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Les figures ont ŽtŽ rŽalisŽes par mes soins mais les schŽmas de cellules, de membranes et 

des rŽcepteurs ont ŽtŽ adaptŽs de Servier Medical Art (https://smart.servier.com/) 
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R™les dans les lymphocytes T de la protŽine Lis1, un rŽgulateur de la dynamique des 
microtubules dŽpendante de la dynŽine 
 

RŽsumŽ 

Les rŽcepteurs dÕantig•nes des lymphocytes T (TCR) sont assemblŽs au cours du 

dŽveloppement prŽcoce de ces cellules dans le thymus suite ˆ des recombinaisons 

complexes de g•nes . Le rŽarrangement dÕune chaine !  des TCR fonctionnelle (prŽ-TCR) 

dŽclenche des voies de signalisation intracellulaires qui entrainent la survie, lÕexpansion et la 

maturation des thymocytes. Par ailleurs, lÕengagement des TCR ˆ la surface des 

lymphocytes T (LT) matures par des antig•nes conduit Žgalement ˆ des cycles de 

prolifŽration qui permettent le dŽveloppement de rŽponses immunitaires efficaces. Ces 

Žv•nements cellulaires sÕaccompagnent de remaniements importants du rŽseau de 

microtubules et une redistribution des moteurs molŽculaires, tels que la dynŽine, qui 

vŽhiculent les structures cellulaires sur ces rŽseaux. Les mŽcanismes molŽculaires et les 

consŽquences physiologiques de ces remaniements sont peu connus dans les LT. Lis1 est 

un rŽgulateur de la dynŽine qui est mis ˆ contribution  dans la migration neuronale et la 

prolifŽration des cellules souches au cours du dŽveloppement neural. Son r™le au sein du 

tissu lympho•de est peu connu. Dans ce travail, nous avons utilisŽ des mod•les de souris 

spŽcifiquement dŽficients en Lis1 dans les LT afin dÕŽtudier les fonctions molŽculaires, 

cellulaires et physiologiques de cette protŽine dans ces cellules. Nous montrons que Lis1 

joue un r™le essentiel dans le dŽveloppement prŽcoce des LT et dans lÕhomŽostasie des LT 

matures. La dŽficience en Lis1 nÕaffecte pas le rŽarrangement de la chaine !  ou les 

Žv•nements de signalisation dŽclenchŽs par le prŽ-TCR ou le TCR. Cependant, la 

prolifŽration des thymocytes ayant passŽ la ! -sŽlection ou des LT matures dont le TCR a ŽtŽ 

engagŽ, est fortement impactŽe.  LÕanalyse fine de la mitose indique que la dŽficience en 

Lis1 ralentit fortement le processus mitotique, contrarie les remaniements intracellulaires 

conduisant ˆ la mŽtaphase et entra”ne la rŽpartition asymŽtrique du matŽriel gŽnŽtique dans 

les cellules filles. LÕanalyse des rŽseaux de microtubules montre que lÕabsence de Lis1 

entra”ne lÕamplification du nombre de centrosomes et lÕaugmentation des cellules 

multipolaires au cours de la mitose. Enfin, nous montrons que Lis1 favorise lÕinteraction de la 

dynŽine avec la dynactine, indiquant que Lis1 joue un r™le important dans les LT pour relier 

la dynŽine aux structures cellulaires quÕelle vŽhicule. En conclusion, nous avons montrŽ que 

Lis1 est importante dans la distribution du matŽriel gŽnŽtique au cours de la prolifŽration des 

thymocytes doubles nŽgatifs et des lymphocytes T pŽriphŽriques. 
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Functions in T cells of Lis1 protein, a regulator of dynein-dependent microtubules dynamics 

 

Abstract  

 

The T cell receptor (TCR) is assembled during the early development of T lymphocytes in the 

thymus after complexe genetic recombinations. The rearrangement of a functional TCR ! -

chain (pre-TCR) triggers intracellular signaling pathways that cause the survival, expansion 

and maturation of thymocytes. The commitment of the TCR to the surface of mature T cells 

after antigen recognition also leads to proliferation allowing the development of effective 

immune responses. These cellular events go along with significant reorganization of the 

microtubule networks and a redistribution of molecular motors, such as dynein, which 

transport the cellular structures via this network. The molecular mechanisms and 

physiological consequences of the reorganization are poorly understood in T cells. Lis1 is a 

dynein regulator involved in neuronal migration and stem cells proliferation during neural 

development. Its role in lymphoid tissue is still unknown. In this study, we used mouse 

models specifically Lis1-deficient in T cells to study the molecular, cellular and physiological 

functions of this protein in T cells. We identifiy that Lis1 plays an essential role in the early 

development of T cells and in the homeostasis of mature cells. Lis1 deficiency does not 

affect ! -chain rearrangement or signaling events triggered by pre-TCR or TCR, but leads to 

the blockage of thymocyte cell division that have undergone ! -selection or mature T cells 

stimulated. Fine analysis of mitosis indicates that the deficiency of Lis1 strongly slows down 

the mitotic process, counteracts the cell changes leading to the metaphase and leads to 

asymmetric distribution of the genetic material in the daughter cells. Microtubule networks 

analysis shows that the absence of Lis1 induces centrosomes amplification and increase of 

multipolar cells during mitosis. Finally, we show that Lis1 promotes the dynein-dynactin 

interaction, indicating that Lis1 plays an important role in T cells to bind dynein to the cell 

structures it carries. In conclusion, we here described that Lis1 is important for the 

distribution of genetic material during double negative thymocyte and peripheral lymphocyte 

proliferation. 
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�O�\�P�S�K�R�w�G�H�V���S�p�U�L�S�K�p�U�L�T�X�H�V�����-�¶�D�L���P�L�V���H�Q���p�Y�L�G�H�Q�F�H���G�H�V���U�{�O�H�V���H�V�V�H�Q�W�L�H�O�V���G�H���/�L�V�������X�Q���U�p�J�X�O�D�W�H�X�U��

�G�X�� �P�R�W�H�X�U�� �P�R�O�p�F�X�O�D�L�U�H�� �G�\�Q�p�L�Q�H�� �D�V�V�R�F�L�p�� �D�X�[�� �P�L�F�U�R�W�X�E�X�O�H�V���� �D�X�� �F�R�X�U�V�� �G�H�� �O�D�� �S�U�R�O�L�I�p�U�D�W�L�R�Q�� �G�H�V��

�O�\�P�S�K�R�F�\�W�H�V���7���O�R�U�V���G�H���F�H�V���S�U�R�F�H�V�V�X�V����
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�� �,�1�7�5�2�'�8�&�7�,�2�1���*�(�1�(�5�$�/�(��
��
��
�,�O�� �H�[�L�V�W�H�� �G�H�X�[�� �W�\�S�H�V�� �G�H�� �O�\�P�S�K�R�F�\�W�H�V�� �7�� ���/�7�������� �O�H�V�� �/�7�� �Q�R�Q�� �F�R�Q�Y�H�Q�W�L�R�Q�Q�H�O�V�� �U�H�J�U�R�X�S�D�Q�W�� �O�H�V��

�O�\�P�S�K�R�F�\�W�H�V�� �7�J�G�����1�.�7�� �H�W�� �0�$�,�7�� �H�W�� �O�H�V�� �/�7�� �G�L�W�V�� �F�R�Q�Y�H�Q�W�L�R�Q�Q�H�O�V�� �R�X�� �O�\�P�S�K�R�F�\�W�H�V���7�D�E���� �/�H�V�� �/�7��

�Q�R�Q�� �F�R�Q�Y�H�Q�W�L�R�Q�Q�H�O�V�� �U�H�S�U�p�V�H�Q�W�H�Q�W�� ���� �j�� �������� �G�H�V�� �/�7�� �F�L�U�F�X�O�D�Q�W�V�� �������� �������� �/�H�X�U�� �D�F�W�L�Y�D�W�L�R�Q�� �Q�H��

�Q�p�F�H�V�V�L�W�H���S�D�V���I�R�U�F�H�P�H�Q�W���O�D���U�H�F�R�Q�Q�D�L�V�V�D�Q�F�H���G�¶�X�Q���S�H�S�W�L�G�H���D�Q�W�L�J�p�Q�L�T�X�H�����&�R�P�P�H���O�H�V���F�H�O�O�X�O�H�V���G�H��

�O�¶�L�P�P�X�Q�L�W�p���L�Q�Q�p�H�����O�D���U�H�F�R�Q�Q�D�L�V�V�D�Q�F�H���G�L�U�H�F�W�H���G�¶�X�Q���S�D�W�K�R�J�q�Q�H���R�X���G�H���F�H�V���P�R�O�p�F�X�O�H�V���S�H�X�W���V�X�I�I�L�U�H��

�j�� �D�F�W�L�Y�H�U�� �F�H�V�� �F�H�O�O�X�O�H�V���� �/�H�V�� �O�\�P�S�K�R�F�\�W�H�V�� �7�D�E���U�H�S�U�p�V�H�Q�W�H�Q�W�� �O�D�� �P�D�M�R�U�L�W�p�� �G�H�V�� �/�7�� �F�L�U�F�X�O�D�Q�W�V�� �D�X��

�V�H�L�Q���G�H���O�¶�R�U�J�D�Q�L�V�P�H�����,�O�V���U�H�J�U�R�X�S�H�Q�W���O�H�V���/�7���D�X�[�L�O�L�D�L�U�H�V���H�[�S�U�L�P�D�Q�W���O�H���F�R�U�p�F�H�S�W�H�X�U���&�'�����H�W���O�H�V���/�7��

�F�\�W�R�W�R�[�L�T�X�H�V���H�[�S�U�L�P�D�Q�W���O�H���F�R�U�p�F�H�S�W�H�X�U���&�'�������/�H�V���/�7���&�'�������G�p�F�O�H�Q�F�K�H�Q�W�����R�U�L�H�Q�W�H�Q�W���H�W���U�p�J�X�O�H�Q�W��

�O�D���U�p�S�R�Q�V�H���L�P�P�X�Q�L�W�D�L�U�H���D�O�R�U�V���T�X�H���O�H�V���/�7���&�'�������H�[�H�U�F�H�Q�W���G�H�V���H�I�I�H�W�V���F�\�W�R�W�R�[�L�T�X�H�V���T�X�L���H�Q�W�U�D�L�Q�H�Q�W��

�O�¶�D�S�R�S�W�R�V�H���G�H�V���F�H�O�O�X�O�H�V���L�Q�I�H�F�W�p�H�V���R�X���W�U�D�Q�V�I�R�U�P�p�H�V���� �1�R�X�V���Q�R�X�V���F�R�Q�F�H�Q�W�U�H�U�R�Q�V���G�D�Q�V���O�D���V�X�L�W�H��

�G�H���F�H�W�W�H���W�K�q�V�H���D�X�[���O�\�P�S�K�R�F�\�W�H�V���7�D�E������

��

��

�,���� �/�H���U�p�F�H�S�W�H�X�U���G�H�V���O�\�P�S�K�R�F�\�W�H�V���7�D�E��
��

�/�H�V�� �O�\�P�S�K�R�F�\�W�H�V�� �7�D�E�� �V�H�� �F�D�U�D�F�W�p�U�L�V�H�Q�W�� �S�D�U�� �O�¶�H�[�S�U�H�V�V�L�R�Q�� �G�¶�X�Q�� �U�p�F�H�S�W�H�X�U�� �G�H�V�� �O�\�P�S�K�R�F�\�W�H�V�� �7��

���7�&�5���� �F�R�P�S�R�V�p�� �G�H�V�� �F�K�D�v�Q�H�V�� �7�&�5�D���H�W�� �7�&�5�E�� �D�L�Q�V�L�� �T�X�H�� �S�D�U�� �O�¶�H�[�S�U�H�V�V�L�R�Q�� �G�H�V�� �F�R�U�p�F�H�S�W�H�X�U�V��

�&�'�����R�X���&�'�������&�K�D�T�X�H���/�7���H�[�S�U�L�P�H���X�Q���7�&�5���V�S�p�F�L�I�L�T�X�H���D�\�D�Q�W���X�Q�H���D�I�I�L�Q�L�W�p���S�D�U�W�L�F�X�O�L�q�U�H���S�R�X�U���X�Q��

�D�Q�W�L�J�q�Q�H���G�R�Q�Q�p�����/�D���V�\�Q�W�K�q�V�H���H�W���O�¶�D�V�V�H�P�E�O�D�J�H���G�H�V���7�&�5���V�H���G�p�U�R�X�O�H�Q�W���D�X���V�H�L�Q���G�X���W�K�\�P�X�V���O�R�U�V��

�G�X�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �G�H�V�� �/�7�� �H�W�� �I�D�L�W�� �V�X�L�W�H�� �j�� �G�H�V�� �U�p�D�U�U�D�Q�J�H�P�H�Q�W�V�� �F�R�P�S�O�H�[�H�V�� �G�H�� �J�q�Q�H�V���� �/�D��

�U�H�F�R�Q�Q�D�L�V�V�D�Q�F�H�� �G�¶�X�Q�� �D�Q�W�L�J�q�Q�H�� �S�D�U�� �O�H�V�� �/�7�� �P�D�W�X�U�H�V���� �S�H�X�W�� �F�R�Q�G�X�L�U�H�� �j�� �O�¶�D�P�S�O�L�I�L�F�D�W�L�R�Q�� �G�H�V�� �/�7��

�V�S�p�F�L�I�L�T�X�H�V�� �S�D�U�� �H�[�S�D�Q�V�L�R�Q�� �F�O�R�Q�D�O�H�� �P�D�L�V�� �D�X�V�V�L�� �j�� �O�H�X�U�� �G�L�I�I�p�U�H�Q�F�L�D�W�L�R�Q�� �H�Q�� �V�R�X�V�� �S�R�S�X�O�D�W�L�R�Q�V��

�H�I�I�H�F�W�U�L�F�H�V���D�\�D�Q�W���G�H�V���I�R�Q�F�W�L�R�Q�V���V�S�p�F�L�I�L�T�X�H�V������

��
������ �6�W�U�X�F�W�X�U�H���G�H�V���U�p�F�H�S�W�H�X�U�V���G�H�V���O�\�P�S�K�R�F�\�W�H�V���7�D�E��

��
�/�H�� �7�&�5�� �H�V�W�� �X�Q�� �F�R�P�S�O�H�[�H�� �P�X�O�W�L�S�U�R�W�p�L�T�X�H�� �F�R�Q�V�W�L�W�X�p�� �G�H�V�� �F�K�D�L�Q�H�V�� �Y�D�U�L�D�E�O�H�V�� �7�&�5�D�� �H�W�� �7�&�5�E������

�U�H�V�S�R�Q�V�D�E�O�H�V�� �G�H�� �O�D�� �U�H�F�R�Q�Q�D�L�V�V�D�Q�F�H�� �D�Q�W�L�J�p�Q�L�T�X�H���� �H�W�� �G�H�� �W�U�R�L�V�� �G�L�P�q�U�H�V�� �L�Q�Y�D�U�L�D�Q�W�V���� �&�'���J�H����

�&�'���G�H�� �H�W�� �O�H�V�� �F�K�D�v�Q�H�V���]�]���� �/�R�U�V�� �G�H�� �V�R�Q�� �H�[�S�U�H�V�V�L�R�Q�� �D�X�� �V�H�L�Q�� �G�X�� �U�p�W�L�F�X�O�X�P�� �H�Q�G�R�S�O�D�V�P�L�T�X�H���� �O�D��

�F�K�D�L�Q�H���7�&�5�D���V�¶�D�V�V�R�F�L�H���D�Y�H�F���O�H���G�L�P�q�U�H���&�'���G�H���D�O�R�U�V���T�X�H���O�D���F�K�D�L�Q�H���7�&�5�E���V�¶�D�V�V�R�F�L�H���D�X���G�L�P�q�U�H��

�&�'���J�H�������������/�H�� �G�L�P�q�U�H���]�]�� �V�H�U�D�L�W�� �H�V�V�H�Q�W�L�H�O�� �j�� �O�¶�D�V�V�R�F�L�D�W�L�R�Q�� �G�X�� �F�R�P�S�O�H�[�H�� �7�&�5�D���&�'���G�H���D�X��

�F�R�P�S�O�H�[�H���7�&�5�E���&�'���H�J���H�W���j���V�D���V�W�D�E�L�O�L�W�p���S�R�X�U���V�D���S�U�R�J�U�H�V�V�L�R�Q���Y�H�U�V���O�D���P�H�P�E�U�D�Q�H���S�O�D�V�P�L�T�X�H����������

�����������)�L�J����������
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��

���������� �/�D���U�p�J�L�R�Q���W�U�D�Q�V�P�H�P�E�U�D�Q�D�L�U�H��
��

�7�R�X�W�H�V���O�H�V���V�R�X�V���X�Q�L�W�p�V���G�X���7�&�5���V�R�Q�W���F�R�Q�V�W�L�W�X�p�H�V���G�¶�X�Q�H���U�p�J�L�R�Q���W�U�D�Q�V�P�H�P�E�U�D�Q�D�L�U�H���H�Q���K�p�O�L�F�H���D��

�K�\�G�U�R�S�K�R�E�H�� �S�H�U�P�H�W�W�D�Q�W�� �O�H�X�U�� �L�Q�W�H�U�D�F�W�L�R�Q�� �D�X�[�� �O�L�S�L�G�H�V�� �G�H�� �O�D�� �P�H�P�E�U�D�Q�H�� �S�O�D�V�P�L�T�X�H����

�(�W�R�Q�Q�D�P�P�H�Q�W���� �F�H�W�W�H�� �U�p�J�L�R�Q�� �W�U�D�Q�V�P�H�P�E�U�D�Q�D�L�U�H�� �F�R�Q�W�L�H�Q�W�� �G�H�V�� �U�p�V�L�G�X�V�� �F�K�D�U�J�p�V�� �F�R�Q�V�H�U�Y�p�V����

�L�Q�F�R�P�S�D�W�L�E�O�H�V�� �D�Y�H�F�� �X�Q�� �H�Q�Y�L�U�R�Q�Q�H�P�H�Q�W�� �K�\�G�U�R�S�K�R�E�H�� �P�D�L�V�� �L�P�S�O�L�T�X�p�V�� �G�D�Q�V�� �O�H�� �P�D�L�Q�W�L�H�Q�� �G�X��

�F�R�P�S�O�H�[�H�� �7�&�5�D�E���&�'���G�H���&�'���H�J���]�]���� �(�Q�� �H�I�I�H�W���� �O�H�V�� �U�p�V�L�G�X�V�� �D�F�L�G�H�V���� �O�¶�D�F�L�G�H�� �J�O�X�W�D�P�L�T�X�H�� �G�H�� �O�D��

�F�K�D�L�Q�H�� �&�'���J�� �H�W�� �O�H�V�� �D�F�L�G�H�V�� �D�V�S�D�U�W�L�T�X�H�V�� �G�H�V�� �F�K�D�L�Q�H�V�� �&�'���H���H�W�� �&�'���G�� �p�W�D�E�O�L�V�V�H�Q�W�� �G�H�V��

�L�Q�W�H�U�D�F�W�L�R�Q�V���L�R�Q�L�T�X�H�V���D�Y�H�F���O�H�V���U�p�V�L�G�X�V���E�D�V�L�T�X�H�V���O�\�V�L�Q�H�V���H�W���D�U�J�L�Q�L�Q�H�V���G�H�V���F�K�D�L�Q�H�V���D���H�W���E������������������

�&�H�V�� �U�p�V�L�G�X�V���� �H�Q�� �S�O�X�V�� �G�H�� �P�D�L�Q�W�H�Q�L�U�� �D�V�V�H�P�E�O�p�� �O�H�� �F�R�P�S�O�H�[�H�� �7�&�5���� �V�R�Q�W�� �H�V�V�H�Q�W�L�H�O�V�� �j�� �V�R�Q��

�H�[�S�U�H�V�V�L�R�Q���V�W�D�E�O�H���j���O�D���P�H�P�E�U�D�Q�H���S�O�D�V�P�L�T�X�H��������������������

��

���������� �/�H�V���G�R�P�D�L�Q�H�V���H�[�W�U�D�F�H�O�O�X�O�D�L�U�H�V��
��

�/�H�V���F�D�U�D�F�W�p�U�L�V�W�L�T�X�H�V���G�H�V���G�R�P�D�L�Q�H�V���W�U�D�Q�V�P�H�P�E�U�D�Q�D�L�U�H�V���G�H�V���V�R�X�V���X�Q�L�W�p�V���&�'�����H�W���G�H�V���F�K�D�L�Q�H�V��

�D���H�W���E���G�X���7�&�5���V�R�Q�W���V�L�P�L�O�D�L�U�H�V�����P�D�L�V���F�H�O�O�H�V���G�H�V���G�R�P�D�L�Q�H�V���H�[�W�U�D�F�H�O�O�X�O�D�L�U�H�V���V�R�Q�W���E�L�H�Q���G�L�I�I�p�U�H�Q�W�H�V����

��

�/�H�V���G�H�X�[���F�K�D�L�Q�H�V���D���H�W���E���S�U�p�V�H�Q�W�H�Q�W���F�K�D�F�X�Q�H���X�Q�H���U�p�J�L�R�Q���F�R�Q�V�W�D�Q�W�H���H�W���X�Q�H���U�p�J�L�R�Q���Y�D�U�L�D�E�O�H���j��

�O�¶�H�[�W�U�p�P�L�W�p���1���W�H�U�P�L�Q�D�O�H���S�U�p�V�H�Q�W�D�Q�W�����X�Q�H���I�R�L�V���D�V�V�H�P�E�O�p�H�����X�Q�H���D�I�I�L�Q�L�W�p���S�R�X�U���X�Q���D�Q�W�L�J�q�Q�H���G�R�Q�Q�p����

�/�H�V�� �G�H�X�[�� �F�K�D�L�Q�H�V�� �V�R�Q�W�� �U�H�O�L�p�H�V�� �H�Q�W�U�H�� �H�O�O�H�V�� �S�D�U�� �X�Q�� �S�R�Q�W�� �G�L�V�X�O�I�X�U�H�� �D�X�� �Q�L�Y�H�D�X�� �G�H�� �O�H�X�U�� �U�p�J�L�R�Q��

�F�R�Q�V�W�D�Q�W�H���� �/�H�V�� �F�\�V�W�p�L�Q�H�V�� �p�W�D�E�O�L�V�V�D�Q�W�� �F�H�W�W�H�� �O�L�D�L�V�R�Q�� �Q�H�� �V�H�P�E�O�H�Q�W�� �S�D�V�� �L�Q�G�L�V�S�H�Q�V�D�E�O�H�V�� �G�D�Q�V��

�O�¶�H�[�S�U�H�V�V�L�R�Q���H�W���O�D���V�W�D�E�L�O�L�W�p���G�X���7�&�5�����(�Q���H�I�I�H�W�����O�D���P�X�W�D�W�L�R�Q���G�H���F�H�V���F�\�V�W�p�L�Q�H�V���Q�H���F�R�Q�G�X�L�W���S�D�V���j���X�Q��

�G�p�I�D�X�W���G�¶�H�[�S�U�H�V�V�L�R�Q���G�H���7�&�5���j���O�D���P�H�P�E�U�D�Q�H���S�O�D�V�P�L�T�X�H���������������/�D���U�p�V�R�O�X�W�L�R�Q���G�H���V�W�U�X�F�W�X�U�H���S�D�U��

�F�U�L�V�W�D�O�O�R�J�U�D�S�K�L�H���D�X���U�D�\�R�Q���;���U�p�Y�q�O�H���X�Q�H���V�W�U�X�F�W�X�U�H���J�O�R�E�X�O�D�L�U�H���j���I�H�X�L�O�O�H�W�V���E���G�H�V���U�p�J�L�R�Q�V���Y�D�U�L�D�E�O�H�V��
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�G�¶�p�R�V�L�Q�R�S�K�L�O�H�V���� �G�H�� �P�D�V�W�R�F�\�W�H�V�� �H�W�� �G�H�� �/�7�� �&�'������ �F�R�Q�W�U�H�� �O�H�V�� �D�O�O�H�U�J�q�Q�H�V�� �H�W�� �O�H�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W��
�W�X�P�R�U�D�O���� �'�H�� �S�O�X�V���� �L�O�V�� �P�R�G�X�O�H�Q�W�� �O�¶�D�F�W�L�Y�L�W�p�� �G�H�V�� �7�U�H�J�� �S�R�X�U�� �O�L�P�L�W�H�U�� �O�¶�D�X�W�R���L�P�P�X�Q�L�W�p���� �/�H�V�� �7�K������
�H�Q�W�U�D�L�Q�H�Q�W�� �O�D�� �V�p�F�U�p�W�L�R�Q�� �G�¶�,�/�������� �S�R�X�U�� �O�¶�D�F�W�L�Y�D�W�L�R�Q�� �G�H�V�� �S�R�O�\�Q�X�F�O�p�D�L�U�H�V�� �Q�H�X�W�U�R�S�K�L�O�H�V�� �D�I�L�Q�� �G�H��
�U�p�D�O�L�V�H�U���X�Q�H���U�p�S�R�Q�V�H���V�S�p�F�L�I�L�T�X�H���D�X�[���E�D�F�W�p�U�L�H�V���H�[�W�U�D�F�H�O�O�X�O�D�L�U�H�V���H�W���D�X�[���F�K�D�P�S�L�J�Q�R�Q�V�����/�H�V���7�K������
�S�H�X�Y�H�Q�W���r�W�U�H���U�H�V�S�R�Q�V�D�E�O�H�V���G�¶�D�O�O�H�U�J�L�H�����/�H�V���7�I�K���V�R�Q�W���V�S�p�F�L�I�L�T�X�H�V���G�D�Q�V���O�D���P�D�W�X�U�D�W�L�R�Q���G�H�V���/�%�����/�D��
�S�R�S�X�O�D�W�L�R�Q�� �/�7�� �&�'������ �F�\�W�R�W�R�[�L�T�X�H�� �D�� �p�W�p�� �Q�R�X�Y�H�O�O�H�P�H�Q�W�� �L�G�H�Q�W�L�I�L�p�H���� �,�O�� �V�H�P�E�O�H�U�D�L�W���� �G�¶�D�S�U�q�V�� �O�H�V��
�S�U�H�P�L�q�U�H�V���G�R�Q�Q�p�H�V�����T�X�¶�L�O�V���U�p�D�O�L�V�H�Q�W���X�Q�H���U�p�S�R�Q�V�H���F�R�Q�W�U�H���O�H�V���F�H�O�O�X�O�H�V���L�Q�I�H�F�W�p�H�V���S�D�U���X�Q���Y�L�U�X�V�����/�D��
�S�R�S�X�O�D�W�L�R�Q���7�U�H�J���H�V�W���L�P�S�R�U�W�D�Q�W�H���G�D�Q�V���O�D���U�p�J�X�O�D�W�L�R�Q���G�H���O�D���U�p�S�R�Q�V�H���L�P�P�X�Q�L�W�D�L�U�H����
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���������� �'�L�I�I�p�U�H�Q�F�L�D�W�L�R�Q���H�Q���O�\�P�S�K�R�F�\�W�H�V���7���P�p�P�R�L�U�H�V��
��

�/�¶�D�F�W�L�Y�D�W�L�R�Q�� �G�H�V�� �/�7�� �F�R�Q�G�X�L�W�� �P�D�M�R�U�L�W�D�L�U�H�P�H�Q�W�� �D�X�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �G�¶�X�Q�H�� �U�p�S�R�Q�V�H�� �H�I�I�H�F�W�U�L�F�H��

�F�R�Q�W�U�H�� �O�H�V�� �S�D�W�K�R�J�q�Q�H�V�� �L�Q�W�U�D���� �R�X�� �H�[�W�U�D���F�H�O�O�X�O�D�L�U�H�V���� �&�H�S�H�Q�G�D�Q�W���� �D�S�U�q�V�� �O�¶�p�O�L�P�L�Q�D�W�L�R�Q�� �G�X��

�S�D�W�K�R�J�q�Q�H�����O�H�V���/�7���V�W�L�P�X�O�p�V���P�H�X�U�H�Q�W���V�X�L�W�H���j���O�D���S�U�L�Y�D�W�L�R�Q���H�Q���F�\�W�R�N�L�Q�H�V���H�W���S�D�U���H�Q�J�D�J�H�P�H�Q�W���G�H�V��

�U�p�F�H�S�W�H�X�U�V�� �G�H���P�R�U�W�� �F�H�O�O�X�O�D�L�U�H�� �S�U�R�J�U�D�P�P�p�H���������������� �&�H�S�H�Q�G�D�Q�W���� �X�Q�H���I�D�L�E�O�H���S�U�R�S�R�U�W�L�R�Q�� �G�H�V�� �/�7��

�V�S�p�F�L�I�L�T�X�H�V���G�H�V���D�Q�W�L�J�q�Q�H�V���S�H�U�V�L�V�W�H���D�X���V�H�L�Q���G�H���O�¶�R�U�J�D�Q�L�V�P�H���V�R�X�V���I�R�U�P�H���G�H���/�7���P�p�P�R�L�U�H�V�����&�H�V��

�F�H�O�O�X�O�H�V���S�H�X�Y�H�Q�W���F�L�U�F�X�O�H�U���G�D�Q�V���O�¶�R�U�J�D�Q�L�V�P�H���R�X���U�p�V�L�G�H�U���G�D�Q�V���O�H�V���W�L�V�V�X�V���Q�R�Q���O�\�P�S�K�R�w�G�H�V���R�•���H�O�O�H�V��

�V�H�U�R�Q�W�� �P�R�E�L�O�L�V�p�H�V�� �U�D�S�L�G�H�P�H�Q�W�� �O�R�U�V�� �G�¶�L�Q�I�H�F�W�L�R�Q�V�� �I�X�W�X�U�H�V�� �S�D�U�� �X�Q�� �S�D�W�K�R�J�q�Q�H�� �S�U�p�V�H�Q�W�D�Q�W�� �O�H�V��

�P�r�P�H�V���D�Q�W�L�J�q�Q�H�V����������������
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�/�D�� �G�L�I�I�p�U�H�Q�F�L�D�W�L�R�Q�� �G�H�V�� �/�7�� �P�p�P�R�L�U�H�V�� �S�H�X�W�� �r�W�U�H�� �G�X�H�� �j�� �O�¶�D�V�\�P�p�W�U�L�H�� �G�H�V�� �G�L�Y�L�V�L�R�Q�V�� �D�S�U�q�V�� �O�D��

�S�U�H�P�L�q�U�H�� �G�L�Y�L�V�L�R�Q�� �F�H�O�O�X�O�D�L�U�H���� �(�Q�� �H�I�I�H�W���� �V�X�L�W�H�� �j�� �O�¶�H�Q�J�D�J�H�P�H�Q�W�� �G�H�V�� �7�&�5�� �S�D�U�� �O�H�V�� �F�R�P�S�O�H�[�H�V��

�S�&�0�+�����O�D���F�H�O�O�X�O�H���I�L�O�O�H���D�X���F�R�Q�W�D�F�W���G�H���O�D���&�3�$���U�H�o�R�L�W���O�H�V���S�U�R�W�p�L�Q�H�V���F�D�U�D�F�W�p�U�L�V�W�L�T�X�H�V���G�H���F�H�O�O�X�O�H�V��

�H�I�I�H�F�W�U�L�F�H�V���� �(�Q���U�H�Y�D�Q�F�K�H���� �O�D�� �F�H�O�O�X�O�H�� �G�L�V�W�D�O�H�� �D�F�T�X�L�H�U�W�� �G�H�V�� �F�D�U�D�F�W�p�U�L�V�W�L�T�X�H�V�� �G�H�� �/�7�� �P�p�P�R�L�U�H�V��
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��
�/�H���G�p�Y�H�O�R�S�S�H�P�H�Q�W���G�H�V���/�7���V�H���G�p�U�R�X�O�H���G�D�Q�V���O�H���W�K�\�P�X�V���D�X���V�H�L�Q���G�X�T�X�H�O���V�H���G�L�V�W�L�Q�J�X�H�Q�W���T�X�D�W�U�H��

�S�R�S�X�O�D�W�L�R�Q�V���S�U�L�Q�F�L�S�D�O�H�V���G�H���W�K�\�P�R�F�\�W�H�V�����/�H���V�W�D�G�H���G�R�X�E�O�H���Q�p�J�D�W�L�I�����'�1�����H�V�W���O�D���S�U�H�P�L�q�U�H���p�W�D�S�H��

�G�X�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �G�H�V�� �/�7���� �,�O�� �F�R�Q�G�X�L�W�� �j�� �O�D�� �P�D�W�X�U�D�W�L�R�Q�� �G�H�V�� �F�H�O�O�X�O�H�V�� �Q�¶�H�[�S�U�L�P�D�Q�W�� �S�D�V�� �O�H�V��

�F�R�U�p�F�H�S�W�H�X�U�V�� �&�'���� �H�W�� �&�'������ �&�R�P�P�H�� �Q�R�X�V�� �O�H�� �Y�H�U�U�R�Q�V�� �G�D�Q�V�� �F�H�� �F�K�D�S�L�W�U�H���� �O�H�V�� �S�U�p�F�X�U�V�H�X�U�V�� �'�1��

�S�U�R�Y�L�H�Q�Q�H�Q�W�� �G�H�� �O�D�� �P�R�H�O�O�H�� �R�V�V�H�X�V�H�� �H�W�� �D�F�T�X�L�q�U�H�Q�W�� �D�X�� �F�R�X�U�V�� �G�H�� �O�H�X�U�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �G�D�Q�V�� �O�H��

�W�K�\�P�X�V���O�D���F�K�D�L�Q�H���E���G�X���7�&�5�����6�X�L�W�H���j���O�¶�H�[�S�U�H�V�V�L�R�Q���G�H���F�H�W�W�H���F�K�D�L�Q�H���E�����O�H�V���F�H�O�O�X�O�H�V���F�R�H�[�S�U�L�P�H�Q�W��

�O�H�V���F�R�U�p�F�H�S�W�H�X�U�V���&�'�����H�W���&�'�����P�D�L�V���D�X�V�V�L���O�D���F�K�D�L�Q�H���D���G�X���7�&�5�������&�H�V���F�H�O�O�X�O�H�V���G�R�X�E�O�H�V���S�R�V�L�W�L�Y�H�V��

���'�3������ �V�R�Q�W�� �V�R�X�P�L�V�H�V�� �j�� �G�H�V�� �S�U�R�F�H�V�V�X�V�� �G�H�� �V�p�O�H�F�W�L�R�Q�� �S�R�V�L�W�L�Y�H�� �H�W�� �G�H�� �V�p�O�H�F�W�L�R�Q�� �Q�p�J�D�W�L�Y�H�� �D�I�L�Q��

�G�¶�p�O�L�P�L�Q�H�U���O�H�V���F�H�O�O�X�O�H�V���H�[�S�U�L�P�D�Q�W���X�Q���7�&�5���G�H���W�U�R�S���I�D�L�E�O�H���R�X���W�U�R�S���I�R�U�W�H���D�I�I�L�Q�L�W�p���S�R�X�U���O�H�V���D�Q�W�L�J�q�Q�H�V��

�X�E�L�T�X�L�W�D�L�U�H�V�� �G�X�� �V�R�L�� �S�U�p�V�H�Q�W�p�V�� �S�D�U�� �O�H�V�� �&�0�+���� �&�H�V�� �p�Y�q�Q�H�P�H�Q�W�V�� �G�H�� �V�p�O�H�F�W�L�R�Q�� �F�R�Q�G�X�L�V�H�Q�W�� �j�� �O�D��

�S�U�R�J�U�H�V�V�L�R�Q���G�H�V���F�H�O�O�X�O�H�V���Y�H�U�V���X�Q���V�W�D�G�H���D�X���F�R�X�U�V���G�X�T�X�H�O���H�O�O�H�V���H�[�S�U�L�P�H�U�R�Q�W���H�[�F�O�X�V�L�Y�H�P�H�Q�W���O�H��

�F�R�U�p�F�H�S�W�H�X�U�� �&�'���� �R�X�� �O�H�� �F�R�U�p�F�H�S�W�H�X�U�� �&�'������ �'�X�U�D�Q�W�� �F�H�� �V�W�D�G�H���� �F�H�V�� �F�H�O�O�X�O�H�V�� �V�L�P�S�O�H�V�� �S�R�V�L�W�L�Y�H�V��

���&�'���� �6�3�� �R�X�� �&�'���� �6�3���� �V�R�Q�W�� �V�R�X�P�L�V�H�V�� �j�� �X�Q�H�� �Q�R�X�Y�H�O�O�H�� �p�W�D�S�H�� �G�H�� �V�p�O�H�F�W�L�R�Q�� �Q�p�J�D�W�L�Y�H�� �D�I�L�Q��

�G�¶�p�O�L�P�L�Q�H�U�� �O�H�V�� �F�H�O�O�X�O�H�V�� �H�[�S�U�L�P�D�Q�W�� �G�H�V�� �7�&�5�� �T�X�L�� �U�H�F�R�Q�Q�D�L�V�V�H�Q�W�� �I�R�U�W�H�P�H�Q�W�� �G�H�V�� �D�X�W�R�D�Q�W�L�J�q�Q�H�V��

�V�S�p�F�L�I�L�T�X�H�V���G�¶�R�U�J�D�Q�H�V�����/�H�V���F�H�O�O�X�O�H�V���D�\�D�Q�W���V�X�U�Y�p�F�X���D�X�[���P�p�F�D�Q�L�V�P�H�V���G�H���V�p�O�H�F�W�L�R�Q���F�R�Q�W�L�Q�X�H�Q�W��

�O�H�X�U���P�D�W�X�U�D�W�L�R�Q���H�W���V�R�U�W�H�Q�W���G�X���W�K�\�P�X�V���S�R�X�U���U�H�M�R�L�Q�G�U�H���O�H�V���R�U�J�D�Q�H�V���O�\�P�S�K�R�w�G�H�V���V�H�F�R�Q�G�D�L�U�H�V������

�/�H�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �S�U�p�F�R�F�H�� �G�H�V�� �/�7�� �H�V�W�� �I�R�U�W�H�P�H�Q�W�� �G�p�S�H�Q�G�D�Q�W�� �G�H�� �O�D�� �V�L�J�Q�D�O�L�V�D�W�L�R�Q�� �S�D�U�� �O�H�V��

�U�p�F�H�S�W�H�X�U�V�� �1�2�7�&�+�� �T�X�L�� �V�R�Q�W�� �H�Q�J�D�J�p�V�� �S�D�U�� �O�H�V�� �O�L�J�D�Q�G�V�� �'�/�/�� �R�X�� �O�H�V�� �S�U�R�W�p�L�Q�H�V�� �G�H�� �O�D�� �I�D�P�L�O�O�H��

�-�D�J�J�H�G���� �&�K�H�]�� �O�H�V�� �P�D�P�P�L�I�q�U�H�V���� �T�X�D�W�U�H�� �S�D�U�D�O�R�J�X�H�V�� �G�H�� �1�2�7�&�+�� �H�[�L�V�W�H�Q�W���� �W�U�R�L�V�� �'�/�/�� ���'�/�/��������

�'�/�/�������H�W���'�/�/���������H�W���G�H�X�[���-�D�J�J�H�G�����-�$�*�����H�W���-�$�*���������/�H���U�p�F�H�S�W�H�X�U���1�2�7�&�+���H�V�W���F�R�Q�V�W�L�W�X�p���G�¶�X�Q�H��

�U�p�J�L�R�Q���H�[�W�U�D�F�H�O�O�X�O�D�L�U�H���1�(�&�'���T�X�L���S�H�X�W���L�Q�W�H�U�D�J�L�U���D�Y�H�F���V�R�Q���O�L�J�D�Q�G���H�W���G�¶�X�Q�H���U�p�J�L�R�Q���L�Q�W�U�D�F�H�O�O�X�O�D�L�U�H��

�1�,�&�'���� �/�D�� �U�H�F�R�Q�Q�D�L�V�V�D�Q�F�H�� �G�¶�X�Q�� �O�L�J�D�Q�G�� �S�D�U�� �O�H�� �U�p�F�H�S�W�H�X�U�� �1�2�7�&�+�� �F�R�Q�G�X�L�W�� �j�� �O�¶�H�Q�G�R�F�\�W�R�V�H�� �G�X��

�F�R�P�S�O�H�[�H�� �U�p�F�H�S�W�H�X�U���O�L�J�D�Q�G�� �j�� �O�¶�L�Q�W�p�U�L�H�X�U�� �G�H�V�� �F�H�O�O�X�O�H�V�� �H�[�S�U�L�P�D�Q�W�� �O�H�V�� �O�L�J�D�Q�G�V���� �/�D�� �U�p�J�L�R�Q��

�H�[�W�U�D�F�H�O�O�X�O�D�L�U�H���G�H���1�2�7�&�+���H�V�W���F�O�L�Y�p�H���S�D�U���O�D���S�U�R�W�p�L�Q�H���$�'�$�0���H�W���O�D���U�p�J�L�R�Q���L�Q�W�U�D�F�H�O�O�X�O�D�L�U�H���1�,�&�'��

�H�V�W���F�O�L�Y�p�H���S�D�U���O�¶�D�F�W�L�R�Q���G�H���O�D���J���V�p�F�U�p�W�D�V�H���� �/�H���1�,�&�'���U�H�M�R�L�Q�W���O�H���Q�R�\�D�X���G�D�Q�V���O�H�T�X�H�O���L�O���D�F�W�L�Y�H���G�H�V��

�J�q�Q�H�V���F�L�E�O�H�V���H�Q���F�R�O�O�D�E�R�U�D�W�L�R�Q���D�Y�H�F���O�H�V���I�D�F�W�H�X�U�V���G�H���W�U�D�Q�V�F�U�L�S�W�L�R�Q���5�%�3�-���H�W���0�$�0�/������������������
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�7�+�(�0�,�6�����R�X���X�Q�H���I�R�U�P�H���W�U�R�Q�T�X�p�H���F�R�Q�W�H�Q�D�Q�W���X�Q�L�T�X�H�P�H�Q�W���O�H�V���G�R�P�D�L�Q�H�V���&�$�%�,�7�����P�R�Q�W�U�H���T�X�H��

�7�+�(�0�,�6�����H�V�W���F�D�S�D�E�O�H���G�¶�L�Q�K�L�E�H�U���O�¶�D�F�W�L�Y�L�W�p���S�K�R�V�S�K�D�W�D�V�H���G�H���6�+�3�������H�Q���I�D�Y�R�U�L�V�D�Q�W���O�¶�R�[�\�G�D�W�L�R�Q���G�H��

�V�R�Q���V�L�W�H���F�D�W�D�O�\�W�L�T�X�H�����(�Q���I�D�Y�H�X�U���G�H���F�H���P�R�G�q�O�H�����Q�R�X�V���D�Y�R�Q�V���P�R�Q�W�U�p���T�X�H���O�D���G�p�I�L�F�L�H�Q�F�H���H�Q���6�+�3��

���� �G�D�Q�V�� �O�H�V�� �V�R�X�U�L�V�� �Q�¶�H�[�S�U�L�P�D�Q�W�� �S�D�V�� �7�+�(�0�,�6���� �U�H�V�W�D�X�U�H�� �W�R�W�D�O�H�P�H�Q�W�� �O�H�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �G�H�V��

�W�K�\�P�R�F�\�W�H�V�� �6�3�� �H�W�� �O�H�� �Q�R�P�E�U�H�� �G�H�� �/�7�� �P�D�W�X�U�H�V�� �G�D�Q�V�� �O�H�V�� �R�U�J�D�Q�H�V�� �O�\�P�S�K�R�w�G�H�V�� �V�H�F�R�Q�G�D�L�U�H�V��

�������������$�Q�Q�H�[�H���������)�L�J����������������
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�)�L�J�X�U�H�������������0�R�G�q�O�H���G�H���O�D���U�p�J�X�O�D�W�L�R�Q���S�R�V�L�W�L�Y�H���G�H���O�D���V�L�J�Q�D�O�L�V�D�W�L�R�Q��

�6�+�3������ �H�V�W�� �X�Q���U�p�J�X�O�D�W�H�X�U�� �Q�p�J�D�W�L�I�� �G�H�� �O�D�� �V�L�J�Q�D�O�L�V�D�W�L�R�Q�� �T�X�L�� �G�p�S�K�R�V�S�K�R�U�\�O�H�� �/�&�.�� �H�W�� �=�$�3�������� �S�D�U��
�F�R�Q�V�p�T�X�H�Q�W���I�D�Y�R�U�L�V�H���O�D���G�L�P�L�Q�X�W�L�R�Q���G�H���O�D���V�L�J�Q�D�O�L�V�D�W�L�R�Q�����7�+�(�0�,�6�����U�H�F�U�X�W�H���6�+�3�������H�W���F�R�Q�G�X�L�W���j��
�O�¶�R�[�\�G�D�W�L�R�Q�� �G�H�� �O�D�� �F�\�V�W�p�L�Q�H�� �F�D�W�D�O�\�W�L�T�X�H���� �&�H�W�W�H�� �R�[�\�G�D�W�L�R�Q�� �L�Q�K�L�E�H�� �O�¶�D�F�W�L�Y�L�W�p�� �S�K�R�V�S�K�D�W�D�V�H�� �H�W��
�I�D�Y�R�U�L�V�H���O�H���V�R�X�W�L�H�Q���G�H���O�D���V�L�J�Q�D�O�L�V�D�W�L�R�Q���S�R�X�U���O�D���V�p�O�H�F�W�L�R�Q���S�R�V�L�W�L�Y�H����
��
��

������ �5�p�J�X�O�D�W�L�R�Q���G�H���7�+�(�0�,�6��
��

���������� �5�p�J�X�O�D�W�L�R�Q���G�H���V�R�Q���H�[�S�U�H�V�V�L�R�Q��
��

�/�¶�D�Q�D�O�\�V�H�� �G�H�� �O�¶�H�[�S�U�H�V�V�L�R�Q�� �G�X�� �J�q�Q�H���W�K�H�P�L�V�� �S�D�U�� �5�7�²�T�3�&�5�� �G�p�P�R�Q�W�U�H�� �X�Q�H�� �D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H��

�O�¶�H�[�S�U�H�V�V�L�R�Q�� �G�H�� �7�+�(�0�,�6���� �O�R�U�V�� �G�X�� �V�W�D�G�H�� �G�R�X�E�O�H�� �S�R�V�L�W�L�I�� �S�U�p�F�p�G�D�Q�W�� �O�D�� �V�p�O�H�F�W�L�R�Q�� �F�O�R�Q�D�O�H�� ������������

�������������7�+�(�0�,�6�����L�Q�W�H�U�D�J�L�W���D�Y�H�F���O�D���G�p�X�E�L�T�X�L�W�L�Q�H���H�Q�]�\�P�H���8�6�3���;���T�X�L���H�V�W���U�H�F�U�X�W�p�H���S�D�U���*�U�E�����D�X��

�V�H�L�Q�� �G�H�V�� �F�R�P�S�O�H�[�H�V�� �G�H�� �V�L�J�Q�D�O�L�V�D�W�L�R�Q�� �V�X�L�W�H�� �j�� �O�¶�H�Q�J�D�J�H�P�H�Q�W�� �G�X���7�&�5���� �1�R�X�V�� �D�Y�R�Q�V�� �G�p�P�R�Q�W�U�p��

�T�X�H���O�¶�H�Q�J�D�J�H�P�H�Q�W���G�X���7�&�5���F�R�Q�G�X�L�W���j���O�D���G�L�P�L�Q�X�W�L�R�Q���G�H���O�¶�X�E�L�T�X�L�W�L�Q�D�W�L�R�Q���G�H���7�+�(�0�,�6�����H�W���T�X�H���F�H�W�W�H��

�G�L�P�L�Q�X�W�L�R�Q�� �G�¶�X�E�L�T�X�L�Q�D�W�L�R�Q�� �G�p�S�H�Q�G�� �G�H�� �O�¶�D�F�W�L�Y�L�W�p�� �G�¶�8�6�3���;���� �/�D�� �G�p�O�p�W�L�R�Q�� �G�¶�8�6�3���;����

�V�S�p�F�L�I�L�T�X�H�P�H�Q�W�� �G�D�Q�V�� �O�H�V�� �/�7�� �S�D�U�� �O�H�� �P�R�G�q�O�H�� �8�6�3���;�I�O���I�O�� �&�'���&�U�H���� �U�p�Y�q�O�H�� �O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q�� �G�H��

�O�¶�X�E�L�T�X�L�W�L�Q�D�W�L�R�Q���G�H���7�+�(�0�,�6�����V�X�L�W�H���j���O�¶�H�Q�J�D�J�H�P�H�Q�W���G�X���7�&�5���������������$�Q�Q�H�[�H��������
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���������� �5�p�J�X�O�D�W�L�R�Q���G�H���V�R�Q���D�F�W�L�Y�L�W�p���H�W���G�H���V�D���O�R�F�D�O�L�V�D�W�L�R�Q��
��

�'�H�V�� �D�Q�D�O�\�V�H�V�� �G�H�� �V�S�H�F�W�U�R�P�p�W�U�L�H�� �G�H�� �P�D�V�V�H�� �U�p�Y�q�O�H�Q�W�� �T�X�H�� �7�+�(�0�,�6���� �L�Q�W�H�U�D�J�L�W�� �D�Y�H�F�� �S�O�X�V�L�H�X�U�V��

�S�U�R�W�p�L�Q�H�V���G�R�Q�W���O�H�V���I�R�Q�F�W�L�R�Q�V���V�X�U���O�D���V�L�J�Q�D�O�L�V�D�W�L�R�Q���G�H�V���7�&�5���V�R�Q�W���E�L�H�Q���F�R�Q�Q�X�H�V�����&�H�V���D�Q�D�O�\�V�H�V��

�P�R�Q�W�U�H�Q�W���p�J�D�O�H�P�H�Q�W���T�X�H���O�¶�X�Q���G�H�V���S�D�U�W�H�Q�D�L�U�H�V���S�U�L�Q�F�L�S�D�X�[���G�H���7�+�(�0�,�6�����G�D�Q�V���O�H�V���W�K�\�P�R�F�\�W�H�V��

�H�V�W���X�Q�H���S�U�R�W�p�L�Q�H���L�P�S�O�L�T�X�p�H���G�D�Q�V���U�p�J�X�O�D�W�L�R�Q���G�H���O�D���G�\�Q�p�L�Q�H�����X�Q���F�R�P�S�O�H�[�H���P�R�W�H�X�U���H�V�V�H�Q�W�L�H�O���D�X��

�W�U�D�Q�V�S�R�U�W���G�H���P�R�O�p�F�X�O�H�V���H�W���G�H���V�W�U�X�F�W�X�U�H�V���F�H�O�O�X�O�D�L�U�H�V���V�X�U���O�H�V���P�L�F�U�R�W�X�E�X�O�H�V�����,�O���V�¶�D�J�L�W���G�H���O�D���S�U�R�W�p�L�Q�H��

�/�L�V�����T�X�L���H�V�W���O�¶�R�E�M�H�W���F�H�Q�W�U�D�O���G�H���P�R�Q���W�U�D�Y�D�L�O���G�H���W�K�q�V�H���������������$�Q�Q�H�[�H��������
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�� �&�+�$�3�,�7�5�(���,�,�,�������/�,�6�������8�1�(���0�2�/�(�&�8�/�(���,�1�'�,�6�3�(�1�6�$�%�/�(���'�$�1�6���/�$���9�,�(��
�&�(�/�/�8�/�$�,�5�(����

��
��
�/�H�V���W�U�D�Y�D�X�[���G�¶�2�U�O�\���5�H�L�Q�H�U���V�X�U���X�Q�H���P�D�O�D�G�L�H���Q�H�X�U�D�O�H���V�p�Y�q�U�H���D�S�S�H�O�p�H���O�L�V�V�H�Q�F�p�S�K�D�O�L�H���R�Q�W���P�L�V���H�Q��

�p�Y�L�G�H�Q�F�H���O�D���S�H�U�W�H���G�X���O�R�F�X�V���R�X���G�¶�X�Q�H���S�D�U�W�L�H���G�X���O�R�F�X�V�������S�����������V�X�U���O�H���F�K�U�R�P�R�V�R�P�H���������K�X�P�D�L�Q����

�&�H�W�W�H���S�H�U�W�H���G�H���O�R�F�X�V���H�Q�W�U�D�v�Q�H���G�H�V���G�p�O�p�W�L�R�Q�V���G�¶�X�Q�H���S�D�U�W�L�H���R�X���G�H���O�D���W�R�W�D�O�L�W�p���G�X���J�q�Q�H���S�D�I�D�K���E������

�/�D���S�U�R�W�p�L�Q�H���L�V�V�X�H���G�H���F�H���J�q�Q�H���I�X�W���D�L�Q�V�L���D�S�S�H�O�p�H���/�L�V�����S�R�X�U���O�L�V�V�H�Q�F�H�S�K�D�O�\���������&�H�S�H�Q�G�D�Q�W�����F�R�P�P�H��

�F�H���O�R�F�X�V���F�R�Q�W�L�H�Q�W���G�¶�D�X�W�U�H�V���J�q�Q�H�V�����L�O���D���I�D�O�O�X���D�W�W�H�Q�G�U�H���G�H�V���p�W�X�G�H�V���J�p�Q�p�W�L�T�X�H�V���S�O�X�V���D�S�S�U�R�I�R�Q�G�L�H�V��

�F�K�H�]���O�D���V�R�X�U�L�V���S�R�X�U���p�W�D�E�O�L�U���X�Q�H���U�H�O�D�W�L�R�Q���I�R�Q�F�W�L�R�Q�Q�H�O�O�H���H�Q�W�U�H���O�D���O�L�V�V�H�Q�F�p�S�K�D�O�L�H���H�W���O�D���P�X�W�D�W�L�R�Q���G�H��

�/�L�V������������������

�/�H�V���I�R�Q�F�W�L�R�Q�V���F�H�O�O�X�O�D�L�U�H�V���H�W���P�R�O�p�F�X�O�D�L�U�H�V���G�H���/�L�V�����R�Q�W���p�W�p���L�Q�L�W�L�D�O�H�P�H�Q�W���p�W�X�G�L�p�H�V���F�K�H�]���$�V�S�H�U�J�L�O�O�X�V��

�Q�L�G�X�O�D�Q�V�����'�H�V���P�X�W�D�Q�W�V�� �S�U�p�V�H�Q�W�D�L�H�Q�W�� �X�Q�� �G�p�I�D�X�W�� �G�H�� �G�L�Y�L�V�L�R�Q�� �H�W�� �G�H���P�L�J�U�D�W�L�R�Q�� �Q�X�F�O�p�D�L�U�H�� �j�� �I�R�U�W�H��

�W�H�P�S�p�U�D�W�X�U�H���� �&�H�V�� �p�W�X�G�H�V�� �R�Q�W�� �S�H�U�P�L�V�� �G�H�� �G�p�W�H�U�P�L�Q�H�U�� �X�Q�H�� �I�D�P�L�O�O�H�� �G�H�� ���� �J�q�Q�H�V�� �D�S�S�H�O�p�V���Q�X�G��

���Q�X�F�O�H�D�U���G�L�V�W�U�L�E�X�W�L�R�Q�����G�R�Q�W���O�D���P�X�W�D�W�L�R�Q���D�I�I�H�F�W�H���O�D���U�H�G�L�V�W�U�L�E�X�W�L�R�Q���G�X���Q�R�\�D�X���G�D�Q�V���O�H���F�\�W�R�S�O�D�V�P�H����

�'�H�V���D�Q�D�O�\�V�H�V���D�S�S�U�R�I�R�Q�G�L�H�V���G�H���F�H���J�U�R�X�S�H���G�H���J�q�Q�H�V���p�W�D�L�H�Q�W���j���O�D���V�R�X�U�F�H���G�H���O�¶�K�\�S�R�W�K�q�V�H���V�H�O�R�Q��

�O�D�T�X�H�O�O�H�� �O�H�� �J�q�Q�H���Q�X�G�)�� �F�R�G�H�U�D�L�W�� �X�Q�H�� �S�U�R�W�p�L�Q�H�� �G�H�� �V�L�J�Q�D�O�L�V�D�W�L�R�Q�� �D�F�W�L�Y�D�Q�W�� �O�D�� �Y�R�L�H�� �G�H�� �W�U�D�Q�V�S�R�U�W��

�Q�X�F�O�p�D�L�U�H���P�p�G�L�p�H���S�D�U���O�D���G�\�Q�p�L�Q�H���F�R�G�p�H���H�Q���S�D�U�W�L�H���S�D�U���Q�X�G�$���� �'�H�V���D�Q�D�O�\�V�H�V���G�¶�D�O�L�J�Q�H�P�H�Q�W���G�H��

�V�p�T�X�H�Q�F�H�V�� �R�Q�W�� �P�R�Q�W�U�p�� �X�Q�H�� �L�G�H�Q�W�L�W�p�� �G�H�� �������� �H�W�� �X�Q�H�� �V�L�P�L�O�D�U�L�W�p�� �G�H�� �������� �H�Q�W�U�H�� �/�L�V���� �H�W�� �1�X�G�)����

�V�X�J�J�p�U�D�Q�W���T�X�¶�L�O���V�¶�D�J�L�V�V�D�L�W���G�H�V���P�r�P�H�V���S�U�R�W�p�L�Q�H�V�����������������/�D���U�H�O�D�W�L�R�Q���H�Q�W�U�H���/�L�V�����H�W���O�D���G�\�Q�p�L�Q�H���D��

�p�W�p�� �S�D�U�W�L�H�O�O�H�P�H�Q�W�� �p�W�D�E�O�L�H�� �V�X�L�W�H�� �j�� �O�¶�p�W�X�G�H�� �G�H�V�� �J�q�Q�H�V���Q�X�G���G�D�Q�V���$�V�S�H�U�J�L�O�O�X�V�� �Q�L�G�X�O�D�Q�V�����/�D��

�P�L�J�U�D�W�L�R�Q�� �F�H�O�O�X�O�D�L�U�H�� �H�V�W�� �U�p�W�D�E�O�L�H�� �G�D�Q�V�� �O�H�V�� �P�X�W�D�Q�W�V�� �S�U�p�V�H�Q�W�D�Q�W�� �X�Q�H�� �P�X�W�D�W�L�R�Q�� �G�X�� �J�q�Q�H���Q�X�G�)��

�O�R�U�V�T�X�H�� �O�H�� �J�q�Q�H���Q�X�G�$�� �H�V�W�� �V�X�U�H�[�S�U�L�P�p�� �G�D�Q�V�� �O�H�� �P�R�G�q�O�H�� �V�X�J�J�p�U�D�Q�W���T�X�H�� �O�D�� �P�X�W�D�W�L�R�Q�� �G�H���Q�X�G�)��

�D�I�I�H�F�W�H���Q�X�G�$����������������

�1�R�X�V���Y�H�U�U�R�Q�V���G�D�Q�V���F�H�W�W�H���S�D�U�W�L�H���T�X�H���/�L�V���� �H�V�W���p�W�U�R�L�W�H�P�H�Q�W���O�L�p�H���j�� �O�D���G�\�Q�p�L�Q�H���P�D�L�V���D�X�V�V�L���j�� �X�Q��

�D�X�W�U�H�� �F�R�P�S�O�H�[�H�� �D�S�S�H�O�p�� �3�$�)�$�+�����%�� �H�W�� �S�D�U�� �F�R�Q�V�p�T�X�H�Q�W�� �D�X�[�� �p�Y�q�Q�H�P�H�Q�W�V�� �P�R�O�p�F�X�O�D�L�U�H�V�� �H�W��

�F�H�O�O�X�O�D�L�U�H�V���D�V�V�R�F�L�p�V���j���F�H�V���F�R�P�S�O�H�[�H�V����
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�Q�H�X�U�D�O���� �(�O�O�H�� �W�R�X�F�K�H�� ���� �Q�R�X�Y�H�D�X���Q�p�� �V�X�U�� �������������� �H�W�� �L�O�� �Q�¶�H�[�L�V�W�H�� �S�D�V�� �G�H�� �W�U�D�L�W�H�P�H�Q�W�� �F�X�U�D�W�L�I���� �/�H�V��

�H�Q�I�D�Q�W�V���Q�D�L�V�V�D�Q�W���D�Y�H�F���F�H�V���P�D�O�D�G�L�H�V���R�Q�W���X�Q�H���H�V�S�p�U�D�Q�F�H���G�H���Y�L�H���G�¶�H�Q�Y�L�U�R�Q���G�L�[���D�Q�V���G�D�Q�V���O�H�V���F�D�V��

�O�H�V�� �S�O�X�V�� �J�U�D�Y�H�V���� �/�H�V�� �S�D�W�L�H�Q�W�V�� �D�W�W�H�L�Q�W�V�� �G�H�� �O�L�V�V�H�Q�F�p�S�K�D�O�L�H�V�� �S�U�p�V�H�Q�W�H�Q�W�� �X�Q�H�� �W�H�[�W�X�U�H�� �O�L�V�V�H�� �G�X��

�F�H�U�Y�H�D�X���� �V�D�Q�V�� �V�L�O�O�R�Q�V�� �F�p�U�p�E�U�D�X�[�� ���D�J�\�U�L�H������ �'�D�Q�V�� �O�H�� �F�D�V�� �G�H�� �P�L�F�U�R�F�p�S�K�D�O�L�H�V���� �O�H�V�� �V�L�O�O�R�Q�V�� �V�R�Q�W��

�S�U�p�V�H�Q�W�V�� �P�D�L�V�� �U�p�G�X�L�W�V�� ���S�D�F�K�\�J�L�U�L�H���� ���)�L�J���� �����$������ �/�H�� �V�\�Q�G�U�R�P�H�� �0�L�O�O�H�U���'�L�H�N�H�U�� �F�R�U�U�H�V�S�R�Q�G�� �j��

�O�¶�H�[�F�L�V�L�R�Q���D�X���Q�L�Y�H�D�X���G�X���O�R�F�X�V�������S�����������F�R�Q�W�H�Q�D�Q�W���O�H���J�q�Q�H���S�D�I�D�K���E�������������������)�L�J���������%�������'�¶�D�X�W�U�H�V��

�I�R�U�P�H�V�� �G�H�� �O�L�V�V�H�Q�F�p�S�K�D�O�L�H�V���� �R�X�� �P�L�F�U�R�F�p�S�K�D�O�L�H�V���� �S�H�X�Y�H�Q�W�� �r�W�U�H�� �G�X�H�V�� �j�� �G�H�V�� �P�X�W�D�W�L�R�Q�V��

�S�R�Q�F�W�X�H�O�O�H�V�� �F�R�Q�G�X�L�V�D�Q�W�� �V�R�L�W�� �j�� �O�D�� �S�H�U�W�H�� �G�¶�H�[�S�U�H�V�V�L�R�Q�� �G�H���S�D�I�D�K���E������ �V�R�L�W�� �j�� �O�¶�H�[�S�U�H�V�V�L�R�Q�� �G�¶�X�Q�H��

�S�U�R�W�p�L�Q�H�� �W�U�R�Q�T�X�p�H�� �R�X�� �L�Q�D�F�W�L�Y�H�� ������������ ���)�L�J���� �����&������ �'�¶�D�X�W�U�H�V�� �I�R�U�P�H�V�� �G�H�� �O�L�V�V�H�Q�F�p�S�K�D�O�L�H�V���� �S�O�X�V��
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�H�V�W���F�R�Q�V�L�G�p�U�D�E�O�H�P�H�Q�W���G�L�P�L�Q�X�p�H���V�X�J�J�p�U�D�Q�W���T�X�H���O�¶�H�[�S�U�H�V�V�L�R�Q���G�H���F�H���J�q�Q�H���G�R�L�W���r�W�U�H���S�U�p�F�L�V�p�P�H�Q�W��
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�)�L�J�X�U�H�������������/�L�V�����G�D�Q�V���O�D���O�L�V�V�H�Q�F�p�S�K�D�O�L�H��

���$�����,�5�0���G�H���S�D�W�L�H�Q�W�V���V�D�L�Q�V�����D�W�W�H�L�Q�W�V���G�H���P�L�F�U�R�F�p�S�K�D�O�L�H���H�W���G�H���O�L�V�V�H�Q�F�p�S�K�D�O�L�H�����$�G�D�S�W�p���G�H���©���1�H�Z��
�L�Q�V�L�J�K�W�V�� �L�Q�W�R�� �J�H�Q�R�W�\�S�H�±�S�K�H�Q�R�W�\�S�H�� �F�R�U�U�H�O�D�W�L�R�Q�V�� �I�R�U�� �W�K�H�� �G�R�X�E�O�H�F�R�U�W�L�Q���U�H�O�D�W�H�G�� �O�L�V�V�H�Q�F�H�S�K�D�O�\��
�V�S�H�F�W�U�X�P���ª�� �S�D�U�� �%�D�K�L���%�X�L�V�V�R�Q�� �H�W�� �D�O������ ���������������%�����6�F�K�p�P�D�W�L�V�D�W�L�R�Q�� �Q�R�Q�� �j�� �O�¶�p�F�K�H�O�O�H�� �G�X�� �O�R�F�X�V��
�����S�������������/�H�V���J�q�Q�H�V���S�U�p�V�H�Q�W�p�V���Q�H���U�H�S�U�p�V�H�Q�W�H�Q�W���T�X�¶�X�Q�H���O�L�V�W�H���H�[�K�D�X�V�W�L�Y�H�����$�G�D�S�W�p���G�H���(�Q�V�H�P�E�O��
�J�H�Q�R�P�H���E�U�R�Z�V�H�U�����������K�W�W�S�V�������Z�Z�Z���H�Q�V�H�P�E�O���R�U�J�����������&�����6�F�K�p�P�D�W�L�V�D�W�L�R�Q���Q�R�Q���j���O�¶�p�F�K�H�O�O�H���G�X���J�q�Q�H��
�S�D�I�D�K���E���� �S�U�p�V�H�Q�W�D�Q�W�� �T�X�H�O�T�X�H�V�� �P�X�W�D�W�L�R�Q�V�� �U�H�W�U�R�X�Y�p�H�V�� �F�K�H�]�� �G�H�V�� �S�D�W�L�H�Q�W�V�� �D�W�W�H�L�Q�W�V�� �G�H��
�O�L�V�V�H�Q�F�p�S�K�D�O�L�H���R�X���P�L�F�U�R�F�p�S�K�D�O�L�H�����$�G�D�S�W�p���G�H���©���/�,�6�����U�H�O�D�W�H�G���L�V�R�O�D�W�H�G���O�L�V�V�H�Q�F�H�S�K�D�O�\�����V�S�H�F�W�U�X�P��
�R�I���P�X�W�D�W�L�R�Q�V���D�Q�G���U�H�O�D�W�L�R�Q�V�K�L�S�V���Z�L�W�K���P�D�O�I�R�U�P�D�W�L�R�Q���V�H�Y�H�U�L�W�\���ª���S�D�U���6�D�L�O�O�R�X�U���H�W���D�O����������������
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�/�D���S�H�U�W�H���G�¶�K�p�W�p�U�R�]�\�J�R�W�L�H���H�V�W���X�Q�H���S�H�U�W�H���G�¶�X�Q���O�R�F�X�V���R�X���G�¶�X�Q�H���U�p�J�L�R�Q���G�H���O�R�F�X�V���F�R�Q�G�X�L�V�D�Q�W���j���O�D��

�S�H�U�W�H���G�¶�H�[�S�U�H�V�V�L�R�Q���G�H�V���J�q�Q�H�V���S�U�p�V�H�Q�W�V���G�D�Q�V���F�H���O�R�F�X�V�����&�H���S�K�p�Q�R�P�q�Q�H���H�V�W���U�H�W�U�R�X�Y�p���G�D�Q�V���G�H��

�Q�R�P�E�U�H�X�V�H�V�� �I�R�U�P�H�V�� �G�H�� �F�D�Q�F�H�U���� �/�D�� �S�H�U�W�H�� �G�¶�K�p�W�p�U�R�]�\�J�R�W�L�H�� �D�X�� �Q�L�Y�H�D�X�� �G�X�� �O�R�F�X�V�� �����S���������� �H�V�W��

�U�p�F�X�U�U�H�Q�W�H���������������H�W���D���p�W�p���G�p�W�H�F�W�p�H���G�D�Q�V���G�H�V���F�D�V���G�H���O�H�X�F�p�P�L�H�����F�D�Q�F�H�U�V���G�X���V�H�L�Q�����F�D�Q�F�H�U�V���G�H�V��

�R�Y�D�L�U�H�V�� �������������� �� �W�X�P�H�X�U�V�� �D�V�W�U�R�F�\�W�D�L�U�H�V�� �������������� �/�H�� �U�{�O�H�� �H�[�D�F�W�� �G�H�� �F�H�W�W�H�� �S�H�U�W�H�� �G�H�� �O�R�F�X�V�� �G�D�Q�V�� �O�H��

�G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �G�H�V�� �F�D�Q�F�H�U�V�� �Q�¶�D�� �S�D�V�� �p�W�p�� �p�W�X�G�L�p�� �H�Q�� �G�p�W�D�L�O���� �/�¶�D�Q�D�O�\�V�H�� �G�H�� �P�p�G�X�O�O�R�E�O�D�V�W�R�P�H�V��

�U�p�V�X�O�W�D�Q�W�V���G�H���F�H�W�W�H���S�H�U�W�H���G�¶�K�p�W�p�U�R�]�\�J�R�W�L�H���Q�H���F�R�Q�G�X�L�W���S�D�V���j���O�D���S�H�U�W�H���G�¶�H�[�S�U�H�V�V�L�R�Q���G�H���/�L�V������������������

�&�H�S�H�Q�G�D�Q�W���� �G�D�Q�V�� �O�H�� �F�D�V�� �G�X�� �F�D�U�F�L�Q�R�P�H�� �K�p�S�D�W�L�T�X�H���� �H�O�O�H�� �V�¶�D�F�F�R�P�S�D�J�Q�H�� �G�H�� �O�D�� �G�L�P�L�Q�X�W�L�R�Q��

�G�¶�H�[�S�U�H�V�V�L�R�Q���G�H���/�L�V�������/�D���W�U�D�Q�V�I�H�F�W�L�R�Q���G�H���V�K���$�5�1�P���G�L�U�L�J�p���F�R�Q�W�U�H���O�H���W�U�D�Q�V�F�U�L�W���/�L�V�������G�D�Q�V���X�Q�H��

�O�L�J�Q�p�H���G�H���F�H�O�O�X�O�H�V���K�p�S�D�W�L�T�X�H�V���F�R�Q�G�X�L�W���j���G�H�V���G�p�Y�H�O�R�S�S�H�P�H�Q�W�V���G�H���F�R�O�R�Q�L�H�V���W�X�P�R�U�D�O�H�V���L�Q���Y�L�W�U�R����
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�W�X�P�H�X�U�� �K�p�S�D�W�L�T�X�H���� �V�X�J�J�p�U�D�Q�W�� �T�X�H�� �O�D�� �S�H�U�W�H�� �K�p�W�p�U�R�]�\�J�R�W�H�� �G�H�� �/�L�V���� �S�H�X�W�� �F�R�Q�G�X�L�U�H�� �D�X��
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�7�+�(�0�,�6���� �H�V�W�� �X�Q�H�� �S�U�R�W�p�L�Q�H�� �G�H�� �V�L�J�Q�D�O�L�V�D�W�L�R�Q�� �I�R�U�W�H�P�H�Q�W�� �L�P�S�O�L�T�X�p�H�� �G�D�Q�V�� �O�H�V�� �p�Y�q�Q�H�P�H�Q�W�V�� �G�H��

�V�p�O�H�F�W�L�R�Q���S�R�V�L�W�L�Y�H���H�W���G�H���V�p�O�H�F�W�L�R�Q���Q�p�J�D�W�L�Y�H���D�X���V�H�L�Q���G�X���W�K�\�P�X�V�������������������������%�L�H�Q���T�X�H���7�+�(�0�,�6����

�V�R�L�W�� �U�H�F�U�X�W�p�H�� �D�X�[�� �F�R�P�S�O�H�[�H�V�� �G�H�� �V�L�J�Q�D�O�L�V�D�W�L�R�Q�� �S�D�U�� �*�U�E������ �P�R�Q�� �p�T�X�L�S�H�� �V�¶�H�V�W�� �L�Q�W�p�U�H�V�V�p�H�� �j��

�O�¶�L�Q�W�H�U�D�F�W�R�P�H���G�H���7�+�(�0�,�6�����G�D�Q�V���O�H���E�X�W���G�H���G�p�W�H�U�P�L�Q�H�U���G�H���Q�R�X�Y�H�D�X�[���S�D�U�W�H�Q�D�L�U�H�V�����0�R�Q���p�T�X�L�S�H��

�G�¶�D�F�F�X�H�L�O�� �D�Q�D�O�\�V�D�� �O�¶�L�Q�W�H�U�D�F�W�R�P�H�� �G�H�� �7�+�(�0�,�6���� �S�D�U�� �V�S�H�F�W�U�R�P�p�W�U�L�H�� �G�H�� �P�D�V�V�H�� �H�W�� �S�D�U�� �F�U�L�E�O�D�J�H��

�G�R�X�E�O�H���K�\�E�U�L�G�H�����3�D�U�P�L���O�H�V���S�D�U�W�H�Q�D�L�U�H�V���G�H���7�+�(�0�,�6�������V�R�Q�W���G�p�W�H�F�W�p�H�V���G�H���Q�R�P�E�U�H�X�V�H�V���S�U�R�W�p�L�Q�H�V��

�G�H�� �V�L�J�Q�D�O�L�V�D�W�L�R�Q�� �P�D�L�V�� �D�X�V�V�L�� �O�D�� �S�U�R�W�p�L�Q�H�� �/�L�V���� �T�X�L�� �Q�¶�D�Y�D�L�W�� �M�D�P�D�L�V�� �p�W�p�� �p�W�X�G�L�p�H�� �G�D�Q�V�� �O�H�V�� �/�7��

�������������$�Q�Q�H�[�H���������$�X���G�p�E�X�W���G�H���P�R�Q���G�R�F�W�R�U�D�W�����M�H���P�H���V�X�L�V���L�Q�W�p�U�H�V�V�p���j���F�H�W�W�H���L�Q�W�H�U�D�F�W�L�R�Q�����H�W���Q�R�X�V��

�D�Y�R�Q�V�� �G�p�W�H�U�P�L�Q�p�� �O�H�V�� �G�R�P�D�L�Q�H�V�� �G�¶�L�Q�W�H�U�D�F�W�L�R�Q�� �H�Q�W�U�H�� �F�H�V�� �G�H�X�[�� �S�U�R�W�p�L�Q�H�V�� ���$�Q�Q�H�[�H�� ��������

�&�H�S�H�Q�G�D�Q�W�����D�I�L�Q���G�H���F�R�P�S�U�H�Q�G�U�H���O�D���I�R�Q�F�W�L�R�Q���G�H���O�¶�L�Q�W�H�U�D�F�W�L�R�Q���H�Q�W�U�H���7�+�(�0�,�6�����H�W���/�L�V�������Q�R�X�V���Q�R�X�V��

�V�R�P�P�H�V�� �G�H�P�D�Q�G�p�V�� �V�L�� �/�L�V������ �F�R�P�P�H�� �7�+�(�0�,�6������ �S�H�X�W�� �M�R�X�H�U�� �X�Q�� �U�{�O�H�� �D�X�� �F�R�X�U�V�� �G�H�V�� �V�p�O�H�F�W�L�R�Q�V��

�W�K�\�P�L�T�X�H�V���� �/�¶�D�Q�D�O�\�V�H�� �G�H�V�� �F�R�Q�V�p�T�X�H�Q�F�H�V�� �G�H�� �O�D�� �G�p�I�L�F�L�H�Q�F�H�� �H�Q�� �/�L�V���� �G�D�Q�V�� �O�H�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W��

�W�K�\�P�L�T�X�H���Q�H���G�p�P�R�Q�W�U�H���S�D�V���G�¶�H�I�I�H�W���G�H���O�¶�D�E�V�H�Q�F�H���G�H���/�L�V�����V�X�U���O�H���G�p�Y�H�O�R�S�S�H�P�H�Q�W���G�H�V���/�7���G�D�Q�V��

�X�Q�� �P�R�G�q�O�H�� �&�'���&�U�H���� �'�H�V���D�Q�D�O�\�V�H�V�� �F�R�P�S�O�p�P�H�Q�W�D�L�U�H�V�� �F�R�Q�I�L�U�P�H�Q�W���T�X�H�� �O�D�� �V�p�O�H�F�W�L�R�Q�� �S�R�V�L�W�L�Y�H�� �Q�H��

�V�R�Q�W���S�D�V���D�I�I�H�F�W�p�V���G�D�Q�V���F�H���P�R�G�q�O�H�����(�Q���U�H�Y�D�Q�F�K�H�����F�R�P�P�H���1�J�R�L���H�W���D�O���O�¶�R�Q�W���S�X�E�O�L�p���O�R�U�V���G�H���P�R�Q��

�G�R�F�W�R�U�D�W���� �O�H�V�� �F�R�Q�V�p�T�X�H�Q�F�H�V�� �V�X�U�� �O�D�� �S�R�S�X�O�D�W�L�R�Q�� �G�H�V�� �/�7�� �S�p�U�L�S�K�p�U�L�T�X�H�V�� �V�R�Q�W�� �I�R�U�W�H�V�� �D�Y�H�F�� �X�Q�H��

�G�L�P�L�Q�X�W�L�R�Q���F�R�Q�V�p�T�X�H�Q�W�H���G�H���O�D���S�U�R�S�R�U�W�L�R�Q���G�H�V���/�7���S�p�U�L�S�K�p�U�L�T�X�H�V�����/�H�V���D�X�W�H�X�U�V���R�Q�W���G�p�W�H�U�P�L�Q�p���X�Q��

�I�R�U�W���L�P�S�D�F�W���G�H���O�D���S�U�R�O�L�I�p�U�D�W�L�R�Q���G�H�V���/�7���S�p�U�L�S�K�p�U�L�T�X�H�V���V�X�L�W�H���j���O�D���V�W�L�P�X�O�D�W�L�R�Q���S�D�U���,�/���������������������'�D�Q�V��

�Q�R�W�U�H���T�X�r�W�H���S�R�X�U���O�D���F�R�P�S�U�p�K�H�Q�V�L�R�Q���G�H���O�¶�L�Q�W�H�U�D�F�W�L�R�Q���H�Q�W�U�H���7�+�(�0�,�6�����H�W���/�L�V�������Q�R�X�V���D�Y�R�Q�V���X�W�L�O�L�V�p��

�X�Q���P�R�G�q�O�H���G�H���G�p�I�L�F�L�H�Q�F�H���H�Q���/�L�V�����G�L�I�I�p�U�H�Q�W�V���G�H���1�J�R�L���H�W���D�O�����(�Q���H�I�I�H�W�����O�H���P�R�G�q�O�H���&�'���&�U�H���V�H�P�E�O�H��

�F�R�Q�G�X�L�U�H���j�� �X�Q�H���G�p�O�p�W�L�R�Q���W�U�R�S���W�D�U�G�L�Y�H���G�H�V���J�q�Q�H�V�����H�W���Q�R�X�V���S�H�Q�V�L�R�Q�V���T�X�H���F�H���P�R�G�q�O�H���Q�H���Q�R�X�V��

�S�H�U�P�H�W�W�U�D�L�W���S�D�V���G�H���G�p�W�H�F�W�H�U���G�¶�p�Y�H�Q�W�X�H�O�V���G�p�I�D�X�W�V���D�X���F�R�X�U�V���G�H�V���S�U�R�F�H�V�V�X�V���G�H���V�p�O�H�F�W�L�R�Q����������������

�1�R�X�V���D�Y�R�Q�V���G�R�Q�F���F�U�R�L�V�p���G�H�V���V�R�X�U�L�V���G�D�Q�V���O�H���E�X�W���G�H���F�U�p�H�U���X�Q�H���G�p�O�p�W�L�R�Q���G�H���/�L�V�����G�D�Q�V���O�H�V���V�W�D�G�H�V��

�S�U�p�F�R�F�H�V�� �G�X�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �G�H�V�� �/�7���� �'�D�Q�V�� �F�H���P�R�G�q�O�H�� �&�'���&�U�H���� �Q�R�X�V���U�H�P�D�U�T�X�R�Q�V�� �X�Q�H���I�R�U�W�H��

�G�L�P�L�Q�X�W�L�R�Q�� �G�H�� �O�D�� �F�H�O�O�X�O�D�U�L�W�p���W�K�\�P�L�T�X�H�� �D�Y�H�F�� �O�¶�D�F�F�X�P�X�O�D�W�L�R�Q�� �G�H�V�� �F�H�O�O�X�O�H�V�� �D�X�� �F�R�X�U�V�� �G�H�V���V�W�D�G�H�V��

�S�U�p�F�R�F�H�V�� �G�X�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �G�H�V�� �/�7���� �0�D�Q�L�I�H�V�W�H�P�H�Q�W���� �O�H�V�� �G�H�X�[�� �P�R�G�q�O�H�V�� �X�W�L�O�L�V�p�V�� �G�D�Q�V�� �F�H�W�W�H��

�W�K�q�V�H�� �Q�H�� �Q�R�X�V�� �R�Q�W�� �S�D�V�� �S�H�U�P�L�V�� �G�H�� �G�p�W�H�U�P�L�Q�H�U�� �X�Q�H�� �p�Y�H�Q�W�X�H�O�O�H�� �I�R�Q�F�W�L�R�Q�� �G�H�� �/�L�V���� �G�D�Q�V�� �O�H�V��

�p�Y�q�Q�H�P�H�Q�W�V���G�H���V�p�O�H�F�W�L�R�Q�����3�D�U���F�R�Q�V�p�T�X�H�Q�W�����Q�R�X�V���Q�R�X�V���V�R�P�P�H�V���L�Q�W�p�U�H�V�V�p�V���j���F�R�P�S�U�H�Q�G�U�H���O�H��

�E�O�R�F�D�J�H�� �G�X�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �S�U�p�F�R�F�H�� �G�H�V�� �/�7�� �H�Q�� �D�E�V�H�Q�F�H�� �G�H�� �/�L�V���� �H�W�� �j�� �G�p�W�H�U�P�L�Q�H�U�� �O�H�V��

�F�R�Q�V�p�T�X�H�Q�F�H�V���P�R�O�p�F�X�O�D�L�U�H�V���G�X���E�O�R�F�D�J�H���G�H���O�D���S�U�R�O�L�I�p�U�D�W�L�R�Q���G�H�V���/�7���S�p�U�L�S�K�p�U�L�T�X�H�V�����'�D�Q�V���Q�R�W�U�H��

�P�R�G�q�O�H�����Q�R�X�V���R�E�V�H�U�Y�R�Q�V���X�Q���E�O�R�F�D�J�H���D�X���F�R�X�U�V���G�H�V���V�W�D�G�H�V���'�1�����G�X���G�p�Y�H�O�R�S�S�H�P�H�Q�W���G�H�V���/�7����
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�G�p�I�L�F�L�H�Q�F�H���H�Q���/�L�V�����G�D�Q�V���O�H���P�R�G�q�O�H���&�'���&�U�H���F�R�Q�G�X�L�W���j���X�Q�H���G�L�P�L�Q�X�W�L�R�Q���G�U�D�V�W�L�T�X�H���G�X���Q�R�P�E�U�H���G�H��

�/�%���H�Q���G�p�Y�H�O�R�S�S�H�P�H�Q�W�����%�����������&�'�����������V�H���W�U�D�G�X�L�V�D�Q�W���S�D�U���O�D���G�L�P�L�Q�X�W�L�R�Q���G�H�V���F�H�O�O�X�O�H�V���S�U�R�%�����%����������

�&�'���� �����F���N�L�W�����,�J�0���������S�U�H�%�����%�����������&�'���������F���N�L�W�����,�J�0�������H�W���/�%���L�P�P�D�W�X�U�H�����%�����������&�'���������F���N�L�W�����,�J�0������

�G�D�Q�V���O�D���P�R�H�O�O�H���R�V�V�H�X�V�H�����/�D���S�R�S�X�O�D�W�L�R�Q���G�H�V���F�H�O�O�X�O�H�V���S�U�p�F�X�U�V�H�X�U�V���G�H�V���/�%�����%�����������&�'�����������H�V�W��

�G�L�P�L�Q�X�p�H���P�D�L�V���O�p�J�q�U�H�P�H�Q�W���H�Q���F�R�P�S�D�U�D�L�V�R�Q���D�X�[���S�R�S�X�O�D�W�L�R�Q�V���S�O�X�V���P�D�W�X�U�H�V�����V�X�J�J�p�U�D�Q�W���T�X�H���O�D��

�S�H�U�W�H���G�H���/�L�V�����G�D�Q�V���F�H���P�R�G�q�O�H���H�Q�W�U�D�v�Q�H���X�Q���E�O�R�F�D�J�H���j���F�H���V�W�D�G�H���G�H���G�p�Y�H�O�R�S�S�H�P�H�Q�W�����)�L�J�����6����������
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�)�L�J�X�U�H�����������/�H���G�p�Y�H�O�R�S�S�H�P�H�Q�W���S�U�p�F�R�F�H���G�H���O�\�P�S�K�R�F�\�W�H�V���7���H�V�W���D�I�I�H�F�W�p���H�Q���D�E�V�H�Q�F�H���G�H���/�L�V����
��
���$�����%�����0�D�U�T�X�D�J�H���G�H���V�X�U�I�D�F�H���G�H���&�'�����H�W���&�'�����V�X�U���G�H�V���W�K�\�P�R�F�\�W�H�V���L�V�V�X�V���G�H���V�R�X�U�L�V���F�R�Q�W�U�{�O�H�V�����/�L�V���I�O���I�O�����H�W��
�G�p�I�L�F�L�H�Q�W�H�V���H�Q���/�L�V�����G�D�Q�V���O�H�V���P�R�G�q�O�H�V���&�'���&�U�H�����/�L�V���I�O���I�O���&�'�� �&�U�H�����H�W���&�'���&�U�H���$�1�'�����/�L�V���I�O���I�O���$�1�'���&�'���&�U�H�������$����
�H�W�� �&�'���&�U�H�� ���/�L�V���I�O���I�O���&�'�� �&�U�H�������%���������&���� �0�D�U�T�X�D�J�H�� �G�H�� �V�X�U�I�D�F�H�� �G�H�� �&�'������ �H�W�� �&�'������ �D�S�U�q�V�� �J�D�W�L�Q�J�� �V�X�U�� �O�D��
�S�R�S�X�O�D�W�L�R�Q���W�K�\�P�L�T�X�H���'�1�����&�'�������&�'���������L�V�V�X�H���G�H���V�R�X�U�L�V���F�R�Q�W�U�{�O�H�V�����/�L�V���I�O���I�O�����H�W���G�p�I�L�F�L�H�Q�W�H�V���G�D�Q�V���O�H���P�R�G�q�O�H��
�&�'�� �&�U�H�����/�L�V���I�O���I�O���&�'�� �&�U�H�������/�H�V���Y�D�O�H�X�U�V���G�D�Q�V���O�H�V���F�D�G�U�D�Q�V���U�H�S�U�p�V�H�Q�W�H�Q�W���O�H�V���S�U�R�S�R�U�W�L�R�Q�V���G�H���F�H�O�O�X�O�H�V���D�X���V�H�L�Q��
�G�H�V���S�U�L�Q�F�L�S�D�O�H�V���S�R�S�X�O�D�W�L�R�Q�V���W�K�\�P�L�T�X�H�V�����/�H�V���K�L�V�W�R�J�U�D�P�P�H�V���U�H�J�U�R�X�S�H�Q�W���O�H�V���Q�R�P�E�U�H�V���D�E�V�R�O�X�V���G�H���F�H�O�O�X�O�H�V��
�D�X�� �V�H�L�Q�� �G�H�V�� �G�L�I�I�p�U�H�Q�W�H�V�� �S�R�S�X�O�D�W�L�R�Q�V���� �&�H�V�� �I�L�J�X�U�H�V�� �W�R�W�D�O�L�V�H�Q�W�� �G�H�X�[�����$������ �F�L�Q�T�����%���� �H�W�� �K�X�L�W�� �H�[�S�p�U�L�H�Q�F�H�V��
�L�Q�G�p�S�H�Q�G�D�Q�W�H�V�����&�����F�K�D�F�X�Q�H���F�R�Q�V�W�L�W�X�p�H���G�H�������j�������V�R�X�U�L�V���S�D�U���J�U�R�X�S�H������S���������������7�H�V�W���Q�R�Q���S�D�U�D�P�p�W�U�L�T�X�H��
�G�H���0�D�Q�Q���:�K�L�W�Q�H�\����
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�/�L�V�����Q�¶�H�V�W���S�D�V���H�V�V�H�Q�W�L�H�O�O�H���j���O�D���E���V�p�O�H�F�W�L�R�Q���G�H�V���W�K�\�P�R�F�\�W�H�V���G�R�X�E�O�H�V���Q�p�J�D�W�L�I�V��

��

�/�D���V�p�O�H�F�W�L�R�Q���E���H�V�W���X�Q�H���p�W�D�S�H���G�H���W�U�D�Q�V�L�W�L�R�Q���H�V�V�H�Q�W�L�H�O�O�H���H�Q�W�U�H���O�H�V���V�W�D�G�H�V���'�1�����H�W���'�1�����H�Q�W�U�D�L�Q�D�Q�W��

�O�D���V�X�U�Y�L�H���H�W���O�D���S�U�R�O�L�I�p�U�D�W�L�R�Q���G�H�V���W�K�\�P�R�F�\�W�H�V���S�U�p�F�R�F�H�V���D�\�D�Q�W���S�U�R�F�p�G�p���j�� �G�H�V���U�p�D�U�U�D�Q�J�H�P�H�Q�W�V��

�I�R�Q�F�W�L�R�Q�Q�H�O�V�� �G�H�� �O�D�� �F�K�D�L�Q�H���E�� �G�X�� �7�&�5�� ���������������������� �3�R�X�U�� �p�Y�D�O�X�H�U�� �O�H�� �U�{�O�H�� �G�H�� �/�L�V���� �G�D�Q�V�� �F�H��

�S�U�R�F�H�V�V�X�V�����Q�R�X�V���D�Y�R�Q�V���D�Q�D�O�\�V�p���O�¶�H�[�S�U�H�V�V�L�R�Q���L�Q�W�U�D�F�H�O�O�X�O�D�L�U�H���G�H���O�D���F�K�D�L�Q�H���E���G�X���7�&�5�����L�F�E�7�&�5����

�S�D�U���F�\�W�R�P�p�W�U�L�H���H�Q���I�O�X�[�����1�R�X�V���R�E�V�H�U�Y�R�Q�V���T�X�H���O�D���S�U�R�S�R�U�W�L�R�Q���G�H���F�H�O�O�X�O�H�V���'�1�����H�W���'�1�����L�F�E�7�&�5����

�H�V�W���G�L�P�L�Q�X�p�H���G�H�����������H�W�����������U�H�V�S�H�F�W�L�Y�H�P�H�Q�W���G�D�Q�V���O�H�V���D�Q�L�P�D�X�[���/�L�V���I�O���I�O���&�'���&�U�H���H�Q���F�R�P�S�D�U�D�L�V�R�Q��

�D�X�[���D�Q�L�P�D�X�[���F�R�Q�W�U�{�O�H�V�����/�D���G�p�I�L�F�L�H�Q�F�H���H�Q���/�L�V�����G�D�Q�V���O�H�V���F�H�O�O�X�O�H�V���'�1�����H�W���'�1�����L�F�E�7�&�5�����Q�¶�D�I�I�H�F�W�H��

�S�D�V���O�H�V���Q�L�Y�H�D�X�[���G�¶�H�[�S�U�H�V�V�L�R�Q���G�H���O�D���F�K�D�L�Q�H���E���G�X���7�&�5�����V�X�J�J�p�U�D�Q�W���T�X�H���/�L�V�����Q�¶�H�V�W���S�D�V���H�V�V�H�Q�W�L�H�O�O�H��

�D�X���U�p�D�U�U�D�Q�J�H�P�H�Q�W���G�H���O�D���F�K�D�v�Q�H���E���G�D�Q�V���F�H�V���F�H�O�O�X�O�H�V�����)�L�J���� ���$������ �/�¶�H�[�S�U�H�V�V�L�R�Q���G�¶�X�Q�H���F�K�D�v�Q�H���E��

�I�R�Q�F�W�L�R�Q�Q�H�O�O�H���G�p�F�O�H�Q�F�K�H���G�H�V���p�Y�p�Q�H�P�H�Q�W�V���G�H���V�L�J�Q�D�O�L�V�D�W�L�R�Q���T�X�L���H�Q�W�U�D�v�Q�H�Q�W���O�D���S�U�R�O�L�I�p�U�D�W�L�R�Q���H�W���O�D��

�V�X�U�Y�L�H�� �G�H�V�� �F�H�O�O�X�O�H�V���� �3�R�X�U�� �G�p�W�H�U�P�L�Q�H�U�� �O�¶�H�I�I�H�W�� �G�H�� �O�D�� �G�p�I�L�F�L�H�Q�F�H�� �H�Q�� �/�L�V���� �V�X�U�� �O�D�� �V�L�J�Q�D�O�L�V�D�W�L�R�Q��

�G�p�F�O�H�Q�F�K�p�H�� �S�D�U�� �O�D�� �F�K�D�v�Q�H���E�� �G�H�V�� �7�&�5���� �Q�R�X�V�� �D�Y�R�Q�V�� �F�R�P�S�D�U�p�� �O�¶�H�[�S�U�H�V�V�L�R�Q�� �G�H�� �&�'������ �X�Q��

�F�R�U�p�F�H�S�W�H�X�U���G�R�Q�W���O�H���Q�L�Y�H�D�X���G�¶�H�[�S�U�H�V�V�L�R�Q���H�V�W���F�R�U�U�p�O�p���j���O�¶�L�Q�W�H�Q�V�L�W�p���G�H�V���V�L�J�Q�D�X�[���G�p�O�L�Y�U�p�V���S�D�U���O�H�V��

�S�U�H���7�&�5�� �H�W�� �O�H�V�� �7�&�5���� �V�X�U�� �O�H�V�� �F�H�O�O�X�O�H�V�� �'�1���� �H�[�S�U�L�P�D�Q�W�� �R�X�� �Q�R�Q�� �O�D�� �F�K�D�v�Q�H���E�� �G�H�V�� �7�&�5����

�/�¶�H�[�S�U�H�V�V�L�R�Q�� �G�H�� �&�'���� �H�V�W�� �D�X�J�P�H�Q�W�p�H�� �V�X�U�� �O�H�V�� �F�H�O�O�X�O�H�V�� �'�1���� �L�F�E�7�&�5�K�L���H�Q�� �F�R�P�S�D�U�D�L�V�R�Q���D�X�[��

�F�H�O�O�X�O�H�V���'�1�����L�F�E�7�&�5�O�R���F�R�Q�I�R�U�P�p�P�H�Q�W���j���F�H���T�X�L���D���p�W�p���G�p�F�U�L�W�����������������/�H���Q�L�Y�H�D�X���G�¶�H�[�S�U�H�V�V�L�R�Q���G�H��

�&�'�����H�V�W���D�X�J�P�H�Q�W�p���G�D�Q�V���F�H�V���G�H�X�[���S�R�S�X�O�D�W�L�R�Q�V���H�Q���D�E�V�H�Q�F�H���G�H���/�L�V�����L�Q�G�L�T�X�D�Q�W���T�X�H���O�H���E�O�R�F�D�J�H��

�G�X���G�p�Y�H�O�R�S�S�H�P�H�Q�W���G�H�V���/�7���j���F�H���V�W�D�G�H���Q�H���U�p�V�X�O�W�H���S�D�V���G�¶�X�Q�H���G�L�P�L�Q�X�W�L�R�Q���G�H���O�D���V�L�J�Q�D�O�L�V�D�W�L�R�Q���G�D�Q�V��

�F�H�V���F�H�O�O�X�O�H�V�����)�L�J�������%����������

��

�'�H�X�[���S�R�S�X�O�D�W�L�R�Q�V���G�H���W�K�\�P�R�F�\�W�H�V���'�1�����V�H���G�L�V�W�L�Q�J�X�H�Q�W�����/�H�V���W�K�\�P�R�F�\�W�H�V���'�1���D�����L�F�E�7�&�5�O�R���&�'�� �O�R������

�Q�¶�H�[�S�U�L�P�H�Q�W���S�D�V���G�H���F�K�D�v�Q�H���E���I�R�Q�F�W�L�R�Q�Q�H�O�O�H���H�W���R�Q�W���X�Q�H���I�D�L�E�O�H���F�D�S�D�F�L�W�p���j���V�X�U�Y�L�Y�U�H���H�W���j���S�U�R�O�L�I�p�U�H�U����

�/�H�V�� �W�K�\�P�R�F�\�W�H�V�� �'�1���E�� ���L�F�E�7�&�5�K�L���&�'�� �K�L���� �H�[�S�U�L�P�H�Q�W�� �X�Q�H�� �F�K�D�v�Q�H���E�� �H�W�� �G�H�V�� �Q�L�Y�H�D�X�[�� �p�O�H�Y�p�V�� �G�H��

�S�U�R�W�p�L�Q�H�V���I�D�Y�R�U�L�V�D�Q�W���O�H�X�U���V�X�U�Y�L�H�����O�H�X�U���S�U�R�O�L�I�p�U�D�W�L�R�Q���H�W���O�H�X�U���P�D�W�X�U�D�W�L�R�Q���W�H�O�O�H�V���T�X�H���O�H���U�p�F�H�S�W�H�X�U���j��

�O�¶�,�/�������� �O�D�� �S�U�R�W�p�L�Q�H�� �%�&�/������ �R�X�� �O�H�� �U�p�F�H�S�W�H�X�U�� �W�U�R�S�K�L�T�X�H�� �&�'������ �������������� �1�R�X�V�� �R�E�V�H�U�Y�R�Q�V�� �T�X�H��

�O�¶�H�[�S�U�H�V�V�L�R�Q���G�X���U�p�F�H�S�W�H�X�U���j���O�¶�,�/�������H�W���G�H���%�&�/�������H�V�W���V�L�P�L�O�D�L�U�H���H�Q�W�U�H���O�H�V���V�R�X�U�L�V���/�L�V���I�O���I�O���&�'���&�U�H���H�W��

�/�L�V���I�O���I�O���V�X�J�J�p�U�D�Q�W���T�X�H���O�H�V���S�U�H���7�&�5���G�p�O�L�Y�U�H�Q�W���G�H�V���V�L�J�Q�D�X�[���G�H���V�X�U�Y�L�H���H�W���G�H���P�D�W�X�U�D�W�L�R�Q���H�I�I�L�F�D�F�H�V��

�H�Q���D�E�V�H�Q�F�H���G�H���/�L�V�������)�L�J�������&�������/�¶�H�[�S�U�H�V�V�L�R�Q���E�D�V�D�O�H���G�H���&�'�������H�V�W���D�X�J�P�H�Q�W�p�H���V�X�U���O�H�V���F�H�O�O�X�O�H�V��

�'�1���D�� �H�W�� �'�1���E�� �G�p�I�L�F�L�H�Q�W�H�V�� �H�Q�� �/�L�V���� �H�Q�� �F�R�P�S�D�U�D�L�V�R�Q�� �G�H�� �F�H�V�� �P�r�P�H�V�� �S�R�S�X�O�D�W�L�R�Q�V�� �F�H�O�O�X�O�D�L�U�H�V��

�G�D�Q�V�� �O�H�V�� �V�R�X�U�L�V�� �F�R�Q�W�U�{�O�H�V���� �V�X�J�J�p�U�D�Q�W�� �T�X�H�� �O�H�V�� �F�H�O�O�X�O�H�V�� �S�D�U�Y�L�H�Q�Q�H�Q�W�� �j�� �D�M�X�V�W�H�U�� �O�H�X�U�� �D�F�W�L�Y�L�W�p��

�P�p�W�D�E�R�O�L�T�X�H�� �D�S�U�q�V�� �O�D���E���V�p�O�H�F�W�L�R�Q�� ���)�L�J���� ���'������ �/�¶�H�Q�V�H�P�E�O�H�� �G�H�� �F�H�V�� �G�R�Q�Q�p�H�V�� �V�X�J�J�q�U�H�� �T�X�H�� �O�D��
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�)�L�J�X�U�H�����������/�D���G�p�I�L�F�L�H�Q�F�H���H�Q���/�L�V�����Q�¶�D�I�I�H�F�W�H���S�D�V���O�H���G�p�U�R�X�O�H�P�H�Q�W���G�H���O�D���E���V�p�O�H�F�W�L�R�Q��
��
���$���� �0�D�U�T�X�D�J�H�� �L�Q�W�U�D�F�H�O�O�X�O�D�L�U�H�� �G�X���E�7�&�5�� �V�X�U�� �G�H�V�� �W�K�\�P�R�F�\�W�H�V�� �'�1�� �L�V�V�X�V�� �G�H�� �V�R�X�U�L�V�� �F�R�Q�W�U�{�O�H�V�� ���/�L�V���I�O���I�O�����H�W��
�G�p�I�L�F�L�H�Q�W�H�V���H�Q���/�L�V�����G�D�Q�V���O�H���P�R�G�q�O�H���&�'���&�U�H�����/�L�V���I�O���I�O���&�'�� �&�U�H�������/�H�V���K�L�V�W�R�J�U�D�P�P�H�V���E�D�U�U�H�V���U�H�S�U�p�V�H�Q�W�H�Q�W���O�H�V��
�S�U�R�S�R�U�W�L�R�Q�V�� �G�H�� �F�H�O�O�X�O�H�V�� �L�F�E�7�&�5�K�L�� �D�X�� �V�H�L�Q�� �G�H�V�� �V�R�X�V�� �S�R�S�X�O�D�W�L�R�Q�V�� �'�1���� ���&�'�������� �&�'������������ �'�1���� ���&�'��������
�&�'���� ������ �H�W�� �'�1���� ���&�'�������� �&�'������������ �/�H�V�� �G�U�R�L�W�H�V�� �W�U�D�F�p�H�V�� �V�X�U�� �O�H�V�� �K�L�V�W�R�J�U�D�P�P�H�V�� �)�$�&�6�� �L�Q�W�q�J�U�H�Q�W�� �O�H�V��
�S�R�S�X�O�D�W�L�R�Q�V�� �L�F�E�7�&�5�K�L�������%�����0�D�U�T�X�D�J�H�� �G�H�� �V�X�U�I�D�F�H�� �G�H�� �&�'���� �V�X�U�� �G�H�V�� �W�K�\�P�R�F�\�W�H�V�� �'�1���� �L�F�E�7�&�5�K�L���H�W�� �'�1����
�L�F�E�7�&�5�O�R�� �L�V�V�X�V�� �G�H�� �V�R�X�U�L�V�� �F�R�Q�W�U�{�O�H�V�� ���/�L�V���I�O���I�O�����H�W�� �G�p�I�L�F�L�H�Q�W�H�V�� �H�Q�� �/�L�V���� �G�D�Q�V�� �O�H�V�� �P�R�G�q�O�H�V�� �&�'���&�U�H�� ���/�L�V���I�O���I�O��

�&�'�� �&�U�H�������/�H�V�� �G�U�R�L�W�H�V�� �W�U�D�F�p�H�V�� �V�X�U�� �O�H�V�� �K�L�V�W�R�J�U�D�P�P�H�V�� �)�$�&�6�� �L�Q�W�q�J�U�H�Q�W�� �O�H�V�� �S�R�S�X�O�D�W�L�R�Q�V�� �&�'���K�L���� �/�H�V��
�K�L�V�W�R�J�U�D�P�P�H�V�� �E�D�U�U�H�V�� �U�H�S�U�p�V�H�Q�W�H�Q�W�� �O�H�V�� �Y�D�O�H�X�U�V�� �G�H�� �0�)�,�� �G�H�� �&�'���� �D�X�� �V�H�L�Q�� �G�H�V�� �V�R�X�V�� �S�R�S�X�O�D�W�L�R�Q�V�� �'�1����
�L�F�E�7�&�5�K�L���H�W���'�1�����L�F�E�7�&�5�O�R�����&�����'�����0�D�U�T�X�D�J�H���G�H���V�X�U�I�D�F�H���G�H���,�/�����5�����%�&�/�������H�W���&�'�������V�X�U���G�H�V���W�K�\�P�R�F�\�W�H�V��
�'�1���D�� ���L�F�E�7�&�5�O�R�� �&�'���O�R������ �'�1���E�� ���L�F�E�7�&�5�K�L�� �&�'���K�L���� �H�W�� �'�1���� ���&�'�������� �&�'���������� �L�V�V�X�V�� �G�H�� �V�R�X�U�L�V�� �F�R�Q�W�U�{�O�H�V��
���/�L�V���I�O���I�O�����H�W�� �G�p�I�L�F�L�H�Q�W�H�V�� �H�Q�� �/�L�V���� �G�D�Q�V�� �O�H�V�� �P�R�G�q�O�H�V�� �&�'���&�U�H�� ���/�L�V���I�O���I�O���&�'�� �&�U�H������ �/�H�V�� �K�L�V�W�R�J�U�D�P�P�H�V�� �E�D�U�U�H�V��
�U�H�S�U�p�V�H�Q�W�H�Q�W���O�H�V���Y�D�O�H�X�U�V���G�H���0�)�,���D�X���V�H�L�Q���G�H�V���V�R�X�V���S�R�S�X�O�D�W�L�R�Q�V���'�1���D���H�W���'�1���E���� �/�H�V���Y�D�O�H�X�U�V���L�Q�V�F�U�L�W�H�V��
�V�X�U�� �O�H�V�� �K�L�V�W�R�J�U�D�P�P�H�V�� �)�$�&�6�� �U�H�S�U�p�V�H�Q�W�H�Q�W�� �O�H�V�� �Y�D�O�H�X�U�V�� �G�H�� �0�)�,�� �G�H�V�� �P�D�U�T�X�H�X�U�V�� �F�R�U�U�H�V�S�R�Q�G�D�Q�W�V���� �&�H�V��
�U�p�V�X�O�W�D�W�V���W�R�W�D�O�L�V�H�Q�W���F�L�Q�T�����$�������G�H�X�[�����%���&�����H�W���W�U�R�L�V���H�[�S�p�U�L�H�Q�F�H�V���L�Q�G�p�S�H�Q�G�D�Q�W�H�V�����'�����F�K�D�F�X�Q�H���F�R�Q�V�W�L�W�X�p�H���G�H��
�����j�������V�R�X�U�L�V���S�D�U���J�U�R�X�S�H������S���������������7�H�V�W���Q�R�Q���S�D�U�D�P�p�W�U�L�T�X�H���G�H���0�D�Q�Q���:�K�L�W�Q�H�\����
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�/�L�V�����H�V�W���H�V�V�H�Q�W�L�H�O�O�H���j���O�D���S�U�R�O�L�I�p�U�D�W�L�R�Q���G�H�V���W�K�\�P�R�F�\�W�H�V���'�1�����D�S�U�q�V���O�D���E���V�p�O�H�F�W�L�R�Q����

�1�R�X�V���D�Y�R�Q�V���H�Q�V�X�L�W�H���p�Y�D�O�X�p���O�H���U�{�O�H���G�H���/�L�V�����G�D�Q�V���O�H�V���p�Y�q�Q�H�P�H�Q�W�V���G�H���S�U�R�O�L�I�p�U�D�W�L�R�Q���T�X�L���V�X�L�Y�H�Q�W��

�O�D���E���V�p�O�H�F�W�L�R�Q�������'�D�Q�V���F�H���E�X�W�����G�H�V���W�K�\�P�R�F�\�W�H�V���'�1���D���R�Q�W���p�W�p���L�V�R�O�p�V���S�D�U���)�$�&�6�����P�D�U�T�X�p�V���D�X���&�H�O�O��

�7�U�D�F�H���9�L�R�O�H�W�����&�7�9�����H�W���P�L�V���H�Q���F�X�O�W�X�U�H���V�X�U���X�Q�H���O�L�J�Q�p�H���G�H���F�H�O�O�X�O�H�V���V�W�U�R�P�D�O�H�V���2�3�����H�[�S�U�L�P�D�Q�W���O�H��

�O�L�J�D�Q�G���1�2�7�&�+���'�/�/���������/�D���I�L�J�X�U�H�����$���P�R�Q�W�U�H���T�X�H���O�D���G�p�I�L�F�L�H�Q�F�H���H�Q���/�L�V�����H�Q�W�U�D�v�Q�H���X�Q�H���G�L�P�L�Q�X�W�L�R�Q��

�P�D�M�H�X�U�H���G�X���S�R�X�U�F�H�Q�W�D�J�H���G�H���F�H�O�O�X�O�H�V���H�Q���F�R�X�U�V���G�H���S�U�R�O�L�I�p�U�D�W�L�R�Q�����/�¶�H�[�S�U�H�V�V�L�R�Q���G�H���O�D���F�K�D�L�Q�H���E���G�X��

�7�&�5�����G�H���&�'�������G�H���&�'���������G�H���,�/�����5���H�W���G�H���%�&�/�������H�V�W���V�L�P�L�O�D�L�U�H���G�D�Q�V���O�H�V���W�K�\�P�R�F�\�W�H�V���/�L�V���I�O���I�O���&�'�� �&�U�H��

�H�W�� �O�H�V�� �W�K�\�P�R�F�\�W�H�V�� �F�R�Q�W�U�{�O�H�V���/�L�V���I�O���I�O���� �F�R�Q�I�L�U�P�D�Q�W�� �T�X�H�� �O�D�� �V�L�J�Q�D�O�L�V�D�W�L�R�Q�� �L�Q�G�X�L�W�H�� �S�D�U�� �O�H�V�� �S�U�H���7�&�5��

�Q�¶�H�V�W���S�D�V���D�I�I�H�F�W�p�H���S�D�U���O�¶�D�E�V�H�Q�F�H���G�H���/�L�V�������)�L�J�������%���H�W���)�L�J�������&�������1�R�X�V���D�Y�R�Q�V���H�Q�V�X�L�W�H���G�p�W�H�U�P�L�Q�p��

�V�L���/�L�V�����p�W�D�L�W���L�P�S�R�U�W�D�Q�W�H���S�R�X�U���O�H���G�p�U�R�X�O�H�P�H�Q�W���Q�R�U�P�D�O���G�X���F�\�F�O�H���F�H�O�O�X�O�D�L�U�H���H�Q���P�D�U�T�X�D�Q�W���O�¶�$�'�1���S�D�U��

�G�X���'�$�3�,�����/�¶�D�Q�D�O�\�V�H���P�R�Q�W�U�H���T�X�H���O�D���G�p�I�L�F�L�H�Q�F�H���H�Q���/�L�V�����H�Q�W�U�D�v�Q�H���X�Q�H���D�F�F�X�P�X�O�D�W�L�R�Q���G�H�V���F�H�O�O�X�O�H�V��

�H�Q���S�K�D�V�H���*�����0���G�X���F�\�F�O�H���F�H�O�O�X�O�D�L�U�H�����)�L�J�������'�������L�Q�G�L�T�X�D�Q�W���X�Q���E�O�R�F�D�J�H���G�H�V���F�H�O�O�X�O�H�V���D�X���F�R�X�U�V���G�X��
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�)�L�J�X�U�H�����������/�D���S�U�R�O�L�I�p�U�D�W�L�R�Q���G�H�V���W�K�\�P�R�F�\�W�H�V���'�1���H�V�W���F�R�P�S�U�R�P�L�V�H���S�D�U���O�¶�D�E�V�H�Q�F�H���G�H���/�L�V����

���$�����$�Q�D�O�\�V�H���G�H���O�D���S�U�R�O�L�I�p�U�D�W�L�R�Q���G�H�V���F�H�O�O�X�O�H�V���'�1�����P�L�V���H�Q���F�X�O�W�X�U�H���V�X�U���O�L�J�Q�p�H���2�3�����'�/�/�������L�V�V�X�H�V���G�¶�X�Q���S�R�R�O��
�G�H���V�R�X�U�L�V���F�R�Q�W�U�{�O�H�V�����/�L�V���I�O���I�O�����R�X���G�p�I�L�F�L�H�Q�W�H�V���H�Q���/�L�V�����G�D�Q�V���O�H���P�R�G�q�O�H���&�'���&�U�H�����/�L�V���I�O���I�O���&�'�� �&�U�H�����D�S�U�q�V�������K����
�����K�� �H�W�� �����K���� �/�H�V�� �G�U�R�L�W�H�V�� �V�X�U�� �O�¶�K�L�V�W�R�J�U�D�P�P�H�� �)�$�&�6�� �U�H�S�U�p�V�H�Q�W�H�Q�W�� �O�H�V�� �S�R�S�X�O�D�W�L�R�Q�V�� �H�Q�� �S�U�R�O�L�I�p�U�D�W�L�R�Q����
�/�¶�K�L�V�W�R�J�U�D�P�P�H���E�D�U�U�H���U�p�V�X�P�H���O�H�V���S�U�R�S�R�U�W�L�R�Q�V���G�H���F�H�O�O�X�O�H�V���H�Q���S�U�R�O�L�I�p�U�D�W�L�R�Q�������%�����0�D�U�T�X�D�J�H���L�Q�W�U�D�F�H�O�O�X�O�D�L�U�H��
�G�H���E�7�&�5���H�W���P�D�U�T�X�D�J�H���G�H���V�X�U�I�D�F�H���G�H���&�'�����G�H�V���F�H�O�O�X�O�H�V���'�1�����/�L�V���I�O���I�O���H�W���/�L�V���I�O���I�O���&�'�� �&�U�H���P�L�V���H�Q���F�X�O�W�X�U�H���V�X�U��
�O�L�J�Q�p�H�� �2�3���� �'�/�/�������� �/�H�� �F�D�G�U�D�Q�� �G�p�P�D�U�T�X�H�� �O�H�V�� �F�H�O�O�X�O�H�V�� �'�1���E�� ���L�F�E�7�&�5�K�L�� �&�'���K�L���� �H�W�� �O�H�V�� �Q�R�P�E�U�H�V�� �O�H�V��
�S�U�R�S�R�U�W�L�R�Q�V���G�H���F�H�O�O�X�O�H�V���'�1���E���D�X���V�H�L�Q���G�H���O�D���S�R�S�X�O�D�W�L�R�Q���'�1���������&�����0�D�U�T�X�D�J�H���G�H���V�X�U�I�D�F�H���G�H���,�/�����5�����%�&�/��
���� �H�W�� �&�'������ �G�H�V�� �'�1���D�� ���L�F�E�7�&�5�O�R�� �&�'���O�R���� �H�W�� �'�1���E�� ���L�F�E�7�&�5�K�L�� �&�'���K�L���� �D�S�U�q�V�� �����K�� �G�H�� �F�X�O�W�X�U�H�� �G�H�V�� �F�H�O�O�X�O�H�V��
�'�1�����/�L�V���I�O���I�O���H�W���/�L�V���I�O���I�O���&�'�� �&�U�H���V�X�U���O�L�J�Q�p�H���2�3�����'�/�/���������/�H�V���Y�D�O�H�X�U�V���L�Q�G�L�T�X�p�H�V���V�X�U���O�H�V���K�L�V�W�R�J�U�D�P�P�H�V���)�$�&�6��
�F�R�U�U�H�V�S�R�Q�G�H�Q�W���D�X�[���Y�D�O�H�X�U�V���G�H���0�)�,���G�X���P�D�U�T�X�H�X�U���F�R�U�U�H�V�S�R�Q�G�D�Q�W�������'�����0�D�U�T�X�D�J�H���G�H���O�¶�$�'�1���S�D�U���'�$�3�,���G�H�V��
�F�H�O�O�X�O�H�V���'�1���D�����L�F�E�7�&�5�O�R���&�'���O�R�����H�W���'�1���E�����L�F�E�7�&�5�K�L���&�'���K�L�����D�S�U�q�V�������K���G�H���F�X�O�W�X�U�H���G�H�V���F�H�O�O�X�O�H�V���'�1�����/�L�V���I�O���I�O��

�H�W�� �/�L�V���I�O���I�O���&�'�� �&�U�H�� �V�X�U�� �O�L�J�Q�p�H�� �2�3���� �'�/�/�������� �/�H�V�� �G�U�R�L�W�H�V�� �V�X�U�� �O�H�V�� �K�L�V�W�R�J�U�D�P�P�H�V�� �)�$�&�6�� �G�p�W�H�U�P�L�Q�H�Q�W�� �O�D��
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�R�X���G�p�I�L�F�L�H�Q�W�H�V���H�Q���/�L�V�����G�D�Q�V���O�H���P�R�G�q�O�H���&�'���&�U�H���$�1�'�����/�L�V���I�O���I�O���$�1�'���&�'���&�U�H���������'�����$�Q�D�O�\�V�H���G�H���O�D���S�U�R�O�L�I�p�U�D�W�L�R�Q��
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�/�L�V���� �U�p�J�X�O�H�� �O�D�� �U�H�G�L�V�W�U�L�E�X�W�L�R�Q�� �G�H�V�� �F�K�U�R�P�R�V�R�P�H�V�� �O�R�U�V�� �G�H�� �O�D�� �P�L�W�R�V�H�� �G�D�Q�V�� �O�H�V��

�O�\�P�S�K�R�F�\�W�H�V���7��
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�S�K�D�V�H���*�����R�X���H�Q���P�L�W�R�V�H�����0�����G�X���F�\�F�O�H���F�H�O�O�X�O�D�L�U�H�����3�R�X�U���G�p�W�H�U�P�L�Q�H�U���S�O�X�V���V�S�p�F�L�I�L�T�X�H�P�H�Q�W���O�D���S�K�D�V�H��

�G�X���F�\�F�O�H���F�H�O�O�X�O�D�L�U�H���G�D�Q�V���O�D�T�X�H�O�O�H���O�H�V���F�H�O�O�X�O�H�V���V�R�Q�W���E�O�R�T�X�p�H�V�����G�H�V���/�7���&�'�������R�Q�W���p�W�p���V�W�L�P�X�O�p�V���V�X�U��

�G�H�V�� �S�O�D�T�X�H�V�� �D�G�V�R�U�E�p�H�V�� �G�¶�D�Q�W�L�F�R�U�S�V�� �D�Q�W�L���&�'���� �H�W�� �D�Q�W�L���&�'������ �S�X�L�V�� �P�D�U�T�X�p�V�� �D�Y�H�F�� �G�X�� �'�$�3�,�� �H�W��

�D�Q�D�O�\�V�p�V�� �S�D�U�� �L�P�D�J�H�U�L�H�� �H�Q�� �I�O�X�[���� �/�H�� �S�D�U�D�P�q�W�U�H�� �©���%�U�L�J�K�W�� �'�H�W�D�L�O�� �L�Q�W�H�Q�V�L�W�\�ª�� ���%�'�,���� �T�X�L�� �S�H�U�P�H�W��

�G�¶�p�Y�D�O�X�H�U���O�¶�p�W�D�W���G�H���F�R�Q�G�H�Q�V�D�W�L�R�Q���G�H���O�¶�$�'�1���D���p�W�p���X�W�L�O�L�V�p���S�R�X�U���G�L�V�F�U�L�P�L�Q�H�U���O�H�V���F�H�O�O�X�O�H�V���H�Q���*�����G�H�V��

�F�H�O�O�X�O�H�V�� �H�Q�� �S�K�D�V�H�� �0�� ���S�R�X�U�� �S�O�X�V�� �G�H�� �G�p�W�D�L�O�V�� �Y�R�L�U�� �O�D�� �V�H�F�W�L�R�Q�� �P�D�W�p�U�L�H�O�V�� �H�W�� �P�p�W�K�R�G�H�V������ �1�R�X�V��

�R�E�V�H�U�Y�R�Q�V�� �T�X�H�� �O�D�� �G�p�I�L�F�L�H�Q�F�H�� �H�Q�� �/�L�V���� �G�D�Q�V�� �O�H�V�� �/�7�� �&�'������ �H�Q�W�U�D�v�Q�H�� �X�Q�H�� �D�F�F�X�P�X�O�D�W�L�R�Q�� �G�H�V��

�F�H�O�O�X�O�H�V���H�Q���F�R�X�U�V���G�H���P�L�W�R�V�H�����V�X�J�J�p�U�D�Q�W���X�Q���E�O�R�F�D�J�H���D�X���F�R�X�U�V���G�H���F�H���S�U�R�F�H�V�V�X�V�����)�L�J�������$���H�W���)�L�J����

�6���&�������(�Q���X�W�L�O�L�V�D�Q�W���X�Q�H���D�S�S�U�R�F�K�H���V�L�P�L�O�D�L�U�H�����Q�R�X�V���D�Y�R�Q�V���H�Q�V�X�L�W�H���D�Q�D�O�\�V�p���S�O�X�V���V�S�p�F�L�I�L�T�X�H�P�H�Q�W��

�O�¶�D�O�L�J�Q�H�P�H�Q�W���G�H�V���F�K�U�R�P�R�V�R�P�H�V���V�X�U���O�D���S�O�D�T�X�H���P�p�W�D�S�K�D�V�L�T�X�H�����X�Q���S�U�R�F�H�V�V�X�V���T�X�L���L�P�S�O�L�T�X�H���X�Q�H��

�S�D�U�W�L�F�L�S�D�W�L�R�Q���D�F�W�L�Y�H���G�H�V���P�R�W�H�X�U�V���P�R�O�p�F�X�O�D�L�U�H�V���V�X�U���O�H�V���P�L�F�U�R�W�X�E�X�O�H�V���������������������������'�H�V���/�7���&�'������

�R�Q�W���p�W�p���V�W�L�P�X�O�p�V���V�X�U���G�H�V���S�O�D�T�X�H�V���D�G�V�R�U�E�p�H�V���G�¶�D�Q�W�L�F�R�U�S�V���D�Q�W�L���&�'�����H�W���D�Q�W�L���&�'�������S�H�Q�G�D�Q�W�������K����

�$�S�U�q�V�� �����K�� �G�H�� �F�X�O�W�X�U�H���� �O�H�V�� �F�H�O�O�X�O�H�V�� �R�Q�W�� �p�W�p�� �V�\�Q�F�K�U�R�Q�L�V�p�H�V�� �D�X�� �Q�R�F�R�G�D�]�R�O�H���� �$�S�U�q�V��

�V�\�Q�F�K�U�R�Q�L�V�D�W�L�R�Q�����O�H���Q�R�F�R�G�D�]�R�O�H���D���p�W�p���p�O�L�P�L�Q�p���H�W���O�H�V���F�H�O�O�X�O�H�V���R�Q�W���p�W�p���W�U�D�L�W�p�H�V���D�X���0�*���������S�R�X�U��

�O�H�V���V�W�D�E�L�O�L�V�H�U���H�Q���P�p�W�D�S�K�D�V�H�����������������/�H�V���F�H�O�O�X�O�H�V���V�R�Q�W���H�Q�V�X�L�W�H���D�Q�D�O�\�V�p�H�V���S�D�U���L�P�D�J�H�U�L�H���H�Q���I�O�X�[����

�D�S�U�q�V���P�D�U�T�X�D�J�H���G�H���O�¶�$�'�1�����H�Q���X�W�L�O�L�V�D�Q�W���O�H���S�D�U�D�P�q�W�U�H���©���H�O�R�Q�J�D�W�H�G�Q�H�V�V���ª���T�X�L���F�D�O�F�X�O�H���O�H���U�D�S�S�R�U�W��

�G�H�� �O�D�� �O�R�Q�J�X�H�X�U�� �H�W�� �G�H�� �O�D�� �O�D�U�J�H�X�U�� �G�¶�X�Q�� �P�D�V�T�X�H�� �'�$�3�,�� �H�W�� �S�H�U�P�H�W�� �D�L�Q�V�L�� �G�¶�L�V�R�O�H�U�� �O�H�V�� �F�H�O�O�X�O�H�V�� �H�Q��

�P�p�W�D�S�K�D�V�H�����1�R�X�V���U�H�P�D�U�T�X�R�Q�V���X�Q�H���I�R�U�W�H���G�L�P�L�Q�X�W�L�R�Q���G�H�V���F�H�O�O�X�O�H�V���D�Y�H�F���X�Q�H���Y�D�O�H�X�U���V�X�S�p�U�L�H�X�U�H��

�j�� �������� �O�R�U�V�T�X�H�� �O�H�V�� �F�H�O�O�X�O�H�V�� �P�L�V�H�V�� �H�Q�� �F�X�O�W�X�U�H�� �V�R�Q�W�� �G�p�I�L�F�L�H�Q�W�H�V�� �H�Q�� �/�L�V���� ���)�L�J���� ���%�� �H�W�� �)�L�J���� �6���'������

�/�¶�D�Q�D�O�\�V�H�� �G�H�V�� �U�p�V�X�O�W�D�W�V�� �P�R�Q�W�U�H�� �T�X�H�� �O�D�� �G�p�I�L�F�L�H�Q�F�H�� �H�Q�� �/�L�V���� �H�Q�W�U�D�v�Q�H�� �X�Q�H�� �G�L�P�L�Q�X�W�L�R�Q�� �G�X��

�S�R�X�U�F�H�Q�W�D�J�H�� �G�H�� �F�H�O�O�X�O�H�V�� �H�Q�� �P�p�W�D�S�K�D�V�H���� �V�X�J�J�p�U�D�Q�W�� �T�X�H�� �/�L�V���� �H�V�W�� �L�P�S�R�U�W�D�Q�W�H�� �S�R�X�U�� �O�D��

�U�p�R�U�J�D�Q�L�V�D�W�L�R�Q���G�H�V���F�K�U�R�P�R�V�R�P�H�V���D�X���F�R�X�U�V���G�H���O�D���P�L�W�R�V�H�����3�R�X�U���G�p�W�H�U�P�L�Q�H�U���O�H���U�{�O�H���G�H���/�L�V�����V�X�U��
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�&�'�� ���� �S�D�U�� �Y�L�G�p�R���P�L�F�U�R�V�F�R�S�L�H���� �/�H�V�� �F�H�O�O�X�O�H�V�� �R�Q�W�� �p�W�p�� �P�L�V�H�V�� �H�Q�� �F�X�O�W�X�U�H�� �S�H�Q�G�D�Q�W�� �����K�� �G�D�Q�V�� �G�H�V��

�F�K�D�P�E�U�H�V�� �D�G�V�R�U�E�p�H�V�� �G�¶�D�Q�W�L�F�R�U�S�V�� �D�Q�W�L���&�'���� �H�W�� �D�Q�W�L���&�'������ �S�X�L�V�� �O�¶�$�'�1�� �D�� �p�W�p���P�D�U�T�X�p�� �D�Y�H�F�� �G�X��

�+�R�H�F�K�V�W�����/�H�V���L�P�D�J�H�V���R�Q�W���H�Q�V�X�L�W�H���p�W�p���D�F�T�X�L�V�H�V���D�X���V�S�L�Q�Q�L�Q�J���G�L�V�N���S�H�Q�G�D�Q�W�������K���H�W���W�U�D�L�W�p�H�V���S�D�U��

�,�P�D�J�H�-���S�R�X�U���O�H���P�R�Q�W�D�J�H���G�H�V���Y�L�G�p�R�V�����1�R�X�V���F�R�Q�V�W�D�W�R�Q�V���T�X�H���O�D���G�X�U�p�H���P�R�\�H�Q�Q�H���G�H�V���P�L�W�R�V�H�V��

�H�V�W���D�X�J�P�H�Q�W�p�H���H�Q���D�E�V�H�Q�F�H���G�H���/�L�V�������)�L�J�������&�������3�D�U���D�L�O�O�H�X�U�V�����Q�R�X�V���R�E�V�H�U�Y�R�Q�V���T�X�H���O�H�V���P�L�W�R�V�H�V��

�V�R�Q�W���V�R�X�Y�H�Q�W���L�Q�W�H�U�U�R�P�S�X�H�V���G�D�Q�V���O�H�V���F�H�O�O�X�O�H�V���G�p�I�L�F�L�H�Q�W�H�V���H�Q���/�L�V�����H�W���T�X�¶�H�O�O�H�V���F�R�Q�G�X�L�V�H�Q�W���S�D�U�I�R�L�V��
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�G�X�� �P�D�W�p�U�L�H�O�� �J�p�Q�p�W�L�T�X�H�� �H�W�� �O�D�� �S�U�p�V�H�Q�F�H�� �G�H�� �Q�R�\�D�X�[�� �P�X�O�W�L�O�R�E�p�V���� �/�D�� �S�U�p�V�H�Q�F�H�� �G�H�� �Q�R�\�D�X�[��
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�P�X�O�W�L�O�R�E�p�V���G�D�Q�V���O�D���S�K�D�V�H���6���H�W���*�����G�H�V���/�7���&�'�������G�p�I�L�F�L�H�Q�W�V���H�Q���/�L�V�����D�L�Q�V�L���T�X�H���O�¶�D�X�J�P�H�Q�W�D�W�L�R�Q��

�G�H���O�D���S�K�D�V�H���V�X�E�*���� �F�R�Q�I�L�U�P�H���T�X�H���O�D���G�p�I�L�F�L�H�Q�F�H���H�Q���/�L�V���� �F�R�Q�G�X�L�W���j�� �O�D���P�D�X�Y�D�L�V�H���R�U�J�D�Q�L�V�D�W�L�R�Q��

�G�H�V�� �F�K�U�R�P�R�V�R�P�H�V�� �H�W�� �S�D�U�� �F�R�Q�V�p�T�X�H�Q�W�� �j�� �O�D�� �P�D�X�Y�D�L�V�H�� �G�L�Y�L�V�L�R�Q�� �G�H�V�� �F�H�O�O�X�O�H�V�� ���)�L�J���� �6���(������

�/�¶�H�Q�V�H�P�E�O�H���G�H���F�H�V���G�R�Q�Q�p�H�V���P�R�Q�W�U�H���T�X�H���/�L�V���� �H�V�W���H�V�V�H�Q�W�L�H�O�O�H���D�X���G�p�U�R�X�O�H�P�H�Q�W���Q�R�U�P�D�O���G�H���O�D��

�P�L�W�R�V�H���H�W���U�p�J�X�O�H���O�D���U�p�S�D�U�W�L�W�L�R�Q���R�U�G�R�Q�Q�p�H���G�X���P�D�W�p�U�L�H�O���J�p�Q�p�W�L�T�X�H���D�X���V�H�L�Q���G�H�V���/�7����

�/�D���G�p�V�R�U�J�D�Q�L�V�D�W�L�R�Q���G�H�V���F�K�U�R�P�R�V�R�P�H�V���S�H�X�W���r�W�U�H���O�D���F�R�Q�V�p�T�X�H�Q�F�H���G�¶�X�Q���G�\�V�I�R�Q�F�W�L�R�Q�Q�H�P�H�Q�W���G�H�V��

�F�H�Q�W�U�R�V�R�P�H�V���T�X�L���V�R�Q�W���U�H�V�S�R�Q�V�D�E�O�H�V���G�H���O�D���P�L�V�H���H�Q���S�O�D�F�H���G�H�V���I�X�V�H�D�X�[���P�L�W�R�W�L�T�X�H�V���D�X���F�R�X�U�V���G�H��

�O�D���P�L�W�R�V�H���������������������������$�X���F�R�X�U�V���G�H���O�D���S�K�D�V�H���6�����O�H�V���F�H�Q�W�U�R�V�R�P�H�V���V�H���G�X�S�O�L�T�X�H�Q�W���H�W���V�H���V�p�S�D�U�H�Q�W��

�D�X���F�R�X�U�V���G�H���O�D���S�K�D�V�H���*�����S�R�X�U���G�p�P�D�U�U�H�U���O�D���P�L�W�R�V�H�����������������3�R�X�U���H�[�D�P�L�Q�H�U���O�H���U�{�O�H���G�H���/�L�V�����G�D�Q�V��

�F�H���S�U�R�F�H�V�V�X�V�����Q�R�X�V���D�Y�R�Q�V���G�¶�D�E�R�U�G���D�Q�D�O�\�V�p���O�H���Q�R�P�E�U�H���G�H���F�H�Q�W�U�R�V�R�P�H�V���G�D�Q�V���G�H�V���W�K�\�P�R�F�\�W�H�V��

�'�1���E�� �H�Q�� �P�L�W�R�V�H�� �L�V�R�O�p�V�� �G�X�� �W�K�\�P�X�V���H�[���Y�L�Y�R���� �1�R�X�V�� �R�E�V�H�U�Y�R�Q�V�� �T�X�¶�X�Q�H�� �S�U�R�S�R�U�W�L�R�Q�� �D�F�F�U�X�H�� �G�H��

�F�H�O�O�X�O�H�V�� �F�R�Q�W�L�H�Q�W�� �X�Q�� �Q�R�P�E�U�H�� �D�Q�R�U�P�D�O�H�P�H�Q�W�� �p�O�H�Y�p�� �G�H�� �F�H�Q�W�U�R�V�R�P�H�V�� �G�D�Q�V�� �O�H�V�� �W�K�\�P�R�F�\�W�H�V��

�G�p�I�L�F�L�H�Q�W�V���H�Q���/�L�V�������1�R�X�V���D�Y�R�Q�V���H�Q�V�X�L�W�H���D�Q�D�O�\�V�p���O�H���Q�R�P�E�U�H���G�H���F�H�Q�W�U�R�V�R�P�H�V���G�D�Q�V���G�H�V���/�7���&�'������

�V�W�L�P�X�O�p�V�� �S�D�U�� �G�H�V�� �D�Q�W�L�F�R�U�S�V�� �D�Q�W�L���&�'������ �3�R�X�U�� �G�p�W�H�U�P�L�Q�H�U�� �V�L�� �O�¶�H�I�I�H�W�� �H�[�H�U�F�p�� �S�D�U�� �/�L�V���� �V�X�U�� �O�H�V��

�F�H�Q�W�U�R�V�R�P�H�V�� �H�V�W�� �F�R�Q�F�R�P�L�W�D�Q�W�� �j�� �O�D�� �G�L�Y�L�V�L�R�Q�� �F�H�O�O�X�O�D�L�U�H�� �Q�R�X�V�� �D�Y�R�Q�V�� �F�R�P�S�D�U�p�� �O�H�V�� �/�7�� �&�'������

�E�O�D�V�W�L�T�X�H�� �H�Q�� �F�R�X�U�V�� �G�H�� �G�L�Y�L�V�L�R�Q�� ���)�6�&�K�L���� �H�W�� �Q�R�Q���E�O�D�V�W�L�T�X�H�� ���)�6�&�O�R������ �1�R�X�V�� �P�R�Q�W�U�R�Q�V�� �T�X�H�� �O�D��

�G�p�I�L�F�L�H�Q�F�H���H�Q���/�L�V�����Q�¶�D�I�I�H�F�W�H���S�D�V���O�H���Q�R�P�E�U�H���G�H���F�H�Q�W�U�R�V�R�P�H�V���U�H�W�U�R�X�Y�p���G�D�Q�V���O�H�V���/�7���&�'�������Q�R�Q��

�E�O�D�V�W�L�T�X�H�����)�L�J�������)�������(�Q���U�H�Y�D�Q�F�K�H�����X�Q�H���I�U�D�F�W�L�R�Q���L�P�S�R�U�W�D�Q�W�H���G�H�V���/�7���&�'�������)�6�&�K�L���G�p�I�L�F�L�H�Q�W�V���S�R�X�U��

�/�L�V���� �F�R�Q�W�L�H�Q�W�� �X�Q�� �Q�R�P�E�U�H�� �G�H�� �F�H�Q�W�U�R�V�R�P�H�V�� �V�X�S�p�U�L�H�X�U�� �j�� �G�H�X�[���� �'�H�� �S�O�X�V���� �F�H�V�� �F�H�Q�W�U�R�V�R�P�H�V�� �Q�H��

�V�R�Q�W�� �S�D�V�� �R�U�J�D�Q�L�V�p�V�� �D�X�� �V�H�L�Q�� �G�H�V�� �F�H�O�O�X�O�H�V�� �H�Q�� �P�L�W�R�V�H�� �G�p�I�L�F�L�H�Q�W�H�V�� �H�Q�� �/�L�V���� �D�X�� �F�R�Q�W�U�D�L�U�H�� �G�H�V��

�F�H�O�O�X�O�H�V�� �F�R�Q�W�U�{�O�H�V�� ���)�L�J���� ���(������ �&�H�V�� �U�p�V�X�O�W�D�W�V�� �V�X�J�J�q�U�H�Q�W�� �T�X�H�� �O�H�� �G�p�I�D�X�W�� �G�¶�D�O�L�J�Q�H�P�H�Q�W�� �G�H�V��

�F�K�U�R�P�R�V�R�P�H�V�� �S�H�X�W�� �r�W�U�H�� �O�D�� �F�R�Q�V�p�T�X�H�Q�F�H�� �G�H�� �O�¶�D�P�S�O�L�I�L�F�D�W�L�R�Q�� �H�W�� �G�H�� �O�D�� �G�p�V�R�U�J�D�Q�L�V�D�W�L�R�Q�� �G�H�V��

�F�H�Q�W�U�R�V�R�P�H�V����

��
�/�D�� �U�p�R�U�J�D�Q�L�V�D�W�L�R�Q�� �G�H�V�� �F�K�U�R�P�R�V�R�P�H�V���� �O�¶�D�P�S�O�L�I�L�F�D�W�L�R�Q�� �H�W�� �O�D�� �U�H�G�L�V�W�U�L�E�X�W�L�R�Q�� �G�H�V�� �F�H�Q�W�U�R�V�R�P�H�V��

�G�p�S�H�Q�G�H�Q�W�� �G�X�� �F�R�P�S�O�H�[�H�� �G�\�Q�p�L�Q�H�� �T�X�L�� �U�H�F�U�X�W�H�� �G�H�V�� �S�U�R�W�p�L�Q�H�V�� �D�G�D�S�W�D�W�U�L�F�H�V�� �V�X�U�� �F�H�V�� �R�U�J�D�Q�L�W�H�V��

�F�H�O�O�X�O�D�L�U�H�V�� �S�D�U�� �O�¶�L�Q�W�H�U�P�p�G�L�D�L�U�H�� �G�X�� �F�R�P�S�O�H�[�H�� �G�\�Q�D�F�W�L�Q�H�� �������������� �'�H�V�� �p�W�X�G�H�V�� �S�U�p�F�p�G�H�Q�W�H�V��

�V�X�J�J�q�U�H�Q�W���T�X�H���/�L�V�����U�p�J�X�O�H���O�H���W�U�D�Q�V�S�R�U�W���G�H�V���R�U�J�D�Q�L�W�H�V���F�H�O�O�X�O�D�L�U�H�V���S�D�U���O�H���F�R�P�S�O�H�[�H���G�\�Q�p�L�Q�H���H�Q��

�I�D�Y�R�U�L�V�D�Q�W���V�R�Q���L�Q�W�H�U�D�F�W�L�R�Q���D�Y�H�F���O�D���G�\�Q�D�F�W�L�Q�H�������������������������������������3�R�X�U���G�p�W�H�U�P�L�Q�H�U���V�L���/�L�V�����H�[�H�U�F�H��

�X�Q�� �H�I�I�H�W���V�L�P�L�O�D�L�U�H�� �G�D�Q�V�� �O�H�V�� �/�7���� �Q�R�X�V�� �D�Y�R�Q�V�� �D�Q�D�O�\�V�p�� �O�D�� �F�R���L�P�P�X�Q�R�S�U�p�F�L�S�L�W�D�W�L�R�Q�� �G�H�� �S�������J�O�X�H�G����

�X�Q�H�� �V�R�X�V�� �X�Q�L�W�p�� �G�H�� �O�D�� �G�\�Q�D�F�W�L�Q�H���� �D�Y�H�F�� �O�D�� �F�K�D�L�Q�H�� �L�Q�W�H�U�P�p�G�L�D�L�U�H�� �G�H�� �O�D�� �G�\�Q�p�L�Q�H�� �G�D�Q�V�� �G�H�V�� �/�7��

�H�[�S�U�L�P�D�Q�W�� �R�X�� �Q�R�Q�� �/�L�V������ �V�W�L�P�X�O�p�V�� �S�H�Q�G�D�Q�W�� �����K���� �1�R�X�V�� �R�E�V�H�U�Y�R�Q�V�� �T�X�H�� �O�¶�L�Q�W�H�U�D�F�W�L�R�Q�� �H�Q�W�U�H�� �O�D��

�G�\�Q�p�L�Q�H�� �H�W�� �O�D�� �G�\�Q�D�F�W�L�Q�H�� �H�V�W�� �I�R�U�W�H�P�H�Q�W�� �G�L�P�L�Q�X�p�H�� �G�D�Q�V�� �O�H�V�� �/�7�� �G�p�I�L�F�L�H�Q�W�V�� �S�R�X�U�� �/�L�V���� �H�Q��

�F�R�P�S�D�U�D�L�V�R�Q���D�X�[���/�7���F�R�Q�W�U�{�O�H�V�����&�H�V���U�p�V�X�O�W�D�W�V���P�R�Q�W�U�H�Q�W���T�X�H���/�L�V�����V�W�D�E�L�O�L�V�H���O�¶�L�Q�W�H�U�D�F�W�L�R�Q���G�H���O�D��



�í�í�ñ��
��
��
��
��

�G�\�Q�p�L�Q�H�� �D�Y�H�F�� �O�D�� �G�\�Q�D�F�W�L�Q�H�� �G�D�Q�V�� �O�H�V�� �/�7���� �,�O�V�� �V�X�J�J�q�U�H�Q�W�� �T�X�H�� �/�L�V���� �F�R�Q�W�U�L�E�X�H�� �D�X�� �G�p�U�R�X�O�H�P�H�Q�W��

�Q�R�U�P�D�O�� �G�H�V�� �P�L�W�R�V�H�V�� �G�D�Q�V�� �F�H�V�� �F�H�O�O�X�O�H�V�� �H�Q�� �U�p�J�X�O�D�Q�W�� �O�D�� �I�R�U�P�D�W�L�R�Q�� �G�H�V�� �F�R�P�S�O�H�[�H�V��

�G�\�Q�p�L�Q�H���G�\�Q�D�F�W�L�Q�H�� �T�X�L�� �V�R�Q�W�� �H�V�V�H�Q�W�L�H�O�V�� �D�X�� �W�U�D�Q�V�S�R�U�W�� �G�H�V���V�W�U�X�F�W�X�U�H�V�� �F�H�O�O�X�O�D�L�U�H�V�� �W�H�O�O�H�V���T�X�H�� �O�H�V��

�F�H�Q�W�U�R�V�R�P�H�V���H�W���O�H�V���F�K�U�R�P�R�V�R�P�H�V�����)�L�J�����6��������

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��



�í�í�ò��
��
��
��
��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��



�í�í�ó��
��
��
��
��

��

��
��

��

��

��
��
��
��
��
��
��
��
��

��
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���/�L�V���I�O���I�O�����H�W���G�p�I�L�F�L�H�Q�W�H�V���H�Q���/�L�V�����G�D�Q�V���O�H�V���P�R�G�q�O�H�V���&�'���&�U�H�����/�L�V���I�O���I�O���&�'�� �&�U�H���������$�����+�L�V�W�R�J�U�D�P�P�H���U�H�S�U�p�V�H�Q�W�D�Q�W��
�O�H���S�D�U�D�P�q�W�U�H���©���%�U�L�J�K�W���'�H�W�D�L�O���,�Q�W�H�Q�V�L�W�\���ª���G�H���/�7���&�'�������/�L�V���I�O���I�O���H�W���/�L�V���I�O���I�O���&�'�� �&�U�H���H�Q���S�K�D�V�H���*�����0���D�S�U�q�V�������K��
�G�H���F�X�O�W�X�U�H���H�Q���S�U�p�V�H�Q�F�H���G�¶�D�Q�W�L�F�R�U�S�V���D�Q�W�L���&�'�������H�W���D�Q�W�L���&�'�������/�H�V���G�U�R�L�W�H�V���V�X�U���O�H�V���K�L�V�W�R�J�U�D�P�P�H�V���G�p�O�L�P�L�W�H�Q�W��
�O�H�V���S�R�S�X�O�D�W�L�R�Q�V���H�Q���P�L�W�R�V�H�����%�'�,�K�L�����H�W���O�H�V���Y�D�O�H�X�U�V���F�R�U�U�H�V�S�R�Q�G�H�Q�W���D�X�[���S�U�R�S�R�U�W�L�R�Q�V���G�H���F�H�O�O�X�O�H�V���H�Q���P�L�W�R�V�H��
�D�X���V�H�L�Q���G�H���O�D���S�R�S�X�O�D�W�L�R�Q���G�H���F�H�O�O�X�O�H�V���H�Q���S�K�D�V�H���*�����0�����&�H���U�p�V�X�O�W�D�W���H�V�W���U�H�S�U�p�V�H�Q�W�D�W�L�I���G�H���G�H�X�[���H�[�S�p�U�L�H�Q�F�H�V��
�D�Y�H�F���D�F�T�X�L�V�L�W�L�R�Q���G�¶�H�Q�Y�L�U�R�Q�����������������F�H�O�O�X�O�H�V���G�D�Q�V���O�D���S�R�S�X�O�D�W�L�R�Q���*�����0�����&�K�D�T�X�H���H�[�S�p�U�L�H�Q�F�H���H�V�W���F�R�Q�V�W�L�W�X�p�H��
�G�¶�X�Q�H�� �V�R�X�U�L�V�� �S�D�U�� �J�p�Q�R�W�\�S�H�������%�����5�H�S�U�p�V�H�Q�W�D�W�L�R�Q�� �H�Q�� �G�R�W���S�O�R�W�� �G�H�V�� �S�D�U�D�P�q�W�U�H�V�� �©���(�O�R�Q�J�D�W�H�G�Q�H�V�V���ª�� �H�W��
�©���6�S�R�W�� �F�R�X�Q�W���ª�� �G�H�V�� �/�7�� �&�'�������/�L�V���I�O���I�O�� �H�W�� �/�L�V���I�O���I�O���&�'�� �&�U�H�� �H�Q�� �P�L�W�R�V�H�� �D�S�U�q�V�� �����K�� �G�H�� �F�X�O�W�X�U�H�� �H�Q�� �S�U�p�V�H�Q�F�H��
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�S�U�p�V�H�Q�F�H�� �G�¶�D�Q�W�L�F�R�U�S�V�� �D�Q�W�L���&�'������ �H�W�� �D�Q�W�L���&�'���� �G�H�� �/�7�� �&�'������ �L�V�V�X�V�� �G�H�� �V�R�X�U�L�V�� �F�R�Q�W�U�{�O�H�V�� ���/�L�V���I�O���I�O���� �H�W��
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�I�R�U�P�D�W�� �+������ �P�L�Q���� �/�H�V�� �I�O�q�F�K�H�V�� �S�R�L�Q�W�H�Q�W�� �O�H�V�� �F�H�O�O�X�O�H�V�� �H�Q�� �F�R�X�U�V�� �G�H�� �P�L�W�R�V�H���� �/�¶�K�L�V�W�R�J�U�D�P�P�H�� �U�H�S�U�p�V�H�Q�W�H�� �O�H��
�W�H�P�S�V�� �G�H�� �P�L�W�R�V�H�� �H�Q�� �K�H�X�U�H�� �G�H�� �F�K�D�T�X�H�� �F�H�O�O�X�O�H�� �R�E�V�H�U�Y�p�H���� �&�H�W�W�H�� �I�L�J�X�U�H�� �H�V�W�� �U�H�S�U�p�V�H�Q�W�D�W�L�Y�H�� �G�H�� �W�U�R�L�V��
�H�[�S�p�U�L�H�Q�F�H�V�� �L�Q�G�p�S�H�Q�G�D�Q�W�H�V�� �F�K�D�F�X�Q�H�� �F�R�Q�V�W�L�W�X�p�H�� �G�¶�X�Q�H�� �V�R�X�U�L�V�� �S�D�U�� �J�p�Q�R�W�\�S�H������S������������ ���7�H�V�W�� �Q�R�Q��
�S�D�U�D�P�p�W�U�L�T�X�H�� �G�H�� �0�D�Q�Q���:�K�L�W�Q�H�\�������'���� �(���� �)�����0�D�[�L�P�X�P�� �,�Q�W�H�Q�V�L�W�\�� �3�U�R�M�H�F�W�L�R�Q�� �G�H�� �=���V�W�D�F�N�V�� �R�E�W�H�Q�X�V�� �D�X��
�P�L�F�U�R�V�F�R�S�H�� �F�R�Q�I�R�F�D�O�� �D�S�U�q�V�� �P�D�U�T�X�D�J�H�� �G�X�� �F�H�Q�W�U�R�V�R�P�H�� �S�D�U�� �O�D���J���W�X�E�X�O�L�Q�H�� �H�W�� �G�X�� �Q�R�\�D�X�� �S�D�U�� �O�H�� �'�$�3�,�� �G�H��
�F�H�O�O�X�O�H�V���'�1���E�����'�����H�W���G�H���/�7���&�'�������V�W�L�P�X�O�p�V�������K���H�Q���S�U�p�V�H�Q�F�H���G�¶�D�Q�W�L�F�R�U�S�V���D�Q�W�L���&�'�������H�W���D�Q�W�L���&�'�����H�W���W�U�L�p�H�V��
�)�6�&�K�L�����'�����H�W���)�6�&�O�R�����(�������/�H�V���I�L�J�X�U�H�V�����'�����(�����)�����V�R�Q�W���U�H�S�U�p�V�H�Q�W�D�W�L�Y�H�V���G�H���G�H�X�[���H�[�S�p�U�L�H�Q�F�H�V���F�K�D�F�X�Q�H���G�D�Q�V��
�O�D�T�X�H�O�O�H���R�Q�W���p�W�p���D�F�T�X�L�V�H�V���������j���������F�H�O�O�X�O�H�V����
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�/�D���S�H�U�W�H���G�H���/�L�V�����I�D�Y�R�U�L�V�H���O�¶�D�S�R�S�W�R�V�H���G�H�V���F�H�O�O�X�O�H�V���H�Q���F�R�X�U�V���G�H���S�U�R�O�L�I�p�U�D�W�L�R�Q��
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�/�D���U�p�S�D�U�W�L�W�L�R�Q���G�H�V���F�K�U�R�P�R�V�R�P�H�V���O�R�U�V���G�H���O�D���P�p�W�D�S�K�D�V�H���H�V�W���V�R�X�P�L�V�H���j���X�Q���S�R�L�Q�W���G�H���F�R�Q�W�U�{�O�H���T�X�L��

�Y�p�U�L�I�L�H���O�H���E�R�Q���D�O�L�J�Q�H�P�H�Q�W���G�H�V���F�K�U�R�P�R�V�R�P�H�V���V�X�U���O�D���S�O�D�T�X�H���P�p�W�D�S�K�D�V�L�T�X�H���S�R�X�U���X�Q�H���U�p�S�D�U�W�L�W�L�R�Q��

�R�U�G�R�Q�Q�p�H�� �G�X�� �P�D�W�p�U�L�H�O�� �J�p�Q�p�W�L�T�X�H�� �������������� �/�D�� �I�R�U�P�D�W�L�R�Q�� �G�H�� �F�H�O�O�X�O�H�V�� �F�R�Q�W�H�Q�D�Q�W�� �G�H�V�� �T�X�D�Q�W�L�W�p�V��

�D�Q�R�U�P�D�O�H�V���G�H���P�D�W�p�U�L�H�O���J�p�Q�p�W�L�T�X�H���F�R�Q�G�X�L�W���D�X�V�V�L���j���O�¶�H�[�S�U�H�V�V�L�R�Q���G�H���I�D�F�W�H�X�U�V���S�U�R���D�S�R�S�W�R�W�L�T�X�H�V��

�H�Q�W�U�D�v�Q�D�Q�W���O�D���P�R�U�W���G�H�V���F�H�O�O�X�O�H�V�����������������/�¶�D�Q�D�O�\�V�H���G�X���P�D�U�T�X�D�J�H���$�Q�Q�H�[�L�Q�9���G�D�Q�V���G�H�V���W�K�\�P�R�F�\�W�H�V��

�'�1���D�� �V�W�L�P�X�O�p�V�� �S�D�U�� �G�H�V�� �F�H�O�O�X�O�H�V�� �2�3���� �'�/�/���� �P�R�Q�W�U�H�� �T�X�H�� �O�D�� �G�p�I�L�F�L�H�Q�F�H�� �H�Q�� �/�L�V���� �H�Q�W�U�D�L�Q�H�� �X�Q��

�D�F�F�U�R�L�V�V�H�P�H�Q�W�� �G�H�� �O�D�� �I�U�p�T�X�H�Q�F�H�� �G�H�V�� �F�H�O�O�X�O�H�V�� �H�Q�� �D�S�R�S�W�R�V�H�� �O�R�U�V�T�X�H�� �O�H�V�� �F�H�O�O�X�O�H�V�� �R�Q�W�� �p�W�p��

�H�Q�J�D�J�p�H�V���G�D�Q�V���G�H�V���F�\�F�O�H�V���G�H���G�L�Y�L�V�L�R�Q�V���F�H�O�O�X�O�D�L�U�H�V�����&�7�9�O�R���������(�Q���U�H�Y�D�Q�F�K�H���O�H���S�R�X�U�F�H�Q�W�D�J�H���G�H��

�F�H�O�O�X�O�H�V�� �H�Q�� �D�S�R�S�W�R�V�H�� �H�V�W�� �F�R�P�S�D�U�D�E�O�H�� �G�D�Q�V�� �O�H�V�� �W�K�\�P�R�F�\�W�H�V�� �D�F�W�L�Y�p�H�V�� ���&�'���K�L������ �T�X�L�� �Q�¶�R�Q�W�� �S�D�V��

�H�Q�F�R�U�H���p�W�p���H�Q�J�D�J�p�V���G�D�Q�V���G�H�V���G�L�Y�L�V�L�R�Q�V���F�H�O�O�X�O�D�L�U�H�V�����&�7�9�K�L�������)�L�J�������$�������'�H���O�D���P�r�P�H���I�D�o�R�Q�����O�H�V��

�/�7���&�'�������V�W�L�P�X�O�p�V���S�D�U���G�H�V���D�Q�W�L�F�R�U�S�V���D�Q�W�L���&�'�����D�\�D�Q�W���V�X�E�L���G�H�V���F�\�F�O�H�V���G�H���G�L�Y�L�V�L�R�Q�V���F�H�O�O�X�O�D�L�U�H�V��

�V�R�Q�W���G�D�Y�D�Q�W�D�J�H���H�Q���D�S�R�S�W�R�V�H���T�X�H���O�H�V���P�r�P�H�V���S�R�S�X�O�D�W�L�R�Q�V���F�H�O�O�X�O�D�L�U�H�V���G�D�Q�V���O�H�V���V�R�X�U�L�V���F�R�Q�W�U�{�O�H�V��

���)�L�J���� ���%������ �3�D�U�� �F�R�Q�W�U�H���� �O�D�� �G�p�I�L�F�L�H�Q�F�H�� �H�Q�� �/�L�V���� �Q�¶�D�� �S�D�V�� �G�¶�L�P�S�D�F�W�� �V�L�J�Q�L�I�L�F�D�W�L�I�� �V�X�U�� �O�D�� �P�R�U�W�D�O�L�W�p��

�F�H�O�O�X�O�D�L�U�H���G�D�Q�V���O�H�V���F�H�O�O�X�O�H�V���D�F�W�L�Y�p�H�V�����&�'�����K�L�����P�D�L�V���Q�R�Q���G�L�Y�L�V�p�H�V�����/�H���P�D�X�Y�D�L�V���G�p�U�R�X�O�H�P�H�Q�W���G�H��

�O�D�� �P�L�W�R�V�H�� �H�W�� �O�D�� �P�D�X�Y�D�L�V�H�� �U�p�S�D�U�W�L�W�L�R�Q�� �G�X�� �P�D�W�p�U�L�H�O�� �J�p�Q�p�W�L�T�X�H�� �G�p�F�O�H�Q�F�K�H�� �O�¶�H�[�S�U�H�V�V�L�R�Q�� �G�H�� �S������

�F�R�Q�G�X�L�V�D�Q�W�� �j�� �O�¶�D�S�R�S�W�R�V�H�� �G�H�V�� �F�H�O�O�X�O�H�V�� �������������� �1�R�X�V�� �P�R�Q�W�U�R�Q�V�� �T�X�H�� �O�¶�H�[�S�U�H�V�V�L�R�Q�� �G�H�� �S������ �H�V�W��

�D�X�J�P�H�Q�W�p�H�� �G�D�Q�V�� �O�H�V�� �W�K�\�P�R�F�\�W�H�V�� �'�1�� �G�H�� �V�R�X�U�L�V�� �G�p�I�L�F�L�H�Q�W�H�V�� �H�Q�� �/�L�V���� �G�D�Q�V�� �O�H�� �P�R�G�q�O�H�� �&�'���&�U�H��

���)�L�J�������&�������'�H���S�O�X�V�����O�¶�H�[�S�U�H�V�V�L�R�Q���G�H���S�������G�D�Q�V���O�H�V���/�7���&�'�������G�p�I�L�F�L�H�Q�W�V���S�R�X�U���/�L�V�����H�V�W���D�X�J�P�H�Q�W�p�H��

�S�D�U���U�D�S�S�R�U�W���D�X�[���/�7���F�R�Q�W�U�{�O�H�V���D�S�U�q�V�������K���G�H���V�W�L�P�X�O�D�W�L�R�Q�����)�L�J�������'�������/�¶�H�Q�V�H�P�E�O�H���G�H���F�H�V���G�R�Q�Q�p�H�V��

�G�p�P�R�Q�W�U�H���T�X�H���/�L�V�����S�U�p�Y�L�H�Q�W���O�D���P�R�U�W���F�H�O�O�X�O�D�L�U�H���G�H�V���W�K�\�P�R�F�\�W�H�V���H�W���G�H�V���/�7���H�Q���F�R�Q�W�U�L�E�X�D�Q�W���j���O�D��

�U�p�R�U�J�D�Q�L�V�D�W�L�R�Q���G�H�V���F�K�U�R�P�R�V�R�P�H�V���H�W���G�H�V���F�H�Q�W�U�R�V�R�P�H�V���O�R�U�V���G�H���O�D���P�L�W�R�V�H������
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�)�L�J�X�U�H�����������/�D���S�H�U�W�H���G�H���/�L�V�����I�D�Y�R�U�L�V�H���O�¶�D�S�R�S�W�R�V�H���G�H�V���F�H�O�O�X�O�H�V���H�Q���S�U�R�O�L�I�p�U�D�W�L�R�Q��
��
���$�����%�����0�D�U�T�X�D�J�H���G�H���V�X�U�I�D�F�H���S�D�U���$�Q�Q�H�[�L�Q�9���V�X�U���X�Q���S�R�R�O���G�H���W�K�\�P�R�F�\�W�H�V���'�1���E�����&�'���K�L�����L�V�V�X�V���G�H���V�R�X�U�L�V��
�F�R�Q�W�U�{�O�H�V�����/�L�V���I�O���I�O�����R�X���G�p�I�L�F�L�H�Q�W�H�V���H�Q���/�L�V�����G�D�Q�V���O�H���P�R�G�q�O�H���&�'���&�U�H�����/�L�V���I�O���I�O���&�'�� �&�U�H�����D�S�U�q�V���F�X�O�W�X�U�H���V�X�U���O�L�J�Q�p�H��
�2�3�������$���� �H�W�� �G�H�� �/�7�� �&�'������ �L�V�V�X�V�� �G�H�� �V�R�X�U�L�V�� �F�R�Q�W�U�{�O�H�V�� ���/�L�V���I�O���I�O�����H�W�� �G�p�I�L�F�L�H�Q�W�H�V�� �H�Q�� �/�L�V���� �G�D�Q�V�� �O�H�V�� �P�R�G�q�O�H�V��
�&�'�� �&�U�H�� ���/�L�V���I�O���I�O���&�'�� �&�U�H�������%������ �/�H�V�� �G�U�R�L�W�H�V�� �V�X�U�� �O�H�V�� �K�L�V�W�R�J�U�D�P�P�H�V�� �)�$�&�6�� �G�p�O�L�P�L�W�H�Q�W�� �O�H�V�� �S�R�S�X�O�D�W�L�R�Q�V��
�$�Q�Q�H�[�L�Q�9�����H�W���O�H�V���Y�D�O�H�X�U�V���U�H�S�U�p�V�H�Q�W�H�Q�W���O�D���S�U�R�S�R�U�W�L�R�Q���G�H���F�H�O�O�X�O�H�V���S�R�V�L�W�L�Y�H�V���S�R�X�U���O�¶�D�Q�Q�H�[�L�Q�9���D�X���V�H�L�Q���G�H���O�D��
�S�R�S�X�O�D�W�L�R�Q�� �'�1���D���� �'�1���E�� �H�W�� �'�1�������$���� �R�X�� �/�7�� �&�'���������%������ �/�H�V�� �K�L�V�W�R�J�U�D�P�P�H�V�� �E�D�U�U�H�V�� �U�H�S�U�p�V�H�Q�W�H�Q�W�� �O�D��
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�L�Q�G�L�T�X�p�H�V�� �F�D�U�D�F�W�p�U�L�V�H�Q�W�� �O�D�� �S�U�R�S�R�U�W�L�R�Q�� �G�H�� �F�H�O�O�X�O�H�V�� �P�D�W�X�U�H�V�� �D�X�� �V�H�L�Q�� �G�H�V�� �S�R�S�X�O�D�W�L�R�Q�V�� �6�3���� �/�H�V��
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�G�L�I�I�p�U�H�Q�W�H�V�� �S�R�S�X�O�D�W�L�R�Q�V�� �W�K�\�P�L�T�X�H�V�������&���� �'���� �&�H�V�� �H�[�S�p�U�L�H�Q�F�H�V�� �W�R�W�D�O�L�V�H�Q�W�� �G�H�X�[�� �H�[�S�p�U�L�H�Q�F�H�V��
�L�Q�G�p�S�H�Q�G�D�Q�W�H�V������S���������������7�H�V�W���Q�R�Q���S�D�U�D�P�p�W�U�L�T�X�H���G�H���0�D�Q�Q���:�K�L�W�Q�H�\����
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�R�V�V�H�X�V�H�������%�����0�D�U�T�X�D�J�H�� �G�H�� �V�X�U�I�D�F�H�� �G�H�� �F���N�L�W�� �H�W�� �,�J�0�� �V�X�U�� �G�H�V�� �F�H�O�O�X�O�H�V�� �%���������� �&�'�������� �L�V�V�X�H�V�� �G�H�� �P�R�H�O�O�H��
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�E�D�U�U�H���U�H�S�U�p�V�H�Q�W�H���O�H�V���Q�R�P�E�U�H�V���D�E�V�R�O�X�V���G�H���F�H�O�O�X�O�H�V���D�X���V�H�L�Q���G�H�V���G�L�I�I�p�U�H�Q�W�H�V���S�R�S�X�O�D�W�L�R�Q�V���G�H���O�D���U�D�W�H�����&�H�V��
�H�[�S�p�U�L�H�Q�F�H�V���W�R�W�D�O�L�V�H�Q�W���G�H�X�[�����$�����H�W���T�X�D�W�U�H���H�[�S�p�U�L�H�Q�F�H�V���L�Q�G�p�S�H�Q�G�D�Q�W�H�V�����%�����F�K�D�F�X�Q�H���F�R�Q�V�W�L�W�X�p���G�H�������j������
�V�R�X�U�L�V���S�D�U���J�U�R�X�S�H������S���������������7�H�V�W���Q�R�Q���S�D�U�D�P�p�W�U�L�T�X�H���G�H���0�D�Q�Q���:�K�L�W�Q�H�\����
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�)�L�J�X�U�H���6�X�S�S�O�p�P�H�Q�W�D�L�U�H�����������/�D���G�p�I�L�F�L�H�Q�F�H���H�Q���/�L�V�����Q�¶�D�I�I�H�F�W�H���S�D�V���O�D���S�U�R�O�L�I�p�U�D�W�L�R�Q���G�H���/�7��
�&�'�� �����S�p�U�L�S�K�p�U�L�T�X�H�V���V�X�L�W�H���j���O�D���V�W�L�P�X�O�D�W�L�R�Q���S�D�U���G�H�V���D�Q�W�L�F�R�U�S�V������
��
���$�����$�Q�D�O�\�V�H���G�H���O�D���S�U�R�O�L�I�p�U�D�W�L�R�Q���D�S�U�q�V�������K���G�H���F�X�O�W�X�U�H���H�Q���S�U�p�V�H�Q�F�H���G�¶�D�Q�W�L�F�R�U�S�V���D�Q�W�L���&�'�������H�W���D�Q�W�L���&�'�����G�H��
�/�7�� �&�'������ �L�V�V�X�V�� �G�H�� �V�R�X�U�L�V�� �F�R�Q�W�U�{�O�H�V�� ���/�L�V���I�O���I�O�����R�X�� �G�p�I�L�F�L�H�Q�W�H�V�� �H�Q�� �/�L�V���� �G�D�Q�V�� �O�H�� �P�R�G�q�O�H�� �&�'���&�U�H�� ���/�L�V���I�O���I�O��

�&�'�� �&�U�H�������/�H�V���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���L�Q�G�L�T�X�p�H�V���V�X�U���O�H�V���K�L�V�W�R�J�U�D�P�P�H�V���)�$�&�6���L�Q�G�L�T�X�H�Q�W���O�D���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���G�¶�D�Q�W�L��
�&�'���� �X�W�L�O�L�V�p�H���� �/�H�V�� �K�L�V�W�R�J�U�D�P�P�H�V�� �E�D�U�U�H�V�� �S�U�p�V�H�Q�W�H�Q�W�� �O�D�� �S�U�R�S�R�U�W�L�R�Q�� �G�H�� �F�H�O�O�X�O�H�V�� �H�Q�� �S�U�R�O�L�I�p�U�D�W�L�R�Q�������%����
�0�D�U�T�X�D�J�H���G�H���V�X�U�I�D�F�H���G�H���&�'�������H�W���&�'�������G�H���/�7���&�'�������/�L�V���I�O���I�O���H�W���/�L�V���I�O���I�O���&�'�� �&�U�H���D�S�U�q�V�������K���G�H���F�X�O�W�X�U�H���H�Q��
�S�U�p�V�H�Q�F�H�� �G�¶�D�Q�W�L�F�R�U�S�V�� �D�Q�W�L���&�'������ �H�W�� �D�Q�W�L���&�'������ �/�H�V�� �G�U�R�L�W�H�V�� �U�H�S�U�p�V�H�Q�W�p�H�V�� �V�X�U�� �O�¶�K�L�V�W�R�J�U�D�P�P�H�� �)�$�&�6��
�G�p�O�L�P�L�W�H�Q�W���O�H�V���S�R�S�X�O�D�W�L�R�Q�V���&�'���������H�W���&�'�����������/�H�V���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���L�Q�G�L�T�X�p�H�V���V�X�U���O�H�V���K�L�V�W�R�J�U�D�P�P�H�V���)�$�&�6��
�L�Q�G�L�T�X�H�Q�W���O�D���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���G�¶�D�Q�W�L���&�'�����X�W�L�O�L�V�p�H�����/�H�V���K�L�V�W�R�J�U�D�P�P�H�V���E�D�U�U�H�V���U�p�V�X�P�H�Q�W���O�H�V���S�U�R�S�R�U�W�L�R�Q�V���G�H��
�F�H�O�O�X�O�H�V�� �&�'�������� �H�W�� �&�'�������� �D�X�� �V�H�L�Q�� �G�H�� �O�D�� �S�R�S�X�O�D�W�L�R�Q�� �/�7�� �&�'������ �Q�¶�D�\�D�Q�W�� �S�D�V�� �S�U�R�O�L�I�p�U�p���� �&�H�V�� �H�[�S�p�U�L�H�Q�F�H�V��
�W�R�W�D�O�L�V�H�Q�W�� �G�H�X�[�� �H�[�S�p�U�L�H�Q�F�H�V�� �L�Q�G�p�S�H�Q�G�D�Q�W�H�V���� �F�K�D�F�X�Q�H�� �F�R�Q�V�W�L�W�X�p�H�� �G�¶�X�Q�H�� �j�� �W�U�R�L�V�� �V�R�X�U�L�V�� �S�D�U�� �J�U�R�X�S�H����
��S���������������W���W�H�V�W���D�Y�H�F���F�R�U�U�H�F�W�L�R�Q���G�H���:�H�O�F�K����
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�)�L�J�X�U�H���6�X�S�S�O�p�P�H�Q�W�D�L�U�H�����������/�D���G�p�I�L�F�L�H�Q�F�H���H�Q���/�L�V�����D�I�I�H�F�W�H���O�D���P�L�W�R�V�H���G�H�V���O�\�P�S�K�R�F�\�W�H�V���7��
��
���$�����%�����6�F�K�p�P�D�W�L�V�D�W�L�R�Q���G�H�V���S�D�U�D�P�q�W�U�H�V���©���%�U�L�J�K�W���'�H�W�D�L�O���,�Q�W�H�Q�V�L�W�\���ª�����$�����H�W���©���(�O�R�Q�J�D�W�H�G�Q�H�V�V���ª�����%�������&�H�W�W�H��
�U�H�S�U�p�V�H�Q�W�D�W�L�R�Q�� �Q�¶�H�V�W�� �S�D�V�� �L�V�V�X�H�� �G�X�� �W�U�D�L�W�H�P�H�Q�W�� �G�H�� �,�'�(�$�6�‹�� �P�D�L�V�� �S�U�R�Y�L�H�Q�W�� �G�¶�X�Q�H�� �P�R�G�L�I�L�F�D�W�L�R�Q�� �G�¶�L�P�D�J�H��
�U�p�D�O�L�V�p�H���V�X�U���,�P�D�J�H�-�������&�����'�����,�P�D�J�H���G�H���F�H�O�O�X�O�H�V���D�F�T�X�L�V�H�V���S�D�U���,�P�D�J�H�6�W�U�H�D�P�;���U�H�S�U�p�V�H�Q�W�D�Q�W���O�H���%�'�,�K�L�����&����
�H�W���(�O�R�Q�J�D�W�H�G�Q�H�V�V���!�����������'���������(�����,�P�D�J�H���S�U�R�Y�H�Q�D�Q�W���G�¶�L�P�D�J�H�6�W�U�H�D�P�;���G�H���/�7���&�'�������V�W�L�P�X�O�p�V���H�Q���S�U�p�V�H�Q�F�H��
�G�¶�D�Q�W�L���&�'�������H�W���D�Q�W�L���&�'�����S�U�R�Y�H�Q�D�Q�W���G�H���V�R�X�U�L�V���G�p�I�L�F�L�H�Q�W�H�V���H�Q���/�L�V�����G�D�Q�V���O�H���P�R�G�q�O�H���&�'���&�U�H�����/�L�V���I�O���I�O���&�'���&�U�H����
�D�S�U�q�V���J�D�W�L�Q�J���V�X�U���O�D���S�R�S�X�O�D�W�L�R�Q���V�X�E�*�������6���H�W���*�����G�X���F�\�F�O�H���F�H�O�O�X�O�D�L�U�H�����/�¶�K�L�V�W�R�J�U�D�P�P�H���G�H���J�D�X�F�K�H���U�H�S�U�p�V�H�Q�W�H��
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�O�D���S�U�R�S�R�U�W�L�R�Q���G�H���F�H�O�O�X�O�H���S�U�p�V�H�Q�W�D�Q�W���G�H�V���Q�R�\�D�X�[���P�X�O�W�L�O�R�E�p�V���D�S�U�q�V���T�X�D�Q�W�L�I�L�F�D�W�L�R�Q���P�D�Q�X�H�O�O�H���G�H���������F�H�O�O�X�O�H�V����
�/�¶�K�L�V�W�R�J�U�D�P�P�H���j���G�U�R�L�W�H���U�H�S�U�p�V�H�Q�W�H���O�D���S�U�R�S�R�U�W�L�R�Q���G�H���F�H�O�O�X�O�H�V���V�X�E�*�����G�X���F�\�F�O�H���F�H�O�O�X�O�D�L�U�H�����&�H���U�p�V�X�O�W�D�W���H�V�W��
�U�H�S�U�p�V�H�Q�W�D�W�L�I���G�H���G�H�X�[���H�[�S�p�U�L�P�H�Q�W�D�W�L�R�Q�V���F�R�Q�W�H�Q�D�Q�W���X�Q�H���V�R�X�U�L�V���S�D�U���J�p�Q�R�W�\�S�H������
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�)�L�J�X�U�H�� �6�X�S�S�O�p�P�H�Q�W�D�L�U�H�� �������� �/�¶�L�Q�W�H�U�D�F�W�L�R�Q�� �G�H�� �O�D�� �G�\�Q�p�L�Q�H�� �D�Y�H�F�� �O�D�� �G�\�Q�D�F�W�L�Q�H�� �H�V�W��
�L�Q�W�H�U�U�R�P�S�X�H���H�Q���D�E�V�H�Q�F�H���G�H���/�L�V����
��
�:�H�V�W�H�U�Q�E�O�R�W���U�H�S�U�p�V�H�Q�W�D�Q�W���O�D���F�K�D�L�Q�H���O�R�X�U�G�H���G�H���O�D���G�\�Q�p�L�Q�H�����'�+�&�������O�D���F�K�D�L�Q�H���L�Q�W�H�U�P�p�G�L�D�L�U�H���G�H���O�D���G�\�Q�p�L�Q�H��
���'�,�&�������O�D���V�R�X�V���X�Q�L�W�p���G�H���O�D���G�\�Q�D�F�W�L�Q�H���S�������J�O�X�H�G�����/�L�V�����H�W���5�D�F�����D�S�U�q�V���L�P�P�X�Q�R�S�U�p�F�L�S�L�D�W�L�R�Q���F�R�Q�W�U�{�O�H�����%�H�D�G�V��
�,�J�*���E�����H�W���L�P�P�X�Q�R�S�U�p�F�L�S�L�D�W�L�R�Q���G�H���'�,�&�����$�Q�W�L���'�,�&�����V�X�U���G�H�V���/�7���&�'�������L�V�V�X�V���G�H���V�R�X�U�L�V���F�R�Q�W�U�{�O�H�V�����/�L�V���I�O���I�O�����R�X��
�G�p�I�L�F�L�H�Q�W�H�V���H�Q���/�L�V�����G�D�Q�V���O�H���P�R�G�q�O�H���&�'���&�U�H�����/�L�V���I�O���I�O���&�'�� �&�U�H�������/�D���F�R�Q�G�L�W�L�R�Q���©���:�&�/���ª���U�H�S�U�p�V�H�Q�W�H���O�H���O�\�V�D�W��
�W�R�W�D�O���D�Y�D�Q�W���L�P�P�X�Q�R�S�U�p�F�L�S�L�D�W�L�R�Q�����5�D�F�����D���p�W�p���X�W�L�O�L�V�p�H���F�R�P�P�H���F�R�Q�W�U�{�O�H���G�H���T�X�D�Q�W�L�W�p���G�D�Q�V���O�D���F�R�Q�G�L�W�L�R�Q���:�&�/����
�&�H���U�p�V�X�O�W�D�W���H�V�W���U�H�S�U�p�V�H�Q�W�D�W�L�I���G�¶�X�Q�H���H�[�S�p�U�L�H�Q�F�H����
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�0�D�W�p�U�L�H�O�V���H�W���P�p�W�K�R�G�H�V��
��

�$�Q�L�P�D�X�[��

��

�/�H�V���V�R�X�U�L�V���/�L�V���I�O���I�O�����������6���3�D�I�D�K���E���W�P���$�Z�E���-�����H�W���&�'���&�U�H�����%�����&�J���7�J���&�'�����L�F�U�H�����.�L�R���-�����S�U�R�Y�L�H�Q�Q�H�Q�W��

�G�H�� �7�K�H�� �-�D�F�N�V�R�Q�� �/�D�E�R�U�D�W�R�U�\���� �/�H�V�� �O�L�J�Q�p�H�V�� �&�'���&�U�H���H�W�� �$�1�'�7�J�� �R�Q�W�� �p�W�p�� �G�R�Q�Q�p�H�V�� �S�D�U�� �'�U�� �2�O�L�Y�L�H�U��

�-�R�I�I�U�H�� ���,�1�6�(�5�0�� �8�0�5������������ �7�R�X�O�R�X�V�H���� �H�W�� �S�D�U�� �'�U�� �3�D�X�O�� �/�R�Y�H�� ���1�D�W�L�R�Q�D�O�� �,�Q�V�W�L�W�X�W�H�V�� �R�I�� �+�H�D�O�W�K����

�%�H�W�K�H�V�G�D���� �8�6�$���� �U�H�V�S�H�F�W�L�Y�H�P�H�Q�W���� �7�R�X�W�H�V�� �O�H�V�� �H�[�S�p�U�L�P�H�Q�W�D�W�L�R�Q�V�� �R�Q�W�� �p�W�p�� �U�p�D�O�L�V�p�H�V�� �D�Y�H�F��

�F�R�Q�F�R�U�G�D�Q�F�H�V���G�H�V���k�J�H�V���H�W���G�H�V���V�H�[�H�V���H�Q�W�U�H���D�Q�L�P�D�X�[���k�J�p�V���G�H���X�Q���j���W�U�R�L�V���P�R�L�V�����/�H�V���V�R�X�U�L�V���R�Q�W��

�p�W�p���F�U�R�L�V�p�H�V���D�X���V�H�L�Q���G�H���O�¶�X�Q�L�W�p���8�6���������G�H���O�¶�,�1�6�(�5�0���V�R�X�V���O�H���V�W�D�W�X�W���V�D�Q�L�W�D�L�U�H���6�2�3�)�����6�S�H�F�L�I�L�F��

�D�Q�G�� �2�S�S�R�U�W�X�Q�L�V�W�L�F�� �3�D�W�K�R�J�H�Q�� �)�U�H�H���� �H�W�� �R�Q�W�� �p�W�p�� �P�D�L�Q�W�H�Q�X�H�V�� �V�R�X�V�� �O�H�� �V�W�D�W�X�W�� �V�D�Q�L�W�D�L�U�H�� �6�3�)��

���6�S�H�F�L�I�L�F�� �3�D�W�K�R�J�H�Q�� �)�U�H�H������ �7�R�X�W�H�V�� �O�H�V�� �H�[�S�p�U�L�H�Q�F�H�V�� �R�Q�W�� �p�W�p�� �U�p�D�O�L�V�p�H�V�� �V�R�X�V�� �S�U�R�W�R�F�R�O�H�V��

�D�S�S�U�R�X�Y�p�V���S�D�U���O�H���F�R�P�L�W�p���p�W�K�L�T�X�H���O�R�F�D�O���V�H�O�R�Q���O�H�V���U�q�J�O�H�V���I�U�D�Q�o�D�L�V�H�V���H�W���G�H���O�¶�8�Q�L�R�Q���(�X�U�R�S�p�H�Q�Q�H��
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Themis1 enhances T cell receptor signaling during
thymocyte development by promoting Vav1
activity and Grb2 stability
Ekaterina Zvezdova, 1* Judith Mikolajczak, 2,3,4,5* Anne Garreau, 2,3,4,5 Marl•ne Marcellin, 6

Lise Rigal, 2,3,4,5 Jan Lee, 1 Seeyoung Choi, 1 Ga‘tan Blaize, 2,3,4,5 JŽrŽmy Argenty, 2,3,4,5

Julien Familiades, 2,3,4,5 Liqi Li, 1 Anne Gonzalez de Peredo, 6 Odile Burlet-Schiltz, 6

Paul E. Love, 1 Renaud Lesourne 2,3,4,5 

The T cell signaling protein Themis1 is essential for the positive and negative selection of thymocytes
in the thymus. Although the developmental defect that results from the loss of Themis1 suggests that
it enhances T cell receptor (TCR) signaling, Themis1 also recruits Src homology 2 domain Ðcontaining
phosphatase-1 (SHP-1) to the vicinity of TCR signaling complexes, suggesting that it has an inhibitory
role in TCR signaling. We used TCR signaling reporter mice and quantitative proteomics to explore the
role of Themis1 in developing T cells. We found that Themis1 acted mostly as a positive regulator of TCR
signaling in vivo when receptors were activated by positively selecting ligands. Proteomic analysis of
the Themis1 interactome identified SHP-1, the TCR-associated adaptor protein Grb2, and the guanine
nucleotide exchange factor Vav1 as the principal interacting partners of Themis1 in isolated mouse thy-
mocytes. Analysis of TCR signaling in Themis1-deficient and Themis1-overexpressing mouse thymo-
cytes demonstrated that Themis1 promoted Vav1 activity both in vitro and in vivo. The reduced activity
of Vav1 and the impaired T cell development in Themis1 ! /! mice were due in part to increased degrada-
tion of Grb2, which suggests that Themis1 is required to maintain the steady-state abundance of Grb2 in
thymocytes. Together, these data suggest that Themis1 acts as a positive regulator of TCR signaling in
developing T cells, and identify a mechanism by which Themis1 regulates thymic selection.

INTRODUCTION

Both the positive and negative selection of thymocytes are required to
optimize T cell responses to foreign antigens and to prevent autoimmune
reactions against self-antigens. The affinities of T cell antigen receptors
(TCRs) for self-peptides bound to the major histocompatibility complex
(pMHC) determine the fate of T cells during selection in the thymus.
Negative selection eliminates T cells that strongly interact with self-pMHC
molecules, which could otherwise result in autoimmunity, whereas pos-
itive selection promotes the survival and maturation of T cells with rela-
tively low affinity for self-pMHC molecules, favoring the development
of cells with greater self-reactivity within a permissible range constrained
by the negative selection threshold (1). The recognition of pMHCs by the
TCR stimulates multiple intracellular signaling events that are modulated
quantitatively and qualitatively on the basis of the strength of TCR-pMHC
interaction to selectively trigger selection processes and to promote ge-
netic programs required for T cell maturation and egress from the thymus.
Whereas the signaling pathways activated by TCR engagement have been
identified, it remains unclear how the intensity of TCR stimulation precisely

regulates the activation of downstream pathways such that two distinct out-
comes [cell death (negative selection) or survival and continued maturation
(positive selection)] can be elicited by engaging pMHC.

We and others identified the previously uncharacterized protein
Themis1 as being required for the positive selection and maturation of
T cells in the thymus (2Ð6). Themis1 lacks any discernable catalytic domain,
but it contains two previously uncharacterized cysteine-based globular
domains (namedÒCABITÓ) of unknown structure and function (3). It also
contains a bipartite nuclear localization signal (KR-X12-KRRPR) and a
C-terminal proline-rich region (PRR) that matches a class II Src homology 3
(SH3) recognition motif. Themis1 is constitutively associated with the cy-
tosolic adaptor protein Grb2 (growth factor receptorÐbound protein 2) (5Ð7)
and is recruited to the transmembrane adaptor protein LAT (linker of acti-
vated T cells) after TCR engagement, where it becomes rapidly phospho-
rylated by the protein tyrosine kinase Lck (8, 9).

Although Themis1 was identified as a component of the TCR signalosome,
initial investigations failed to pinpoint a major alteration in TCR signaling
in Themis1-deficient thymocytes; however, several experimental findings
obtained fromThemis1! /! mice are consistent with there being reduced
TCR signal strength. The cell surface abundance of the signaling sensor
CD5 is reduced in CD4+CD8lo Themis1! /! thymocytes (5), whereas that
of CD69 is decreased in the absence of Themis1 in preselected OT-I TCR
transgenic CD4+CD8+ thymocytes [referred to as double-positive (DP) thy-
mocytes] after stimulation through ovalbumin peptideÐconjugated tetramers
(2). Inaddition, negative selection and CD4+ T cell lineage commitment, which
are dependent on intense or sustained TCR signals, respectively, are both
impaired inThemis1! /! mice (2, 5). In agreement with these studies of ro-
dent thymocytes, human Themis1 enhances extracellular signalÐregulated
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kinase (ERK) phosphorylation and nuclear factor of activated T cells
(NFAT)Ðactivator protein 1 (AP1) luciferase promoter activity in Jurkat
cells stimulated with TCR cross-linking antibodies (8). Further biochem-
ical investigation to identify the molecular function of Themis1 has shown
that it interacts with two other positive effectors of TCR signaling, phos-
pholipase C-g1 (PLC-g1) (2) and Vav1, a guanine nucleotide exchange
factor (GEF) Rho family guanosine triphosphatases (GTPases) (9), in thy-
mocytes, but the importance of these interactions for TCR signaling and
T cell development remains obscure.

In contrast to these initial studies, one recent report proposed that
Themis1 sets the threshold between positive and negative selection by
acting as an attenuator of TCR signaling during positive selection medi-
ated by low-affinity antigens (10). It was shown in that study that the loss
of Themis1 results in enhanced calcium (Ca2+) flux and increased phos-
phorylation of Lck, LAT, and ERK in preselected DP thymocytes that are
stimulated by low-affinity pMHCs. Themis1 binds to the inhibitory pro-
tein tyrosine phosphatases SHP-1 (Src homology 2 domainÐcontaining
phosphatase-1) and SHP-2 in thymocytes (10) and Jurkat cells (11). The
tyrosine phosphorylation of SHP-1 and its recruitment to LAT are re-
duced inThemis1! /! thymocytes, which suggests that Themis1 inhibitsear-
ly signaling events by controlling the activity and localization of SHP-1.
On the basis of these results, it was proposed that Themis1 functions to
ÒdigitalizeÓTCR signaling to prevent the generation of strong signals
that induce negative selection in response to relatively low-affinity TCRÐ
self-pMHC interactions. However, this model is inconsistent with results
obtained invivo that indicate that negative selection and CD4+ T cell lineage
commitment are impaired inThemis1! /! mice. In addition, the proposed
model is not fully supported by previous studies that showed that SHP-1
is not necessary for normal T cell development (12Ð15).

To gain further insight into the function of Themis1 during thymic
selection, we analyzed the effect of Themis1 deficiency or overexpression
on TCR signals elicited in vivo by positively selecting ligand interactions.
Through experiments with TCR signaling reporter mice, we showed that
Themis1 acted mostly as a positive regulator of TCR signaling during pos-
itive selection. Molecular analysis by quantitative mass spectrometry (MS)
revealed that Themis1 interacted preferentially with Grb2, SHP-1, and Vav1,
but to a lesser extent with SHP-2 and PLC-g1. Analysis of TCR signaling
events in cells treated with either low or high concentrations of TCR cross-
linking complexes demonstrated that Themis1 promoted the phosphoryl-
ation and activity of Vav1 independently of the strength of TCR stimulation.
Further biochemical analysis revealed that the reduced phosphorylation
and activation of Vav1 inThemis1! /! thymocytes was due in part to the in-
creased turnover of Grb2 in these cells, demonstrating a requirement for
Themis1 in the maintenance of steady-state Grb2 protein abundance in thy-
mocytes. Finally, we showed that positive selection was impaired inGrb2+/!

mice and was rescued by the transgenic expression of Themis1, suggesting
that the reduction in Grb2 abundance accounted for part of the develop-
mental defect observed inThemis1! /! mice.

RESULTS

Signaling reporter mice identify a positive role for
Themis1 in TCR signaling in vivo
Themis1 is a component of the TCR signaling machinery, but its precise
function, and particularly whether it positively or negatively regulates
TCR signaling responses, remains unclear. Some in vitro studies have
proposed that Themis1 acts as a negative regulator of TCR signaling
(10, 11); however, this is inconsistent with the developmental defect ob-
served inThemis1! /! mice, which supports a positive role for Themis1 in

TCR signaling (2, 3, 5, 9). To analyze the effect of Themis1 on the TCR
signaling response to endogenous selecting ligands in developing thy-
mocytes, we took advantage of the previously reported Nur77Ðgreen
fluorescent protein (GFP) transgenic mouse model in which GFP abun-
dance correlates with the intensity of TCR signals transmitted during pos-
itive or negative selection (16). We crossedThemis1! /! micewith Nur77-GFP
transgenic mice expressing a fixed MHC class IIÐrestrictedab-TCR trans-
gene (AND). GFP amounts were analyzed by flow cytometry ex vivo in
preselection (TCRloCD69lo) CD4 and CD8 DP thymocytes, in postselection
DP thymocytes at early (TCRloCD69hi) or late (TCRhiCD69hi) stages of
positive selection, and in postselection CD4 single-positive (SP) thymocytes.
As previously reported for mice on the wild-type C57BL/6 background,
GFP abundance was low in preselection DP thymocytes and was increased
in postselection DP thymocytes (Fig. 1A). GFP abundance was similar in
preselectionThemis1+/+ andThemis1! /! DP thymocytes, but was reduced
in Themis1! /! DP thymocytes undergoing positive selection (Fig. 1A) and in
Themis1! /! CD4 SP thymocytes (fig. S1A). To further analyze the influence
of Themis1 on TCR signaling, we next crossed AND-Nur77-GFP trans-
genic mice with mice that overexpress Themis1 (Themis1-tg). In these
mice, Themis1 abundance was increased by about threefold in DP thymo-
cytes compared to that in DP thymocytes in nontransgenic wild-type con-
trols (fig. S1B). GFP amounts were comparable in preselectionThemis1+/+

and Themis1-tg DP thymocytes, but were increased in postselection Themis1-tg
DP thymocytes (Fig. 1A) and in CD4 SP thymocytes (fig. S1A). Together,
these data suggest that Themis1 has a positive role in the regulation of TCR
signaling during positive selection.

A previous report proposed that Themis1 acts as an attenuator of
TCR signaling, such that in the absence of Themis1, positive selection
signals, which promote the development of DP thymocytes to the SP
stage, are converted to negative selection signals, leading to thymocyte
apoptosis (10). On the basis of this model, the reduced amount of GFP
that we observed inThemis1! /! mice might reflect the absence ofÒstrongly
signaledÓthymocytes (which would have been eliminated by apoptosis)
rather than an intrinsic decrease in TCR signal strength that occurred
because of a positive function of Themis1 in TCR signaling. To exclude
this possibility, we analyzed the effect of Themis1 deficiency on GFP pro-
tein abundance in transgenic mice that overexpressed the prosurvival
factor B cell lymphoma 2 (Bcl2-tg), which blocks negative selection
(17, 18). We observed that DP thymocytes from Bcl2-tg mice had greater
amounts of GFP at early and late stages of positive selection than did
equivalent cell populations from nonÐBcl2-tg mice (Fig. 1A), which was
suggestive of the overall rescue of thymocyte clones that had received a
strong signal through the TCR. However, we found that the amount of
GFP in Bcl2-tgÐThemis1! /! DP thymocytes was reduced compared to that
in Bcl2-tgÐThemis1+/+ DP thymocytes (Fig. 1A). Together, these results
suggest that the reduced TCR signaling observed inThemis1! /! thymocytes
was not caused by the elimination of thymocytes that exhibited enhanced
TCR signaling, but rather reflected an intrinsic defect in TCR signaling in
DP thymocytes.

We previously showed that the transgenic expression of Bcl2 in
Themis1! /! mice restores the development of CD8 SP thymocytes, but
not CD4 SP thymocytes, which also suggests that the block in CD4+ T
cell development inThemis1! /! mice did not result from an enhanced
susceptibility of CD4 SP thymocytes to negative selection (5). It was
proposed that disruption ofBim(a gene essential for negative selection)
rescues CD4 SP development inThemis1! /! mice; however, a detailed
analysis of thymocyte maturation and mature T cells was not performed
in that study (10). To examine in greater detail whether the disruption of
Bimcould rescue SP thymocyte maturation inThemis1! /! mice, we re-
capitulated these experiments and analyzed the proportions of mature SP
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Fig. 1. Themis1 enhances TCR signaling during thymic positive selection.
(A) Contour plots represent the gating strategy to analyze GFP expression
in preselection (TCRloCD69lo; red line in the GFP plot) and postselection
(TCRloCD69hi or TCRintCD69hi; blue and green lines in the GFP plot, re-
spectively) DP thymocytes from AND-Nur77-GFP transgenic mice. The
abundance of the AND TCR was analyzed with anti-Va11 antibodies. His-
tograms represent GFP expression in pre- and postselection DP thymo-
cytes from AND-Nur77-GFP transgenic mice that either do or do not
express the Bcl2 transgene (Bcl2-tg). Thymocytes from Themis1+/+ mice
(Th+/+) were compared to those from Themis1! /! mice (Th! /! ) or to Themis1
transgenic mice (Th-tg). Data are from one experiment and are repre-
sentative of four independent experiments. (B) Left: Flow cytometric anal-

ysis of T cell development in Themis1+/+ and Themis1! /! mice that are
either sufficient (Bim+/+ ) or deficient (Bim! /! ) in the proapoptotic factor
Bim. Contour plots represent either CD4 versus CD8 staining profiles of
thymocytes (top) and splenocytes (bottom) or CD24 versus TCR staining
profiles of CD4 SP thymocytes (middle). Numbers indicate the percent-
age of cells in the gated population. Right: Bar graphs present the mean
percentages of CD4 and CD8 SP thymocytes (top), the mean ratio of
mature CD24lo CD4 SP or CD24lo CD8 SP thymocytes to DP thymocytes
(middle), and the mean percentages of splenic CD4 + and CD8+ T cells
(bottom). Data are means ± SEM of three independent experiments con-
taining one mouse of each genotype. *P < 0.05, **P < 0.01 by two-tailed,
unpaired t test.

R E S E A R C H A R T I C L E

www.SCIENCESIGNALING.org 17 May 2016 Vol 9 Issue 428 ra51 3

 on July 15, 2018
http://stke.sciencem

ag.org/
D

ow
nloaded from

 



thymocytes (CD24lo) and peripheral T cells. We observed that, similar
to the effect of Bcl2 overexpression,Bim disruption restored CD8 SP
thymocyte development inThemis1! /! mice (Fig. 1B). However, the per-
centages and numbers of CD4 SP thymocytes and CD4+ splenic T cells
remained reduced inThemis1! /! Bim! /! mice compared to those in
Themis1+/+ Bim! /! control mice (Fig. 1B and fig. S1C). The percentages
of CD24lo CD4 SP thymocytes were also markedly reduced inThemis1! /!

Bim! /! mice compared to those inThemis1+/+Bim! /! mice (Fig. 1B). These
data suggest that the disruption ofBimdoes not rescue the block in CD4
SP T cell development inThemis1! /! mice, and support the notion that
Themis1 acts as a positive regulator of TCR signaling that promotes pos-
itive selection.

Quantitative proteomic analysis identifies SHP-1 and
Vav1 as predominant interacting partners of Themis1
with effector functions in thymocytes
Previous studies reported that Themis1 interacts with several positive
(PLC-g1, Grb2, SHP-2, and Vav1) and negative (SHP-1) regulators of
TCR signaling, but the relative importance of these interactions remains
unclear because some of these binding partners were identified in in-
dependent studies or within distinct cellular models through approaches
that do not always enable global comparisons of protein-protein inter-
actions. To determine which of these signaling proteins preferentially in-
teracted with Themis1 during T cell development, and to investigate the
mechanism by which Themis1 positively regulated TCR signaling, we
performed an MS-based analysis of Themis1-containing signaling com-
plexes in thymocytes. Themis1 was immunoprecipitated from wild-type
or Themis1! /! thymocytes that were untreated or treated with pervanadate.
Protein complexes were eluted with antigenic peptides, and the compo-
nents of the different purified complexes were characterized by nanoflow
liquid chromatography combined with tandem MS. To estimate the rela-
tive abundances of the different interacting partners in the immunopreci-
pitated samples, we used the intensity-based absolute quantification
(iBAQ) metric, which corresponds to the sum of all of the peptide inten-
sities divided by the number of theoretically observable tryptic peptides of
a protein (for further details, see Materials and Methods).

On the basis of our selection criteria (see Materials and Methods), we
identified 42 potential interactingpartners of Themis1 in thymocytes
(table S1). We decided to focus our analysis on the most abundant inter-
actors (mean iBAQ > 20! 105), which represented more likely direct
binding partners of Themis1 or proteins that had a functional link with
Themis1 (Fig. 2). Under these conditions, we found that Themis1 inter-
acted mainly with distinct proteins in resting thymocytes (Fig. 2, A and B).
Among these proteins was the cytosolic adaptor Grb2, the tyrosine phos-
phatase SHP-1 (also known as PTN6), and the Rho family GEF Vav1, which
were previously reported to interact with Themis1 (5, 9, 10). In addition,
we found that Themis1 constitutively interacted with the cytosolic adaptor
protein GADS (also known as Grap2) and Lis1, a protein that has no re-
ported function in T cells. Quantitative analysis of these interactions (with
normalized iBAQ intensities) indicated that Grb2 was by far the most prom-
inent binding partner of Themis1 in thymocytes (iBAQ = 980! 105),
whereas the interactions between Themis1 and SHP-1 (iBAQ = 30! 105),
Lis1 (iBAQ = 22! 105), Grap2 (iBAQ = 15! 105), and Vav1 (iBAQ = 10!
105) were quantitatively similar (Fig. 2A). Treatment of thymocytes with the
phosphatase inhibitor pervanadate increased either moderately (by about
2-fold for Grb2 and Lis1) or strongly (by about 10-fold for SHP-1, Vav1, and
Grap2) the extent of the associations between these proteins and Themis1
(Fig. 2A). Treatment of thymocytes with pervanadate also induced the as-
sociation of Themis1 with additional proteins, including the transmembrane
adaptor proteins LATand SIT1 (SHP-2Ðinteracting transmembrane adaptor

protein), the cytosolic adaptors Grap (GRB2-related adaptor protein) and
SLP-76 (SH2 domainÐcontaining leukocyte protein of 76 kD; also known
as Lcp2), the E3 ubiquitin ligase c-Cbl, and the tyrosine phosphatase SHP-2
(also known as PTN11). Analysis of the iBAQ values indicated that the
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8 SIT1 6 40 Ð 49 23.6
9 LCP2 17 35.5 Ð 42 10.6
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Fig. 2. Mass spectrometric analysis of the Themis1 interactome in thymo-
cytes. (A) Table representing the main interactors of Themis1 in resting
(unstimulated) thymocytes and in pervanadate-treated (stimulated) thy-
mocytes from C57BL/6 mice. Proteins were filtered and sorted on the basis
of the enrichment ratio (m.i., mean intensity) and the mean iBAQ metric as
described in Materials and Methods. The complete list of proteins identified
by proteomic analysis of Themis1-immunopurified samples is provided in
table S1. WT, wild type; KO, knockout. (B) Schematic of those proteins that
preferentially interact with Themis1 in stimulated thymocytes. Layouts indi-
cate the classification of these proteins according to their signaling function
(purple layout: adaptor proteins; green layout: effector proteins; gray layout:
unknown function in T cell signaling). Keys indicate protein classification
according to molecular function (phosphatase, GEF, and E3 ubiquitin ligase).
Data are representative of three independent experiments.
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interaction between Themis1 and SHP-2 (iBAQ = 26! 105) was not as pre-
ponderant as those between Themis1 and other effector proteins, such as
SHP-1 (iBAQ = 378! 105) and Vav1 (iBAQ = 97! 105). Note that
PLC-g1, which was previously reported to interact with Themis1 in thy-
mocytes, was detected in our current analysis with a statistically significant
enrichment ratio in immunoprecipitated samples, but with only a low inten-
sity value (iBAQ = 4! 105), and thus was not selected in the list of major
Themis1-interacting proteins (table S1).

Themis1 enhances Vav1 activity in thymocytes
Our analysis of the Themis1 interactome identified SHP-1 and Vav1 as the
two predominant effector proteins that bound to Themis1 in thymocytes.
Vav1 is a known positive regulator of TCR signaling that promotes gua-
nosine diphosphate (GDP) to guanosine triphosphate (GTP) exchange on
Rho family GTPase proteins (that is, it has GEF activity) and may also
serve as an adaptor protein to stabilize the recruitment of PLC-g1 to the
transmembrane adaptor protein LAT after TCR engagement (19). Knock-in
mice expressing a GEF-deficient form of Vav1 exhibit a block in T cell de-
velopment at the DP to SP transition, which is similar to the phenotype
of Themis1! /! mice (20). We therefore suspected that the impaired T cell
development observed inThemis1! /! mice might result, in part, from a
defect in Vav1 GEF activity.

To first confirm the results obtained by our MS analysis, we used
Western blotting to analyze the interaction between Themis1 and Vav1
in thymocytes stimulated with TCR cross-linking antibody complexes.
Although Themis1 was coimmunoprecipitated with Vav1 from resting
cells, the extent of the interaction between Themis1 and Vav1 was en-
hanced after TCR cross-linking (fig. S2A). Transfection of human em-
bryonic kidney (HEK) 293T cells with complementary DNA encoding
tagged versions of Themis1 and Vav1 showed that Vav1 coimmunopre-
cipitated with Themis1 only when cells were treated with pervanadate
(fig. S2B). The coimmunoprecipitation of Vav1 with Themis1 was only
mildly reduced when the PRR of Themis1, which is required for its inter-
action with Grb2, was deleted, indicating that Grb2 was not required for
the interaction between Vav1 and Themis1 (fig. S2B).

We previously showed that the phosphorylation of Vav1 is impaired in
Themis1! /! CD4 SP thymocytes (9); however, two studies suggested that
Themis1 acts primarily as an attenuator of TCR signaling when thymo-
cytes are stimulated by low-affinity antigens (10,11). The phosphorylation
of Vav1 and its downstream substrates was not examined in these studies.
To recapitulate with cross-linking antibodies what was previously reported
with antigenic peptides, we incubated thymocytes with either low (3mg/ml)
or high (30mg/ml) concentrations of preformed complexes of anti-CD3 and
anti-CD4 antibodies to induce either weak or strong TCR stimulation. Con-
sistent with previous reports that used antigenic peptides, we found that
ERK phosphorylation was increased inThemis1! /! thymocytes under weak
stimulatory conditions, but was comparable to that inThemis1+/+ controls
when strong stimuli were used to induce TCR signaling (Fig. 3A, top).
The phosphorylation of SHP-1 was reduced inThemis1! /! thymocytes
whether lowor high concentrations of antibodies were used. The phospho-
rylation of Vav1 was decreased inThemis1! /! thymocytes when either weak
or strong stimulation occurred (Fig. 3A). In comparison, the phosphoryl-
ation of Lck, ZAP-70 (z chainÐassociated protein kinase of 70 kD), LAT,
and SLP-76, a cytosolic adaptor that associates with Vav1 (21), was similar
in Themis1+/+ andThemis1! /! thymocytes regardless of the strength of
stimulus (Fig. 3A and fig. S3).

To demonstrate that Themis1 enhanced Vav1 activation during positive
selection, we next analyzed the phosphorylation of Vav1 by intracyto-
plasmic staining in pre- and postselection DP thymocytes fromThemis1! /!

AND-TCR transgenic mice. We observed that postselection wild-type DP

thymocytes had increased amounts of phosphorylated Vav1 compared to
those of preselection wild-type DP thymocytes (Fig. 3B). Confirming the
data obtained from experiments with TCR cross-linking antibodies, we
found that Vav1 was less phosphorylated inThemis1! /! postselection DP
thymocytes than inThemis1+/+ postselection DP thymocytes (Fig. 3B).

The phosphorylation of Tyr174 and Tyr160 of Vav1 relieves its catalytic
Dbl homology domain from its autoinhibitory conformation and causes
Vav1 to promote GDP to GTP exchange on the small GTPase Rac1 (22).
The GTP-bound form of Rac1 then stimulates signaling that leads to the
activation of the mitogen-activated protein kinase (MAPK) p38 (23, 24).
To investigate the effect of Themis1 on signaling events downstream of
Vav1, we analyzed the extent of phosphorylation of p38 and the abundance
of Rac1-GTP generated after TCR cross-linking. The amount of phos-
phorylated p38 was reduced inThemis1! /! thymocytes compared to that
in Themis1+/+ thymocytes when either low or high concentrations of anti-
body complexes were used (Fig. 3A). The amount of Rac1-GTP generated
was also reduced inThemis1! /! thymocytes compared to that inThemis1+/+

control thymocytes when cells were stimulated with a high concentration of
antibody complexes (Fig. 3C). Together, these data suggest that Themis1
enhances Vav1 activity in thymocytes.

The abundance of Grb2 protein is reduced in
Themis1 ! /! thymocytes
We next investigated the mechanism by which Themis1 stimulates Vav1
activity in thymocytes. TCR cross-linking stimulates the translocation of
Vav1 to the submembranous area and results in its recruitment to the
transmembrane adaptor protein LAT where it becomes phosphorylated
and activated by ZAP-70 (25). Because Themis1 interacts with both Vav1
and LATafter TCR engagement, we examined the possibility that Themis1
was important to enhance the recruitment of Vav1 to LAT. Similar amounts
of Vav1 were coimmunoprecipitated with LAT fromThemis1! /! and
Themis1+/+ thymocytes at the earliest time point of stimulation with
cross-linking antibodies (Fig. 4A); however, the recruitment of Vav1
to LATwas impaired inThemis1! /! thymocytes when the cells were stim-
ulated for longer periods of time (Fig. 4A). In comparison, the recruitment
to LATof the enzyme PLC-g1, which poorly interacts with Themis1 in thy-
mocytes, appeared to be similar inThemis1+/+ andThemis1! /! thymocytes
(Fig. 4A).

A possible explanation for this observation is that Themis1 directly
interacts with Vav1 after its recruitment to LAT and that it contributes to
the enrichment of Vav1 proteins in LAT signaling complexes. Alternatively,
Themis1 might be required to stabilize the interaction between Vav1 and
cytosolic adaptors, such as Grb2 and SLP-76, which mediate the binding
of Vav1 to LAT (26Ð31).Therefore, we examined whether Themis1 regu-
lated the interaction between Vav1 and these two adaptor proteins. Western
blotting analysis showed that the amount of Grb2 that coimmunoprecipi-
tated with Vav1 was decreased inThemis1! /! thymocytes compared to
that inThemis1+/+ cells, regardless of whether the cells were stimulated
with preformed antibody complexes (Fig. 4B). Similar amounts of phos-
phorylated SLP-76 were coimmunoprecipitated with Vav1 under the iden-
tical stimulation conditions, supporting a selective effect of Themis1 on
the formation of Grb2-Vav1 signaling complexes (Fig. 4B). Furthermore,
analysis ofThemis1! /! thymocyte extracts revealed that the total cellular
abundance of Grb2 was reduced relative to that inThemis1+/+ thymocytes
(Fig. 4B, right panel). Quantification of Grb2 protein abundance in whole-
cell lysates revealed that it was reduced by about twofold inThemis1! /!

thymocytes and was comparable to the amount of Grb2 protein inGrb2+/!

thymocytes (Fig. 4C). Further analysis by flow cytometry showed that Grb2
abundance was reduced similarly in DP and SP thymocytes fromThemis1! /!

mice (Fig. 4D), suggesting that the reduction in Grb2 abundance in
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Themis1! /! thymocytes relative to that inThemis1+/+ thymocytes was not a
result of reduced numbers of SP thymocytes inThemis1! /! mice. The
amounts of Grb2 that were coimmunoprecipitated with other known Grb2
binding partners, such as c-Cbl and Sos1, were also reduced inThemis1! /!

thymocytes compared to those in wild-type controls (fig. S4). Moreover,

and similar to what we previously observed for Vav1, the recruitment of
Grb2 to LAT was normal at early time points after TCR stimulation but
was progressively impaired inThemis1! /! thymocytes at later time points
(Fig. 4A). To test whether the partial reduction in Grb2 abundance in
Themis1! /! thymocytes accounted for the impaired activity of Vav1 in
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Fig. 3. Themis1enhances Vav1 activity in thymocytes.(A) Left: Thymocytes
from Themis1+/+ and Themis1! /! mice were stimulated with low (3 mg/ml) or
high (30 mg/ml) concentrations of preformedanti-CD3 and anti-CD4 antibody
complexes for the indicated times. Total cytoplasmic extracts of the cells
were then analyzed by Western blotting with antibodies against phospho-
rylated forms of ERK, SHP-1, Vav1, SLP-76, and p38 MAPK. Right: Graphs
show the relative abundances of the indicated phosphorylated proteins as
determined by calculating the ratios of the intensities of the bands correspond-
ing to the phosphorylated proteins to those corresponding to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), the loading control. The y axes
represent means ± SD of the relative values calculated after normalization
to the highest value in the low-dose condition. Data are from four indepen-
dent experiments each including one mouse of the indicated genotype.
*P < 0.05, **P < 0.01 by two-tailed, unpaired t test. (B) Analysis of Vav1

phosphorylation by intracytoplasmic staining of thymocytes from AND-TCR
transgenic mice that were either sufficient (Th+/+ ) or deficient (Th! /! ) in
Themis1. Histograms represent Vav1 phosphorylation on Tyr174 (Y174) in
gated preselection (CD5lo) and postselection (CD5hi) DP thymocytes. Data
are representative of three independent experiments each including one
mouse of the indicated genotype. (C) Left: Thymocytes from Themis1+/+

and Themis1! /! mice were stimulated with high-dose anti-CD3 (a-CD3)
and anti-CD4 (a-CD4) antibodies (30 mg/ml) for the indicated times. Cells
were then lysed and subjected to Rac1-GTP pull-downs with a GST-PAK1-
RBD fusion protein. Pull-downs and total cytoplasmic lysates were then ana-
lyzed by Western blotting (IB) with an anti-Rac1 antibody. Western blots are
representative of three independent experiments each including one mouse
of the indicated genotype. Right: Graphs show the ratios of Rac1-GTP to total
Rac1. Data are representative of three independent experiments.
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these cells, we compared the extent of Vav1 phosphorylation inGrb2+/+

andGrb2+/! thymocytes stimulated with low or high concentrations of
preformed antibody complexes. Supporting this idea, Western blotting
analysis showed that Vav1 phosphorylation was also reduced inGrb2+/!

thymocytes under both stimulatory conditions (Fig. 4E).

Themis1 ! /! thymocytes exhibit increased turnover of
Grb2 protein
To investigate the mechanisms leading to the reduction in Grb2 protein
abundance inThemis1! /! thymocytes, we first quantifiedGrb2mRNA
by real-time polymerase chain reaction (RT-PCR) analysis.Grb2mRNA
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Fig. 4. Grb2 protein abundance is reduced inThemis1! /! thymocytes. (A and
B) Thymocytes fromThemis1+/+ and Themis1! /! mice were stimulated with
premixed high-dose anti-CD3 (a-CD3) and anti-CD4 (a-CD4) antibodies
(30 mg/ml) for the indicated times. Samples were then subjected to immu-
noprecipitation (IP) with antibodies specific for LAT (A) or Vav1 (B) and
then analyzed by Western blotting with antibodies specific for the indi-
cated proteins. Western blots are from one experiment and are repre-
sentative of three independent experiments. (B) Total cytoplasmic extracts
(TCE) from each sample were analyzed by Western blotting with anti-
bodies against Vav1 or Grb2. (C) Left: Total cytoplasmic extracts of thy-
mocytes from Themis1+/+ (Th+/+), Themis1! /! (Th! /! ), and Grb2+/! (Gr+/! )
mice were analyzed by Western blotting with anti-Grb2 and anti-GAPDH anti-
bodies. Right: Densitometric analysis of the ratio of Grb2 band intensities
to GADPH band intensities normalized to the ratio in WT control thymocytes,

which was set at 1. Data are means ± SD of four independent experiments
each including one mouse of the indicated genotype. ** P < 0.01 by two-
tailed, unpaired t test. (D) Flow cytometric analysis of Grb2 abundance in
DP, CD4 SP, and CD8 SP thymocyte subsets fromThemis1+/+ (Th+/+ ),
Themis1! /! (Th! /! ), and Grb2+/! (Gr+/! ) mice. Data are representative of
three independent experiments. (E) Left: Thymocytes from Grb2+/+ and
Grb2+/! mice were stimulated with low (3 mg/ml) or high (30mg/ml) concen-
trations of preformed anti-CD3 and anti-CD4 antibody complexes for the
indicated times. Total cytoplasmic extracts of the cells were then analyzed
by Western blotting with antibody against pVav1. Right: Graphs show the
relative abundance of pVav1, as determined from a ratio of the intensity of
the pVav1 bands to those of the bands corresponding to the GAPDH load-
ing control. Western blots and densitometry are from a single experiment
and are representative of three independent experiments.
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amounts were similar inThemis1+/+ andThemis1! /! thymocytes, indi-
cating that the reduction in Grb2 protein abundance inThemis1! /! thy-
mocytes was likely a result of posttranscriptional effects (Fig. 5A). The
direct interaction between Themis1 and Grb2 suggested the possibility
that Themis1 might regulate Grb2 protein stability and turnover in thy-
mocytes. To investigate this possibility, we incubated thymocytes from
Themis1+/+ or Themis1! /! mice with cycloheximide for 18 hours to in-
terrupt protein synthesis and then measured Grb2 protein abundance by

intracellular staining and flow cytometry. Whereas the amount of Grb2
protein was reduced by about 10% in cycloheximide-treatedThemis1+/+

thymocytes, it was reduced by 30% inThemis1! /! thymocytes (Fig. 5B),
which suggests that Grb2 turnover was accelerated inThemis1! /! thy-
mocytes. Next, we treated thymocytes with MG132 for 18 hours to in-
hibit proteasome-mediated protein degradation. Under these conditions,
Grb2 abundance inThemis1! /! thymocytes increased from 60 to 80% of
that in controlThemis1+/+ thymocytes, demonstrating that blockade of
proteasome-mediated protein degradation partially restored Grb2 abun-
dance inThemis1! /! thymocytes (Fig. 5C). Because ubiquitylation plays
a major role in targeting proteins for proteasome-mediated degradation,
we evaluated the amount of ubiquitylated Grb2 inThemis1! /! thymocytes
by Western blotting analysis. Under conditions in which similar amounts
of Grb2 were immunoprecipitated from thymocyte lysates, the amount
of ubiquitylated Grb2 was increased inThemis1! /! thymocytes compared to
that in wild-type controls (Fig. 5D). Because c-Cbl was identified by our
MS analysis as being among the preferential binding partners of Themis1
in thymocytes, we suspected that c-Cbl might regulate Grb2 degradation
and that Themis1 might inhibit this process. However, we found that Grb2
protein amounts were unaffected inc-Cbl! /! thymocytes (fig. S5A). In ad-
dition, we found that the TCR-stimulated phosphorylation of c-Cblwas sim-
ilar in Themis1+/+ andThemis1! /! thymocytes (fig. S5B).

Increased Grb2 abundance and Vav1 phosphorylation in
Themis1-tg mice correlate with enhanced positive
selection of CD4 SP T cells
The strength of TCR signaling was increased in vivo when Themis1 was
overexpressed (Themis1-tg) in AND TCR transgenic thymocytes (Fig. 1A).
We therefore examined the consequences of Themis1 overexpression on
Vav1 phosphorylation and Grb2 protein abundance. The extent of Vav1
phosphorylation induced by low (Fig. 6A) or high (fig. S6A) concentra-
tions of preformed anti-CD3 and anti-CD4 antibody complexes was
increased in thymocytes in which Themis1 was overexpressed. Western
blotting and flow cytometric analyses showed that Grb2 abundance was
increased by about twofold in Themis1-tg thymocytes compared to that in
Themis1+/+ controls (Fig. 6, B and C). In addition, the extent of the inter-
action between Grb2 and Vav1 and LATwas increased in Themis1-tg thy-
mocytes compared to that inThemis1+/+ controls (fig. S6B).

We next analyzed the consequences of Themis1 overexpression on
T cell development. The percentages and numbers of CD4 and CD8 SP
thymocytes were unaffected in Themis1-tg mice compared to that in litter-
mate controls (fig. S7A). However, in Themis1-tg mice that also expressed
the MHC class IIÐrestricted AND transgenic TCR, the percentages of CD4
SP thymocytes and Va11highthymocytes were increased relative to those
in nonÐThemis1-tg controls (Fig. 6D). The percentage of mature CD24lo

CD4 SP thymocytes was increased in ANDÐThemis1-tg mice, which is in-
dicative of increased positive selection (Fig. 6D). In addition, the numbers
of DP thymocytes, and, to a lesser extent, of CD4 SP thymocytes, were re-
duced in ANDÐTCRÐThemis1-tg mice compared to those in nonÐThemis1-tg
controls (fig. S7B), suggesting that the enhanced TCR signaling in Themis1-tg
thymocytes may also partly convert positive selection signals into negative
selection signals. The cell surface expression of CD5, a signaling marker
that correlates with TCR signal intensity (32), was also increased on DP
and SP thymocytes in ANDÐThemis1-tg mice (Fig. 6D), consistent with
results obtained from Nur77-GFP transgenic mice (Fig. 1A).

Overexpression of Themis1 enhances TCR signaling and
rescues positive selection in Grb2+/! mice
Consistent with a previous report (33), the phosphorylation of Vav1 and
p38 was reduced in TCR-stimulatedGrb2+/! thymocytes compared to
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Fig. 5. Grb2 protein turnover is increased inThemis1! /! thymocytes.(A)RT-PCR
analysis of Grb2 mRNA abundance in total thymocytes from Themis1+/+,
Themis1! /! , and Grb2+/! mice. Data are means ± SD of three independent
experiments each including one mouse of the indicated genotype. ( B)
Thymocytes from Themis1+/+ (Th+/+) and Themis1! /! (Th! /! ) mice were left
untreated (black bars) or were treated (white bars) for 16 to 18 hours with
cycloheximide (10 mg/ml). Grb2 protein abundance was then analyzed by
flow cytometry after intracytoplasmic staining of the cells with anti-Grb2
antibodies. Bar graphs show relative mean fluorescence intensities (MFIs)
of Grb2 in treated cells as a percentage of the MFI of Grb2 in untreated
cells, which was set at 100%. Data are means ± SD of three mice of each
genotype. (C) Thymocytes from Themis1+/+ (black bars) and Themis1! /!

mice (white bars) were left untreated or were treated with 1 mM MG132 for
16 to 18 hours. Grb2 protein abundance was analyzed by flow cytometry
after intracytoplasmic staining of cells with anti-Grb2 antibodies. Bar graphs
show the relative MFIs of Grb2 in treated cells as a percentage of the MFI
of Grb2 in Themis1+/+ thymocytes, which was set at 100%. Data are means ±
SD of three independent experiments each including one mouse of the
indicated genotype. ( D) Thymocytes from Themis1+/+ and Themis1! /! mice
were preincubated with MG132 and left untreated or treated with pervana-
date (PV) for 5 min at 37¡C. Grb2 was then immunoprecipitated from cellular
extracts as described in Materials and Methods. Samples were analyzed by
Western blotting with anti-ubiquitin and anti-Grb2 antibodies. Western blots
are representative of three independent experiments each including one
mouse of the indicated genotype. Data in (A) to (C) were analyzed by two-
tailed unpaired t test. *P < 0.05, **P < 0.01.
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that inGrb2+/+ thymocytes (Fig. 4E). Because the overexpression of
Themis1 in thymocytes resulted in increased Grb2 abundance and en-
hanced Vav1 phosphorylation in response to TCR engagement, we next
examined whether overexpression of Themis1 could restore the amount
of Grb2 and rescue the TCR signaling defects inGrb2+/! thymocytes.
Western blotting analysis revealed that transgene-mediated overexpres-
sion of Themis1 increased the abundance of Grb2 inGrb2+/! thymocytes to
amounts that were comparable to those inGrb2+/+ thymocytes (Fig. 7A).
Moreover, phosphorylation of Vav1 and p38 in response to TCR engage-
ment was restored when Themis1 was overexpressed inGrb2+/! thymo-
cytes (Fig. 7B). Activation-induced phosphorylation of ERK was similar
in Grb2+/+ andGrb2+/! thymocytes irrespective of whether the Themis1
transgene was expressed (Fig. 7B).

We next examined whether Themis1 overexpression inGrb2+/! mice
restored the defect in T cell development that occurs in these mice. Con-
ditional deletion ofGrb2 in thymocytes impairs T cell development at
the DP to SP transition and induces a block in positive selection that re-
sembles what is observed inThemis1! /! mice (34). A previous report
demonstrated that negative selection is impaired inGrb2+/! mice but

that positive selection is not affected (33). In that study, the authors used
the MHC class IÐrestricted H-Y TCR transgenic and the MHC class IIÐ
restricted DO.11 TCR transgenic mice to evaluate positive selection. In
contrast to these observations, we found that the proportions of CD4 SP
thymocytes and Va11high thymocytes were reduced by 40 to 50% in
AND-Grb2+/! mice compared to that in AND-Grb2+/+ mice (Fig. 7C
and fig. S8A). Positive selection was also impaired, although to a lesser ex-
tent, in OT-2ÐGrb2+/! mice (fig. S8B). Note that Themis1 overexpression
corrected the defect in positive selection caused by Grb2 haploinsufficiency
as demonstrated by the restoration of normal proportions of CD4 SP and
either Va11high (for AND) or Va2high (for OT-2) T cells in the thymus
(Fig. 7C and fig. S8, A and B).

To determine whether Themis1 overexpression restored T cell devel-
opment in mice that exhibit a TCR signaling defect that is not linked to
Grb2 signaling complexes, we crossed ANDÐThemis1-tg micewith knock-in
mice that express a mutant CD3zchain protein that lacks signaling capability
(z6F/6F). We previously reported that TCR signaling is attenuated in homo-
zygousz6F/6F mice, which exhibit a block in positive selection at the DP
stage. AND-z6Y/6Fmice, which have one copy of wild-typez6Yand one copy
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Fig. 6. Transgenic expression of Themis1 in thymocytes increases Grb2 pro-
tein abundance and improves positive selection. (A) Left: Thymocytes from
Themis1 WT (Themis1+/+ ) and Themis1 transgenic (Themis1-tg) mice
were stimulated with preformed anti-CD3 and anti-CD4 antibody complexes
(3 mg/ml) for the indicated times. Total cytoplasmic extracts were then ana-
lyzed by Western blotting with antibodies against pVav1 and pSLP76.
GAPDH was used as a loading control. Right: Graphs show the relative
abundances of the phosphorylated proteins as determined from a ratio of
the intensity of the bands of phosphorylated proteins to those of GAPDH.
They axes represent means ± SD of the relative values calculated after nor-
malization to the highest value inThemis1+/+ thymocytes. Data are from three
independent experiments each including one mouse of the indicated geno-
type. *P < 0.05, **P < 0.01 by two-tailed, unpaired t test. Western blots are
from one experiment and are representative of three independent experi-
ments. (B) Flow cytometric analysis of Grb2 and Themis1 in total thymocytes
from Themis1 transgenic mice (Tg) or littermate controls (WT). Data are rep-
resentative of three independent experiments each including one mouse of
the indicated genotype. ( C) Left: Western blotting analysis of the relative
amounts of Themis1, Grb2, and Vav1 in total thymocytes from Themis1
transgenic mice (Tg), WT littermate controls (T+/+ ), and Grb2+/! (Gr+/! )
mice. Right: Bar graphs show the mean ratio ± SD of Grb2 band intensity
values to Vav1 band intensity values, normalized to the ratio in T+/+ control
thymocytes, which was set at 1. Data are means ± SD of three mice of each
genotype. àP< 0.05 by two-tailed, unpaired t test. (D) Flow cytometric anal-
ysis of positive selection in AND Themis1 transgenic mice (Th-tg). Left:
Contour plots represent the CD4 versus CD8 staining profiles of thymocytes
from Themis1-tg mice and WT littermate controls (Th+/+) expressing the AND
TCR. Histograms represent AND TCR surface staining with anti-Va11 anti-
bodies. Right: CD24 versus Va11 staining profiles of CD4 SP thymocytes
from Themis1-tg and littermate control mice expressing the AND TCR.
Numbers indicate the percentage of cells in the gated population. Right:
Bar graphs show the mean percentages of Va11hi cells (top) and the mean
ratio of mature CD4 SP (CD24lo) thymocytes to total DP thymocytes (bottom)
in Themis1-tg and littermate control (WT) mice. Data are means ± SD of nine
mice of each genotype. Five independent experiments were performed.
*P < 0.05, **P < 0.01 by two-tailed, unpaired t test. Bottom: Cell surface stain-
ing of CD5 on gated DP and CD4 SP thymocyte subsets from Themis1-tg (Tg)
and littermate control (Th+/+) mice. Data are representative of three indepen-
dent experiments.
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of mutantz6F, displayed a less severe, but statistically significant, defect in
positive selection (Fig. 7D and fig. S8C). The percentages of CD4 SP thy-
mocytes and Va11highthymocytes were reduced by about 70% in AND-z6Y/6F

mice compared to those in AND-z6Y/6Ycontrol mice (Fig. 7D). Consistent with
a positive effect on TCR signaling, Themis1 overexpression in AND-Themis1
transgenicz6F/6Ymice increased the percentages of CD4 SP thymocytes and
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antibodies. Bottom: Bar graphs
show the mean ratio of Grb2 in-
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sity values normalized to the
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which was set at 1. Data are
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dent experiments each includ-
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gene (Themis1-tg) were stimu-
lated with preformed anti-CD3
and anti-CD4 antibody com-
plexes (30 mg/ml) for the indi-
cated times. Total cytoplasmic
extractswereanalyzedbyWest-
ern blotting with antibodies
against the indicated phospho-
rylated proteins. Western blots
are representative of three inde-
pendent experiments. (C) Flow
cytometric analysis of positive
selection in AND-Grb2+/+ and
in AND-Grb2+/! mice that did
or did not express the Themis1
transgene (Themis1-tg). Con-
tour plots represent CD4 versus
CD8 staining profiles of thymo-
cytes from mice of the indicated
genotypes. Histograms repre-
sent the cell surface staining of
the AND TCR on total thymo-
cytes with anti-Va11 antibodies.
Numbers indicate the percent-
ages of cells in the gated populations. Right: Bar graphs show the mean
percentages of CD4 SP thymocytes (top) and Va11high thymocytes (bottom)
from mice of the indicated genotypes. Data are means ± SD of five mice (for
Themis1+/+ and Grb2+/! ) or three mice (for Themis1-tg and Themis1-tg/Grb2+/! ).
(D) Flow cytometric analysis of positive selection in AND z6Y/6Y and AND z6Y/6F

mice that did or did not express the Themis1 transgene (Themis1-tg). Contour
plots represent CD4 versus CD8 staining profiles of thymocytes from the in-

dicated genotypes. Histograms represent AND TCR cell surface staining with
anti-Va11 antibodies on total thymocytes. Numbers indicate the percentages
of cells in the gated populations. Right: Bar graphs show the mean percentages
of CD4 SP thymocytes (top) and Va11high thymocytes (bottom) from mice of the
indicated genotypes. Data are means ± SD of three independent experiments
each including one mouse of the indicated genotype. Data in (A), (C), and (D)
were analyzed by two-tailed, unpaired t test. *P < 0.05, **P < 0.01.
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Va11high thymocytes (Fig. 7D); however, Themis1 overexpression did not
restore positive selection inz6F/6Ymice to the same extent as that observed
in z6Y/6Y mice, suggesting that the positive effect of Themis1 on TCR
signaling is restricted to Grb2 signaling complexes and does not compensate
for the broad signaling defects caused by impaired TCR signaling potential
(Fig. 7D and fig. S8C).

Themis1 hemideficiency exacerbates the defects in
positive selection and TCR signaling in Grb2 +/! mice
To further demonstrate that Themis1 enhances Grb2-mediated signaling
during positive selection, we next used a reverse strategy and examined
whether Themis1 hemideficiency (Themis1+/! ) exacerbates the defect in
TCR signaling and positive selection that is observed inGrb2+/! mice.
The proportions of CD4 SP and Va11hi thymocytes were decreased by
40 and 20%, respectively, in AND-Themis1+/! mice, an effect that was com-
parable to the defects observed in AND-Grb2+/! mice (Fig. 8A and fig.
S8D). Note that positive selection wasfurther impaired in AND-TCR trans-
genic mice that were hemizygous (+/! ) for bothGrb2andThemis1, which
displayed 70 and 60% decreases in the percentages of CD4 SP and Va11high

thymocytes, respectively, relative to those in ANDThemis1+/+Grb2+/+

mice (Fig. 8A and fig. S8D). We also observed that the cell surface abun-
dance of CD5 was reduced onThemis1+/! Grb2+/! thymocytes, but not on
single heterozygoteThemis1+/! thymocytes orGrb2+/! thymocytes, indi-
cating that the combined reduction inThemis1andGrb2expression had a
cooperative effect on TCR signaling and positive selection (Fig. 8B). Final-
ly, hemideficiency in bothGrb2andThemis1resulted in a further reduction

in Grb2 cell surface abundance in thymocytes compared to that in thymo-
cytes hemideficient inGrb2or Themis1alone (Fig. 8B).

DISCUSSION

Initial studies reporting the identification and characterization of Themis1
included extensive analyses of T cell development in Themis1-deficient
mice but failed to precisely identifythe molecular function of this protein
(2Ð6). Despite the absence of strong biochemical evidence, it was presumed
that Themis1 likely functions as a positive regulator of TCR signaling be-
cause several defects inThemis1! /! mice, such as a marked impairment of
both positive and negative selection, were consistent with a deficiency in
TCR signaling (2Ð6). It was subsequently shown that Themis1 interacts
with Vav1 and that Vav1 phosphorylation is reduced inThemis1! /! thymo-
cytes, results that also implied a positive role for Themis1 in TCR signaling
(9). Nevertheless, two reports suggested that Themis1 acts primarily, if not
exclusively, as an attenuator of TCR signaling, in part through the recruit-
ment of the phosphatase SHP-1 to LAT, and these studies further proposed
that Themis1 is required to prevent the induction of strong TCR signals in
response to engagement by low-affinity antigens (10, 11). Although this
model can explain the block in positive selection inThemis1! /! mice, it does
not fully explain the mechanism by which Themis1 also presumably regu-
lates signaling during negative selection and CD4+ T cell lineage commit-
ment. In addition, other studies have shown that positive selection is not
converted to negative selection in the absence of SHP-1 (12Ð15), which sug-
gests that Themis1 has additional effects on TCR signaling beyond the

regulation of SHP-1.
To gain further insight into the molecu-

lar function of Themis1, we performed a
quantitative proteomic analysis of the inter-
actome of Themis1 in thymocytes. Analysis
of this interactome showed that Themis1
preferentially interacted with proteins that
function in TCR signaling, supporting a pri-
mary role for this protein in TCR signaling
complexes. Among these proteins, we found
that Themis1 interacted with several cyto-
solic adaptors, such as Grb2, GADS, SLP-
76, and Grap, but that Grb2 was by far the
most abundant protein in this interactome.
This finding suggests that Themis1 might
be preferentially recruited into TCR signal-
ing complexes through Grb2. Confirming
previous studies, we found that Themis1 in-
teracted with the transmembrane adaptor
protein LAT in pervanadate-treated thymo-
cytes. Themis1 also interacts with SIT1,
a transmembrane adaptor protein that inhib-
its TCR signaling through the phosphatase
SHP-2 (35, 36). One possibility suggested
by these data is that Themis1 is recruited
to both LAT and SIT and that it promotes
either positive or negative signals depending
on the transmembrane adaptors to which it
is recruited.

The quantitative analysis of the Themis1
interactome revealed that the phosphatase
SHP-1, but not SHP-2, is a predominant in-
teracting partner of Themis1 in thymocytes.
Themis1 attenuates the phosphorylation of
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either WT (Themis1+/+) or heterozygous (Themis1+/! ) for Themis. Contour plots represent CD4 versus CD8
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Lck, LAT, and ERK, mostly through its role in facilitating the recruitment
of SHP-1 to TCR signaling complexes (10). This effect was most clearly
demonstrated when the TCR was engaged by low-affinity, but not high-
affinity, antigens, conditions that mimic positive selection. Confirming
these results, we found that Themis1 enhanced the phosphorylation of
SHP-1 and attenuated ERK phosphorylation when low, but not high, con-
centrations of TCR cross-linking antibody were used to stimulate thymo-
cytes. However, we failed to detect any increased phosphorylation of more
TCR-proximal signaling proteins, such as Lck, ZAP-70, and LAT, which
suggests that stimulation with low concentrations of antibodies could not
fully recapitulate what was previously observed when the TCR was en-
gaged by tetramers bound to low-affinity antigens in the absence of costi-
mulation. The molecularevents that meditate ERK activation can be
driven by hysteretic regulatory effects, and it is therefore assumed that mi-
nor changes in TCR-proximal signals can have a major effect on ERK
activity (37, 38). It is therefore possible that TCR cross-linking with
low concentrations of antibodies might not be sensitive enough to detect
effects on early regulators of TCR signaling, but could still reveal the
consequences on downstream proteins, such as ERK, that exhibit a digital
mode of activation.

Our MS analysis also revealed that the Rho family GEF Vav1 consti-
tuted one of the predominant binding partners of Themis1 in thymocytes.
Consistent with our previous results (9), we found that Themis1 enhanced
Vav1 activity under both weak and strong stimulatory conditions. The
phosphorylation of p38, which is dependent on Vav1 activity (23), was
also reduced inThemis1! /! thymocytes compared to that in wild-type
cells. This suggests that Themis1 has more than one function in TCR
signaling and that the balance between the positive and negative effects
of Themis1 on TCR signaling may be dependent on the extent (or inten-
sity) of TCR engagement. Our findings suggest that Themis1 functions
mostly as a positive regulator of TCR signaling with respect to its effect
on Vav1 when selection processes are mediated by relatively high-affinity
ligands. This interpretation would explain why negative selection, a pro-
cess that is induced after the strong interaction of TCR with self-pMHCs,
is impaired inThemis1! /! mice (2, 5). Our results further suggest that the
strength of TCR signaling is reduced inThemis1! /! mice when positive
selection is driven by a single transgene-encoded TCR (AND), a TCR that
reportedly binds with relatively high affinity to self-pMHCs (1). Thus, the
positive effect of Themis1 on the effector function of Vav1 might also be
important to facilitate positive selection. Consistent with this idea, we
found that the phosphorylation of Vav1 was reduced in vivo in postselec-
tion DP thymocytes from AND-Themis1! /! mice as compared to that in
Themis1+/+ controls, and that the overexpression of Themis1 inGrb2+/!

mice restored both Vav1 phosphorylation and positive selection driven by
the AND TCR.

Our results demonstrated that the abundance of Grb2 was reduced in
Themis1! /! thymocytes to an extent comparable to that inGrb2+/! thymo-
cytes. Vav1 phosphorylation was also decreased inGrb2+/! thymocytes,
which suggests that the reduced abundance of Grb2 inThemis1! /! thymo-
cytes could account, at least in part, for the impaired phosphorylation of
Vav1 in these cells in response to TCR engagement. Grb2 binds through
its SH2 domain to phosphorylated tyrosine residues on LAT (28) and
through its C-terminal SH3 domain to a PRR within Vav1 (26). Themis1
may therefore facilitate the recruitment of Vav1 to LATand its subsequent
phosphorylation by the tyrosine kinase ZAP-70. Accordingly, we showed
that the recruitment of Vav1 to LAT was impaired inThemis1! /! thymo-
cytes. A previous study of peripheral CD4+ T cells showed that the recruit-
ment of Vav1 to TCR signaling complexes was mostly mediated by the
binding of SLP-76 to the Vav1 SH2 domain through Tyr112 and Tyr126

of SLP-76 (39). In that study, deletion of the Vav1 SH2 domain prevented

the recruitment of Vav1 to the immunological synapse and its subsequent
phosphorylation. Here, we showed that loss of Themis1 did not affect the
ability of Vav1 to interact with phosphorylated forms of SLP-76 after TCR
engagement, which suggests that the impaired recruitment of Vav1 to LAT
in Themis1! /! thymocytes resulted from the reduced Grb2 abundance in
these cells, and that distinct mechanisms may control the recruitment of
Vav1 into TCR signaling complexes in peripheral T cells and thymocytes.

Previous MS-based studies of the Grb2 interactome in distinct cell types
have reported the interaction of Grb2 with proteins involved in ubiquitin-
mediated degradation processes, such as c-Cbl, Cbl-b, TSG101, and SOCS1;
however, whether these enzymes regulate Grb2 turnover has not been ex-
amined so far (40, 41). Because c-Cbl was identified by our MS analysis
among preferential binding partners of Themis1 in thymocytes, we sus-
pected that c-Cbl might regulate Grb2 degradation and that Themis1 might
inhibit this process. However, we found that Grb2 protein amounts were un-
affected inc-Cbl! /! thymocytes and that the interaction between c-Cbl and
Grb2 was decreased rather than increased inThemis1! /! thymocytes com-
pared to that in wild-type thymocytes. Although we cannot exclude the pos-
sibility that Cbl-b compensates for the loss of c-Cbl, this seems unlikely
given that the abundance of Cbl-b in thymocytes is relatively low compared
to that in peripheral T cells and that c-Cbl deficiency alone has a major effect
on TCR abundance and signaling (42). In-depth analysis of the Themis1
interactome identified the deubiquitylating enzyme USP9X as a potential
interactor of Themis1 in thymocytes (table S1). USP9X is part of the TCR
signaling machinery and enhances TCR-proximal signaling events, such as
the phosphorylation of LAT and Vav1 (43). One hypothesis, therefore, is
that Themis1 prevents Grb2 degradation by interacting with a deubiquity-
lase that targets Grb2. Further experimentswith USP9X-deficient T cells will
be required to determine whether USP9X is involved in this process.

In contrast to previous studies with DO.11 TCR transgenic models,
we found that positive selection driven by the AND or OT-2 TCR was par-
tially attenuated inGrb2+/! mice. Because Grb2 abundance was similarly
reduced inThemis1! /! andGrb2+/! thymocytes, this suggests that at least
part of the defect in positive selection observed inThemis1! /! mice could be
attributed to the reduced abundance of Grb2. However, the modest effect
of Grb2 hemideficiency on T cell development in comparison to the marked
defect observed inThemis1! /! mice implies that Themis1 regulates other
T cell signaling processes independently of its effect on Grb2 protein
stability. We showed here that the interaction between Themis1 and Vav1
did not require the binding of Grb2 to Themis1, which suggests that
Themis1 might be important to recruit Vav1 directly into TCR signaling
complexes. Another possibility is that Themis1 has a direct role in stimulat-
ing the enzymatic function of Vav1. Mice deficient in Vav1 GEF activity
exhibit a phenotype similar to that ofThemis1! /! mice, with a marked block
at the DP to SP transition, which contrasts with the phenotype of Vav1! /!

mice that exhibit an almost complete block at theb-selection checkpoint
(20). Mice deficient in Vav1 GEF activity also exhibit a defect in Rac1-GTP
production similar to what we observed inThemis1! /! mice. Furthermore,
our MS analysis revealed that Themis1 interacted predominantly with the
microtubule-associated protein Lis1,a direct binding partner of Rac1, which
can stabilize the GTP-bound forms of small GTP-bindingproteins (G pro-
teins) in neurons (44). An interesting hypothesis is that Themis1 func-
tions as part of a cooperative signaling complex that includes Grb2,
Vav1, and Lis1 and controls the generation and the stability of active
small G proteins, which in turn transmit signals that are essential for positive
and negative selection.

In conclusion, our results identify a positive function for Themis1 in
TCR signaling during T cell development and identify a primary role for
Themis1 in promoting Grb2 stability and Vav1 effector function. These
findings are concordant with a report demonstrating an epistatic effect of
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Themis1andVav1genes on the suppressive function of regulatory T cells
and the development of inflammatory bowel disease (45). In view of inves-
tigations that support a negative role for Themis1 in TCR signaling, our
study suggests that Themis1 might have a more complex function during
T cell development, perhaps transmitting either positive or negative signals
depending on the affinity of the TCR for self-pMHCs, the contribution of
co-receptor signaling, and the intensities of the elicited TCR-proximal
signals. The identification of new Themis1 partners, such as Lis1, which
is mostly known as a regulator of dynein anchoring to microtubules in neu-
rons, suggests that Themis1 may have additional functions in T cells that are
not directly related to its role in TCR-proximal signaling.

MATERIALS AND METHODS

Mice
Nur77-GFP reporter mice were provided by K. Hogquist (University of
Minnesota, Minneapolis, MN).c-Cbl! /! mice were provided by J. Chiang
(National Cancer Institute, Bethesda, MD).Themis1! /! (5), Themis1-tg (9),
Grb2+/! (33), TCRz6Y/6Y (46), and TCRz6F/6F(46) mice were described
previously. The AND and OT-2-TCR transgenic mice were obtained from
Taconic Farms. TheBim! /! mice were obtained from the Jackson Labora-
tory. In some experiments,Themis1! /! and Themis1-tg mice expressing the
AND TCR were crossed toGrb2+/! mice to generate either AND-TCR-
Themis1+/! Grb2+/! or ANDÐTCRÐThemis1-tgÐGrb2+/! mice.Themis1! /!

mice were also crossed withBim! /! mice to generateThemis1! /! Bim! /! mice.
Animal experiments were approved by the Animal Care and Use Committee
of the Eunice Kennedy Shriver National Institute of Child Health and Hu-
man Development, National Institutes of Health.

Antibodies and flow cytometry
Sources for antibodies and reagents used in this study include the following:
anti-Grb2 (C-23), antiÐPLC-g1 (1249), anti-Vav1 (C-14), anti-ubiquitin
(P4D1), and antiÐc-Cbl (A9), which were from Santa Cruz Biotechnology;
anti-LAT (11B.12), anti-Sos1, and anti-Rac1, which were from Millipore;
anti-pVav1(Y174), which was obtained from Abcam; and anti-pERK
(T202/Y204), anti-pp38 (T180/Y182), and antiÐpSHP-1 (Y564), which
were obtained from Cell Signaling Technology. Alexa Fluor 488Ðconjugated
phalloidin was purchased from Life Technologies. Anti-Themis1 rabbit
antibodies were previously described (5). Thymocytes were incubated for
16 hours with cycloheximide (20mg/ml, Sigma) or 1mM MG132 (EMD
Biosciences). Biotin- and fluorochrome-conjugated antibodies against
CD3e, CD4, CD5, CD8a, CD24, CD25, CD44, and Va11 were purchased
from BD Biosciences. Single-cell suspensions from the thymus, spleen,
or lymph nodes were incubated in phosphate-buffered saline, 0.5% bo-
vine serum albumin, and 0.01% NaN3 containing the appropriate anti-
bodies. Cell detection was performed on a FACSCalibur flow cytometer
(BD Biosciences), and data analysis was performed with FlowJo software
(Tree Star Inc.).

Thymocyte stimulation and immunoprecipitation
For MS analysis, 2! 108 thymocytes fromThemis1+/+ or Themis1! /!

mice were left untreated or were treated with 100 nM pervanadate for
5 min at 37¡C. The treatment was stopped on ice, and cells were im-
mediately centrifuged and resuspended in 2 ml of ice-cold lysis buffer
[10 mM tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton, 2 mM Na3VO4, 5 mM
NaF, 1 mM EDTA, and protease inhibitor cocktail tablet (Roche)] and in-
cubated for 20 min on ice. Lysates were cleared by centrifugation at 18,000g
for 15 min at 4¡C, and Themis1 was subjected to immunoprecipitation
from cleared lysates for 2 hours at 4¡C with 30ml of protein AÐSepharose

resin coated with 12mg of polyclonal rabbit anti-Themis1 antibodies. The
resin was washed three times and incubated for 15 min at room tempera-
ture in 200ml of elution buffer [50 mM tris-HCl (pH 7.4), 150 mM NaCl,
and Themis1 antigenic peptide (200mg/ml)]. Samples were further pro-
cessed for proteomic analysis on a Q Exactive mass spectrometer (Thermo
Scientific) as described in the Supplementary Materials. To analyze TCR
signaling, thymocytes were collected and rested for 2 hours in RPMI medi-
um at 37¡C at a density of 5! 106 cells/ml. Thymocytes were resuspended
at a density of 107 cells per 50ml and incubated at 37¡C for 10 min before
being stimulated. Antibody complexes were prepared at a 2! concentration
before being used to stimulate cells at 37¡C for 10 min with biotin-conjugated
anti-CD3 and anti-CD4 antibodies mixed with equal concentrations of
streptavidin. Thymocytes were stimulated with 50ml of antibody complexes
(6 or 60mg/ml) for the times indicated in the figure legends. Cell lysates
were prepared as described earlier. Further details about immunoprecipi-
tations can be found in the Supplementary Materials.

Analysis of MS data
Raw MS data files were processed with MaxQuant software (version 1.5.0)
for database search with the Andromeda search engine and for quantitative
analysis (see the Supplementary Materials for details on the MaxQuant
parameter settings and for the processing of quantitative data). Potential
Themis1 interactors were selected on the basis of an enrichment ratio of
>5 between immunopurified samples fromThemis1+/+ andThemis1! /!

cells andP< 0.05 (by StudentÕst test) over triplicate biological experiments.
Of the potential candidates, we retained as bona fide binding partners those
that were identified in theThemis1+/+ immunopurified samples with strong
mass spectrometric evidence (number of unique identified peptides > 2) and
high abundance based on the intensity of the MS signal. The iBAQ metric,
which corresponds to the sum of all of the peptide intensities divided by the
number of observable peptides from a given protein (47), was used to es-
timate absolute protein abundance, and a minimal iBAQ threshold of 20!
105was thus applied to filter low-abundant proteins from the list of potential
partners. Additionally, to define the Themis1 interactome, we also eliminated
candidates that had strong intensity signals in the controlThemis1! /! sam-
ples (mean iBAQ > 20! 105), which were more likely to correspond to the
nonspecific binding of abundant cellular proteins in the immunopurified
samples. The remaining candidate interactors were sorted on the basis of
their calculated iBAQ value in theThemis1+/+ immunopurified samples,
which reflected their absolute abundance in the sample and the strength
of their interaction with the Themis1 bait. The complete unfiltered list of
proteins identified in the immunopurified samples is provided in table
S1. The MS proteomics data were deposited to the ProteomeXchange con-
sortium through the Proteomics Identifications (PRIDE) partner repository
with the data set identifier PXD004072.

Rac1 activation assay
Thymocytes fromThemis1+/+ andThemis1! /! mice were collected and
rested for 2 hours in RPMI medium at 37¡C at a density of 5! 106 cells/ml.
Cells were resuspended at 3! 107 cells per 100ml, preincubated at 37¡C
for 10 min, and then left untreated or treated with an equal volume of a
premixed 2!cocktail of biotinylated anti-CD3 and anti-CD4 antibodies
and streptavidin (100ml) for the times indicated in the figure legends. Cells
were lysed directly in excess lysis buffer (900ml) for 20 min on ice. Lysates
were cleared by centrifugation at 18,000gfor 15 min at 4¡C. Cleared lysates
were subjected to pull-down with 10ml of PAK1-GST agarose beads with
rotation for 1 hour at 4¡C. An aliquot of cleared lysates was saved for whole-
cell lysate analysis. Beads were washedthree times with ice-cold lysis buffer.
Proteins were eluted from the beads by heating them to 70¡C for 10 min
in Laemmli buffer. Proteins were resolved by SDSÐpolyacrylamide gel
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electrophoresis (PAGE), subsequently transferred to polyvinylidene difluoride
(PVDF) membranes, and analyzed by Western blotting to detect Rac1.

Western blotting analysis and band quantification
Proteins were resolved by SDS-PAGE and transferred to PVDF mem-
branes according to standard protocols. Membranes were blocked with
5% milk in tris-buffered saline containing Tween for 1 hour at room tem-
perature before being incubated with primary antibodies at 4¡C overnight.
After washing, membranes were incubated with secondary antibodies for
1 hour at room temperature. Subsequently, membranes were incubated
with enhanced chemoluminescence solution for 5 min in the dark, and
luminescence was captured with a Bio-Rad XRS+ imager. Images were
analyzed, and band intensities were quantitated with Bio-Rad ImageLab
software. Numbers from quantitated bands were normalized for loading
differences with GAPDH as a control. In Fig. 3A, the intensity values at
each time point were normalized to the highest intensity value obtained for
wild-type thymocytes in theÒlow-doseÓcondition (which was set at 1) for
each individual experiment.

RT-PCR analysis
For gene expression studies, total cellular RNAwas isolated with a PicoPure
RNA Isolation kit (Arcturus). RNA samples (100 ng each) were reverse-
transcribed with the SuperScript First-Strand Synthesis system (Invitrogen)
and were assayed by RT-PCR. Transcripts were quantified with a Roche
LightCycler 480. Duplicates were run for each sample in a 96-well plate,
andActbserved as the endogenous reference gene. The relative quantifica-
tion method was used, with the ratio of the mRNA abundance of the gene of
interest normalized to the abundance ofActbmRNA and with the average of
the control thymocyte samples serving as the calibrator value. The specific-
ity of the products was confirmed by melting curves and electrophoresis.

Statistical analysis
Statistical comparisons were performed with anF test to verify equal
variance of the populations, which was followed by an unpaired two-
tailedt test. TheP values are indicated in the figure legends.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/9/428/ra51/DC1
Materials and Methods
Fig. S1. Themis1 enhances TCR signaling during thymic selection.
Fig. S2. Analysis of the interaction between Themis1 and Vav1 in thymocytes and HEK
293T cells.
Fig. S3. Themis1! /! thymocytes exhibit normal phosphorylation of Lck, ZAP-70, and LAT
after cross-linking of the TCR with low or high concentrations of antibody complexes.
Fig. S4. The amount of Grb2 that coimmunoprecipitates with c-Cbl and Sos1 is reduced in
thymocytes from Themis1! /! mice.
Fig. S5. Loss of c-Cbl does not affect Grb2 protein abundance in thymocytes.
Fig. S6. Analysis of TCR signaling and Grb2 coimmunoprecipitation with Vav1 and LAT in
Themis1 transgenic thymocytes.
Fig. S7. Effect of Themis1 overexpression on T cell development.
Fig. S8. Transgenic expression of Themis1 in Grb2+/! mice restores positive selection in
TCR transgenic mice.
Table S1. List of proteins identified by proteomic analysis of Themis1-immunopurified
samples.
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T cell development is a continuous process that begins when progeni-
tor cells that originate in the fetal liver or adult bone marrow enter the 
thymus and are induced to commit to the T cell lineage. Thymocytes 
progress through multiple well-defined maturational steps that for 
simplicity are grouped into three main stages defined by expression  
of the co-receptors CD4 and CD8: CD4! CD8!  (double negative  
(DN)), CD4+CD8+ (double positive (DP)), and CD4+ or CD8+ (single 
positive: CD4SP or CD8SP, respectively). The transition of thymo-
cytes through these stages of maturation is dependent upon signals  
transmitted by various cell-surface molecules, including Notch, 
cytokine receptors and precursor or mature forms of the T cell  
antigen receptor (TCR)1,2.

All thymocytes are subjected to a selection process at the DP stage 
that is based on the affinity of their expressed TCR for self-peptide 
ligands bound to major histocompatibility complex (self-pMHC) that 
tests TCR functionality and enforces self-tolerance3. Thymocytes 
that express TCRs that fail to bind to self-pMHC or that bind with 
high affinity to self-pMHC are Ônon-selectedÕ or Ônegatively selectedÕ, 
respectively, and are triggered to undergo apoptotic death, whereas 
thymocytes that express TCRs that bind with low affinity to self-
pMHC are Ôpositively selectedÕ and progress to the CD4SP or CD8SP 
stage3. The affinity of the TCR for self-pMHC controls the intensity 
and duration of the TCR signaling response, which in turn leads to the 
differential activation of downstream signal-transduction pathways 
and transcriptional responses that dictate cell fate4.

Thymocyte selection is dependent upon the expression and func-
tion of several lineage-restricted effector molecules, including the 

protein tyrosine kinases (PTKs) LCK and ZAP-70, the protein tyro-
sine phosphatase (PTP) SHP-1 (encoded by Ptpn6), and specialized 
adaptors such as LAT and SLP-76 (refs. 5,6). THEMIS, a T cellÐ 
specific protein, has an important role in thymocyte selection. In the 
absence of THEMIS, thymocyte development is partially blocked at 
the DP-to-SP transition stage, which results in a substantial reduction 
in mature CD4SP thymocytes and, to lesser extent, CD8SP thymo-
cytes and peripheral T cells7Ð11.

THEMIS is the Ôfounding memberÕ of a group of structurally related 
proteins that are defined by the presence of one or more copies of a 
CABIT (Ôcysteine-containing all beta in THEMISÕ) globular module 
with a median length of 261 amino acids that contains a conserved 
core motif (�FXCX7-26�FXLP�FX3GXF, where Ô�FÕ is any hydrophobic 
residue, ÔXÕ is any amino acid, and the subscripted number indicates 
the number of residues)9. All members of the mammalian THEMIS 
family, including THEMIS, THEMIS2 (which is restricted to B cells  
and myeloid cells) and the more distantly related THEMIS3 (which 
is expressed in the large and small intestine7) contain two tandem 
CABIT modules and a C-terminal proline-rich sequence but lack a 
known catalytic domain9. THEMIS binds directly to the cytosolic 
adaptor GRB2, and this interaction requires the proline-rich 
sequence of THEMIS12,13. Mass-spectrometry screens of proteins co- 
immunoprecipitated with THEMIS have identified SHP-1 as a puta-
tive THEMIS-interacting protein14,15, and it has been suggested that 
THEMIS functions by regulating the activity of SHP-1 or its recruit-
ment to LAT16,17. Nevertheless, a specific role for THEMIS in T cell 
development has not been clearly defined, and it remains unclear if 
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THEMIS enhances TCR signaling and enables 
positive selection by selective inhibition of the 
phosphatase SHP-1
Seeyoung Choi1, Claude Warzecha1, Ekaterina Zvezdova1, Jan Lee1, JŽrŽmy Argenty2,3, Renaud Lesourne2,3,  
L Aravind4 & Paul E Love1

THEMIS, a T cellÐspecific protein with high expression in CD4+CD8+ thymocytes, has a crucial role in positive selection and 
T cell development. THEMIS lacks defined catalytic domains but contains two tandem repeats of a distinctive module of 
unknown function (CABIT). Here we found that THEMIS directly regulated the catalytic activity of the tyrosine phosphatase 
SHP-1. This action was mediated by the CABIT modules, which bound to the phosphatase domain of SHP-1 and promoted 
or stabilized oxidation of SHP-1Õs catalytic cysteine residue, which inhibited the tyrosine-phosphatase activity of SHP-1. 
Deletion of SHP-1 alleviated the developmental block in Themis! /!  thymocytes. Thus, THEMIS facilitates thymocyte positive 
selection by enhancing the T cell antigen receptor signaling response to low-affinity ligands.
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its effect on TCR signaling is mainly activating or inhibitory14Ð16.  
A particular challenge has been to identify a function for the CABIT 
modules that constitute most of the THEMIS protein. The presence of 
highly conserved core sequences and their requirement for THEMIS 
activity in vivo18 suggests that CABIT modules have an important 
biological role; however, their distinctiveness from all previously 
described protein domains indicates that they may perform a unique 
cellular function9.

In this study, we identify a biological function for the CABIT mod-
ules that clarifies the role of THEMIS in T cell development. We found 
that the THEMIS CABIT modules bound directly to the PTP domain 
of SHP-1 and inhibited the PTP activity of SHP-1 by promoting or 
stabilizing oxidation of the catalytic cysteine residue. That activity, 
coupled with the stage-specific regulation of THEMIS during T cell 
development7Ð9,11, provides an explanation for the unusual sensitivity 
of DP thymocytes to TCR stimulation19, a property that is essential 
for positive selection.

RESULTS
Binding of THEMIS to the PTP domain of SHP-1
To determine if THEMIS binds directly to SHP-1, we first performed 
cell-free in vitro protein-binding assays. THEMIS bound to a glu-
tathione S-transferase (GST)ÐSHP-1 fusion protein in the absence of 
GRB2, although the THEMISÐSHP-1 interaction was enhanced by 

GRB2 (Fig. 1a). In lysates of HEK-293 human embryonic kidney cells 
co-transfected with plasmids encoding SHP-1 and THEMIS lacking 
the GRB2-binding proline-rich sequence (THEMIS-1-493), SHP-1 
immunoprecipitated together with THEMIS-1-493 (Fig. 1b). GRB2-
independent association of THEMIS and SHP-1 was also detected 
by co-immunoprecipitation of THEMIS with SHP-1 from lysates of 
GRB2-deficient total thymocytes (Fig. 1c).

SHP-2 (another dual Src-homology-2 (SH2) PTP that is closely 
related to SHP-1) bound to THEMIS when co-expressed in HEK-293 
cells, but two other class I PTPs (PTPN1 and PTPN7) that are expressed 
in thymocytes did not bind to THEMIS (Supplementary Fig. 1a,b). 
To locate the sequences within THEMIS that mediated its binding to 
SHP-1, we next performed co-immunoprecipitation experiments in 
HEK-293 cells transfected with plasmids encoding SHP-1 and various 
truncations of THEMIS. SHP-1 immunoprecipitated together with a 
THEMIS protein that contained only the CABIT1 and CABIT2 mod-
ules (THEMIS-1-493) and, to a lesser extent, with truncated THEMIS  
proteins containing only the CABIT1 module (THEMIS-1-260) 
or CABIT2 module (THEMIS-260-493) (Fig. 1b). In similar co- 
transfection experiments, a protein containing only the PTP domain 
of SHP-1 immunoprecipitated together with THEMIS-1-493 and with 
THEMIS-1-260 (Fig. 1d). Also, purified SHP-1 lacking both SH2 
domains but containing the PTP domain (GST-�$SH2-SHP-1) bound 
to THEMIS-1-493 in vitro (Fig. 1e and Supplementary Fig. 1c,d).  
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Together these results demonstrated that the CABIT modules of 
THEMIS interacted directly with the PTP domain of SHP-1.

Inhibition of SHP-1Õs PTP activity by the THEMIS CABIT modules
To determine if THEMIS directly regulates the PTP activity of SHP-
1, we used an in vitro assay to detect the release of phosphate from 
a tyrosine-phosphorylated peptide. The PTP activity of SHP-1 was 
diminished in the presence of THEMIS, and this correlated with the 
concentration of THEMIS (Fig. 2a). The PTP activity of SHP-1 was 
not inhibited by GRB2, which also binds to SHP-1, which demon-
strated that the inhibitory effect was specific to THEMIS; however, 
the inhibition of SHP-1 was slightly greater when THEMIS and GRB2 
were added together (Fig. 2b). In a similar assay, the PTP activity of 
SHP-2 was diminished slightly by THEMIS, whereas THEMIS did 
not inhibit the PTP activity of PTPN1 or PTPN7 (Fig. 2c). THEMIS-
1-493 was nearly as effective as full-length THEMIS at inhibiting 
the PTP activity of SHP-1 (Fig. 2d), which indicated that the CABIT 
modules were responsible for this inhibitory function of THEMIS. 
THEMIS-1-260 also inhibited the PTP activity of SHP-1, although not 
as effectively as THEMIS-1-493, which contains both CABIT modules 
(Fig. 2d); this indicated that a single CABIT module contained the 

sequences necessary for regulating the PTP activity of SHP-1 but that 
both CABIT modules were required for full inhibition. THEMIS2, 
which ÔrescuesÕ the developmental block in Themis! /!  thymocytes 
when transgenically expressed in thymocytes, and therefore could 
substitute for THEMIS in vivo13, inhibited the PTP activity of SHP-1 
(Fig. 2e) and, to a lesser extent, that of SHP-2, but not that of PTPN1 
or PTPN7, in in vitro tyrosine-phosphatase assays (Fig. 2c).

All mammalian CABIT modules contain a conserved cysteine 
residue (underlined below) within the core motif of �FXCX7-

26�FXLP�FX3GXF9. To determine the role of the cysteine residue in 
the regulatory activity of THEMIS, we introduced cysteine-to-alanine 
point substitutions in both the CABIT1 module (Cys153) and CABIT2 
module (Cys413) of THEMIS (THEMIS-C-A). THEMIS-C-A immu-
noprecipitated together with SHP-1 in lysates of HEK-293 cells trans-
fected to express THEMIS-C-A and SHP-1 (Supplementary Fig. 1e)  
and inhibited the PTP activity of SHP-1 in an in vitro tyrosine- 
phosphatase assay (Fig. 2e), which indicated that the cysteine  
residues in the CABIT domains were not essential for regulating the 
PTP activity of SHP-1. This was consistent with published observa-
tions that retrovirally encoded THEMIS-C-A is able to ÔrescueÕ the  
DP-to-SP developmental block in Themis! /!  thymocytes20. These 

1,200

1,200

1,000

1,000

900

NS
NS NS

NSNS
NS

NS

*
*

*
**

***
***

**
**

*****

*

***

P
T

P
 a

ct
iv

ity
(p

m
ol

 r
el

ea
se

d)
P

T
P

 a
ct

iv
ity

(p
m

ol
 r

el
ea

se
d)

P
T

P
 a

ct
iv

ity
(p

m
ol

 r
el

ea
se

d)

P
T

P
 a

ct
iv

ity
(p

m
ol

 r
el

ea
se

d)

P
T

P
 a

ct
iv

ity
(p

m
ol

 r
el

ea
se

d)

P
T

P
 a

ct
iv

ity
(p

m
ol

 r
el

ea
se

d)

P
T

P
 a

ct
iv

ity
(p

m
ol

 r
el

ea
se

d)

600

300

300

0

0

0 0 0

200

200

400

400

400

600

200

600

800

800

1,200 1,200

1,200

1,500

900

600

300

00

400

800

600 600

900

800

1 1 1

1

1 1 + + +

+

+

Ð

Ð

+

+

+

+

+

++ +

Ð

Ð +

+

++ + +

+Ð

Ð

Ð Ð

ÐÐ

Ð

Ð Ð

+

+

++ + +

+Ð

Ð

Ð Ð

ÐÐ

Ð

Ð Ð

Ð

Ð

Ð

Ð

+ + +

+

+

Ð

ÐÐ

Ð

+ + +

+

+

Ð

ÐÐ

Ð
0 0.5 2 5

GSTÐSHP-1 (µg):

THEMIS (µg):

SHP-2

THEMIS2

THEMIS

GRB2

GRB2

His (THEMIS)

His (THEMIS) His (THEMIS)

THEMIS THEMIS THEMIS

THEMIS2

THEMIS-C-A

GSTÐSHP-1 GSTÐSHP-1 GSTÐSHP-1

THEMIS-1-260

THEMIS-1-493

PTPN1

THEMIS2

THEMIS

PTPN7

THEMIS2

THEMIS

a

b

c

d e

Figure 2 THEMIS directly inhibits the tyrosine-phosphatase activity of SHP-1. (a) In vitro PTP assay of GSTÐSHP-1 in the presence of increasing 
amounts (below plot) of THEMIS; results are presented (throughout) as picomoles of phosphate released. (b) In vitro PTP assay (top) of GSTÐSHP-1 in 
the presence (+) or absence (!) of THEMIS or GRB2 or both (below plot), with non-PTP proteins added at a molar ratio 5:1, relative to the PTP (in bÐe); 
below, immunoblot analysis of input histidine-tagged THEMIS or GRB2. (c) In vitro PTP assay of SHP-2 (left), PTPN1 (middle) or PTPN7 (right) in the 
presence or absence of THEMIS or THEMIS2 (below plots). (d,e) In vitro PTP assay of GSTÐSHP-1 in the presence or absence of THEMIS, THEMIS- 
1-493 or THEMIS-1-260 ( d) or THEMIS, THEMIS-C-A or THEMIS2 (e). NS, not significant ( P > 0.05); * P < 0.05, ** P < 0.01 and *** P < 0.005  
(t-test). Data are representative of three experiments (aÐc, d,e (GSTÐSHP-1, PTPN1 or PTPN7 with THEMIS variants or THEMIS2); mean + s.d.)  
or five experiments (a,b,d,e (GSTÐSHP-1 alone or with THEMIS); mean + s.d.).



436 VOLUME 18 NUMBER 4 APRIL 2017 NATURE IMMUNOLOGY

A RT I C L E S

results demonstrated that the THEMIS CABIT modules directly 
inhibited the PTP activity of SHP-1 and that the conserved core 
cysteine was not required for this function.

Deletion of Ptpn6 restores T cell development in Themis! /!  mice
We next determined if inhibition of the PTP activity of SHP-1 would 
reverse the developmental block in Themis! /!  thymocytes in an in vitro  
differentiation assay21. Overnight culture of immature (TCRlo) DP 
thymocytes with plate-bound antibody to the TCR invariant chain 
CD3�E (anti-CD3�E) plus antibody to the adhesion molecule CD2 (anti-
CD2), followed by 24 h of rest without stimulation, induces their pro-
gression to the CD4+CD8lo stage21, which replicates the initial stages 
of positive selection in vivo. In contrast to wild-type DP thymocytes, 
Themis! /!  DP thymocytes exhibited an impaired ability to transition 
to the CD4+CD8lo stage7 (Fig. 3). The block in the progression of 
Themis! /!  DP thymocytes to the CD4+CD8lo stage was significantly 
alleviated when the in vitro assay was performed in the presence of 
sodium stibogluconate, a selective inhibitor of SHP-1 (ref. 22) (Fig. 3); 
this indicated that the enhanced PTP activity of SHP-1 in Themis! /!  
thymocytes contributed to the developmental defect.

To determine if the developmental block in Themis! /!  thymocytes 
could be ÔrescuedÕ by a reduction in the expression of SHP-1, we gen-
erated Themis! /!  Ptpn6fl/fl Cd4-Cre mice, in which T cellÐlineageÐ
specific deletion of loxP-flanked alleles encoding SHP-1 (Ptpn6fl/fl ), 
via Cre recombinase expressed via the T cellÐspecific Cd4 promoter, 
occurs mainly in DP thymocytes23. Thymocytes from Themis! /!  
Ptpn6+/+Cd4-Cre control mice exhibited normal maturation up to 
the DP stage but a marked reduction in the number of CD4SP thymo-
cytes and, to lesser extent, CD8SP thymocytes and peripheral T cells  
(Fig. 4a,b), similar to the developmental phenotype of Themis! /!  
mice7. The expression of SHP-1 in total thymocytes from Themis! /!  
Ptpn6fl/fl Cd4-Cre mice was reduced to approximately 25% that 
observed in total thymocytes from Themis! /!  Ptpn6+/+Cd4-Cre 
mice, as assessed by densitometry (Fig. 4c). This reduction in the 
expression of SHP-1 alleviated the developmental block, as evinced by  
the significantly greater frequency and number of mature TCRhi 
CD4SP and CD8SP thymocytes and peripheral T cells in Themis! /!  
Ptpn6fl/fl Cd4-Cre mice than in Themis! /!  Ptpn6+/+Cd4-Cre mice  
(Fig. 4a,b). In contrast to Themis! /!  Ptpn6+/+Cd4-Cre mice, which 
had a large frequency of peripheral T cells with a CD62LloÐnegCD44hi 
memory T cell phenotype as a result of lymphopenia-induced expan-
sion7, the frequency of CD62LloÐnegCD44hi T cells in Themis! /!  
Ptpn6fl/flCd4-Cre mice was similar to that in Themis+/+Ptpn6+/+Cd4-
Cre mice (Fig. 4a). Deletion of Ptpn6 at an earlier stage of development 
(predominantly at the DN stage) through the use of an LCKÐCre trans-
gene23 resulted in a nearly complete absence of SHP-1 protein in total 
thymocytes and also substantially alleviated the developmental block 
caused by the deletion of Themis (Supplementary Fig. 2). Together 
these results indicated that the developmental defect in Themis! /!  
thymocytes was due to the enhanced PTP activity of SHP-1.

Regulation of active-site oxidation of SHP-1 by THEMIS
All classical PTPs, including SHP-1 and SHP-2, contain a conserved 
active-site cysteine residue (with an unusually low acidic dissociation 
constant) that catalyzes the removal of phosphate from phosphor-
ylated tyrosines6. However, the catalytically active deprotonated (S! ) 
thiolate state of the active-site cysteine is highly susceptible to oxida-
tion by intracellular reactive oxygen species (ROS), which inactivate 
the PTP6. To determine if the binding of THEMIS to SHP-1 directly 
regulates the redox state of the active-site cysteine, we added pervana-
date, a panÐtyrosine-phosphatase inhibitor that irreversibly oxidizes 

PTP active-site cysteine residues to the sulfonic acid (S-O3H) form24, 
to cell-free suspensions of GSTÐSHP-1 in the presence or absence 
of THEMIS. Oxidized SHP-1 was detected by immunoblot analysis 
with a monoclonal antibody specific for sulfonylated PTP active-site 
cysteines25. Oxidation of SHP-1 by pervanadate was enhanced in the 
presence of THEMIS, and this effect was most evident at concen-
trations of pervanadate that resulted in sub-maximal oxidation of 
SHP-1 (Fig. 5a and Supplementary Fig. 3a). THEMIS also increased 
the susceptibility of SHP-1 to oxidation by pervanadate in HEK-293 
cells co-transfected to express THEMIS and SHP-1 (Fig. 5b and 
Supplementary Fig. 3b).

To evaluate the redox status of SHP-1 in Themis! /!  thymocytes, we 
labeled catalytically active SHP-1 at the time of cell lysis by the addi-
tion of iodoacetylÐpolyethylene glycolÐbiotin, which immediately and 
irreversibly binds to reduced, de-protonated (-S! ) cysteine thiols25. 
The abundance of catalytically active SHP-1 was slightly but consist-
ently greater in Themis! /!  total thymocytes and was lower in total thy-
mocytes with transgenic expression of THEMIS14 than in Themis+/+ 
(control) total thymocytes (Fig. 5c). Lysis of thymocytes in the absence 
of PTP inhibitors resulted in the rapid oxidation and inactivation of 
SHP-1 (Supplementary Fig. 3c,d); consequently, we were unable to 
accurately evaluate the PTP activity of SHP-1 immunoprecipitated 
from thymocyte lysates by the tyrosine-phosphatase assay. However, 
SHP-1 was much less susceptible to oxidation by pervanadate in 
Themis! /!  total thymocytes than in Themis+/+ total thymocytes (Fig. 5d  
and Supplementary Fig. 3e). The susceptibility of SHP-1 to oxidation 
by pervanadate was restored in Themis! /!  thymocytes with trans-
genic expression of THEMIS2 (ref. 13) (Fig. 5e), which demonstrated  
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a function shared by THEMIS and THEMIS2. The activation of T cells 
and B cells results in the production of ROS, predominantly H2O2, 
and this effect has been shown to positively regulate both TCR and 
BCR signaling and effector responses through oxidative inhibition of 
SHP-1 (refs. 26Ð28). In the presence of THEMIS, active-site oxidation 
of SHP-1 by H2O2, assessed by immunoblot analysis with antibody 
to sulfonylated PTP active sites, was markedly increased (Fig. 5f), 
which indicated that THEMIS regulated the redox state of SHP-1 in 
response to physiological ROS. Together these results demonstrated 
that THEMIS inhibited the PTP activity of SHP-1 by promoting  
or stabilizing ROS-mediated oxidation of the active-site cysteine  
residue of SHP-1.

p-SHP-1 does not correspond with PTP activity
We found that phosphorylation of SHP-1, which occurs at two 
 C-terminal tyrosine residues (Tyr536 and Tyr564), was lower in 
Themis! /!  total thymocytes than in Themis+/+ total thymocytes  
(Fig. 6a,b), in confirmation of published results16. The amount of 
tyrosine-phosphorylated SHP-1 (p-SHP-1) in total thymocytes cor-
related with the expression of THEMIS protein, and the amount of 
p-SHP-1 was restored in Themis! /!  thymocytes by expression of a 
transgene encoding THEMIS2 (ref. 13) (Fig. 6aÐc). The lower abun-
dance of p-SHP-1 in Themis! /!  thymocytes has been interpreted as  
evidence of diminished catalytic activity of SHP-1 (ref. 16); however, 
phosphorylation of SHP-1 is not required for its PTP catalytic activ-
ity, and its physiological relevance has not been established6,29. The 
amount of catalytically active SHP-1 in unstimulated Themis! /!  total 
thymocytes was greater than, not less than, that in Themis+/+ total thy-
mocytes (Fig. 5c,f). Because SHP-1 is a target of SHP-1Õs phosphatase 
activity6,29,30, we reasoned that the diminished amount of p-SHP-1 
in Themis! /!  thymocytes was secondary to increased auto- or trans-
dephosphorylation by SHP-1. Indeed, treatment of both Themis+/+ 
total thymocytes and Themis! /!  total thymocytes with pervanadate 

or H2O2, which inhibit SHP-1 activity, led to an increase in p-SHP-1 
relative to its abundance in their untreated counterparts (Fig. 6d,e). 
Together these results demonstrated that SHP-1Õs phosphorylation sta-
tus could not be used to predict its PTP catalytic activity and suggested 
that the lower abundance of p-SHP-1 in Themis! /!  thymocytes was 
secondary to enhanced auto- or trans-dephosphorylation by SHP-1.

Themis! /!  signaling defects in the presence of ROS
In contrast to mature T cells, in which engagement of the TCR induces 
the production of ROS31Ð33, stimulation of thymocytes via the TCR 
failed to elicit ROS34 (Supplementary Fig. 4a). However, ROS are 
induced in thymocytes by stimulation with the lectin concanavalin 
A34, which engages multiple cell-surface molecules in addition to the 
TCR. Tyrosine-phosphorylation of the PTK ZAP-70 (p-ZAP-70), a 
known target of SHP-1 (refs. 6,35), at Tyr319 was lower in Themis! /!  
total thymocytes than in Themis+/+ total thymocytes following stimu-
lation with concanavalin A (Fig. 7a), whereas there was no difference 
between Themis! /!  total thymocytes and Themis+/+ total thymocytes 
in their abundance of p-ZAP-70 following stimulation with anti-CD3 
plus anti-CD4 (Fig. 7b,c). However, when H2O2 was added at the 
time of stimulation with anti-CD3 plus anti-CD4, the tyrosine-phos-
phorylation of ZAP-70 induced by this was lower in Themis! /!  total 
thymocytes than in Themis+/+ total thymocytes (Fig. 7b). In vitro 
cell culture promotes ROS production due to high oxygen tension as 
well as pro-oxidant metabolic and media effects36. Freshly harvested 
Themis! /!  total thymocytes exhibited no clear defects in proximal TCR 
signaling responses relative to those of Themis+/+ total thymocytes  
(Fig. 7c). However, after in vitro culture for 6 h, the tyrosine phospho-
rylation of ZAP-70, as well as the tyrosine-phosphorylation of LCK 
(phosphorylated at Tyr394), another putative target of SHP-1 (ref. 37),  
was lower in Themis! /!  total thymocytes than in Themis+/+ total 
thymocytes in response to either stimulation with anti-CD3 plus 
anti-CD4 (Fig. 7c,d) or stimulation with peptide presented by  
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antigen-presenting cells (Supplementary Fig. 4b). Themis! /!  total 
thymocytes also exhibited less induction of tyrosine-phosphorylation 
of LCK and ZAP-70 in response to treatment with H2O2 alone than 
that of Themis+/+ total thymocytes treated in an identical way (Fig. 7e).  
De-phosphorylation of ZAP-70 or of the related B cell PTK SYK by 
SHP-1 was inhibited by THEMIS in HEK-293 cells transfected with 
plasmids encoding ZAP-70 or SYK plus plasmid encoding SHP-1 and 
cultured under conditions in which ROS are constitutively produced36 
(Fig. 7f,g). THEMIS-mediated inhibition of the PTP activity of SHP-1 
in HEK-293 cells transfected with plasmids encoding SYK and SHP-1 
(Supplementary Fig. 5a) or in vitro (Supplementary Fig. 5b) was 
attenuated by the addition of the ROS scavenger N-acetyl-" -cysteine, 
which indicated that the redox regulation of SHP-1 by THEMIS was 

dependent upon ROS. Collectively, these results established a posi-
tive role for THEMIS in proximal TCR signaling by promoting or 
stabilizing the oxidation of SHP-1 by ROS.

DISCUSSION
Here we have shown that a critical function of THEMIS during T cell 
development is to negatively regulate the activity of the PTP SHP-1 
in DP thymocytes and thereby enhance the TCR signaling response 
to low-affinity self-pMHC and enable positive selection. THEMIS 
promoted or stabilized oxidation of the catalytic cysteine of SHP-1,  
which inhibited its PTP activity, and this regulatory activity was 
conferred by the CABIT modules that bound directly to the PTP  
domain of SHP-1.

While it remains to be determined how the CABIT modules 
regulate the oxidation of SHP-1, several plausible mechanisms can 
be suggested on the basis of their inferred structure together with 
what is already known about the structure and redox regulation of 
SHP-1. CABIT modules, which are composed of multiple SH3-like �B- 
barrel domains9, probably form an extensive protein-binding globu-
lar interface that specifically recognizes the PTP domain of SHP-1. 
The catalytic cysteine residue of all classical PTPs is housed inside a 
pocket with an aperture that allows the entry of only the phosphate 
moiety on tyrosine residues38. Thus, binding of the CABIT modules 
might prevent access of the oxidized catalytic cysteine of SHP-1 to 
reducing agents such as glutathione in the bulk solvent or to cytosolic  
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SHP-1 phosphorylated at Tyr564 and total SHP-1, as well as total 
THEMIS (left margin), in total thymocytes obtained from mice with 
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redox-regulatory proteins39. Alternatively, the CABIT modules might 
stabilize the PTP domain of SHP-1 in an unfolded state, which would 
expose the catalytic cysteine to oxidation by ROS or prevent reactiva-
tion of the oxidized catalytic cysteine by inhibiting intra-molecular 
relay of sulfenic acid to the two regulatory cysteine residues (Cys329 
and Cys363) in SHP-1 (refs. 40,41). We note that our in vitro PTP-
inhibition data suggest that the inhibitory effect of THEMIS cannot 
be explained solely by redox regulation. Thus, binding of the CABIT 
modules probably also blocks access of the catalytic cysteine to phos-
phorylated-tyrosine ligands, a mechanism of inhibition that is not 
mutually exclusive with redox regulation.

Although the CABIT modules of THEMIS bound directly to 
SHP-1, experimental data suggest that the interaction of THEMIS 
with GRB2 is important for its in vivo function12,18,20. Co-binding 
of SHP-1 and THEMIS to GRB2 brings these proteins into close 
proximity and might facilitate and stabilize their direct interaction. 
In addition, following engagement of the TCR, GRB2, via its SH2 
domain, recruits SHP-1 to tyrosine-phosphorylated ligands at the 
cell membrane, including LAT and CD28 (ref. 42). Thus, the binding 
to GRB2 ensures that THEMIS is positioned to affect the activity of 

the cellular portion of SHP-1 that is presumably the most relevant to 
TCR signaling. Finally, GRB2 might also be needed to position SHP-1 
and THEMIS near sites of ROS production by NADPH oxidases at 
the cell membrane.

It has been proposed that THEMIS enhances the activity of SHP-1, 
either directly or by assisting in its recruitment to LAT, and thereby 
acts to dampen TCR signaling in DP thymocytes16. According to 
that model, the PTP activity of SHP-1 is diminished in Themis! /!  
DP thymocytes, and engagement of the TCR by low-affinity ligands 
that normally promote positive selection results in the transduction 
of enhanced signaling responses that trigger negative selection16. 
Our results do not support that model. If the thymocyte-maturation 
defect of Themis! /!  mice was caused by diminished SHP-1 activity, 
deletion of Ptpn6 or inhibition of the PTP activity of SHP-1 should 
not have ÔrescuedÕ, and might possibly have exacerbated, the block 
in T cell development in Themis! /!  mice. Instead, inhibition of the 
PTP activity of SHP-1 or deletion of Ptpn6 in DP thymocytes allevi-
ated the developmental block imposed by THEMIS deficiency; these 
results identified enhanced PTP activity of SHP-1 as the underlying 
cause of the maturational defect in Themis! /!  thymocytes. It is also 
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Figure 7 Attenuated TCR signaling responses in Themis! /!  thymocytes in the presence of ROS. (a,b) Immunoblot analysis of ZAP-70 phosphorylated  
at Tyr319 (p-ZAP-70(Y319)) and total ZAP-70 (left margins) in Themis+/+ and Themis! /!  total thymocytes stimulated with various concentrations  
(above lanes) of concanavalin A (ConA) (a) or with various concentrations (above lanes) of H2O2 in the presence (+) or absence (! ) of anti-CD3 plus  
anti-CD4 (b). (c) Immunoblot analysis of signaling responses (left margin) in Themis+/+ or Themis! /!  total thymocytes cultured for 0 h (left) or 6 h  
(right) at 37 ¡C in serum-free medium and left unstimulated (0) or stimulated for 5 or 15 min (above lanes) with anti-CD3 plus anti-CD4, assessed  
as tyrosine phosphorylation (pY), LCK phosphorylated at Tyr394 (p-LCK(Y394)) and total LCK, tyrosine-phosphorylated and total ZAP-70 (as in a,b),  
SHP-1 phosphorylated at Tyr564 (p-SHP-1(Y564)) and total SHP-1, and total THEMIS (left margin). (d) Immunoblot analysis of signaling responses 
(left margin; as in c) in total thymocytes obtained from mice with transgenic expression of THEMIS, or Themis+/+ or Themis! /!  mice, then cultured  
for 6 h at 37 ¡C in serum-free medium and left unstimulated (0) or stimulated for 2, 5 or 10 min (above lanes) with anti-CD3 plus anti-CD4.  
(e) Immunoblot analysis of tyrosine-phosphorylated and total LCK and ZAP-70 (as in c) in Themis+/+ or Themis! /!  total thymocytes treated with various 
concentrations (above lanes) of H2O2. (f) Immunoblot analysis of tyrosine-phosphorylated and total ZAP-70 and SHP-1 (as in c), and total LCK and 
THEMIS (left margin), in HEK-293 cells transfected with various combinations (above lanes) of plasmids encoding LCK (always included, to induce 
phosphorylation of ZAP-70), ZAP-70, THEMIS and/or SHP-1. (g) Immunoblot analysis of SYK phosphorylated at Tyr352 (p-SYK(Y352)) and total SYK, 
tyrosine-phosphorylated and total SHP-1 (as in c) and total THEMIS in HEK-293 cells transfected with various combinations (above lanes) of plasmids 
encoding SYK, THEMIS and SHP-1. Data are representative of three experiments (a,b,d,e), four experiments (c) or two experiments (f,g).
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