of the CD4 T-cell subsets,
antigen-specific regulatory T cells were removed before initiation
of the in vitro culture and accounted for <0.1% of the growing
CDA4 T cells (data not shown).

The high frequency of preexisting FVlll-specific CD4 T cells
reported in the present study suggests a deficiency in the central
tolerance to FVII. It is reminiscent of the immune ignorance®’
previously proposed in the case of endogenous erythropoietin.'®
We also observed that a significant portion of the preexisting FVIII-
specific CD4 T cells had a memory phenotype without overt sign of
expansion. Maintenance of tolerance to FVIIl in healthy donors might
rely on such an apparent lack of expansion.
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