Coagulation & Its Disorders

The ADAMTS13#**%3 peptide is a dominant
HLA-DR1-restricted CD4* T-cell epitope

Laurent Gilardin,***** Sandrine Delignat,*** Ivan Peyron,*** Mathieu Ing,***
Yu-Chun Lone,® Bagirath Gangadharan,*** Baptiste Michard,***

Yousra Kherabi,*>* Meenu Sharma,*** Anastas Pashov,"***

Jean-Baptiste Latouche,” Mohamad Hamieh,” Olivier Toutirais,?

Pascale Loiseau,® Lionel Galicier, Agnés Veyradier,** Srini Kaveri,****2
Bernard Maillére,** Paul Coppo*** and Sébastien Lacroix-Desmazes*?>**?

*Current affiliation: Service d’Onco-Hématologie, Hopital Saint-Louis, AP-HP, 75010 Paris, France

YInstitut National de la Santé et de la Recherche Médicale (INSERM), Unité Mixte de
Recherche en Santé (UMR S) 1138, Centre de Recherche des Cordeliers, Equipe
Immunopathology and Therapeutic Immunointervention, Paris, France; 2Sorbonne
Universités, Université Pierre et Marie Curie-Paris 6, UMR S 1138, Centre de
Recherche des Cordeliers, Equipe Immunopathology and Therapeutic
Immunointervention, Paris, France; *Université Paris Descartes - Paris 5, UMR S 1138,
Centre de Recherche des Cordeliers, Equipe Immunopathology and Therapeutic
Immunointervention, Paris, France; “Centre National de Référence sur les
Microangiopathies Thrombotiques, Hopital Saint Antoine, AP-HP, Paris, France;
®Institut National de la Santé et de la Recherche Médicale (INSERM), U1014, Hopital
Paul Brousse, Villejuif, France; ®Department of Immunology, Institute of Microbiology,
BAS, Sofia, Bulgaria; "Laboratoire de Génétique Moléculaire, CHU CH.NICOLLE, Rouen,
France; 8Laboratoire d’Immunologie and d’Immunopathologie, CHU Caen, France;
°Laboratoire d'Immunologie et Histocompatibilité, Hopital Saint-Louis, AP-HP, Paris,
France; °Département d’Immunologie Clinique, Hopital Saint-Louis, AP-HP, Paris,
France; *Service d'Hématologie Biologique, Hopital Lariboisiére, AP-HP, Paris, France;
“2International Associated Laboratory IMPACT (INSERM, France-Indian Council of
Medical Research, India), National Institute of Immunohaematology, Mumbai, India;
“Institute of Biology and Technologies, SIMOPRO, Labex LERMIT, Labex VRI,
Commissariat a I'Energie Atomique (CEA) Saclay, Gif sur Yvette, France and “Service
d’Hématologie, Hopital Saint Antoine, AP-HP, Paris, France

ABSTRACT

cquired thrombotic thrombocytopenic purpura is a rare and

severe disease characterized by auto-antibodies directed against

“A Disintegrin And Metalloproteinase with Thrombospondin
type 1 repeats, 13" member" (ADAMTS13), a plasma protein involved in
hemostasis. Involvement of CD4* T cells in the pathogenesis of the dis-
ease is suggested by the IgG isotype of the antibodies. However, the
nature of the CD4* T-cell epitopes remains poorly characterized. Here,
we determined the HLA-DR-restricted CD4* T-cell epitopes of
ADAMTS13. Candidate T-cell epitopes were predicted i silico and bind-
ing affinities were confirmed in competitive enzyme-linked immunosor-
bent assays. ADAMTS13-reactive CD4* T-cell hybridomas were gener-
ated following immunization of HLA-DR1 transgenic mice (Sure-L1
strain) and used to screen the candidate epitopes. We identified the
ADAMTS13"%%* peptide as the single immunodominant HLA-DR1-
restricted CD4* T-cell epitope. This peptide is located in the CUB2
domain of ADAMTSI13. It was processed by dendritic cells, stimulated
CD4* T cells from Sure-L1 mice and was recognized by CD4* T cells
from an HLA-DR1-positive patient with acute thrombotic thrombocy-
topenic purpura. Interestingly, the ADAMTS13%"** peptide demon-
strated promiscuity towards HLA-DR11 and HLA-DR15. Our work
paves the way towards the characterization of the ADAMTS13-specific
CD4* T-cell response in patients with thrombotic thrombocytopenic pur-
pura using ADAMTS13"*"*-loaded HLA-DR tetramers.
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Introduction

Thrombotic thrombocytopenic purpura (TTP) is a rare
and severe autoimmune disease characterized by the
occurrence of IgG autoantibodies against the metallopro-
tease "A Disintegrin And Metalloproteinase with
Thrombospondin type 1 repeats, 13" member"
(ADAMTS13)."® ADAMTS13 cleaves multimers of von
Willebrand factor, a glycoprotein involved in hemostasis.
Inhibition of ADAMTS18 by IgG leads to an accumulation
of hyper-adhesive von Willebrand factor multimers caus-
ing microthrombi that occlude the lumen of the capillaries
in the microcirculation, thus inducing red cell hemolysis
and ischemia of downstream organs. TTP is thus charac-
terized by a combination of microangiopathic hemolytic
anemia, peripheral thrombocytopenia and organ failure of
variable severity with typically neurological involvement.’

The physiopathological mechanisms underlying TTP
and responsible for the synthesis of anti-ADAMTS13 anti-
bodies, and particularly the mechanisms involved in the
loss of tolerance of the immune system towards
ADAMTS13, are poorly understood. Polyclonal anti-
ADAMTS13 antibodies are directed against different
domains of ADAMTS13.° In most patients, anti-
ADAMTS13 antibodies are of the IgG isotype with a pre-
dominance of the IgG4 subclass.’ IgG from all patients rec-
ognize immunodominant B-cell epitopes located in the
spacer domain of ADAMTS13.” The B-cell epitopes have
been proposed to be located between the 660-661 and 665
amino-acids.” The fact that anti-ADAMTS13 antibodies
are of the IgG isotype, of high affinity and have under-
gone affinity maturation, strongly suggests the require-
ment of CD4* T-cell help in the development of the dis-
ease.” Besides, the HLA-DRB1*11 (DR11) haplotype was
independently identified as a strong risk factor by three
research groups.” However, while CD4* T cells are

thought to play a major role, the specificity and the prop-
erties of the CD4" T lymphocytes involved in the patho-
genesis of TTP have not been studied. Importantly, the
HLA restriction hints at the existence of immunodomi-
nant peptides in ADAMTS13.

Naive CD4* T-cell activation is initiated by the interac-
tion of the T-cell receptor (TCR) with a peptide/MHC
class II complex on professional antigen-presenting cells.
Extracellular antigens are endocytosed, degraded into pep-
tides in the early endosome and loaded onto MHC class II
of heterodimer molecules. Sorvillo et al. identified,
through mass spectrometry, ADAMTS13-derived pep-
tides that are localized within the HLA-DR molecules
expressed by dendritic cells derived from human mono-
cytes (Mo-DC) and incubated with ADAMTS13 in vitro."
The identified peptides belonged mainly to the CUB1 and
CUB2 domains of ADAMTS13. The core sequence FIN-
VAPHAR from the CUB2 domain was the only sequence
detected for six donors with the DR11 haplotype among
the 17 donors included in the study. In addition, the same
group recently demonstrated that a peptide containing the
FINVAPHAR amino-acid sequence is able to stimulate
CD4" T cells from an HLA-DR11 TTP patient."” These
studies did not, however, investigate the recognition of
other peptides by CD4" T cells. To address this issue, we
focused on the HLA-DR1 haplotype for which a human-
ized transgenic HLA-DR1 mouse is available, and investi-
gated the CD4* T-cell epitopes for the HLA-DR1 allele.
The identified epitopes were then studied in the context
of the HLA-DR11 allele.

Methods

Peptides and antigen
ADAMTS13-derived peptides were selected based on their

Table 1. Affinity of ADAMTS13-derived peptides for HLA-DRB1*01:01 molecules.
ADAMTS13 peptide

Sequence’ IC

Predicted

(aM)! binding score’
1 589-603 Spacer RPLFTHLAVRIGGRY 0.46 7.01
2 267-281 Metalloprotease RRQLLSLLSAGRARC 0.91 1.36
3 371-385 Disintegrin CRSLVELTPIAAVHG 1.59 422
4 1239-1253 CUBI GDMLLLWGRLTWRKM 1.61 7.08
5 1392-1406 CUB2 EGFLKAQASLRGQYW 374 1.62
6 1355-1369 CUB2 ASYILIRDTHSLRTT 5.65 6.65
7 T74-788 TSR3 GSLLKTLPPARCRAG 711 5.65
8 570-584 Spacer YVTFLTVTPNLTSVY 13.10 0.79
9 914-928 TSRS ELRFLCMDSALRVPV 12.6 3.24
10 1224-1238 CUBI VWTLRVLESSLNCSA 13.68 6.21
11 1281-1295 CUBI GVLLRYGSQLAPETF 28.34 6.90
12 464-478 Cys-Rich GASFYHLGAAVPHSQ 31.07 8.42
13 1325-1339 CUB2 CRLFINVAPHARIAI 147.97 1.99
14 140-154 Metalloprotease APNITANLTSSLLSV 279.67 9.74
15 308-322 Desintegrin NEQCRVAFGPKAVAC 5000 8.11
16* 111-125 Metalloprotease GAELLRDPSLGAQFR >10000 20.93

'ADAMTS13-derived peptides are sorted based on the measured IC;, values compared to the HA*** control peptide (IC;=4.61 nM). IC;, values are shown in nM. A lower IC;,
value indicates stronger binding. IC;>10000 indicates no detectable binding in the assay. ‘Binding scores were generated by IEDB and reflect the expected binding affinities,
with lower scores indicating stronger predicted affinities. #The nine-residue sequences (core peptides) predicted to fit into the HLA-DRB1*01:01 binding groove are underlined
for each peptide. Anchor residues are highlighted in bold. *This ADAMTS13-derived peptide is used as a negative control, without detectable binding to HLA-DRB1*01:01.



capacity to bind to HLA-DRB1*01:01 molecules. HLA class II-
binding predictions of human ADAMTS13 (GenBank reference:
AAL11095.1) were made on November 10, 2011, using the
Immune Epitope Database analysis resource consensus tool, on
the dedicated website www.iedb.org."” " Strong HLA-DRB1*01:01
binders were predicted in silico using overlapping 15-mer peptides
that span the whole ADAMTS13 sequence. Altogether, 99 15-mer
peptides were predicted to be strong binders to HLA-DRB1*01:01
with binding scores below 10 (i.e., with a probability of being
good binders greater than 90%). Some of the predicted peptides
shared common HLA-DRB1*01:01-binding core sequences (9-mer
peptides). When considering only unique core sequences and after
exclusion of two peptides located in the prodomain of
ADAMTS13, the list came down to 15 9-mer core peptides (Table
1). The peptides were synthesized at greater than 80% purity (GL
Biochem, Shanghai, China) and included the 9-mer core sequences
with addition of the three residues from the N-terminal end and
the three residues of the C-terminal end. Individual peptides were
solubilized at 1 mg/mL in dimethylsulfoxide/water. Recombinant
full-length human ADAMTS13 (thADAMTS13) was a kind gift
from Baxter (Vienna, Austria).”®

HLA-peptide-binding assays

HLA-DR molecules were purified from homozygous Epstein-
Barr virus cell lines by affinity-chromatography using the
monomorphic monoclonal antibody 1243. The binding to HLA-
DR molecules was assessed by competitive enzyme-linked
immunosorbent assay (ELISA), using an automated workstation,
as previously reported.”” Briefly, HLA heterodimers were incu-
bated with a biotinylated indicator peptide and serial dilutions of
competitor peptides. As reference, the unlabeled form of biotiny-
lated reporter peptide was used as an internal control. After 24 h
incubation at 37°C, samples were neutralized with 450 mM Tris
HCI (pH 7.5) (Sigma, St Quentin-Fallavier, France), 0.3% bovine
serum albumin (Sigma), and 1 mM n-dodecyl B-D-maltoside
buffer (Sigma) and applied to 96-well MaxiSorp ELISA plates
(Nunc A/S, Roskilde, Denmark) coated with 10 ug/mL L243.
Bound biotinylated peptide was detected by streptavidin-alkaline
phosphatase conjugate (GE Healthcare, Saclay, France) after
adding 4-methylumbelliferyl phosphate substrate (Sigma).
Emitted fluorescence was measured at 450 nm upon excitation at
365 nm. The peptide concentration that prevented binding of 50%
of the biotinylated peptide (ICs) was evaluated. The sequence of
the biotinylated reporter hemagglutinin (HA) peptide was
SPKYVKQNTLKLAT®®; the mean ICs, values of the HA™** pep-
tide for HLA DRB1*01:01 and DRB1*11:01 binding were 4.61 and
37.42 nM, respectively. For HLA DRB1*15:01, the sequence of the
reporter biotinylated peptide A3 was ""EAEQLRAYLDGT-
GVE"™ with an IC;, value of 41.46 nM. Means and standard errors
of the means were calculated from three independent experi-
ments. Binding data are estimated as relative affinities defined as
the ratio of the ICs, of each individual peptide to the ICy, of the ref-
erence peptide. Peptides with relative affinities of 20 or less were
considered as strong binders to the HLA-DRB1 molecules and
were retained for the rest of the study.

Human samples

Heparinized blood from healthy donors (EES, Ile-de-France,
Créteil, France) or from TTP patients (French national reference
center for TMA, Prof. P. Coppo, St Antoine Hospital, Paris, France
and Dr L. Galicier, St Louis Hospital, Paris, France) was obtained
after written informed consent. The use of samples for research
purposes had been approved by the ethical committee from Saint-
Antoine Hospital (Authorization n. 04807/12/2005). The criteria
for diagnosing acquired TTP were those previously reported,’ and
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Figure 1. Identification of HLA-DR1-restricted T-cell epitopes using
ADAMTS13-specific CD4* T-cell hybridomas. (A) Anti-ADAMTS13 IgG titers in
Sure-L1 mice immunized with rhADAMTS13. The serum from an HLA-DR1-
transgenic Sure-L1 mouse immunized with rhADAMTS13 was incubated in seri-
al dilutions on ADAMTS13-coated ELISA wells. ADAMTS13-bound IgG were
detected using horseradish peroxidase-coupled polyclonal goat anti-mouse IgG
and substrate. Results are expressed in arbitrary units as optical density meas-
ured at 492 nm. (B) Activation of ADAMTS13-specific CD4* T-cell hybridomas. A
representative ADAMTS13-specific CD4* T-cell hybridoma (clone 2G10d) was
incubated with AAPC"®* (10:1 ratio) and ADAMTS13-derived peptides as listed
in Table 1. Stimulation indices represent the ratio of IL-2 secreted by the T cells
measured by ELISA upon incubation with ADAMTS13 peptides over IL-2 secret-
ed in the absence of peptide. Means+SD are from two independent experi-
ments. (C) Delineation of the core peptide for ADAMTS13-specific CD4* T-cell
hybridomas. A representative ADAMTS13-specific CD4* T-cell hybridoma (clone
2G109) was incubated with AAPCP** and overlapping 15-mer peptides spanning
the 1235-1256 peptide sequence. Stimulation indices were assessed as
explained above.
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included a severe deficiency (<5% of normal activity) of
ADAMTS-13 activity along with a detectable inhibitor and/or
detectable serum antibodies as assessed by ELISA (Technozym R
ADAMTS13 INH, Technoclone, Vienna, Austria; threshold posi-
tivity >15 U/mL).

Blood processing

All blood samples were shipped at room temperature within 4
h of being drawn. HLA-DR screening was performed by molecu-
lar typing using the Olerup SSP HLA*DR kit (Olerup SSE,
Stockholm, Sweden) after extracting DNA from total blood
(Qiagen, Vienna, Austria). Peripheral blood mononuclear cells
were isolated by density gradient centrifugation on lymphocyte
separation medium (PAA Laboratories GmbH, Les Mureaux,
France) and immediately frozen in pooled human male AB serum
containing 10% dimethylsulfoxide (Sigma).

Immunization of mice

The animals used in this study were HLA-A2.1-/HLA-DR1-
transgenic H-2 class I-/class II (IA B-/- p2m-/-)-knockout mice
(Sure-L1 mice), 8 to 12 weeks old.” The mice were immunized
subcutaneously with 150 ug of rhADAMTSI3 in complete
Freund’s adjuvant (Sigma), and 15 days later with 150 ug
thADAMTSI13 in incomplete Freund’s adjuvant (Sigma). Blood
was drawn by retro-orbital bleeding 4 days after the second
administration of thADAMTS13 and cells from the spleen and
draining lymph nodes were collected. Animals were handled in
agreement with local ethical authorities (Comité Régional
d'Ethique p3/2005/002).

Titration of anti-ADAMTS13 IgG

Antibodies against human ADAMTS13 were measured in mice
serum using ELISA. Briefly, ELISA plates were coated with
thADAMTS13 (1 ug/mL) for 1 h at 37°C and subsequently
blocked for an additional hour with phosphate-buffered saline -
1% bovine serum albumin (PBS-BSA). Serum serially diluted in
PBS-BSA (dilution factor: 1/3) was then incubated for 1 h at room
temperature. Bound IgG was revealed using a secondary horserad-
ish peroxidase-coupled goat F(ab’), anti-mouse IgG antibody
(Southern Biotech, Birmingham, AL, USA) and substrate. The
mouse monoclonal anti-human ADAMTS13 IgG monoclonal
antibody 20A5 (HYCULT, Uden, NL) was used as a positive con-
trol.

HLA-DRB1*01:01-positive antigen-presenting cells
Three different sources of antigen-presenting cells were used for
T-cell presentation assays: (i) purified splenocytes from Sure-L1
mice inactivated with mitomycin C (50 ug/mL, Sigma), (ii) imma-
ture Mo-DC from HLA-DRB1*01:01 healthy donors inactivated
with mitomycin C (50 ug/mL), and (iii) artificial antigen-present-
ing cells derived from the NIH-3T3 cell line expressing HLA-
DRB1*01:01 (AAPC™™). To generate AAP“™ NIH-3T3 cells were
transduced with the common HLA-DRa chain and the specific
HLA-DRB1*01:01 chain, and with the co-stimulatory and adhe-
sion human molecules B7.1, ICAM-1 and LFA-3.2 AAPC"™ does
not produce murine interleukin-2 and does not, therefore, require
inactivation with mitomycin C. Its ability to present and stimulate
HLA-DRB1*01:01-restricted CD4" T cells efficiently has been
demonstrated.” In the case of Mo-DC, human monocytes were
isolated from peripheral blood mononuclear cells using anti-CD14
magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany).
Monocytes were cultured in RPMI-1640 medium supplemented
with 10% human AB Serum (Sigma), L-glutamine and antibiotics
(Life Technologies - Invitrogen, Carlsbad, CA, USA) in the pres-
ence of 500 IU human recombinant interleukin 4 (ImmunoTools,
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Figure 2. The ADAMTS13***42% peptide is an immunodominant T-cell epitope both
for Sure-L1 mice as well as for a patient with TTP. (A) Stimulation by ADAMTS13-
derived peptides of spleen and lymph node cells from Sure-L1 mice immunized
with rhADAMTS13. Cells (3x10°/well) were incubated with each individual peptide
(10 ug/mL), with the pool of peptides (Peptide mix) or with rhADAMTS13.
Proliferation was assessed by incorporation of tritiated thymidine. Proliferation
indices are defined as the ratio of cpm of stimulated cells versus cpm of control
cells, and are expressed as means+SD for two Sure-L1 mice. (B) The ADAMTS13**
53 peptide is processed and presented to T cells by human antigen-presenting
cells. A representative ADAMTS13-specific CD4* T-cell hybridoma (clone 1F5y) was
incubated with immature dendritic cells from a healthy HLA-DR1* blood donor and
with the ADAMTS13'91%% peptide, with rhADAMTS13 or with the ADAMTS13"412®
peptide. Stimulation indices represent the ratio of secretion of IL-2 by T cells stim-
ulated in the presence of antigen versus the secretion of IL-2 by T cells incubated
with Mo-DC alone. Means+SD are from two independent experiments. Similar
results were obtained with other ADAMTS13-CD4" T-cell hybridoma clones (not
shown). The peptide incubated alone or with DR1** artificial antigen-presenting
cells failed to activate the T cells (not shown). (C) ADAMTS13 epitope specificity of
CD4* T-cell lines from a patient with acquired TTP. CD4* T-cell lines were generated
after stimulation with pooled ADAMTS13-derived peptides as defined in Table 1. T
cells (3x10°/well) were then incubated with AAPC™* (3x10* cells/well) alone or
pulsed with individual peptide (10 ug/mL), or with the peptide pool (Peptide mix).
The number of cells producing interferon-y was then assessed by ELISPOT and is
expressed as the mean number of spot-forming cells (SFC) per million cells calcu-
lated in the case of peptide-stimulated T cells minus the SFC obtained in the case
of unstimulated cells. Means+SD are from two independent experiments. *The
111-125 ADAMTS13-derived peptide that did not bind to HLA-DRB1*01:01 was
used as a negative control.




Friesoythe, Germany) and 1000 IU human recombinant granulo-
cyte-macrophage colony-stimulating factor (ImmunoTools) per
10° cells. After 5 days of culture, the non-adherent immature Mo-
DC-enriched fraction was harvested and the immature status was
confirmed by the expression of the following surface phenotypic
markers: CD40, CD80, CD86, CD83, CD1a and HLA-DR (Becton
Dickinson, Le Pont de Claix, France), by flow cytometry as
explained previously.”

Proliferation response to ADAMTS13-derived peptide

Cells from the spleen and draining lymph nodes from immu-
nized Sure-L1 mice were pooled. Cells (10° cells/well) were incu-
bated alone, with each individual synthetic ADAMTS13-derived
peptide (10 ug/mL) or with a pool containing all the peptides (2.5
ug/mL of each peptide) in AIM-V medium (Life Technologies) for
4 days. Cell proliferation was determined by incorporation of *H-
thymidine (1 uCi per well, specific activity of 6.7 Ci/mmol) added
during the final 16 h and measured as counts per minute (cpm) on
a micro-B-counter (Perkin Elmer Applied Biosystems). Stimulation
indices (SI) were calculated as the ratio between the cpm in the
presence of a stimulus, and the average cpm of the same cells incu-
bated alone.

Generation of mouse ADAMTS13-specific CD4* T-cell
hybridomas

Cells from draining lymph nodes of immunized Sure-L1 mice
were stimulated for 72 h with thADAMTS13 (1 ug/mlL) and fused
with the BWZ.* fusion (TCR ") partner cell line* (a kind gift from
Prof N Shastri, University of California, Berkeley, CA, USA) using
polyethylene glycol. ADAMTS13-specific CD4* T-cell hybrido-
mas were obtained after culture in HAT and HT selective media
(both from Sigma). Specificity for ADAMTS13 was evaluated
using a T-cell stimulation assay.

T-cell hybridoma stimulation assay

Mouse HLA-DR1-restricted CD4" T-cell hybridomas (10°
cells/well) were cultured in plates of 96 round-bottomed wells
with 10 (ratio 1:10) DRB1*01:01 antigen-presenting cells (spleno-
cytes or immature Mo-DC) in the presence of thADAMTS13 (10
ug/mL) for 24 h at 37°C. Murine interleukin-2 secreted by activat-
ed T cells was measured in the supernatant using an ELISA kit
according to the manufacturer’s protocol (eBioscience, Paris,
France). The positive control was concanavalin A (Sigma) at a con-
centration of 1 ug/mL. For each hybridoma cell line growing in
HAT media, the stimulation index was calculated. Hybridoma
clones with an at least 2-fold increase in interleukin-2 release (ratio
between ADAMTS13-stimulated cultures and control medium)
were considered to be ADAMTS13-specific and were subsequent-
ly sub-cloned by limiting dilution (0.5 cells/well). Among
ADAMTS13-specific T-cell hybridomas, screening for peptide
specificity was realized with AAPC™ co-cultured for 24 h with
peptides at 10 ug/mL, and interleukin-2 secretion by activated T-
cell hybridomas was measured in the supernatant with the same
ELISA kit.

Generation of ADAMTS13-specific human CD4" T-cell lines

Using the accelerated co-cultured dendritic cell assay,” peripher-
al blood mononuclear cells from a TTP patient were stimulated for
10 days with the pool of 16 ADAMTS13-derived peptides (2.5
ug/mL for each peptide). Briefly, cells (5x10° cells/mL) were
thawed and cultured in AIM-V medium supplemented with 1000
U/mL of granulocyte-macrophage colony-stimulating factor and
500 U/mL of interleukin-4 (ImmunoTools). After 24 h (day 1), the
pool of ADAMTS13-derived peptides was added along with
tumor necrosis factor-or (1000 U/mlL), interleukin-1p (10 ng/mL),
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interleukin-7 (0.5 ng/mL) (ImmunoTools) and prostaglandin E2 (1
uM; Merck Calbiochem, Saint-Quentin-en-Yvelines, France). On
day 10, non-adherent cells were collected, washed, and CD4* T
lymphocytes were isolated by negative magnetic purification with
a CD4" T-cell isolation kit (Miltenyi). Cells were then incubated
with irradiated DRB1*01 Mo-DC (45 Gy) from healthy donors
(ratio 1:10), pulsed with the pool of ADAMTS13-derived peptides,
in fresh AIM-V at 37°C for 6 h. Subsequently, CD4" T cells reac-
tive to ADAMTS13-derived peptides were isolated using the inter-
feron (IFN)-y secretion assay-cell detection kit according to the
manufacturer’s protocol (Miltenyi). Cell lines were obtained after
culture of the IFN-y-secreting cells in AIM-V medium supplement-
ed with 10% human AB serum, interleukin-2 (20 U/mL), inter-
leukin-4 (5 ng/mlL), anti-CD3 monoclonal antibody (OKT3, 30
ng/mlL) (ImmunoTools) and irradiated (45 Gy) peripheral blood
mononuclear cells from two unrelated donors. Cells were fed
every 7 days with fresh cytokines. The stimulated CD4" T cells
were tested after ~3 weeks for peptide specificity by IFN-y
enzyme-linked immunospot (ELISPOT) assays after incubation
with peptide-pulsed or non-pulsed antigen-presenting cells.

Enzyme-linked immunospot assays

The human IEN-y ELISPOT assay was performed according to
the manufacturer’s recommendations. Ninety-six—well polyvinyli-
dine fluoride plates (Millipore-Merck) were pre-wetted with
ethanol. The individual ADAMTS13-derived peptides (10 ug/mL),
the peptide pool, or medium alone were plated in triplicate wells,
into the plates that had been pre-coated overnight with the anti-
IFN-y capture antibody (U-CyTech, Utrecht, the Netherlands) and
blocked with AIM-V plus 10% human serum. Irradiated AAPC™
(45 Gy) were then seeded and incubated (3x10/well) with the
CD4* T-cell line (3x10°/well) for 24 h at 37°C in a CO, incubator.
Following removal of peripheral blood mononuclear cells, ITFN-y
secretion was visualized with a biotin-conjugated anti-IFN-y anti-
body (U-CyTech), alkaline phosphatase-conjugated ExtrAvidin,
and Sigmafast 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium (BCIP/NBT) tablets (Sigma). Plates were then air dried
and scanned on an ImmunoSpot Analyzer (CTL, Shaker Heights,
OH, USA). Spot-forming cells were automatically calculated by
ImmunoSpot Software using the SmartCount™ and Autogate™
functions.” ELISPOT readouts are expressed as spot-forming

Table 2. Affinity of ADAMTS 132125 peptide for HLA-DRB1 molecules.

HLA-DR molecule’ Predicted binding Relative
score' affinity*
DRBI*11:01 12 16.04
DRB1*15:01 1.40 348
DRB1*13:01 1.72 ND
DRB1*08:01 447 ND
DRB1*01:01 7.08 0.27
DRB1*03:01 7.92 ND
DRB1*04:01 12.10 ND
DRBI1*12:01 25.89 ND
DRB1*(7:01 3119 ND
DRB1*09:01 33.67 ND

“HLA-DRB1 molecules are classified based on their predicted binding score.'Binding
scores were generated by IEDB using the consensus method prediction tool. 'Binding
data are estimated as relative affinities defined as the ratio of the IC;, of the
ADAMTS13™%* peptide to the IC,, of each reference peptide. Relative affinities of 20
or less were considered high binders to the HLA-DR molecule. The sequences and
mean IC;, values of the reference peptides were the following: HA®%
(PKYVKQNTLKLAT) for DRI (4.61 nM) and DRI1 (37.42 nM); A3"*'® (EAEQL-
RAYLDGTGVE) for DR15 (41.46 nM).ND: not done.
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cells/10° CD4* T-cells. Peptides that generated at least twice the
sport-forming cells over the control wells were defined as eliciting
a positive response.

Results

Few ADAMTS13-derived peptides are strong binders
to HLA-DRB1*01:01 molecules

We hypothesized that the T-cell epitopes of
thADAMTS13 correspond to ADAMTS13-derived pep-
tides that bind stably to the groove of class II MHC mole-
cules. The candidate peptides should thus bind with a
high affinity to HLA-DR molecules. Using the IEDB con-
sensus method prediction tool for MHC class II binding,
we first predicted the array of ADAMTS13-derived 15-
mer peptides that bind to the HLA-DRB1*01:01 (DR1)
allele. Altogether, 15 15-mer peptides with unique core
sequences were predicted to be strong binders to HLA-
DR1 with binding scores below 10 (Table 1). The corre-
sponding synthetic 15 peptides were used in binding
assays to determine in vitro affinities for purified HLA-
DRB1%01:01 molecules by competition ELISA. The calcu-
lated ICs, values ranged from 0 to 5000 nM (Table 1). Five
peptides bound to DR1 with an ICs, below 4 nM, an affin-
ity greater than that of the influenza HA**** control pep-
tide (ICs, = 4.61 nM). Three peptides revealed a poor bind-
ing capacity with ICs, values 20-fold greater than that of
the HA control peptide, despite a good IEDB-predicted
binding score.

ADAMTS13-derived peptides activate ADAMTS13-spe-
cific mouse CD4+ T-cell hybridomas restricted to HLA-
DRB1*01:01

To assess whether the ADAMTS13-derived HLA-DR1
binding peptides are T-cell epitopes and are presented to T
cells by antigen-presenting cells, we generated
ADAMTS13-specific CD4* T-cell hybridomas restricted to
the HLA-DR1 allele. Induction of an anti-thADAMTS13
immune response in a humanized transgenic HLA-DR1
mouse was confirmed by ELISA (Figure 1A). Cells from
the draining lymph nodes were fused to a TCR” partner
(BWZ36) and 95 CD4* T-cell hybridomas were selected.
Among them, 26 hybridomas produced interleukin-2 fol-
lowing incubation with splenocytes from Sure-L1 mice in
the presence of thADAMTS13. The 26 hybridomas were
subsequently sub-cloned.

We next evaluated the activation of the T-cell hybrido-
mas by the 15-mer peptides. The ADAMTS13%"* pep-
tide was the only peptide to induce a significant secretion
of interleukin-2 in all the hybridoma cell lines tested (6 of
the 26 thADAMTS13-reactive T-cell hybridomas; a repre-
sentative result is shown for 1 T cell-hybridoma in Figure
1B). To delineate the T-cell epitope recognized by the T-
cell hybridomas more precisely, overlapping 15-mer pep-
tides that span amino acids 1235 to 1256 were synthe-
sized and assessed for their capacity to activate one of the
T-cell hybridomas (Clone 2G109). Significant T-cell activa-
tion was observed for peptides 1237-1251, 1238-1252,
1239-1253, 1240-1254 and 1241-1255 (Figure 1C).
Conversely, peptides 1235-1249, 1236-1250 and 1242-
1256 failed to activate the T-cell hybridoma. Similar
results were obtained with another T-cell hybridoma
(clone 1F5y, data not shown). These results demonstrate
that the minimal core peptide sequence recognized by the

ADAMTS13-specific ~ DRB1*01:01-restricted — T-cell
hybridomas is "*MLLLWGRLTWR'". Anchor residues for
binding of peptide 1239-1353 to the HLA groove are high-
lighted in Table 1: L1, W4, R6 and W9.
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Figure 3. The ADAMTS13*2**12%3 peptide is an immunodominant T-cell epitope
for HLA-DRB1*11 individuals. CD4* T-cell lines from HLA-DRB1*11 TTP patients
at (A) acute phase or (B) in remission phase of the disease, or from (C) a HLA-
DRB1*11 healthy donor, were stimulated with the ADAMTS13-derived peptides
identified as immunodominant for HLA-DRB1*01. T cells (3x10°cells/well) were
incubated with AAPC™***(3x10* cells/well) alone or pulsed with individual peptide
(10 ug/mL), or with the peptide pool (Peptide mix). The number of cells produc-
ing interferon-y was then assessed by ELISPOT and is expressed as mean num-
ber of spot-forming cells (SFC) per million cells calculated in the case of peptide-
stimulated T-cells minus the SFC obtained in the case of unstimulated cells.
*The 111-125 ADAMTS 13-derived peptide is used as a negative control, without
detectable binding to HLA-DRB1*11:01 (data not shown).




The ADAMTS13'%1253 peptide is recognized
by CD4* T cells from humanized Sure-L1
HLA-DRB1*01:01 mice

We next asked whether other peptides than the one
identified using the hybridoma technology may be recog-
nized by polyclonal CD4" T cells from Sure-L1 mice
immunized with thADAMTS13. Splenocytes and cells
from the draining lymph nodes from three immunized
Sure-L1 mice were stimulated with the individual
ADAMTS13-derived peptides previously identified to
bind to HLA-DRB1*01:01 with a high affinity. Significant
cell proliferation was observed in the case of
ADAMTS13%* peptide (Figure 2A), confirming that
this peptide is a dominant CD4* T-cell epitope, at least in
mice.

The ADAMTS13 T-cell epitope identified in humanized
Sure-L1 HLA-DRB1*01:01 mice is presented
by human antigen-presenting cells

We then investigated whether the ADAMTS13%%%%
peptide is generated by professional human antigen-pre-
senting cells and presented to CD4* T cells in an HLA-
DRB1*01:01 context. To this end, immature HLA-
DRB1*01:01 Mo-DC were incubated with thADAMTS13
and with T-cell hybridomas of known specificity for the
1239-1253 peptide. T cells incubated with Mo-DC in the
presence of the ADAMTS13"¥** peptide presented with
a stimulation index of 22.2+1.9 (Figure 2B). In contrast,
incubation of the cells with the ADAMTS13""* control
peptide did not result in T-cell activation (stimulation
index: 1.1+0.0). Interestingly, incubation of T cells and
Mo-DC with thADAMTS13 induced T-cell activation
with a stimulation index of 3.3+0.6, indicating that
thADAMTS13 is efficiently processed by human antigen-
presenting cells, and that the ADAMTS13%%"** peptide is
readily generated.

The ADAMTS13'%°1253 peptide is a dominant T-cell
epitope in a patient with thrombotic thrombocytopenic
purpura with the HLA-DRB1*01:01 allele

We then assessed whether the ADAMTS13""** pep-
tide is recognized by CD4" T cells from patients with
acquired TTP. CD4" T-lymphocytes were isolated from
the blood of a 43-year -old HLA-DRB1*01:01 male, 14
days after the onset of acute acquired TTP. ADAMTS13
activity in this patient was less than 5% of the normal
value due to the presence of inhibitory antibodies directed
to ADAMTS13. A CD4" T-cell line specific for
ADAMTS13-derived peptides was amplified from the
patient’s peripheral blood mononuclear cells as explained.
After 32 days of culture, the CD4* T-cell line produced
IEN-y, as assessed by ELISPOT, following incubation with
Mo-DC from HLA-DR1 healthy donors, pulsed with the
pool of ADAMTS13-derived peptides with high binding
affinity for HLA-DRI1, but failed to produce IEN-y when
incubated with Mo-DC alone (data not shown). We then
incubated the T-cell lines with AAPC"™ and with each
individual peptide. Together with the ADAMTS13"%1*
peptide, the ADAMTS13""* was the only peptide able
to activate human IFN-y-producing CD4* T cells (Figure
2C). Similar results were obtained when the T cells and
ADAMTS13"%* peptide were incubated in the presence
of HLA-DR1 Mo-DC (data not shown). Further evaluation
of the ADAMTS13%"%* peptide by IEDB predicted good
binding scores to HLA-DR11, 15, 13, 8, 3 and 4, which

was confirmed in competitive ELISA at least in the case of
HLA-DR11 and HLA-DR15 (Table 2). T-cell lines were
also generated from one female TTP patient in acute
phase (aged 19, Figure 3A), one female TTP patient in
remission phase (aged 34, Figure 3B) and one 25-year old,
healthy male donor (Figure 3C), all with the HLA-
DRB1*11:01 allele. Reactivity towards the ADAMTS13"
% peptide was detected in the case of the three individu-
als. Together, our data suggest that the ADAMTS13%®
peptide is a dominant and promiscuous T-cell epitope in
TTP patients.

Discussion

In the present study, we delineated the ADAMT13-
derived peptides that are potent T-cell epitopes in the con-
text of the HLA-DR1 haplotype. An array of ADAMTS13-
derived peptides that are processed and presented by Mo-
DC had been previously reported in the case of healthy
donors with different HLA-DR haplotypes.”® As many as
11 core peptides had thus been retrieved from the HLA-
DR-binding groove; the peptides spanned six different
domains of ADAMTS13. In order to identify HLA-DR-
restricted T-cell epitopes of ADAMTS13, we took advan-
tage of the humanized Sure-L1 mouse strain. Sure-L1 mice
are invalidated for murine MHC class I and II molecules
and transgenic for HLA-DRB1*01:01. HLA transgenic mice
have been proven to be an appropriate human counterpart
for the characterization of T-cell epitopes derived from
pathogens™ as well as therapeutic proteins.” In agreement
with this, our results demonstrate that the ADAMTS13'%*
% peptide, identified as an immunodominant T-cell epi-
tope using in silico prediction, in vitro binding assays and T-
cell hybridoma generation, is processed by human Mo-
DC in vitro and activates CD4" T cells both i vivo in Sure-
L1 mice, and ex vivo in the case of cells from patients with
TTE.

The in silico selection of the ADAMTS13-derived pep-
tides was based on the hypothesis that the T-cell epitope
of thADAMTS13 binds with a high affinity to HLA-DR
molecules. The prediction efficiency of IEDB for HLA
class II-binding peptides has been validated for various
antigens, including human plasma proteins, and correlates
adequately with HLA binding, as measured by competi-
tive ELISA."" For instance, T-cell epitopes of the human
pro-coagulant factor VIII were identified using the
hybridoma technology in an HLA-DR15 transgenic mouse
model upon screening a peptide library spanning the
entire sequence of the protein.” Our unpublished data
demonstrate a strong correlation between the predicted
IEDB binding score for HLA-DR15 and the CD4* T-cell
epitope found in this work through hybridoma technolo-
gy (area under the receiver operating characteristic
curve=0.90). In silico prediction may nevertheless be over-
predictive and positively select peptides that do not acti-
vate T cells.”

In the case of ADAMTS13, HLA-DR11 has been identi-
fied as a major risk factor for TTP. Sorvillo er al. identified
11 hypothetical T-cell epitopes following purification
from HLA-DR molecules expressed by ADAMTS13-
loaded Mo-DC from healthy donors with several HLA
haplotypes.”® The ADAMTS13-derived core sequence
SEEINVAPHAR'™ was shown to be preferentially present-
ed by the HLA-DR11 molecule,” and stimulated CD4* T
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cells from at least one TTP patient."” In our hands, the
ADAMTS13"*%% peptide, that contains the same core
sequence, was predicted to be a strong binder to HLA-
DR1 peptide. However, it failed to bind HLA-DRB1*01:01
and to activate human CD4* T cells from a DRB1*01:01
patient. Besides, the ADAMTS13%*"% peptide did not
activate CD4" T cells from two TTP patients with the
HLA-DRB11 allele. Whether this results from differences
in peptide length and in the nature of the residues adjacent
to the core peptide remains to be determined.**

Our rationale for focusing our study on the HLA-
DRB1*01:01 allele is justified by the availability of an
appropriate transgenic HLA-DRB1*01:01 mouse model,
and by the fact that the HLA-DRB1*01:01 allele is found
in 18% of the patients with acquired TTP" and in 15 to
30% of the Caucasian population.® Interestingly, 11 of
the 15 peptides predicted to bind HLA-DR1 by IEDB
were also predicted to have a high affinity for the HLA-
DRB1*11:01 allele. In particular, the unique immuno-
dominant HLA-DRB1*01:01-associated T-cell epitope
characterized in our work, ADAMTS13%** had an
excellent binding score to HLA-DRB1*11:01 (score of 1.2)
and HLA-DRB1*15:01, strong affinity for HLA-
DRB1*11:01 and HLA-DRB1*15:01 in competitive ELISA
(Table 2), and was a target epitope of CD4" T cells from
two TTP patients and one healthy donor with the HLA-
DRB11 allele. Of note, the ADAMTS13"*"** peptide,
which shares the identical core peptide with the
ADAMTS13%%% peptide, was identified by the study of
Sorvillo et al. in the case of Mo-DC from a patient with
the HLA-DR4/DR13 haplotype.”® Together with our
IEDB prediction, the data suggest that the
ADAMTS13%%% peptide exhibits promiscuity for at
least three HLA-DR alleles: DR1, DR11 and DR15.
Additional work including more HLA-DR alleles is
required to determine whether pathogenic recognition of
ADAMTS13 by CD4* T cells is principally directed to
promiscuous immunodominant epitopes such as the

Haematologica. 2010; 95(9):1555-1562.

ADAMTS13"%%% peptide, or whether private T-cell epi-
topes dominate in the case of HLA-DR alleles that are
predominantly associated with acquired TTP.

We cannot exclude the existence of additional immuno-
dominant T-cell epitopes potentially overlooked in our
experimental approach. Besides, additional work is
required to link our findings to the Th2 polarization of
CD4" T cells and production of anti-ADAMTS13 autoan-
tibodies.  Nevertheless, identification of the
ADAMTS13"¥% peptide as a promiscuous immunodom-
inant T-cell epitope may have clinical implications at term.
It should pave the way towards the characterization of the
ADAMTS13-specific CD4* T-cell response in TTP patients
using ADAMTS13%**3-Joaded HLA-DR tetramers. Such
a tool would provide new insights into the mechanisms
involved in the breakdown of tolerance to ADAMTS13
and should be of clinical relevance for following, in a
quantitative manner, populations of ADAMTS13-specific
T cells in the course of TTP treatment and anticipate
relapse. In particular, confirmation of our results would
lead to identification of prognostic factors (persistence of
specific Th17 T cells, generation of regulatory T cells) that
would help in the decision process regarding pre-emptive
use of rituximab to prevent relapse.”
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