
HAL Id: tel-02092298
https://theses.hal.science/tel-02092298

Submitted on 8 Apr 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Tolérance et résistance aux antifongiques chez Candida
spp. : caractérisation de nouvelles cibles thérapeutiques

Cécile Garnaud

To cite this version:
Cécile Garnaud. Tolérance et résistance aux antifongiques chez Candida spp. : caractérisation de
nouvelles cibles thérapeutiques. Médecine humaine et pathologie. Université Grenoble Alpes, 2017.
Français. �NNT : 2017GREAS004�. �tel-02092298�

https://theses.hal.science/tel-02092298
https://hal.archives-ouvertes.fr


THÈSE 
Pour obtenir le grade de 

DOCTEUR DE LA COMMUNAUTÉ UNIVERSITÉ 
GRENOBLE ALPES 
Spécialité : Modèles, méthodes et algorithmes en biologie

Arrêté ministériel : 25 mai 2016 

Présentée par 

Cécile GARNAUD 

Thèse dirigée par Muriel CORNET et 
codirigée par Jérôme GOVIN 

préparée au sein du Laboratoire TIMC-IMAG, équipe TheREx   
dans l'École Doctorale Ingénierie pour la Santé, la Cognition et 
l' Environnement (EDISCE) 

Tolérance et résistance aux 
antifongiques chez Candida spp. : 
caractérisation de nouvelles cibles 
thérapeutiques. 

Thèse soutenue publiquement le 07 avril 2017,
devant le jury composé de :  

Mme Muriel CORNET 
PU-PH, Université Grenoble Alpes, Directrice de thèse 

Mr Jérôme GOVIN 
Chargé de recherche, INSERM, Directeur de thèse 

Mr Frédéric DALLE 
PU-PH, Université de Bourgogne, Rapporteur 

Mr Nicolas PAPON 
Professeur, Université d'Angers, Président 

Mme Alix COSTE 
Associée de recherche, CHUV Lausanne, Membre 



�������������	

�

�������������	
����
�	���������	�����
�������������
����������	�
���
�	���	
��
�	���
�����������
����

������������������������������
��	���
����
����� 
������	���
��!��"�#	������������	�����
��$�����%��	&��

�	
��
�	���
�����������
���������
�
��'�

�

���������������
���������	�����
��(
�����#	������������	���
�����)���*	�����	
��
�	����	+�������������

�����'�(
������
�����������������	
���	�������
����������	��������	�����������	�����	���
������	����

�	
���������	
����� 
���	
����
��,�
�����������
������,����	��'���������� 
���	
���	����
��	���-�

��
�
������ ��������� ���	��� �	�������'� ���)���������� �	
�� �	�� ���
��������� �	�� �%�
������� �	��

�"������� ��� �	
�� ���  
�� �
� ��
�� 
�����'� (����� ��
������� -� �	�� ��� 

� �	���
�� #
��	� ���	�
� �	
��

��
�	����	������	��	��
���������
���������

���	�����
���./$'�

�

��� ��������� ���
���� ��� ��	�����
�� 0����� ����	
"� ��� ����������� ���� ��	�	������� �
� �
�	�
�	���� ���

�
�
���	�	���+(%�	�	���� �
� #01� *���	���� !������ (
������ �
������� 0������� 2������ (
���+������� ���

#������� �	
�� ��
�	��� ������� ��� ��	��
������ 

� ���
"� �	
�� ������ ��� �
�
������ ������ ������� ����


����������	����
������������������������'�

�

��� ���������

���� �������������������������� ��� 
����$��3/"��	
�� ��
��
��
����� ��
������	����������

��
��� �	������� ��� ��
�� 
����� ��� ��� �
����
����� ���� ��	�����
��� .��	��� �	�
�4� ��� .����
��� $	
��
������

0���������(
���+#�
�����	
������
��������	����� 
������� �����������������
������	
�����
��
�����
�

��	
��� #
���5$23/� 6��
������� ���������� 3	����(
���
��	�� 5
��������(
�������� 7	
����� 8
������ ���

9
�'� �
������� 
�������� �
����
����� �	
�� ���� ���	
�
�������� ��� �	�� �	
����� �	
�� 

� �	��� ��� ������

��������
���	
�������
�����	�����������
��	�����
��
����	������	
��
������
��
�������������	����������

�
��
�
����'�

�

1����
��������� ��
������� -� �	
���� ��������	����� ����	��������
��� ��� �
�����
���	���� �
���./$� 6�

��
"� ���-� ������ ��+����
��� /��
��� ��	���� ���	��� (
���:�;�� 5
�������� <
�%
	� ��� ����� �=�� (	��
��'�

(	��
�����������	
���
��	�����
��
����
��%��
�������
�����	�������������	
����� 
���
���
��
������

�����	�	�����	���
�
���'�

�

��� �����������
������� ����	���
��!�����>��������	
���	��
������������	�������-���+�
��	
����
�����

��
�
��� ��� ������� ��� ��	�����
�� #�����	���� ��/������ ��� (
������� #�

���� �	
�� 
�	��� ���� -� �	����

����	����	���������������	
����������
�������� ����1�3����(����������������
��
������� ��1����������



*���	����!������	
�� 
�	���������� ��� ���
���������
������ ������ ��
�
��� ��� �������
�� �����������
����

��
����	
����>����������
��������������?@AB��5��
��������	
������
�
�%������
����� 
��'�

�

/����������	
�
���������������	
������������	����� 
����	����	
���
�����
��	��
���������
���������

��������� 
��������	��
���	������������
����
�����6�

� (���
�����������	���*���	����	
���
����
�����	
���	�����	
���������	
�������	�������
�����

��������'�

� 7

���������*
%��$��	������(	��
������!�
������	
���	��������������������	�����	
����'�

� (��� �
������� C
����� ��� 5����
�� ��������� ��� ��
�+#�����	����� �	
�� �	
�� ���� �	��� �	������

�
�������������������
"�-������'�(������	
���	�����	
�����������
"�����	�����	
�
�������'�

� .���
����6��������	
���	
�'�



��

�

����������	��
�����

�

���������	��
����
����
�������������������������������������������������������������������������������������

��� ������������������������������������������������������������������������������������������������������������������������������������������������

����� �����������������������������������������������������������������������������������������������������������������������������������������

����� �������	�
�����
����������������������������������������������������������������������������������������������������������������������

������� �������������� ��!������� ���������������������������������������������������������������������������������������������

������� �������������� ��"#��$#�#!��� ����������������������������������������������������������������������������������%�

����� �������	�
��������������������������������������������������������������������������������������������������������������������������

��&���� �������������� ��!������� ��������������������������������������������������������������������������������������������

��&���� �������������� ��"#��$#�#!��� �����������������������������������������������������������������������������������

��'�� �#�(#������$#!)� *+��� ����, ����$#!��������, ��������������������������������������������������������

��'���� ��	�
�����
�����������������������������������������������������������������������������������������������������������������������

��'���� ��	�
��������������������������������������������������������������������������������������������������������������������������'�

��� ���,�,#� ����(���( ���������������������������������������������������������������������������������������������������������������������-�

����� ��+�����#�������������������������������������������������������������������������������������������������������������������������������-�

����� ���,�"�#�#!� �����������������������������������������������������������������������������������������������������������������������.�

��&�� /��� ����, ������ ������������������������������������������������������������������������������������������������������������������

&�� ����+#�!��� ����������������������������������������������������������������������������������������������������������������������������������

&���� ����+#�!��� ���0#�����������������������������������������������������������������������������������������������������������������

&������ 1#����� ������������������������������������������������������������������������������������������������������������������������

&������ 1������" �,2����#������������������������������������������������������������������������������������������������������3�

&���� ��$��#���,�� ������������������������������������������������������������������������������������������������������������������������

&������ 1#����� ������������������������������������������������������������������������������������������������������������������������

&������ 1������" �,2����#��������������������������������������������������������������������������������������������������������

&�&�� ���� ������+#�!��� ���������������������������������������������������������������������������������������������������������������

&�'�� ����� " ��� ����#�$4��5� �, �����,�,#� ����(���( ������������������������������������������������������������&�

'�� ��������� ���5�����+#�!��� ��������������������������������������������������������������������������������������������������������-�

'���� 1������" ��, ���������� ���5�����+#�!��� ���0#��������������������������������������������������������������.�

'������ ��"�����#��, �����#�� ������#�������� ������� � ������+#�!��� ����������������������������������.�

'������ 1#,�+�����#��, ������6� ��������������������������������������������������������������������������������������������������

'���&�� 7����#,����#��, ������6� �����������������������������������������������������������������������������������������������

'���'�� �#��#��� " ���"���6#���� ����������������������������������������������������������������������������������������

'���-�� �����6������!������� �����������������������������������������������������������������������������������������������������%�

'���-���� ��������#����$�#"#�#"��� ������������������������������������������������������������������������������������%�

'���-���� ��������#��, ��"������" ��, ���������#��, ��8��
������������������������������������������������%�

'���.�� �4�+#����#��"��#�$#�,���� ����������������������������������������������������������������������������������������&3�



��

�

'���� 1������" ��, ���������� ���5���$��#���,�� �������������������������������������������������������������������&3�

'�&�� ��� ���#��, ���#��$ ����������� ��#��, �� ���6������,�"���� ���5�����+#�!��� ��������������&��

'�'�� � � (��� �������� �, ������������� ���5�����+#�!��� �� ��, ����,�� ���#��, ��"�����#���&&�

'�-�� ���,�"�#�#!� �, ������������� ���5�����+#�!��� ���������������������������������������������������������������&&�

-�� �#������ ���5�����+#�!��� ��������������������������������������������������������������������������������������������������������&-�

-���� ��+�����#������������������������������������������������������������������������������������������������������������������������������&-�

-���� �++ ������,#5����������������������������������������������������������������������������������������������������������������������&-�

-�&�� 1������" ���"��������,��������#������ ���5�����+#�!��� �����������������������������������������������&��

-�&���� 9#� �, ���������� ���� ������������������������������������������������������������������������������������������������&��

-�&���� :7�%3��������������������������������������������������������������������������������������������������������������������������&��

-�&�&�� 9#� �"�,�� ����������#���� �;���� ����������������������������������������������������������������������������&��

-�&�'�� 9#� �:�����������������������������������������������������������������������������������������������������������������������'3�

-�&�-�� 9#� �, ����$��!#����, ������������������������������������������������������������������������������������������������'��

-�&�.�� < ��$���#� ��� �4������+���� ��=:��>� ��$���#� �,�����4��� ��=:���*?���>������������'��

-�&�.���� :���#� �����4�������+���� ��������������������������������������������������������������������������������������'��

-�&�.���� :���#� �,�����4��� ������������������������������������������������������������������������������������������������'&�

-�&���� @�#+��"�������������������������������������������������������������������������������������������������������������������������'&�

.�� 9#� �, ���!��������#��,���:�	�(#� ���"����������������������������������������������������������������������������������������''�

��� ��#���� ��@���+#�!��� ���������������������������������������������������������������������������������������������������������������'��

���������	��@A����/7�������9��<�����:�7��������������������������������������������������������-3�

��� �, ���+�����#�� , � �#�( ��5� "������" �� �#� ��� �� " ��� �"�������� ,���� ��� ��������� � ��5�

����+#�!��� ���$ 0����������������������������������������������������������������������������������������������������������������������-��

��� �"�������#��, � ���(#� ���"�,���� ����#������ ���5�����+#�!��� ���0#���� ����5���$��#���,�� ��

�$ 0���	�
�����
�����������������������������������������������������������������������������������������������������������������������������������-��

&�� �, ���+�����#��,2�� ��#�( �� ���6� �����+#�!��� ��#� ��� �� ��$ 0���	�
�������	������#���� �@,+��

� -��

�������&�	���
���@�@<������:�B
������������������������������������������������������������������-&�

��� ��������� ���5�����+#�!��� ���$ 0�������������� �������"���#�����������������������������������������������-&�

����� ����"���������������������������������������������������������������������������������������������������������������������������������-&�

����� � (� �����������������������������������������������������������������������������������������������������������������������������������-'�

��� :���#� �,�����4��� ��=:����>� ��� �����$�6���#���$ 0��������	������������������������������������������������-�

����� ����"����������������������������������������������������������������������������������������������������������������������������������-�

����� � (� ������������������������������������������������������������������������������������������������������������������������������������.�

�������'�	���7
<���7����������������������������������������������������������������������������������������%-�

��� �, ���+�����#�� , � �#�( ��5� "������" �� �#� ��� �� " ��� �"�������� ,���� ��� ��������� � ��5�

����+#�!��� ���$ 0����������������������������������������������������������������������������������������������������������������������%-�

����� ����"���������������������������������������������������������������������������������������������������������������������������������%-�

����� ������ ����������������������������������������������������������������������������������������������������������������������������������%.�



&�

�

��� �"�������#��, � ���(#� ���"�,���� ����#������ ���5�����+#�!��� ���0#���� ����5���$��#���,�� ��

�$ 0���	�
�����
�����������������������������������������������������������������������������������������������������������������������������������3�

����� ����"���������������������������������������������������������������������������������������������������������������������������������3�

����� 1���������������������������������������������������������������������������������������������������������������������������������������

&�� @,+�C��#�( �� ���6� �����+#�!��� �D��������������������������������������������������������������������������������������������-'�

����� ��$�6���#��, ������#���� �@���@,+���$ 0���	�
�����
�����������������������������������������������������������-'�

&������ �#�� 5� ���������������������������������������������������������������������������������������������������������������������-'�

&������ ������ �������������������������������������������������������������������������������������������������������������������������-'�

&���� ��$�6���#��, ������#���� �@���@,+���$ 0���	�
����������������������������������������������������������������3'�

&������ �#�� 5� � ��#6E ���+���������������������������������������������������������������������������������������������������3'�

&������ ������������������������������������������������������������������������������������������������������������������������������3'�

&�������� ����� ��� �� ��� ���$ 0���	�
�����������������������������������������������������������������������������3'�

&�������� < ��6�#"#,#"��� ��@��� ��@���, �@�/���#��� �� ��� ����$ 0���	�
����������������3��

&�����&�� �#������#���������������������������������������������������������������������������������������������������������������3%�

&���&�� 1����� �� ��"��$#, ��������������������������������������������������������������������������������������������������3%�

&���&���� 7#��$ �� ������"�, ����������������������������������������������������������������������������������������������3%�

&���&���� �#�,���#���, ������� ������������������������������������������������������������������������������������������������

&���&�&�� � ���, ���#������ � ��"��� ���#��, ���������������������������������������������������������������������������

&���&�'�� �5������#��, ����#���� ���#��� �C�7�7F��! � ����
������
���������������������������������������

�������-�	���7�
77��
�����������������������������������������������������������������������������������������

��� �, ���+�����#�� , � �#�( ��5� "������" �� �#� ��� �� " ��� �"�������� ,���� ��� ��������� � ��5�

����+#�!��� ���$ 0������������������������������������������������������������������������������������������������������������������������

����� 1�����#������#��� ��G������������� ���5���$��#���,�� ����������������������������������������������������&�

����� 1�����#������#��� ��G������������� ���5�����+#�!��� ���0#�����������������������������������������������&�

��&�� �����H��,8�� �����#�$ �"����!����� ��#����8���, �, ������������� ���5�����+#�!��� ������'�

��'�� �#������#����������������������������������������������������������������������������������������������������������������������������-�

��� �"�������#��, � ���(#� ���"�,���� ����#������ ���5�����+#�!��� ���0#���� ����5���$��#���,�� ��

�$ 0���	�
�����
�����������������������������������������������������������������������������������������������������������������������������������.�

����� <��(#� ���"� ����"������ �,��������#������ ���5�����+#�!��� ���$ 0���	�
�����
���������������.�

����� ����� ����!)� ���"��������,��������#������ ���5�����+#�!��� ���#�����"F,�� �,�����������

��&�� <8��$�6���#��, ����(#� ���"� ����� ��#�( �� �������!� �����+#�!��� �,8�����H�����������������������

��'�� �#������#����������������������������������������������������������������������������������������������������������������������������%�

&�� @,+��	��#�( �� ���6� �����+#�!��� �D��������������������������������������������������������������������������������������������%�

&���� @,+�� ���������	�
�����
�����������������������������������������������������������������������������������������������������3�

&���� @,+�� ���������	�
����������������������������������������������������������������������������������������������������������3�

&������ ���, �, ��8�"�������#��, �@�/�� ��, ��6�#"#,#"��� ��@��� ��@���,�������(���� �� �

���(�(#� ��3�

&������ � �$ ��$ �,8��$�6�� ����, ��6�#"#,#"��� ��, �@,+��������������������������������������������������

&�&�� @,+�� ����������� ���5�����+#�!��� �������������������������������������������������������������������������������������



'�

�

&�'�� �#������#��	���$�6���#��, ����#���� ��@����$ 0�,8���� �� ��)� ��+#�!��� �������������������������

�������.�	���
�<
7��
�������������������������������������������������������������������������������������'�

���������	�@�@<������:������������������������������������������������������������������������������������.�

�

� �



-�

�

�
��������������
��

���
�

�@��	������������	��

�����

@��	�6�#"#,#"��� �

@���	������������	�������������
�

�@��	��
�����
	����������
�

�<7��	��
�����
	 	!��������"	#�������
	$�
���%���

�1��	��#�� ������#��"���"�� ���$�6����� �

��9�		&�������
�����
	�%��''	(�
%�
�

�7�1���	�&%������	#�����"	�'	�
�����
	)�������
��"	���	$�'�����%
	��
��
�
	

�7����	� ���
���
�
������	����
��	��*%����	'��	����
�����

�
��7��	�&%������	���������	��	������������
	#%
�������
��"	��
�����

���	� 5���F� �"�����

��/�		����	�'	'%�������

����	�!�4�#�4��$#��$���,4���#���#���

��7��	�$�'�����%
	��
��
�
	#�����"	�'	��������

:���	�$���#� ��� �4������+���� ��

:����	�$���#� �,�����4��� ��

:���	�$�!$�#�"#�����4�!�4� �#��

:7��	�$ ����$#�;���#� ���

:7���	�+������������	
���	��

	����
�
����

<�:�		
�

��'�+�����,"���"�

1���	�������������(����	�������	

1/7�	���-��	'���
������	
%���'���
"�

1�<�	���������"��	
����


�7�	����� �I�! ��#�( �� �!�������#��

�6�	����� =�>�, �6�� ��

�?��	���#���� �;���� ���

�
�F7�B�	�./��
�*%�������

7
��		
���
�	�%�
������	��
"����+�
�
� �



.�

�

�
���������������������
������

�

�������������������

�

��6� �����	��)� ���"��������,���������������� ���5�����+#�!��� ���0#�������� ++��5��������������������������������

��6� �����	��:��$4��#�#!��� ��, �,�++�� ������� ������#"��� ��#��+���, ��6�#�#!��� �������������������������'-�

��6� ���&�	�<��� �, ������"�, ������������#���� ���#E ��@,+����	�
�������������������������������������������������������3�

��6� ���'�	�<��� �, ���#��$ ��������� ���#���� ���#E ��@,+����	�
��������������������������������������������������������3�

�

������������������

�

/�!�� ���	��$4�#!��� �, ����������� �� ��)� �����$#!)� ��,��! �� ������������������������������������������������

/�!�� ���	���	�
�����
		�� ��#,����#����� 5�� � ������� 5�� �����������������������������������������������������������������3�

/�!�� �&�	�1#��$#�#!� �, ���	�
�����
��������������������������������������������������������������������������������������������������������

/�!�� �'�	�9#� ��, ���!��������#���"������ ��,���������!�����#��, ����"#��$#!��)� ��$ 0���	�
�����
��'�

/�!�� �-�	�7������� �, ������+#�!��� ������0#������������������������������������������������������������������������������������������%�

/�!�� �.�	�9#� �, �6�#�4��$)� �, ��8 �!#����#�� ��"������" �,8����#��, ������+#�!��� ���0#����������������

/�!�� ���	���+�����#��, ��,�++�� �����4� ��, ������ " ���� �������"���#�����������������������������������������������'�

/�!�� ���	����������5�"������" ��, ���������� ���5�����+#�!��� ���0#���� ����5���$��#���,�� ��������&��

/�!�� �%�	��#�� ����, ���������� � ���#������ ���5�����+#�!��� ����������������������������������������������������������&.�

/�!�� ��3�	���� �����#��� ��� �:��%3C����(#� �, ���������� ���� � �����(#� �, ��1���;���� ��"�,�� �����

����?��,��������#������ ���5�����+#�!��� ����������������������������������������������������������������������������������������������'3�

/�!�� ����	�9#� ��, ���!��������#���"������ ��,����� �� "#, ��! �, �������#��+#�!��� ������������������������'��

/�!�� ����	�9#� �, ���!��������#��,���:�#��(#� ���"�=��	�
�����
>�����������������������������������������������������������'��

/�!�� � �&� 	� �#��� ���! �� ,8$#"#�#!� ��  ��� � � �� ���� �� �� , �� 6�#"#,#"��� �� @���  �� @��� , ��

��#���� ��@���+#�!��� ��=#�	����(�
���C���	�
�����
� ����	�
������>� ��$�"��� �������������������������������������'%�

/�!�� ��'�	��������������#��, �����#��$ ���	�
��������)&����������������������������������������������������������������3-�

/�!�� ��-�	�� ��������#��, ��8 5�� ���#��, ���������������������������������������������������������������������������������������3.�

/�!�� ��.�	��"�����, ����,�����#��#��, ����"�����#��, ��6�#"#,#"��� ��@��� �*#��@���, �@,+���������

��#������ � ��"��� ���#��, � �������#,����#��, ������#���� ������������������������������������������������������������������3��

� �



��

�

 ���
��!�"�
���
��#�

��
�

!$ ���������%%$�

�

����������������

�

< �� �$�"��!�#��� #�� "4�)� �� �#��� , �� #�!����" ��  ����4#� �C� ���F� #�� �����F� ������� �C�

�$���#�$4� �C��#���$�#�#�$4��� ����� ��#�!����" ���#��� �""#6�� �� ��$����#��#�$ ��	� ������6� ��, �

�$#�#�4��$)� C� ���� � � ,�( �#�� ��� G� ������� ,2�� � �#��� �  5���� �� � , � ���6#� �  �� ����� �� �

����#�$4� �C�������� ��#�������4"6�#� ���

<���������� �,���$��� �#������� ���(�!�����+�� �" ��, �,�����!� ��, �5��4� ��, �"���#"4�)� ��	�

� ���$�"��!�#���+���" �� �5�=�$��� ������� ������� C��#���+#�" �, �+���" ���#��$4�$ >�� !�#������� ��

"#������� �� �� � ��, �"��#�$4� �C� �� � �� � (�� ��=�$��� ����� ������� C���������� �#��#(#J, >��� �������

�$�"��!�#��� ,���� ,�"#��$��� �� �#��), ��� , �� "#��$#�#!� �� ,�++�� �� �� G� �2����� ����#�$4���� �

=+#�" �+���" �� �� >� ��G��2��������$#!)� �=+#�" �� (�� >�=�>��

�

<�� � ���� � +#�!��� �  ��� ����������� � ���� ��� ���� �� � ,2�� � ���#��  �� �#������ ,�� ��� �( ��

�8 �(��#�� " ��C���,��� ���6� �G������#������ � ��G�������(� �, ���$�"��!�#���=�>��<�����#��+#�!��� �

 ����� ��������� ����,�" ���#�� �� �,4��"��� C�,#�������#"�#����#��(��� � ��+#����#��, ��2 ��)� C� �C�

�#��� �$��� �  ��)� C�  �� +#����#�� , �� �#�,���#���  �(��#�� " ���� ��� ��� �  ��� �#������� �

"�E#������ " ���, ��#�4����$���, ��=K%3L>C����"��� ��� ���!����� ��=MF�C&F!����� �C�MF�C.F!����� ��

N*F�OF�C&F!����� �>C� �$���� � =�#�4")� �, �
F����4�!���#��"�� >� ��"����� �� ="���#��#���� �>� =&>��

<�� ���#�� +#�!��� �  ��#�� � ��� " "6��� � ����"��� C� ���$ �  �� ����, �� 	� ����#��C� ��$��!#����, ��  ��

!�4���#�$#��$#����, ���< ������������#����������" "6������ � ����2 �!#����#�C�G��8�������,���$#� ����#��

�#��� � ��� ���� ��"�""�+)� ���� ����#���� ��,8�����H��"�E ����#����!�� " ���� ��#�(� �������( ���

, ����" "6��� �����"��� C�,#���, ����#���� ��G����� �!�4�#�4��$#��$���,4���#���#��=���>��"������ ��

,������������,����#��, ���!���5�#������4��$)� �, �������#��+#�!��� ��

�

< �! �� ��������	������������ �������$4��"�, �����#"4�)� ��=���#"4�#��>� ������#��F�$4��"�

7���$��#"4�#����� � !�#������ � �� P� (�� ��(��� �P� ='>�� ��� �#"�� �,������, �&-3� ��)� ��, � � (�� ��

�6�������� ���<����������,8 ��� � �� ���8#�������������������, ���#������ �G�&�Q�C� ��� �� ��� �"��#�����

,8 ��)� ��= �(��#���3L>� ����"������ � �����$#�#!� �$�"��� �=(#���������#��>�=->���

< �! �� ��������� ����� ������!�#�� ��#�4�$4������ �=/�!�� ��>��<����������, �� ��)� ��, ���������

������"������ �� �����$#�#!� �$�"��� �������� �� ���G����"H" ����, C�� ����, ����C�����������������

��� �#, � !������� � ��� �����+� 	� � � �#,#�� �
��  ��� ���,����  �� ����� �  �� �#��  �� � ���� �� � � ���, �



��

�

��������� ���H�� �,�(���� ��, �5� �#��F���, ��	� �2��� �#�� �����, �� ��)� ��,���#J, �� +���� �� �� ��

���$#�#!� �$�"��� ��#"" ��������	�
�����
0	��	 �������
�
�  ����	�����
�
�
�
C� �2���� ��#�� �����, ��

 ��)� �� $���#J, �� ����� ��� �� ���"�� � ��� �� �� ��	 
%
��������� <2 ��)� � ��	 �
������� ������� ��� ���

7���$��#"4� ��� � C� ��������������" ���������, �R���=�+�
��������	�%�
�������>�	�� �� � � (�� �

$���#J, �  ��� !������� " ��� ����� ��#�$ � , �#���+����"��
	 ����(�
���C	�� � , �� ���� ��  ��)� �� ,��

! �� 	�������	�����=.S�>��

�

�

�������!�"� &'�(�)*�������%��*+�%�������%,+���%��&(�,*��������*������������%%$�-���%�)���� �%(*.�/0!1�-233�

�

�����������	�
�����
	

�

��	�
�����
� �������! ����#"" �����, ��"��� �� ��,�! ���( �C�� ������#�� �� ����#F!������ ��, �

�2$#"" C� ��)�� ��� " ��� � ��#�(�� ,���� �8 �(��#�� " ���� ��� �8�!��� , � �8 ��)� � ��� ����� +���� "" ���

��#�� � �����$#�#!� �$�"��� �=%C�3>��

�

������ ������1��
��*%�
	�1�1��*%�
	

�

��	�
�����
�  ����� � ��)� �,���#J, ��7#��!��#" � ��� �#��������, ����.3-�'������� ��, �6�� ��

=�6>� =!��#" �$���#J, � 	��-�'�&��-3��6>C� ������� ��  ���� �$�#"#�#" �� =�� G��� ���>� ��.����!)� ���

7 �� ��� �"��#�����=�.C&&L>�, �� ��!)� ��������(���+�� C������������=��C�&L>�� �� ��#������������� ���



%�

�

<������ �� ��#"��)� �,��!��#" �, ���	�
�����
�=�#��$ �, ���+�� �� �7�-&�'>���������6��� ��#������

�� "�)� �+#��� ���33'����� � ���, �������!���)� " ����#"����� � ��"�� �G�E#��C� �� ���,���#��6� �,����

���6�� �, �,#��� ���������	������	������
�	=$���	**TTT����,�,�! �#" �#�!>�=��C��>��

< � �#�4"#��$��" � �������� �  ��� +���� ��� �$ 0� ��	 �
�����
�	� ����� , � .3�333� 
���
�	 �%�
������	

��
"����+�
�
� =7
�>�#�������,�� ����� �#���, � ����#"������#��, ������ �� ��, ��, �5����)� ��, � ���

�#��$ � 7�-&�'C� �#���  �(��#�� ��� 7
�� �#�� �� � �� �&�� 6�� �� =��>�� ���� �#"������#�C�  �(��#�� ��� 7
��

�#�� ��� ���&33�6�� �� ���,�������#���� �!��#" �$�"����=�&>��� ��"�����#���� ��#�������������� ��, �

"���)� �$#"#!)� ����� ���,��!��#" � 	�#�0 � ��!�#���$��� " ����#�4"#��$ ��#������� �, ���+�� ��

�$ 0� ��	 �
�����
C� ���"�� � ��� �� �� ��� ��!�#�� 1�<� =��������"��	 
���>� ���� �#"�� �,� � �� !)� ��

��� ����� ��G����� ��#,����#��=��>��

�

����� ����"#, ��, �� ��#,����#��#�������,��������$ 0���	�
�����
� 	��� 5���=� ������+���� ��>� ��

����� 5��� =/�!�� � �>�� � � , ��� �� �#����� �  �� ��� +���#�� , � , �5� � ���� �� ,���#J, �� �#��� ,#�� �� �� �

� ���� ��������#J, C����C������ �� ��#�� ��� �, ��$�#"#�#" �C�� �#��� �G��8�����,���#J, ��� �"#, �, �

� ��#,����#�� ��� �#���U������� ��� ��������#��"#��$#�#!��� ��+�������*%�� =(#�������� �#��>� �� � � �#����

1�<C� �#��� � �� �� , �5� ���)� �� #��� ���� ,������� �$ 0���	 �
�����
� 	� ��  �� O�� 7 �� �� � �� � ���� �����*%��

$#"#04!#� �� �#��� � � �#����1�<C� �*�� #�� O*OC� �#��� ����6� �� , � � ��#,����#�� ����� 5�� � =�'>�� � �

"#, �, �� ��#,����#�� ���� ��+���� ����$ 0���	�
�����
�	������, �%3L�, ����#������������ ��, �� �� �

 ��)� ��#��� �� ++ ��$����#04!#� ���#��� � � �#����1�<� =�'C�->��� �"#, �, �� ��#,����#���#����6� �

�#�� +#���G����,�( ������!������� � ���$��#�4���� �, ���	�
�����
�	����+�(#��� ����+#�"���#��, �� ���� ��

�� ���#J, �C� !������� " ��� ����� �����6� �C�  �� � �� � �#"6�����#��� !������� �� =�.>�� ��� �������� �

�!�� " ���G� �8�,������#��, � ��� � (�� �G�,�( �� ���������#���, ���� ��C��#"" ����� 5 "�� � � ���� ���

#54,���+�#��������� �� �, �"#����� ������+#�!��� ���

�

������ ������1��
��*%�
	����+�
���*%�
	

�

��	�
�����
�� ���� ����� �� ���#�����#���+#�" ����������� ��	�� (�� C��� �,#F+���" ��� ��+���" ���

=/�!�� �&>��<�� +#�" � � (�� � ����� �� ���� � �#�, �G�#(�� �, �'F.�5�.F�3�V"C��4���� ������������, �� �

"������� ������6#��! #�� " ����<��+#�" �+���" ���=#��$4�$ >�� �,�( �#�� �G��������,8�� �� (�� ��#��

6#��! #����� �=#��6����#��#� >�	������ ��#��������#���8 ���#6� �(� ������( ���, ����E#����#���( �����

� ���� F")� �� < � +���" ����#��), �, ��6#�,��������)� �� ���� �#�� � ��� �#�!� ������ �8��( �� C� ��� +#�" �

�� �,#F+���" ��� �������������� ������������ �� �,8�� ��#��������#�������( ���, ����E#����#���( �����

� ���� F")� C���������8G��$��� � E#����#�� � �#�,��� ��� �����C� ��� ���! ��� �� ��� �#�!� ���, ���� �,#F

+���" �����#�����)��(����6� ��=�-C��C��>��<����������#��"#��$#�#!��� �� (�� F+���" ��� ������#��� �G����

���������,2��(���#�� ��G����(���� �� �, ���	�
�����
�=(#���������#��>�=��C�%>��



�3�

�

�

�������/�"������	�
����"���%�(��+��(*�������)�����%�������)��-�4�%�,���*�.�/0!5�-!533�

�


� ����� ���������#��"#��$#�#!��� �������,����� ��$ 0���	�
�����
�	������������#���+�������*%���

<�� +#�" � � (�� � ��� ����� +���� �� C� ,�� � �+���C� � ��� �(#�� ��  �� �� � +#�" � � (�� � ,�� � ���*%�C�

���#�!� C��#���,������ ����#����!� �� � ���!�� " �������6� �, �� �"������� ������6#��! #�� " ����

� �� ���������#�C��#""� ������� ������#��, ��8��� ���, ���#�#�� ��, ��, �5�+#�" ������"��� ���#��, C�

 ����#��"" ������#��� �G�������������, �� ��#,����#������� 5�� �, ���	�
�����
��<����������#���+����

���*%�� ���"�E#������ " ���,����� ��#���� ��� ���� ��$#"#04!#� ���*��#��O*O��#���� ��#����)�!0� �����

���������, �� ��#,����#��, ��� ���� �����*%���*��#��O*O� ��������,8���"����#��, � +#��������� �� �G�

� �� � , �� � ���� ���+����� � �� � ���� �� ���*%�� $����#04!#� �� �#��� � � �#����1�<� #��� �!�� " ��� ����

"�� ��  �� �(�, �� C� "���� � �� �F��� �#��� ������6� �� , � � ��#,����#�� ����� 5�� � =�3>�� �8���� ��

,�++�� �� �� 5��� ��� ��� �� ��� ���� ���+���� �����*%�C� ����������� �� ��� ������#�� �� ��8��� �����#��

�( ��� ��� ���� ��,���4��)" ��""������� �, ��8$U� C�#�� ��#� ����(���� �� �=�-C��>��< ��� ���� ���+����

�#��), ��� �� � (���� �� � ������ �� � ,���� ,�++�� ����"#,)� �� , � ���,�,#� �� �4���"��� �� ="#,)� ��

"�����#��( ���6����#���#��0)6� >�����8��( �� C�� ��� ���� �����*%���#���������,���� ��G�����#�#������#��

, �� ����� �����$ �������+��� �C��#"" ����� ���=�3S��>��
���$��#�4� ����"C������ ���� �� ��������

��� �"�,���� � ��� �� ��+#�" ���+���� �����*%�C������ "" ��������, ���+���=�-C�&>��< ��� ���� �����"�

�#��� , � � ��� � ����� �  �� �#��), ��� �� � ���#�� ���� �� �#"" � � �� � ���� �����*%�C�  �� �� �#��), ��� ���

'����

� ������ ��� G� � ���� , �� � ���� �� �+���� ,���� , �� "#,)� �� , � �#�#������#�� #�� ,8��+ ���#�� , �

���+�� ������$����� ��=� ��� �����!� >�=�->��



���

�


�� �$��#�4� � �
�� =��
�������
����

"	 ���%���	 ����
�����>� �� �!�� " ��� ���� "���  �� �(�, �� �

��� "" ����1#��$#�#!��� " ��C� � �� � (�� �� � �� "6� ��� G� ��� +#�" ����*%�C�"�����#��), ����� �

���#������ ��� ��$��#�4� ��#��(���� ��� ������#����G����� �������� �, ��� (�� ��G��8������#"" ��������

� ���,����������!����#F��� �������, ��8$U� �=�-C�'C�->���

��+��C�  �� �#�,���#��� $#���� �� �#"" � �8$4�#5� � #�� ��� ���(���#�� , � �����" ���C���	 �
�����
� � ���

��#,��� �, ���$��"4,#��#� �C�� ���� ����$����� ������������� ������������� �� �,8�� ����#�������� ��

� ��+#�" ���8#����#�� +#���E�"��������#6� �(� ����	(�(���

�

�

�������1�"�	(�%&(�(������������	�
����-�4�%�,��������'.�/0!!�����(6.�/0!1�-!7./833�

�

�����������	�
������	

�

��	�
�������  ����� � � (�� � �#"" ���� �, � ���� ��� ��, ��"��� �� ��, � �2$#"" C��!�� " ���

���� �� �,�����8 �(��#�� " ���=(�!����5C��#�C� ��C�#�� ��5C�W>�=�.>������8�!���, ��2 ��)� ��#�F�
�����
�

��� ����� +���� "" ��� ��#�� �  �� ���#� �  ��  �� �"����� � ,�� 
#�,� ,���� � �� ���,�,#� �� ��(���( ��

=%C��C��>��

��	 �
�������  ���  �� �������� ��� �#"�� 5 � ,8 ��)� �� � !�#������ ��	 �
������	 
��
%	 
������C� ��	

��(�����
�
�  ����	��������
�
�� @� ���� ����� ������, �� �������������� ���$��#�4���� ����#�$ �C� , ��

,�++�� �� ���"�#����� �� 5��� ��� ��� �� ����#��� ��)� �C� ����������� �� ��� �" ��, �� ���6��������5�

����+#�!��� �����	��(�����
�
�  �������  5 "�� �"#���� � ���6� � ��5�����+#�!��� �� �0#���� =+���#��0#� C�

�����#��0#� � ��(#���#��0#� >��� ���	�
������	
��
%	
������� =�%C&3>��������"�������C���	�
������	
��
%	


�������� ���,���!���������	�
�������,����� ����(�����

�

�



���

�

������ ������1��
��*%�
	�1�1��*%�
	

�

�#"" � (�� ����� $���C� ��	 �
������	  ��� !������� " ��� ����� ��#�$ � , � #�	 ����(�
���	 �� � , � ��	

�
�����
�� ��� �8�!���,8�� � ��)� �$���#J, C�,#��� ��� ���� �� ��#"��)� �,��!��#" ������� ������� " ���

��6��� � ���33&�=&�>��7#��!��#" � ����#��������, ����&&��&3-��6�������� �� ���&��$�#"#�#" ��=��G�

1>������#���C�-�%&�!)� ��#��������, ���+����G�� �E#����#���� �� � ��)� �	�� ����'C�-L�,8 ��� � �5�#���

����(���+���� =,#��� ���������	������	������
�C� �#��$ ���	�
������� �@7�&�>� =&�C&&>�����#� ���� �

�--�� =�%C-L>� !)� �� �#,���� �#��� , �� ��#���� �� �$ 0� ��	 �
������� �8#��� ���� ,8#��$#�#!� �� �$ 0� ��	

�
�����
�	�, �"H" C���-��=&.C&L>�!)� ��, ���	�
�����
��8#�������,8#��$#�#!� ���$ 0���	�
�������=&'>��

< �"#, �, �� ��#,����#��, ���	�
������� ��� 5�����( " ����� 5����

�

������ ������1��
��*%�
	����+�
���*%�
	

�

��	 �
������� ���� �� � , �5� ���������������"#��$#�#!��� �� ���� ����#��� G� ��	 �
�����
� 	� ��� +#�" �

� (�� � �������������� ������� �� ��� ������ C��F'�V"C� ��� �� � ��)� �� ��#��), �����, ����������, �

+���" �����#��� 
� � +#�" � �� �,#F+���" ��� �� �#�� +#��� ���� ,����� � ,���� , �� �#�,���#��� , � ������ �

���������)� �� 	� "��� �� 7<��� =
�
��	 ��������	 
���(�����	 �����>C�  �C� ��	 (�(�0� ���)�� .� "#��� , � �#F

����6���#�� ������ �� �, �"���#�$�! ��"������=&-C&.>��� �� �+#�" �� ��������#��� �G��� �(���� �� �

��!" ��� �=&.>��

�

��'��#�(#������$#!)� *+��� ����, ����$#!��������, ��������������

�

< �� � (�� �� ,�� ! �� ��������� ����� �#��� , �� ���$#!)� �� #��#������� �C� ����6� �� , � ���� �� ,��

�#"" ������" � G� ��� ���$#!�������� �#��� �2��+�� �� � , � +��� ���� ����� G� �2$U� �  �� ��5� � (�� ��  �� �F

"H" ��=�%C&�C&�>��

�

��2��� ��	�
�����
	

�

� ��#"6� �5�"������" ��, ����$#!��������#�������,��������#�����	�
�����
���


��, �����������5� ����#���#�4"#��$��" C� �� ����������� ��� �,�"#��$��" �� (�� F+���" ����<��

+#�" � � (�� � , � ��	 �
�����
�  ��� �"������ � ,���� ��� �#�#������#��  �� ��� ,����"�����#�C� ���,��� �� � ���

+#�" � +���" ���  ��� ����������� � ���� �� � �"�#����� � ��������� ,8��(���#��� � � �#"6� �5� +��� ����

 �(��#�� " ����5� ��+�� ��� ���� ��� "#��$#�#!� � , � ��	 �
�����
�� <�� +���" �����#��  ��� �#��"" ���

��,��� ����� ��� � "������� ��$4��#�#!��� � =&�Q�>C� ������� �� �, �����"C�, �
F����4�!���#��"�� �#��

, �������������8�� �+��6� ��#�� ������#�� ���0#� ��� ��,�++�� ������!���5� ����X� ����8����(���#��, ����



�&�

�

(#� �"�,�� � ���� ��� ��#���� � ;���� � ��  �� , � �#�� +��� ��� , � �����������#�� � �"����� �+!�� =��+�����	

'�
������%
	�����+	�>C�G��8#��!�� �, ��8����(���#��, ����+���" �����#���<��+���" �����#�� ����!�� " ���

��,��� ���������:��� (��=K�>�(����8����(���#��, ����(#� ���"� ��, ��#��+��� ���, ������������#��� �"�����

��"�3�� =(#��� ����� �#��>�� < �*%��%�	
��
���C�"�,���"�E#������ " ������� � � +�����#�C� � � �4�#�#�� �� � �

,#,����#�C� ��� �(� ���������,���� � ��#���U� �, � ���"#��$#�#!� C� +�(#������� �����#������ ��#���+#�" �

� (�� �  �� ���� �� � ,8�� �, ������ � ������� � �� (� � �� �#��� +#�" � +���" ���  ������ �� � ,8�� � �����

+��6� � , ������ � ������� �� < � �#������ �( �� �� � ���+�� � ��+�� �� � �!�� " ��� ��� "#��$#�#!� � , � ��	

�
�����
�� ����  5 "�� C� � � �$�!"#��#���" C� ��#������ � ,���!� � , �� +���" ���� ���� � ��� �#������ �( ��

� ����� �� ���+�� �C�  ��� ��� +��� ��� , � (���� �� � , ���	 �
�����
�� � �"H" C� ��� +#�"���#�� , � 6�#+��"�C�

�#��������� , � � ���� �� �#��� +#�" � � (�� �  �� +���" ���  ��$Y��� �� ,���� �� �"����� �  5���� ������� C�

�#����6� �G�������$#!��������, �� �� � ��)� ��< ��� ���� �� ��6�#+��"��#��� �� ++ ��� ����� ���6� ����5�

"������" ��, �,�+ �� ��""������� ��, ��8$U� ���������8��5������ " ��������+#�!��� �C� ��� ��� (�� ��

,��� ��� �� G� ������� , �� 6�#+��"�� #��� �� � (���� �� � �� (� �� �8���� �� (#� �� , � ��!��������#��

��� �(� �� ���,���������!�����#��, ������������#��� (�� F+���" ����$ 0���	�
�����
C����"��� ��� �� �����

(#� � , �� 1��� =������������(����	 �������>� ;���� �� � ;�C� ����(� � ����  5 "�� �  �� ���#�� � G� ���

,#""�! ����������#�������� ���#�"#���� � �������!���(���� �+��� ���, ������������#����$�C����(#� �, ��

1���;���� ��:#!��=+��+	�
��
����"	�
"����
>C�����(� � �����#�� �G������� ���#�"#���� �#��#54,���+C�

 ��� ��(#� ���+,�� ���#���=/�!�� �'>�=�->��

�

����� ������#���� ���#����!�� " ������#��� ��G�������$#!��������, ���	�
�����
C�,#���	�

� < �� �,$���� �� = 5� 	� ���&C� :T��>C� ��#���� �� � ��#���6� �� , � �8�,$���#�� , � ��	 �
�����
� G�

,8���� ��� (�� ��#��"���##�!����" �C���5�� ���� ��, ��8$U� �#����5����+�� ���6�#���� ���

� < �� ��(���� �� = 5� 	� ���&C� 7���>C� ��#���� �� � �" ������ �8��(���#�� , �� � ���� �� $U� �� ����

 �,#�4�#� �� �� �#� �� ��8��� ���� � "������" � ,8��(���#��  ��� ,������ �$ 0� ��	 �
�����
C� ���

���������#�� ����( C� ���� �#������� H�� � +������� � ���� � �� ��#���� �� 7��� =#�������	 �
����"
	

������
�
>��

� < ��$4,�#��� ��	���#���� ��= 5�	���#���� ��7��>C��$#��$#����� ��= 5�	���6�� ����6->� ������� ��

= 5�	�<���>��� ����#���� ��+������ ��� ����8��(���#��, ��� ���� ��$U� ���������������#������( C� ��

�#� ������� ��� ����8���������#��, �������" ���� 5���� ������� ���


��!���,��#"6� �, �� ����#���� ���#��������+��� ��, ����+#�" �+���" ����

�

��+��C� � �� ���������� ,8�,������#�� "���6#���� � =�����" ���C� "����5C� W>�  �� ,8�,������#�� ��5�

,�++�� ������� ��� �(��#�� " ����5� =�:C�� "������� C�#�"#������C���� ���#54,���+C�W>��#���������� ��

�#��� ��� ���$#!�������� , � ��	 �
�����
�� � �� �F��� �#��� �#��"" ��� "�,�� �� ���� , �� (#� �� , �

��!��������#�C����"��� ��� �� �����(#� �, ���!��������#��,���:�#��(#� ���"�=(#���������#��>� ��� ��(#� ��



�'�

�

, ��1���;���� �C� ������� ����#���� ��, ��$#���$ �"��� �, ����+�"��� �:7��=+���	
+���	�������>�,#���

:��%3�=(#���������#��>�=&%C'3>��

�

�

�������5�"��(����������*�������(*��9%��:�)�����*������)������(*�������9(�%&(�)*,���+&�;������	�
����-�4�%�,���(���.�/0!7�

-!833�

�

��2��� ��	�
������	

�

� �� , � ,#��� �� �#��� ,���#��6� �� ���� � ��"������" �� , � ���$#!�������� �$ 0� ��	 �
�������� < ��

"������" �� ,������� �#��� ��	 �
�����
� � � �#��� ���� �#��� ������#��6� �� G� ��	 �
������C� �#"�� F� ���

,8�"�#����� ��,�++�� �� �� ��� �� ��, �5� ��)� ���

<8�,$�� �� �E#� ���������U� ��"�#������,�������(���� �� �, ���	�
������������#��), ��� ����������

,8�,$���#�������� �� �G� � �� �, �#�	 ����(�
���C�  ��)� �!������� " �����#�$ �"����� �����$#!)� ��

9��!�F��#��� �,$���� �� �"������ �� ,���� �8�,$�� �� � ��5� � ���� �� ����$����� �� $�"��� ��  �� ,���� ���

+#�"���#��, �6�#+��"��#�������,����� ���$ 0���	�
������C�,#������!�#�� �"�E ��� 	� � ����#���� ������

=����+�
��
	��+�
��>��



�-�

�

��	 �
������� �#��), � ������ �� � !���, � ��������� ,8�,������#�� ��5� ��� ���  �(��#�� " ����5�� � �

����C�� �� � ��)� � �������6� �, ������� ��G��8�6� �� �, ������" ���C�� ���������� �" ���#��"" ���, �

���(�(� �  �� , � � ����� �� G� �8������ ��� , �� "���#�$�! �C� �#������ " ��� G� ��	 �
�����
�� ��+��C� � �� �

 ��)� � ����������)�� " ���� ��� ���6� ����+���#��0#� �=&'>��

�

/$ #�*���(�����*<���<���

�

�������� �����  ��� � � �� "� �� �! ��� � ��#���6� � ,2��+ ���#��� +#�!��� �� ��(���( �� ,���� � �� ��4��

,�( �#����� ��� �� �#�,������( ���"#�,���C�, ���)� ���"�������%
��������� ���G��2#��!�� �,2��+ ���#���

��� �+��� �� �� +���� �� ��  �� !������ " ��� 6���!� �� =��� ��� �� , � ��� � ��C� , ��"��� �� �� #�� , ��

�$��)� �>C� "���� �!�� " ��� ,2��+ ���#��� ��(���( �� ��� ��#�#����� ����� ��()� �� 7 �� �� � �� , ���)� ��

� �#���,�( �#��� ������������� ���

<2 ��)� ���������+���� "" �����#�� � �����$#�#!� �$�"��� � �����	�
�����
C�� ��#���6� �, ��3�G�

�3L� , �� ���,�,#� �� ��� �+��� �� ��  �� ��#+#�, �C�  �� , � ����� , � -3L� , �� ���,�,�"� ��� � � �,���C�

, ����� �� ��� �� ���� �C� ��� ��#�#���#�� ,2��+ ���#��� ��(���( �� ,� �� G� , ��  ��)� �� �#�F�
�����
�

��!" �� � =-C'�>�� < ��  ��)� �� �#�F�
�����
� � �� ����� +���� �� �� �#��� ��	 �
������C� ��	 �������
�
C� ��	

�����
�
�
�
� ����	��%
����< �� ��)� ����	�%�

��������C���	
%
�������C���	��'"��� ���� �� ��� �� ����G�-L�

, ����#�����������, ����,�,�"� ��='�>��� �� ��(#����#���#�������H�� ���� �����$��! " ���, ��������� ��

"�,���� �� =�� �������#���,2����+#�!��� �C�! ���#��, �����$�� ��>C����(� ������ " ���, � ����#������#�C�

"���� �!�� " ��� G� �2�"���#����#�� , �� � �$���� �� ,��!�#����� �� ,2�, ���+�����#��� � �� "#,�+�����#���

�#�,��� ����!�� " ���G��8�" �! �� �, ��#�( �� �� ��)� �����$#!)� �C�G��8 5 "�� �, ���	�%��
C�,#���

� ������� ��#����� ���� �� ��� �� � ��������� � ��#��� � ��5� ����+#�!��� �� �0#���C� ��$��#���,�� ��  ��

�"�$#������� �@�='�>��

�

������+�����#��

�

< �� �" �Z����,�,#� ����(���( ��[�� !�#�� �� �����,�,�"� ��=��#� " ���, ��������������G��������

,2$�"#������ �>� ��� �����,�,#� ���4���"��� ��#�����,�,#� ��,����"��� ��#�����,�,#� ����#+#�, ��

=��#� " ���#��#6� �(���#��, ��������������G��������,2������ ��#�"�� " ��������� >�	� �,#�$���"� �C�

��+ ���#��� ���� ���$�� �C� �$�#"6#�$��6�� �C�  �,#���,�� �C� ���$��� �C� #���#"4���� �C� ��#�,4�#,����� �C�

"����!�� �C��4��#���$��� �C����,�,#� ��$����#F�������� �� �������#��� ��='&>�� �����,�,#� ��#����� �

#��!�� �� �������#�( ��� �,#!)� �=G��������,2����������#�#����>C� �����+#��� 5#!)� �=���$�� �C��#�������

 ��� ����� ����#���( �� � �� ��#�� �� �#�!����>�� < �� ���,�,#� ����#+#�, ��� �( ��� +��� � ���� �G��� �

���,�,�"� C� ,��!�#������ � #�� �#�C� #�� ������ �� , � �8��#������#�� ,�� �� � , � � (�� �� ��� ��� � , �

�8��+ ���#��=����, �����,�,#� �������#���� �����)���$����!� �,�! ���( >��



�.�

�

�������,�"�#�#!� �

�

<2����, �� � , �� ���,�,#� �� ��(���( �� �� � �� " ��� ��!" ���� ��� �#���� , �� ��#��� , ���)� ��

,�� ��� �C�  �� �� �� �( �� � � ��#!�)�� "�,�����  �� �2��!" �����#�� ,�� �#"6� � , � ���� ���� G� ����� �	�

���� ���� �""��#,����"��C� ���� ���� �4���� ��6�� , �� ��#��,�� �� ��(���( �� #�� , �� ����"����" ��

��()� ���� � �,���C�, ����� � ������ ���333C� �2��!" �����#��, � �2����, �� �, �����,�,#� �� ��������

+��6� �	��� ����6�������#�C�(#�� ��� �,�"�����#�C�,���#"6� �, �� ����+ ���#��� ���"H" �#6� �(� �,����

� ����� �� ��!�#��C� G� �2 5 "�� � , �� �����F����� =��C'�C''C'->�� � �� F��� �2 5����� ����� ���� � �

,�( �#�� " ��� �� � �� �+#�� " ���, ��" ��� ��,2$4!�)� � ��, ����( ���#�C��������� ����� �2����(� �

, � �#�( ��5� ����+#�!��� �� �����  ++���� ��	� ����0#����  �� ��$��#���,�� ��� �� � � E#��C� � �#�� � ��

 ���"���#��C� �-3333�G� �-3333� ���,�,#� �� ��(���( �� � ��� ��� ,��!�#������ �� �$��� � ���� �,���� � �

"#�, C�� ��#���6� ��, ������, �-3333�,��)���������=�3C'.>��<8����, �� �, �����,�,�"� �� ��C� �� C�

 ���"� � ��� ���G��'����*�33333�� ��#�� �*��������( ���"#�,���C� �� ��� ��C-� ��&C.����*�33333�

� ��#�� �*��� ��/���� �=�3C�%C'.S'%>��

�

< �� ��+ ���#��� ��(���( ��G���������������#���,����� �� �� ��� �� " ���,���� � ����4��,�( �#����C�

��#6�6� " ��� ������#��, ��+��� ����, ������ �����������#!�)��"�,������<��,���#��6������, ��"#4 ���

,��!�#����� ��  �� , � ���( ������ �  5����� � �!�� " ���  �� ����� � � �� � ���������#�� ���!�� �� � ��

��+ ���#��� �#��� �#���,��� �� �#"" � , �� +��
�+������

�������	 ��
��
�
C� ���� " ��� ,��� , ��

���$#�#!� �� ��� �� ��5� �#���� =-3>�� �2���)�� �2���, � 7����C� � �� � (�� �� ,�� ! �� � �������� �����

� ���� �� ��� ��� � � '
)" 

� �! ��� � ��#���6� � , � � �����"� �� �#�#�#"��� ��  �� �����"���#�� =-�>��

�8���� �����, ����!!)� ����� ��������������� ����� ���������U�� ��� �� ��
)" 

� ��� ��3
)" 

��! ���� ������

+���� "" ���� ��#���6� �, �� �����"� ��,��������#������#��!������ �='.>��

< �����,�,#� ����(���( ��� �( ������( ����G��#���Y! C�"�����#��������+���� �� ���$ 0�� �� �+�����

 �� � �� ��E ��� Y!���� <2����, �� � , � � �� ���$#�#!� �� � ����� �!�� " ��� ������ �� � �$ 0�� �� $#"" �C�

��#6�6� " ���  �� ����#�� , � +��� ���� +�(#�������� ����� +���� ���� =(#��� ����� �#��>C� ���"�� � ��� ���

$�"#���$� �� ������"����" ����()� ��='�>��

�

��	�
�����
C���	�
������� ����	�����
�
�
�
��#���� ����������� �� ��)� ��� ��#���6� ��, ����,�,#� ��

��(���( �C� � ���� ������ G�  �� �� ��#��� �3� G� %3L� , �� �#��$ �� ��#�� �� �$ 0� � �� ���� ���� �#��

� ���#������ ��=%C��>��<��,�����6���#��, �� ��)� ��(��� �� �#�� ���!�#!���$� ��<2���, �7�
��\���"���

 �� �(�, �� � �� � ��#�#���#�� � �� " ��� ����� �"�#����� � , � ��	 �
������� ,���� � �� ���,�,�"� ��  ��

���#� � =�-C�L>�#�� ���"����� �,��
#�,� =�&�-L>����� ����#���G� �8�"����� � ����� � =-C�L>C���#����� �

�2��( �� �������#6� �(���#�����	�����
�
�
�
�=�&C�L� ����C�L��#��� ��-C.L�� �� ���( " ��>�=-�>��� �� �

, ���)� � ��)� � ����!�� " �������� +���� "" ��� ��#�� ��� ���	�
�������  ����� ��������� �,���� � �



���

�

7�,�, ��8���#� �='.>��� �������+��� ���������G��2$U� ���+�� �� ����!�� " ������+���� �� �, �� ��)� ��

=���$#�#!� ��#��FE�� �� C�Y! C����� �� ��( ��� �� �, ����$�� �>��<2 ��)� ���	�
�����
����,#"�� � ��

�����"���#�� �� ���$����!� C����,�����2 ��#��#F$�"��#�#!� C�� �� ��)� ���#�F�
�����
C��#��"" ��	��	

�
������C���	��%
��� ����	�������
�
0��#��������+���� "" �����#�� ��='�C-&>��< ����+ ���#�����(���( ��G���	

�
������� �#�������� +���� �� ���$ 0� � ���,��� �� �� ��E ���Y!��C���#����� ���	�����
�
�
�
�  ����#�( ���

� ��#�(���$ 0�� ���#�( ��5F���� �� �+�����, �"#����, �, �5�����=-'C-->��� �� � ��)� � ����!�� " ���

+���� "" �����#�� �,����� �����,�,�"� ���������$�� �C� ������#��, ������������������ �G�+#�" ��, ��

6�#+��"�� ��G�� �,�( �#�� ������� ��"�������5�=-C'�>��

�

< �� ��+ ���#��� +#�!��� �� ��(���( �� ,� �� G��������� ����� �#��� ���#��� �� G� , �� ���5� , �"#��������

�� (��C������� ����G�� �5�#6� �(���,����� ����+ ���#���6������ �� ��#��(���� ��	�"#��������!�#6�� �, �

'�L� ��"#�������������6��6� �, ���L�=�3>������� ��"���#����#����!��+�����( �,����#�#������2������"�� �

 �� �(�, �� � � �� , ���)� �� ���� �C� "��!��� �2��������#�� , � �#�( ��5� ����+#�!��� ��  �� � �

,�( �#�� " ��� , � � �#""��,���#��� ���� ��� ���� �  �� �$��! � , �� ���,�,#� �� ��(���( �� ='�>�� < ���

,��!�#�����,�++���� � ���#�( ������,�+C�����G�, ����!� ��� �������+��� �� ��G����"���� �, �� ���6������, ��

� �$���� �� ,��!�#����� �C�  5����� �  �� ����� � � � �#"6� � ��#�#����� =-.>�� <2�6� �� � #�� � � � ���,� , �

����� " ��� ����+#�!��� � �#��� ��!��+�����( " ��� ���#����� G� ���"#�������� ='�C-�>�� <��"#�������� !�#6�� �

(��� � �!�� " ��� � �#�� ��� �#������#��  �� �2 ��)� � ��#�� �� ��� �  ��� ������ �� ��$ 0� � �� ���� ���� , �

�����"���#�C�, ��2#�,� �, �'.�G�'�L�=���, ���"�����,� ��7����>� ��� ����E ���Y!���=��C-�C-�C-%>��< �

���5� , �"#�������� , �� ���,�,#� �� ��(���( �� G���	 �����
�
�
�
� =�&� G� &.C.L>�  ��� ����� +��6� � �� � � ����

#6� �(���( ��� ������ �� ��)� �C��#��"" �����	�
�����
� ����	�
�������=-C'�C'.>�

�

��&�/��� ����, ������ �

�

� � �#"6� �5� ����")�� ��#��� ���� �, ���+���� �#"" � +��� ���� , � ����� � ,2��+ ���#��� ��(���( �� G�

�������� ����� � ������� �#��� ����� ��� ���� ���	� Y! �  5��H" C� ,��6)� C� ����++����� � ����� C�

�""��#,��� ���#�C� � ���#���� C� ���$#�#!� � �#��FE�� �� � =$�"#���$� C� ��" ��� �#��, C� ���������� �

��!�]C�,�+������""������� >C� ���#�#������#��="����F��� �>������������	�����< �����,�,#� ����(���( ��� �

,�( �#�� ��� �� ++ ��� �������#�( ������� ���������! ��4���"��� � ��G����,����"�����#��, ��#��$ ��

E����2��#��� � ��#���6� �� ,2�� � �#�#������#�� ='&>�� � ����� �� ��#��,�� �� ��� �� ��5� �#���� �#���

�!�� " ��� , �� +��� ���� ���,���#������ 	� ���� �� � , � ���$�� �� #�� , � "����� �� ��(���+C� �������#��

��� ������ C� ( �������#�� "������� C� $�"#,���4� C� �$����!� � �6,#"���� � = �� ��������� �� ��� �Y�$�! �

,8�����#"#� �#�������#�#"� ��"������ �>C��������������#��,8#�!�� ��#��, C�$#�����������#�� ��� �(�� �

, � �����"���#�� =�#��"" ��� �����"���#��"�,���� �  �� �����"���#�� ��#����� >�  �� ,��� � ,�� ��E#����

��+��C� � ������� ����� " ���� +�(#��� ��� ������ � � ,�( �#�� " ��� , � ���,�,#� �� ��(���( ��	�



���

�

����6�#�$����� ����! ��� ��� C��#����#�$����� C��$�"�#�$����� ����������� �� C��""��#����� �� ����

 ������!#���� ��, ����� �� ����G��2$����"�� �, ��4� ���='�C'.C-&C-�C.3S.�>���

�

1$ �*���(*��:����

�

&�������+#�!��� ���0#����

�

7 ���� � ������+#�!��� �� �4���"��� �����������,���� � � ����� " ���, �����,�,#� �� ��(���( �� � �#���

�6#�,���,����� �� ������ ��

�

������ )�
1�%
�
	

�

< ������+#�!��� ���0#����� �( ���H�� �,�(����� ��, �5������ �� ��+#����#��,���#"6� �,2��#" ��

,2�0#� ����� � ��#4����0#� � 	� � �� �"�,�0#���� =�#4��� �"�,�0#� �	�, �5���#" ��,2�0#� >� �� � �� ����0#����

=�#4�������0#� �	���#�����#" ��,2�0#� >�=/�!�� �->��< �� "���� " ���,���#4����"�,�0#� ���������#4���

����0#� � �� � �"��� ,2�"���#� �� ��� �����+������ , � �����#�� , �� ����+#�!��� �� �0#���� G� � ��� ��6� C� ���

���#����#�� �'OF,�"��$4��� � =(#��� ����� �#��>�� � � � � +���C� � �� ����0#���� �#��), ��� �� � ����(����

����+#�!��� � ����� �"�#����� C� �� � �#5������ "#��,� �  �� , �� ��� �����#��� "�,���" �� �� �� "#����

�#"6� �� ���� �� ���"�,�0#���C������ ��#���,#������������������#���� ������ " ��� ��������( ���#��, ��

���,�,#� ����(���( ���

����� ����0#���� �#��� ���� �� " ��� ,���#��6� �� �#��� � � ����� " ��� , �� ��+ ���#��� +#�!��� ��

�4���"��� �	� � � +���#��0#� � =���/<
��
^C� �+�0 �>C� �2�����#��0#� � =7����
�_^C� A���� �F����!>C� � �

(#���#��0#� � =9/�
�^C� �+�0 �>C� � � �#���#��0#� � =
�_�/�<^C� 17�>�  �� , ����� � �C� �8���(��#��0#� �

=���7�1@�^C�@���� ���$��"�� �����>��
� ����� �"#����� � ��� ���#����,2�(������#��	��2��6��#��0#� �

= �� �����, ��$�� ���C�����(��>�=-.C.&>��

< �+���#��0#� � ���8�����#��0#� ��#���, ������+#�!��� ������0#����, ��
)� 
�!�������#�C�����+���������

�������� , ��  ��)� �� ���$#!)� �� ,�� ! �� � �������� ����� < ��  ��)� �� ��	 ��%
���  �� ��	 �
������� �#���

� �� ���( " ����������)�� " ������������ �� ���������)�� " ���� ��� ���6� �����+���#��0#� �����"��

� ��, �5�����+#�!��� �C�� ���� �+���#��0#� � �����E#��,8$������������#���� ������ " ���, �����,�,#� ��

��(���( �� =(#��� ����� $���>�� ��� ���� �� � , �� ��#�������� �$��"��#�������� �� ����� ����� �� 	� 6#�� �

6�#,���#��6����������(#� �#��� �=�#"�#���$4,�#�#��6� >C�� ��, �(����6��������� �F� �������F��,�(�,� �� �

,8�6�#����#�C� ���"�����#�� ������� � �#��� +#�" � ���$��!� C� 6#�� � ,�++���#�� �����F��������� �  ��

�#��"" ��������( ���,���4��)" �� �( �5�� �������

�

�



�%�

�

�

�������8�"�����+����������*���(*��:��������;(�)��-�=�%�,��
���(�>'?@��+&*��.�/0!0�-A533�

�

< �(#���#��0#� � ��� ��#���#��0#� ��#���, ������+#�!��� ������0#����, �, �5�)" �!�������#��	�����

,���( ��� � �� ���( " ��� ,�� +���#��0#� �  �� , � �2�����#��0#� �� < � � "���� " ��� ,2��� ��#" �

,2$4,�#!)� ��������!�#�� " ���"��$4�� ���G� �2#��!�� �, � �2����(����,��(#���#��0#� � �����
�����

%
�

����� ��,2���� ���$�"��!�#���+���" �� �5��#"" ��%
���%������� ��#����
����%�������=/�!�� �'>��� ��

����0#����, �, �5�)" �!�������#���#��), �������� ��� �,2����(��������!�� ���� � ++���������#"����6� �

#�������� �� ������������������ ���
�����

%
��������������#������+���#��0#� � ��G��2�����#��0#� �����

� (���$ C� ����  ����X� ��� ����� ,8 ++ ��� ��,�����6� ��  �� ,8��� �����#��� "�,���" �� �� �� �� � � �

+���#��0#� �=.-C..>��

< �, ��� ������+#�!��� � ����0#����#"" ��������C� �8���(��#��0#� C��#��), ��� ��������� �,���(� �

,�� +���#��0#� �� ���  ��� �#"" ��������� �#��� +#�" � ,8�� � ��#,�#!� � $4,�#�#��6� C� � � ���+�� �

,8���(��#��0#���"C�"���6#����� ��+#�" �����( C� �8���(��#��0#� C�����, �� ������ ������"����� ��#��



�3�

�

��� ������ �����)���,"���������#����� ������ �#��#��� ��� ��#"�#��� �������+������ ��� (�� ��,��! �� �

������������C��( ��, ���#�� ������#���"���"�� ����$�6����� ��=�1�>�������� (� ���#�����	�
������C���	

��%
���  �� ��	 �%�

���������� =.�C.�>�� � � �,���C� ��� �#�F��+���#����� , � �8���(��#��0#� � ���� (#� � �����F

( �� �� ���������#���G��������#+��!�� ��8���������H�� �,�"#���� �,�����8���, ����F������� �����9�C�

���, �, ��$�� �����(������G��(��� ���8 ++�������� ������#������ �, �� ������+#�!��� �,����� ������ " ���

, �����,�,�"� �� �� ���,�,#� �� ��(���( ���$ 0� �8�,��� � =,#��� ���#����6��� �>�� 7#������(���� ��	(�����

�����
�����

%
� �����  �� � �� 04!#"4�)� �C� ������ �� � � �� ���������� , �� ���, �� ������� �C� E����+� ��� �#��

��,�����#��,����� ������ " ���, ����� �!���#� �� ��, ��"��#�"4�#� ��=.%C�3>���

�

������ )1����
��	�3������		

�

< �� ����+#�!��� �� �0#���� �!��� ��� ���� �����#��  �� ��$�6���#�� , � ��� ���#����#�� �'OF,�"��$4��� �	�

��!��� #�� �\�-�C�  �04" � � ��#���6� � , � ��� �#�( ���#�� ,�� ���#����#��  ��  �!#����#�C� �#"�#���

��,��� ���6� � , � ��� " "6��� � , �� � ���� �� +#�!��� �� =/�!�� � ->�� ���  �� ������ � �� � ��������#��

" "6������ C���������2�� �����"�����#��, �����#���"��$4�����#5��� ���#������� ���� �+#�!��� ����"��

� ��� ���� ��'OF"��$4� �!#���F�C�'=��>F,� �F&MC.OF,�#���

���� ��$�6 ��� ����!�� " ���������� ��4�#�$�#" ��'-3��"�������,�������6�#�4��$)� �, ��2 �!#����#��	�

��!-�� �#�� +#��C� ��� �2�!������ ,2�� � ��6� � "�� �� � ������ � ����� �  �� �(��� , � ��!��� ,���� � �� � (#� �

6�#�4��$����� �=/�!�� �.>�=��>��

�

� �� ����+#�!��� �� �#��� +#�!�������� �� �����������	 �����	� ���� � �" �� ���,2��$�6 �� ��� ��#������ �

, ��� (�� �C������� ��������" ���

�

<�� ��6� � , �� ����+#�!��� �� �0#����  ��� �� � ��#���� � , � ��� +�"��� � , �� �4�#�$�#" �� �'-3C�

�#���,������ �� ����� ���"���������( ��, ���4�#�$�#" ���'-3�$�"������� ��� 5����� �� ������� ++ ���

��,�����6� �� , � � �� ����+#�!��� �C� �#"" � �8$����#�#5�����C�  �� � ���� �#"6� �� �� ��� �����#���

"�,���" �� �� ����



���

�

�

�

�������A�"��(��������(�'*�&,�������4���(��)�(�����9)+�*��9���4�+��(*������*���(*��:�����;(�)��-���%�)����B���.�/0!/�-7/33�

�

�

&�����$��#���,�� ��

�

������ )�
1�%
�
	

�

��#���"#����� ���#����#"" �������� �� ����,���� ��,����� ������ " ���, �����,�,#� ����(���( ��	�

��� ����#+��!�� � =��
����7^C� 17�>C� �2���,���+��!�� � =���<��^C� �+�0 �>�  �� ��� "���+��!�� �

=1\��1�
�^C���� ����>���

�

�

�

�



���

�

������ )1����
��	�3������	

�

< �� ��$��#���,�� �� �#��� � �� � ���� ����+#�!��� �� ��6����� ��� �4��$)� � , � ��� ���#�� +#�!��� C�

�������� � �#�4����$���,��� � ��,��� ���6� � G� ��� ��#������ �  �� G� ��� ���(� � , �� �$�"��!�#���� � ��

���#� ���, �� �4����� �� �!��� ��� ���� ��$�6���#�� �#�� �#"������( � , � ��� MF�C&F!����� � �4��$�� C�

 ����X������� ���������#��, �������#��+#�!��� �����,�"�����#��, �����4��$)� �,2���, �� ���#�����������

"�E ����	� � ��MF�C&F!����� ���<��MF�C&F!����� ��4��$�� � �������#"�� 5 � �04"����� �" "6������ �

�#"�#���,2���"#����, �5��#��F�������	��� ��#��F��������!������� ��$#C� ���� ��#��F�����������4���� �

/;�C� ,#��� ���  5��� � ����� ���� ��#+#�" ��	� /;��C� /;��C� (#�� � /;�&� � �#�� � ��  ��)� ��� <�� �#��F������

��!������� � �$#�  ��� �� � ����� C� ���� ��!�� � �!�� " ��� ��� ��#���� � ;���� � �� =�?�>�� <�� �#��F������

�����4���� �/;�� ���� ��#���6� �, �����4��$)� �, ��$��� ��������� ��, �MF�C&F!����� ��G��������,2
��F

!���#� �=�&>���$ 0���	�
�����
C��2����(����MF�C&F!����� ��4��$�� � ���"�E#������ " ��������6�� �G�/;��C�

���,����� ��$ 0���	�
������C� � ��, �5� ��#+#�" ��/;��� ��/;����#��� 5���"� ��=�'>��<2��$�6���#��, � ���

�4��$)� �, ��MF�C&F!����� ������� ����$��#���,�� �� ���"�E#������ " ���,� �G��2��$�6���#��, ���#��F

������� /;�� =�->�� �#�� +#��C� � �"������" � ,2��� �����#�� �������  ��� � � �� ��$��#���,�� ��  �� ��� MF�C&F

!����� ��4��$�� �� �� ����#������

�

< ����$��#���,�� ��#����� �����(����,�� �+#�!���, � ���#�� ������#�F,�� �,��� ����� ���"�E#�����

, �� ��)� ��, ��������	=,#��	��	�
�����
	 �	��	�
������>�	���� (���$ C�� ���1��, �� ������+#�!��� ��

(��FGF(���, �� ��)� ����	�����
�
�
�
� ����	�%�

�����������#����� (� ���

�

&�&����� ������+#�!��� ��

�

�2���� ������+#�!��� ���#������������,����� ������ " ���, �����,�,#� ����(���( ��=(#���������#��>�	�

� ���#�4)� ��=�"�$#������� �@>� ��� ���4��"�,�� ��=-F+��#�#�4�#��� >��

<8�"�$#������� �@� ����������+#�!��� � +#�!���, C��!����������� �����#��G� �8 �!#����#�� �� +#�"���#��, �

�#� ��" "6������ �C�G��8#��!�� �,8�� �+��� ��#���� ��� �"������" �,8����#�� �����E#��,8$���� "��� ��

���� �  �� ��� � "6� ����� �� � �8�"�$#������� � @� �!��� � ����U�� ���� +#�"���#�� ,8�!��!����  5���F

" "6������ ���!��������#"" �, ����#�! ������6� ��,8 5����� ��8 �!#����#��, ��6��#��$ ������,��� ��

=�.>��

<��-F+��#�#�4�#��� � ����������#!� ��4��"�,��� ��!������C����)��"���6#������#�� ��-F+��#�#������C�

������$�6���#��, �����4��$)� �, �����, ���������� ���

�

�

�



�&�

�

&�'������ " ��� ����#�$4��5� �, �����,�,#� ����(���( ��

�

�#"" � (�� ����� $���C� � �� ��+ ���#��� ��(���( �� G� �������� ����� �#��� ���#��� �� G� �� � "#��������

�� (� �� � � ��#�#����� � ��� H�� � �"���#��� ���� �8����������#�� ����#� � ,8��� ����� " ��� ����+#�!��� �

�,�����=��S�%>��� ��#�����C��������� �����#"" ����������#��, ��#�( ��5�����+#�!��� ������� ++���� ��
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Take-home message: The emergence of
resistance is a warning signal triggering
improvements in antifungal drug use,
particularly in patients for whom the
potential benefit of treatment is unproven.
Practical proposals to detect and prevent the
risk of clinical failure are (i) accurate
assessments of prior antifungal exposure,
(ii) close clinical monitoring of patients
treated with antifungal drugs, (iii) routine
surveillance of in vitro susceptibility testing
and (iv) development of feasible methods
for rapid detection of mutations.
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Abstract Current increases in anti-
fungal drug resistance in Candida
spp. and clinical treatment failures are
of concern, as invasive candidiasis is
a significant cause of mortality in
intensive care units (ICUs). This
trend reflects the large and expanding
use of newer broad-spectrum anti-
fungal agents, such as triazoles and
echinocandins. In this review, we

firstly present an overview of the
mechanisms of action of the drugs
and of resistance in pathogenic
yeasts, subsequently focusing on
recent changes in the epidemiology of
antifungal resistance in ICU. Then,
we emphasize the clinical impacts of
these current trends. The emergence
of clinical treatment failures due to
resistant isolates is described. We
also consider the clinical usefulness
of recent advances in the interpreta-
tion of antifungal susceptibility
testing and in molecular detection of
the mutations underlying acquired
resistance. We pay particular atten-
tion to practical issues relating to ICU
patient management, taking into
account the growing threat of anti-
fungal drug resistance.
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Introduction

Invasive candidiasis is a major threat to intensive care
unit (ICU) patients, causing significant mortality. An
early initiation of antifungal therapy is crucial to improve
the prognosis [1, 2]. However, the performance of current
diagnostic tools for confirming the diagnosis remains
limited. Increasing numbers of ICU patients without

documented candidiasis are therefore receiving prophy-
lactic or empirical antifungal treatments in an attempt to
decrease Candida-related mortality. This strategy has
been encouraged by the introduction of new, better-tol-
erated antifungal drugs, such as triazoles and
echinocandins, leading to stronger selective pressure [3,
4]. Antifungal drug resistance was considered less prob-
lematic in Candida spp. than in other pathogens, but
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of the FCY2 gene encoding the cytosine permease, and (2)
impaired metabolism of the drug or its active metabolite
(5-FU) due to mutations of FCY1 or FUR1. Such muta-
tions have been described in clinical isolates of C.
albicans and C. lusitaniae [29, 30].

Antifungal drug resistance in Candida spp. biofilms

In ICUs, candidiasis may be favoured by biofilms for-
mation, mostly on catheters but also on other implanted
medical devices. Only a few antifungal drugs (L-AMB
and echinocandins) have some efficacy against yeasts
embedded in such complex structures [31]. Echinocandins
are active against biofilms, but are more effective against
biofilms containing C. albicans or C. glabrata than
against biofilms of C. tropicalis or C. parapsilosis [32,
33]. Conversely, yeast cells in biofilms are up to 1,000
times more resistant to azoles than their planktonic
counterparts [34].

The resistance of biofilms combines both planktonic
and biofilm-specific resistance mechanisms. Efflux pump
upregulation is involved in the early stages of biofilm
development, whereas the greater resistance of mature
biofilms is due to the presence of an extracellular matrix
(ECM) and persister cells, changes to the sterol compo-
sition of the membrane and the activation of stress-
induced pathways [35–37]. The ECM plays a key role, by
sequestering antifungal agents and preventing their
interaction with the target. This action is mediated at least
by (1,3)-b-D-glucan polymers [38]. Stress responses,
mediated by the PKC, calcineurin and heat shock pro-
tein 90 (HSP90) pathways, also control ECM production
[35, 39]. Extracellular DNA also affects biofilm resistance
and the treatment of C. albicans biofilms with DNase
potentiates the antifungal activity of echinocandins and
polyenes, but not fluconazole [40]. Persister cells have
been described in Candida spp. biofilms, particularly
those formed by C. krusei and C. albicans. These cells are
phenotypic variants able to survive in the presence of
antifungal agents. They can again proliferate when drug
pressure is released and may cause relapses often
described in clinical situations [35, 37].

Laboratory detection of antifungal resistance

Antifungal drug susceptibility testing assays

Methods for in vitro susceptibility testing are available
from the Clinical and Laboratory Standards Institute
(CLSI) and the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) [41, 42]. Other com-
mercially available standardised tests, such as EtestÒ

(bioMérieux), Sensititre YeastOneÒ (TREK diagnostic

systems), ATB fungus 2Ò (bioMérieux) and Vitek-2Ò

(bioMérieux), are more appropriate for routine clinical
use [43–45]. These tests determine the minimum inhibi-
tory concentration (MIC) or directly classify isolates as
susceptible (S), intermediate (I) or resistant (R), corre-
sponding to a high probability of treatment success (S), an
uncertain effect of treatment (I) or a high probability of
treatment failure (R). This classification is based on the
clinical breakpoints (CBPs) established for MIC inter-
pretation. Previous CBPs were not species-specific and
were too high to distinguish between C. glabrata isolates
susceptible and resistant to azoles and to detect emerging
resistance in C. albicans, C. tropicalis and C. parapsilo-
sis. In addition, clinical resistance to echinocandins due to
FKS mutations was increasingly being reported in patients
infected with ‘‘S’’ strains, defined with a former CBP
of 2 lg/ml or less. Up to 45 % of FKS mutants have been
incorrectly considered as susceptible [7, 46, 47].

The revised CBPs in current use are species-specific
and were established on the basis of five parameters: dose
regimens; MIC distributions from multiple laboratories;
epidemiologic cut-off values defined with respect to the
higher MIC of wild-type isolates; pharmacokinetic/phar-
macodynamic parameters and clinical outcome [20]. The
key changes concern the susceptibility of C. glabrata and
C. parapsilosis to fluconazole and echinocandins,
respectively. The ‘‘S’’ category was abolished by CLSI
and EUCAST for C. glabrata and fluconazole, consider-
ing all isolates to be intermediate or resistant. EUCAST
was even more severe in its approach, recommending, as
for C. krusei, that C. glabrata should not be tested with
fluconazole and that fluconazole should not be used for
C. glabrata infections [48]. The same removal of the ‘‘S’’
category was recommended, albeit only by EUCAST, for
C. parapsilosis and echinocandins [20]. One other major
difference between CLSI and EUCAST is that this latter
does not determine CBPs for caspofungin. Indeed, CLSI
and EUCAST agree that there is a lack of interlaboratory
reproducibility in MIC values for caspofungin. Until this
problem, not seen with other echinocandins, is resolved,
neither CLSI nor EUCAST recommends caspofungin
resistance testing [49–52]. EUCAST specifies that some
mutations decrease susceptibility to anidulafungin and
caspofungin but not micafungin, and thus recommends
the use of anidulafungin as a marker for echinocandin
resistance [20] (see Table 1 for simplified CLSI and
EUCAST updated CBPs). Both CLSI and EUCAST also
determined epidemiological cut-off values which are
more sensitive than CBP to detect non-wild-type isolates
exhibiting potential resistance mutations and
mechanisms.

AMB testing remains particularly challenging and
microbiological resistance is rarely detected [53]. EtestÒ

(bioMérieux) was found to be superior to both CLSI and
EUCAST reference methods for identifying resistant and
intermediately susceptible C. glabrata isolates [54]. Thus,
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AMB resistance is mainly identified through clinical
failure.

While current MIC testing protocols are adapted for
planktonic cells, these protocols are still not implemented
in biofilms. Since biofilms can be detected in infected
tissues, this is clearly another limitation in the interpre-
tation of susceptibility tests for predicting patient
outcome.

The performance of direct antifungal drug suscepti-
bility testing, through the use of EtestÒ (bioMérieux) on
positive blood samples, has been evaluated. Agreement
between direct and standard methods was high and false-
positive results for resistance to fluconazole and vorico-
nazole were obtained for 7 % of isolates, with false-
negative results obtained for 0.6 % of blood samples. No
errors were detected for caspofungin, but the method was
not reliable for AMB [55]. The new CBPs are species-
specific, so this approach requires a rapid identification
tool. Direct antifungal drug susceptibility testing should
therefore be re-evaluated, according to the current stan-
dards, for both categorisation and identification.

Molecular detection of mutations conferring
antifungal drug resistance

Molecular methods have been developed for the charac-
terisation of resistance-causing mutations. Culture-based
susceptibility assays take at least 24 h, but molecular
tools can assess resistance more rapidly and with greater
sensitivity. Both azole and echinocandin resistance
mutations are accurately detected with next-generation
sequencing platforms, allele-specific real-time probes,

melt curve analysis or microarrays, or microsphere-based
technologies, such as Luminex Mag Pix (Austin, TX)
[56–60] (C. Garnaud, personal communication). More-
over, as in Aspergillus fumigatus azole resistance, the
direct detection of mutations in clinical samples may
make it possible to detect mutations earlier by eliminating
the time required for culture [61].

Update on the epidemiology of Candida spp.
antifungal resistance

When focusing on species distribution and antifungal
resistance, recent epidemiological studies, including the
SENTRY cohort, did not show major differences between
ICU and non-ICU patients [62, 63]. In both ICU and non-
ICU, the five main species (i.e. C. albicans, C. parapsi-
losis, C. glabrata, C. tropicalis and C. krusei) are
responsible for more than 90 % of invasive fungal
infections [62–65]. C. albicans still stands in first place,
even if, since the early 2000s, a shift towards non-albi-
cans species was clearly noticed [66, 67]. The fluconazole
drug pressure may explain this trend but other factors,
mainly underlying conditions or antibacterial therapy,
have been suggested [68]. A main difference in species
distribution is related to geographical location. In
southern countries (Italy, Spain, South America)
C. parapsilosis ranks second while in northern countries
C. glabrata is the most frequent species after C. albicans
[69]. These site specificities highlight the importance of
local data on Candida epidemiology, specific to each
health-care centre.

Table 1 EUCAST and CLSI antifungal breakpoints for the main Candida species

Antifungal agent MIC breakpoint (mg/l)

C. albicans C. glabrata C. krusei C. parapsilosis C. tropicalis

BS [R BS [R BS [R BS [R BS [R
Amphotericin B
EUCAST 1 1 1 1 1 1 1 1 1 1
CLSI ND ND ND ND ND ND ND ND ND ND
Fluconazole
EUCAST 2 4 0.002 32 – – 2 4 2 4
CLSI 2 4 0.002 32 – – 2 4 2 4
Voriconazole
EUCAST 0.12 0.12 IE IE IE IE 0.12 0.12 0.12 0.12
CLSI 0.12 0.5 – – 0.5 1 0.12 0.5 0.12 0.5
Anidulafungin
EUCAST 0.03 0.03 0.06 0.06 0.06 0.06 0.002 4 0.06 0.06
CLSI 0.25 0.5 0.12 0.25 0.25 0.5 2 4 0.25 0.5
Micafungin
EUCAST 0.016 0.016 0.03 0.03 IE IE 0.002 2 IE IE
CLSI 0.25 0.5 0.06 0.12 0.25 0.5 2 4 0.25 0.5

Adapted from Arendrup et al. [20] drug resistance updates (doi:10.1016/j.drup.2014.01.001) with permission. For complete data, see
Arendrup et al. [20]
ND not done, IE insufficient evidence
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Indeed, some non-albicans species show intrinsic
resistance. For example C. glabrata and C. krusei are less
susceptible to azoles than other species (Table 2; [70–72])
and C. parapsilosis is less susceptible to echinocandins
owing to naturally occurring polymorphisms of the FKS
genes [73, 74]. Breakthrough infections with these species
may therefore occur during azoles or echinocandin
treatment [75, 76].

Another major and increasing threat is the risk of
becoming infected with a strain which has acquired a
resistant phenotype. Acquired resistance is thought to be
rare in Candida spp., or at least less frequent than intrinsic
resistance. Fortunately, yeasts, unlike bacteria, do not
display the horizontal transmission of resistance genes
[77]. Moreover, cross-contamination between patients
and health-care workers has been described mostly for C.
albicans and C. parapsilosis but remains rare [69, 78, 79].
Acquired resistance thus results principally from the
selection of mutants subjected to drug pressure in
patients.

Acquired resistance to echinocandins is increasingly
reported for most of the clinically important Candida
spp. It remains uncommon in C. albicans (\1 %), C.
tropicalis (\5 %) and C. krusei (\7 %), but is now
becoming frequent in C. glabrata (8–15 %) [5, 63, 80,
81]. One recent study showed that the frequency of
echinocandin resistance in C. glabrata increased from
4.9 to 12.3 % between 2001 and 2010 [5]. It has been
shown that 7 days of exposure to echinocandin is suf-
ficient to induce FKS mutations in C. glabrata [5, 6].
The haploid trait of this species may partly explain the
higher level of expression of molecular resistance
exhibited by C. glabrata. FKS mutations have been
described in almost all the clinically important Candida
species: C. albicans, C. glabrata, C. tropicalis [82, 83],

C. krusei [84] and C. kefyr [85] and breakthrough
infections are also increasingly reported [7, 75, 76, 86–
90]. A recent study focusing on C. glabrata candidemia
described 18 % of FKS mutation, with prior echino-
candin exposure as the only independent risk factor for
the development of these mutations [91] confirming the
results obtained previously by Alexander et al. [5].
Interestingly, the nature and/or the number of FKS
mutations in C. glabrata and C. albicans influences the
level of resistance in vivo [91, 92]. Even if the micro-
biological resistance to echinocandins is still uncommon,
the growing incidence of FKS mutations is worrying and
needs to be very closely monitored. FKS resistance
mutations also need to be more deeply studied.

Azoles and especially fluconazole are widely pre-
scribed for ICU patients. Acquired fluconazole resistance
is frequent in C. glabrata (from 4 to 16 %), which
increasingly displays cross-resistance to voriconazole. So
far, multidrug-resistant phenotype against azole and ech-
inocandins has only been described for C. glabrata and is
a matter of serious concern [5, 63, 66, 80, 81, 93, 94].
Fluconazole resistance remains uncommon in C. albicans
(\5 %), but is more prevalent in C. parapsilosis (4–10 %)
and C. tropicalis (4–9 %) [63, 64, 81]. However, the
recent China-SCAN study reported higher rates of fluco-
nazole resistance in C. albicans (9.6 %) and C.
parapsilosis (19.3 %) which may reflect geographical
differences [93]. Again, most studies report that a previ-
ous history of azole pre-exposure increases the risk of
in vitro azole resistance (from 2 to 58 % in a 2013 study
by Montagna et al. [65]).

Resistance to AMB remains rare despite its use in
monotherapy for years. This may be due to its inherently
fungicidal effect, limiting the selection of mutants.
However, resistant isolates of C. glabrata and C. krusei

Table 2 Spectrum of activity of the antifungal agents used to treat invasive candidiasis

Candida spp. Polyenes Azoles Echinocandins Flucytosine

AMB formulations FLU ITRA VOR POSA CAS MIC ANI

C. albicans ?? ?? ?? ?? ?? ?? ?? ?? ??

C. glabrata ?
a

?/- ?/- ? ? ?? ?? ?? ??

C. parapsilosis ?? ?? ?? ?? ?? ? ? ? ??

C. tropicalis ?? ?? ?? ?? ?? ?? ?? ?? ??

C. krusei ? 2 ?/- ? ? ?? ?? ?? 2

C. rugosa ?
a

? ? ?? ?? ? ? ? ??

C. guilliermondii ?? ?? ?? ?? ?? ? ? ? ??

C. lusitaniae ?? ?? ?? ?? ?? ?? ?? ?? ??

C. inconspicua ?? - ?/- ? ? ?? ?? ?? NS
C. norvegensis ?? - ?/- ?/- ?/- ?? ?? ?? NS

Adapted with permission from Denning DW, Hope WW (2010)
Trends Microbiol (doi:10.1016/j.tim.2010.02.004). In vitro inherent
activity: ?? good activity, ? mild activity, ?/- slight activity,
- no activity; NS not specified
AMB amphotericin B, FLU fluconazole, ITRA itraconazole, VOR
voriconazole, POSA posaconazole, CAS caspofungin, MIC mica-
fungin, ANI anidulafungin

a This slight decrease in susceptibility to AMB is more pronounced
in North America than in Europe
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Similar predictive markers have been suggested for
azole resistance. Exposure to fluconazole in the last
30 days has been shown to have a significant impact on
species distribution and MIC [4]. Algorithms have also
been developed for assessment of the growing risk of C.
glabrata infections. Cohen et al. identified six indepen-
dent risk factors for C. glabrata fungemia in ICU patients:
age greater than 60 years, recent abdominal surgery, less
than 7 days between ICU admission and first positive
blood culture, recent use of cephalosporins, solid tumour
and absence of diabetes mellitus [111].

Integration of clinical and microbiological data (as
proposed in Fig. 3) is thus crucial to improve the pre-
diction of treatment response. Previous exposure to
fluconazole and echinocandin should be accurately mon-
itored, although the exact period to be considered remains
to be defined. Patients receiving prophylactic, empirical
or targeted antifungal therapy should be carefully moni-
tored for breakthrough infections. Local epidemiological
investigations and MIC determinations for Candida spp.
isolates are also crucial and should be interpreted with the
most appropriate, revised CBPs. Molecular tools are also
required for the rapid detection of mutant strains.

Impact of antifungal drug resistance on patient
management

Epidemiological changes have a direct impact on clinical
management, leading to the updating of international
expert committee recommendations [104, 112–116].
These recommendations propose consensual attitudes to
the management of invasive candidiasis, but divergence
remains on several crucial, contentious points [107, 117,
118], which may be confusing for clinicians treating
patients.

All experts agree that patients with Candida-positive
blood cultures should be treated with systemic antifungal
drugs, but ESCMID cites echinocandins as the only initial
treatment with the highest levels of strength of recom-
mendation (A) and quality of evidence (I) [104], whereas
the European Conference on Infections in Leukaemia
(ECIL) and the Infectious Diseases Society of America
(IDSA) consider fluconazole at the AI level of recom-
mendation as a suitable alternative for patients with less
severe or stable infection not previously exposed to azoles
[10, 115, 116]. Indeed, in a recent study including 216
patients with Candida-induced septic shock, no difference

Fig. 3 Bedside strategy for circumventing antifungal drug resis-
tance in 2014. ATF antifungal drug, FCZ fluconazole, CAS
caspofungin, PK/PD pharmacokinetics and pharmacodynamics,

TDM therapeutic drug monitoring, MIC minimal inhibitory
concentration, CBP clinical breakpoint
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in mortality was observed between patients treated with
fluconazole or with echinocandins [119]. In patients at
risk of C. glabrata candidemia, echinocandins should be
preferred. Voriconazole is not usually used as first-line
therapy but it offers an alternate option for intrinsically
less susceptible species (C. krusei or C. glabrata).
Because acquired mutations can lead to cross-resistance
to both fluconazole and voriconazole, a strain resistant to
fluconazole should not be treated with voriconazole
unless its susceptibility profile has been confirmed, or the
mutation genetically characterized.

All expert panels strongly recommend the removal of
central venous catheters ‘whenever possible’, but ESC-
MID guidelines suggest that replacement is not formally
required in patients treated with echinocandins or L-AMB
[104]. Catheter exchange via a guide wire entails a risk of
contaminating the new device with Candida and should
be restricted to patients with limited venous access [107,
116, 120]. Given the specific link between C. parapsilosis
and catheter infections and the low susceptibility of this
species to echinocandins, catheter removal is appropriate
in patients with invasive C. parapsilosis candidiasis. In
stabilised patients infected with a fluconazole-susceptible
isolate, with negative blood cultures, step-down therapy
onto oral fluconazole is recommended, over a period of
3–10 days, depending on the guidelines considered.

Conclusions

Although drug resistance is rapidly spreading in Candida
spp., antifungal treatments are still generally successful:

up to 80 % of C. albicans infections are cleared with
echinocandins. Treatment success rates are also generally
satisfactory for fluconazole. However, the emergence of
antifungal resistance must be considered at the patient
level in order to improve patient management. In ICUs,
intrinsic resistance of C. glabrata and C. krusei to
fluconazole can be detected and handled rapidly through
correct species identification, detailed assessment of
antifungal drug exposure and Candida spp. colonisation
history. The emergence of acquired resistance during or
after treatment is more worrying: it mostly involves C.
glabrata and the echinocandins and leads to breakthrough
infections or treatment failures. This highlights the need
for (a) accurate assessments of prior antifungal exposure,
(b) close monitoring of patients on antifungal drugs,
(c) the routine surveillance of in vitro susceptibility test-
ing and (d) the development of feasible methods for rapid
detection of mutations. The emergence of resistance
should also be considered at the community level as a
warning sign triggering improvements in antifungal drug
use, particularly in patients for whom the potential benefit
of treatment is unproven. Closer monitoring of antifungal
drug use is thus required.
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2. Histone déacétylases (HDACs) et leur inhibition chez Candida spp. 

 

Cette revue, intitulée Histone deacetylases and their inhibition in Candida species, a été publiée 

en 2016 dans Frontiers in Microbiology (nombre de citations : 1). 

J'ai participé à la conception, la rédaction, la relecture et la révision de cet article. Je me suis plus 

particulièrement intéressée à l'implication des HDACs et inhibiteurs de HDACs dans le 

développement de la résistance aux antifongiques, et à l'activité des inhibiteurs de HDACs en 

association aux antifongiques actuellement disponibles dans le traitement des candidoses invasives. 

 

2.1. Résumé 

 

Comme vu précédemment, l'émergence de souches résistantes aux antifongiques chez Candida 

spp. et le nombre limité de molécules disponibles pour la prise en charge des candidoses invasives 

nécessitent un besoin urgent de nouvelles stratégies antifongiques. Les HDACs sont responsables de 

l'élimination de groupements acétyl sur les résidus lysine des histones et d'autres protéines, et 

jouent un rôle crucial dans la régulation de la transcription médiée par la chromatine. Des études 

antérieures suggèrent que l'inhibition des HDACs permettrait de diminuer la virulence et la 

croissance des levures du genre Candida spp., et de potentialiser l'activité des antifongiques 

actuellement disponibles, faisant de ces enzymes de nouvelles cibles antifongiques d'intérêt. 

 

Cette revue s'intéresse dans une 1
ère

 partie aux HDACs et rôles fonctionnels des HDACs chez les 

deux espèces les plus fréquemment impliquées en pathologie humaine en Europe et Amérique du 

Nord: C. albicans et C. glabrata. Au total, 11 HDACs ont été identifiées chez ces deux espèces, 

réparties en trois classes : I, II et III. Ces enzymes participent à différents processus clés impliqués 

dans la virulence de C. albicans, en particulier la transition levure-filament, la transition white-

opaque et la formation de biofilms. De plus, chez cette espèce, la délétion des gènes codant pour les 

HDACs Rpd31 ou Hst3 est associée à une diminution de la virulence in vivo. Les HDACs sont 

également impliquées dans le développement de la résistance aux antifongiques azolés : l'inhibition 

des HDACs phénocopie l'inhibition pharmacologique ou génétique de Hsp90. Chez C. glabrata, les 

HDACs sont indispensables à l'adaptation à divers stress environnementaux. Elles participent 

également à la virulence par la régulation de l'adhésion. Enfin, elles interviennent également dans la 

résistance aux antifongiques azolés. 

Une 2
ème

 partie s'intéresse à l'inhibition des HDACs fongiques comme nouvelle stratégie 

antifongique, à l'instar de l'inhibition des HDACs humaines comme stratégie thérapeutique en 

cancérologie. Un seul inhibiteur sélectif a été développé à ce jour : MGCD290, inhibiteur sélectif de 
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Hos2. L'alignement des séquences des HDACs humaines et fongiques a permis d'identifier d'autres 

HDACs potentiellement intéressantes pour le développement d'inhibiteurs spécifiques, et en 

particulier la protéine Set3. Les inhibiteurs de HDACs ne possèdent qu'une activité modeste sur 

Candida spp. En revanche, ils présentent un intérêt en association aux antifongiques actuellement 

disponibles, en potentialisant l'activité de ces antifongiques en conditions planctoniques ou en 

biofilm. Ils permettent également de restaurer l'activité de ces antifongiques sur des souches 

résistantes. Seuls trois inhibiteurs de HDACs ont été évalués dans des modèles animaux à ce jour, 

avec des résultats discordants, et un seul, MGCD290, a fait l'objet d'essai clinique. Toutefois, 

l'association du composé MGCD290 avec le fluconazole n'a pas montré d'intérêt par rapport au 

fluconazole seul dans le traitement des candidoses vulvo-vaginales (essai clinique de phase 2). 

L'utilité clinique des inhibiteurs de HDACs reste donc à confirmer par d'autres évaluations. 

 

2.2. Revue 
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Fungi are generally benign members of the human mucosal flora or live as saprophytes

in the environment. However, they can become pathogenic, leading to invasive and

life threatening infections in vulnerable patients. These invasive fungal infections are

regarded as a major public health problem on a similar scale to tuberculosis or malaria.

Current treatment for these infections is based on only four available drug classes.

This limited therapeutic arsenal and the emergence of drug-resistant strains are a

matter of concern due to the growing number of patients to be treated, and new

therapeutic strategies are urgently needed. Adaptation of fungi to drug pressure involves

transcriptional regulation, in which chromatin dynamics and histone modifications play

a major role. Histone deacetylases (HDACs) remove acetyl groups from histones and

actively participate in controlling stress responses. HDAC inhibition has been shown to

limit fungal development, virulence, biofilm formation, and dissemination in the infected

host, while also improving the efficacy of existing antifungal drugs toward Candida spp.

In this article, we review the functional roles of HDACs and the biological effects of HDAC

inhibitors on Candida spp., highlighting the correlations between their pathogenic effects

in vitro and in vivo. We focus on how HDAC inhibitors could be used to treat invasive

candidiasis while also reviewing recent developments in their clinical evaluation.

Keywords: HDAC, chromatin, acetylation, Candida, HDAC inhibitors

Invasive fungal infections have become amajor public health problem, with up to twomillion cases
worldwide each year (Brown et al., 2012). In developed countries, disseminated candidiasis, mostly
caused by the yeasts Candida albicans, C. glabrata, and C. parapsilosis, remains the predominant
threat, with more than 400,000 cases per year (Brown et al., 2012). Antifungal treatments are
currently based on only four classes of drugs: polyenes, principally represented by amphotericin B;
triazoles; echinocandins; and pyrimidines (Denning and Bromley, 2015). The emergence of strains
resistant to this limited arsenal makes the need for novel therapeutic agents urgent (Denning and
Bromley, 2015).

Candida albicans is the predominant cause of invasive candidiasis, and is also the most
extensively studied Candida species. Its great success as a pathogen is linked to its capacity to
survive in the bloodstream, to invade tissues and to effectively adapt to a range of host niches.
One of its key virulence traits is its morphological plasticity; its ability to shift from a yeast form to
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a hyphal form has been clearly linked to virulence (Sudbery,
2011; Gow et al., 2012). Hyphal forms adhere better to mucosal
niches, making it easier to maintain their colonization. This
colonization can lead to epithelial rupture, dissemination of the
pathogen in the bloodstream and ultimately invasion of deep-
seated tissues. Other virulence factors, such as the white-to-
opaque switch, the GUT (Gastrointestinally IndUced Transition)
or gray phenotypes, cell wall plasticity, adherence, and biofilm
formation favor development in the host (Polke et al., 2015).

Candida albicans’ capacity to adapt to various environmental
conditions, including drug pressure, is linked to a complex
interplay of stress-signaling responses (Fuchs and Mylonakis,
2009; Shor and Perlin, 2015). This signaling alters the
transcription program to adapt the production of proteins,
causing the emergence of the biological state that will be
the most beneficial for yeast survival and development.
Transcriptional regulation requires transcription factors to
bind their DNA template and subsequently recruit dedicated
machinery for transcription repression or activation. Classical
histone modifications, such as acetylation, methylation, and
phosphorylation have been shown to play a role in regulating
stress responses, antifungal tolerance and virulence in C. albicans
and C. glabrata (Liu et al., 2005; Rai et al., 2012; Stevenson and
Liu, 2013; Kim et al., 2015; Tscherner et al., 2015). In particular,
reversible acetylation by various histone acetyltransferases
(HATs) and histone deacetylases (HDACs, also known as
lysine deacetylases or KDACs) is crucial to chromatin-mediated
transcriptional regulation. Recent studies have suggested that
inhibiting fungal HDACs may have beneficial and synergistic
effects, reducing the virulence and growth of Candida spp.,
while also decreasing their tolerance and resistance to existing
antifungal drugs (Al-Dhaheri and Douglas, 2010; Wurtele
et al., 2010; Stevenson and Liu, 2011; Hnisz et al., 2012;
Lu et al., 2012; Nobile et al., 2014; Rajasekharan et al.,
2015; Li et al., 2015; Pfaller et al., 2015; Zhang and Xu,
2015).

In this review, we briefly summarize the advances made
in the characterization of HDACs in Candida spp. We have
also correlated the functional roles of HDACs and the in vitro
biological properties of HDAC inhibitors on Candida spp.,
mostly C. albicans, with their in vivo effects and discussed the
potential for development of new antifungal compounds.

HDACs IN Candida SPECIES

To date, a total of 11 HDACs have been identified in C. albicans
and C. glabrata (Figure 1; Tables 1 and 2). These two species
represent the major proportion of the fungal infections clinically
observed and regroup most of the molecular information
accumulated on fungal HDACs. Three main classes of HDACs
have been originally described in C. albicans based on the key
S. cerevisiae enzymes (Trojer et al., 2003; Kim et al., 2015). The
key enzyme for Class I HDACs is Rpd3, for Class II it is Hda1,
and for Class III it is Sir2, a sirtuin. This family of enzymes uses a
specific enzymatic chemistry based on the cofactor nicotinamide
adenine dinucleotide (NAD).

Class I HDACs: Rpd31, Rpd32, Hos1, and
Hos2
Interestingly, C. albicans possesses two genes which are potential
orthologs of S. cerevisiae’s RPD3. These genes are now designated
as RPD31 and RPD32. The current annotation of these genes
has given rise to some confusion, with discrepancies between
the original publication (Srikantha et al., 2001) and the current
annotation in the Candida Genome Database (CGD; Assembly
22, version s06-m01-r01). Table 1 presents updated information
on the gene and protein accession numbers. Hos1 was first
identified and cloned 15 years ago inC. albicans, but its functional
role has remained elusive (Srikantha et al., 2001). Hos2 was
initially described in the CGD as a Class III enzyme with sirtuin
activity (Karthikeyan et al., 2013), but it is now presented as a
member of the class I family (Kim et al., 2015). In vitro analysis
of the enzymatic activity of recombinant Hos2 showed it to
be inactive on acetylated histones but capable of deacetylating
acetylated tubulin (Karthikeyan et al., 2013). These findings
remain to be confirmed in vivo.

Class II HDACs: Hda1 and Hos3
Hda1 was identified in 2001 and was shown to play an important
role in hyphal development (see below). Hos3 was also described
in 2001, but its function has yet to be studied in detail in Candida
spp. (Srikantha et al., 2001).

Class III HDACs: Sir2 and Hst Proteins
The sirtuin family, a group of NAD+-dependent HDACs, is
conserved between some yeasts and humans. Sirtuins were first
characterized in Candida spp. in 1999, with the identification
and cloning of the SIR2 gene in C. albicans (Pérez-Martín et al.,
1999). Sir2 deacetylates histones, specifically lysine 16 on histone
H4, it is also important for silencing at telomeres and ribosomal
genomic regions (Freire-Benéitez et al., 2016). Interestingly,
SIR2 is not present in all Candida spp. Thus, for example in
C. lusitaniae, no Sir functionality for heterochromatic silencing in
subtelomeric and pericentric regions has been detected, while in
other species such as C. albicans or C. glabrata, an ancestral gene
was duplicated to generate HST1 and SIR2 (Froyd et al., 2013;
Kapoor et al., 2015).

Hst are also members of the sirtuin family; Hst1 is a
component of the Set3 HDAC complex, while Hst3 is involved in
nucleosome assembly. With the HAT Rtt109, Hst3 dynamically
controls the level of lysine 56 acetylation on histone H3 (Rundlett
et al., 1996; Wurtele et al., 2010).

Other HDACs: Set3
Set3 is an NAD+-dependent HDAC, which, in S. cerevisiae,
forms a 7-subunit complex (Set3C) containing HDAC and non-
HDAC proteins in C. albicans (Hnisz et al., 2010, p. 2). Four
of these proteins, Set3, Hos2, Snt1 and Sif2, constitute the core
complex and are essential for Set3C assembly, while three others
(Hos4, Hst1, and Cpr1) are peripheral. Set3, Hos2, and Hst1 have
HDAC activity. In addition, the PhD finger domain of Set3 binds
methylated H3K4 and recruits the Set3C complex to chromatin
in S. cerevisiae (Kim et al., 2012). This complex is conserved
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FIGURE 1 | Phylogenetic trees representing HDACs in S. cerevisiae, C. albicans, and C. glabrata. Percent identities matrices between these HDACs are

presented in Supplementary Table S1.

in C. albicans, where it is important for morphogenesis (Nobile
et al., 2014).

FUNCTIONAL ROLES OF HDACs IN
Candida albicans

HDACs and Yeast-to-Hyphae Transition
Candida albicans exists in various morphological forms: an
ovoid-shaped yeast phase is commonly found on mucosal
and skin surfaces, where it is well tolerated by the immune
system; hyphal forms possess a long tube-like extension to
provide increased potential invasiveness. Both forms contribute
to disseminated infections, but the ability to reversibly switch
from one form to the other has been directly linked to
virulence. The yeast-to-hyphae transition is controlled by
various pathways which were recently reviewed (Sudbery,
2011).

The functional role of many HDACs has been linked to
the yeast-to-hyphae transition (Figure 2A). First, Hda1 was
reported to be important for a specific chromatin state during
hyphal elongation and maintenance (Lu et al., 2011); C. albicans
strains deleted for the HDA1 gene are unable to maintain hyphal
development. Hda1 is recruited by the transcription factor Brg1
and establishes a chromatin state which is not permissive to Nrg1
repressor binding. Thus, Nrg1 is unable to bind the promoter
regions of hypha-specific genes and prevent their expression
(Lu et al., 2011, 2012). And in the absence of Nrg1, Hda1
also maintains a nucleosomal structure compatible with the
expression of the hyphal genes.

The yeast-to-hyphae transition is also controlled by Rpd31,
which acts both as a repressor and an activator (Figure 2A).
In yeast cells, Rpd31 is repressing the expression of hyphal-
specific genes such as HWP1 and ECE1 and under non-
hyphae-inducing conditions, these genes are activated when
RPD31 or SSN6 are deleted (Lee et al., 2015). However,
under filament-inducing conditions, the Rpd31-Ssn6 complex

TABLE 1 | Gene and protein accession numbers for HDACs expressed in

C. albicans.

Classes Name Gene name Protein ID Reference

I Rpd3 type Rpd31 CR_02760C Q5A209 Srikantha et al., 2001

Rpd32 C3_07000W Q5ADP0 Hnisz et al., 2009

Hos1 C4_06010C Q59Q78 Srikantha et al., 2001

Hos2 C3_00780W Q5A839

Q5A7T9

Srikantha et al., 2001

II Hda1 type Hda1 CR_02050C Q5A960 Klar et al., 2001;

Srikantha et al., 2001;

Hnisz et al., 2009;

Zacchi et al., 2010

Hos3 C4_02300W Q5AF34 Srikantha et al., 2001

III Sirtuin Sir2 C2_01330C O59923 Klar et al., 2001;

Maglott et al., 2007;

Fu et al., 2008; Nobile

et al., 2012

Hst1 C1_09050W Q5AQ47 Maglott et al., 2007;

Hnisz et al., 2009

Hst2 CR_01800C Q5A985 Maglott et al., 2007;

Hnisz et al., 2009;

Nobile et al., 2012

Hst3 C5_01340W Q5A1W9 Enjalbert et al., 2006;

Maglott et al., 2007;

Wurtele et al., 2010;

Singh et al., 2011;

Stevenson and Liu,

2011

Fungi only Set3 C1_14140C_A Q59ZX1 Uhl et al., 2003;

Maglott et al., 2007;

Hnisz et al., 2009,

2010

promotes filamentous elongation by triggering the expression
of the master regulator UME6, a key factor in hyphal
differentiation (Lee et al., 2015). Finally, the Set3C complex
has been identified as a repressor of the yeast-to-hyphae
transition (Figure 2A). In hyphae-inducing conditions in vitro,
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TABLE 2 | Gene and protein accession numbers for HDACs expressed in

C. glabrata.

Classes Name Gene name Protein ID Reference

I Rpd3 type Rpd3 CAGL0B01441g Q6FXA7 This study

Hos1 CAGL0D01430g Q6FWB7 Dujon et al., 2004

Hos2 CAGL0A03322g Q6FY81 This study

II Hda1 type Hda1 CAGL0J03454g Q6FPJ0 This study

Hos3 CAGL0J06974g Q6FP35 Dujon et al., 2004

III Sirtuin Sir2 CAGL0C05357g Q6FWI7 Dujon et al., 2004

Hst1 CAGL0K01463g Q6FNA6 This study

Hst2 CAGL0L08668g Q6FKU1 Dujon et al., 2004;

Domergue et al., 2005

Hst3 CAGL0H08239g Q6FRI7 Dujon et al., 2004

Hst4 CAGL0F05621g Q6FU79 This study

Fungi only Set3 CAGL0G04499g Q6FT89 This study

set3-, and hos2-null mutant strains had hyperfilamentous
phenotypes (Hnisz et al., 2010, p. 3). The same authors later
showed that the set3 mutant induces transient upregulation
of EFG1 and NRG1, and downregulation of other hyphal
associated genes, such as BRG1 and TEC1 (Hnisz et al.,
2012).

HDACs and the White-to-Opaque
Transition
Candida albicans colonies are typically white and smooth, but
under some specific conditions, such as genetic conversion at
the mating-type locus, a morphological white-to-opaque switch
can occur. White cells have been showed to be more virulent in
murine models (Kvaal et al., 1997). In human systemic infections,
white cells are more likely to be isolated, whereas opaque
cells may be better adapted to colonization (Morschhäuser,
2010).

The white-to-opaque transition involves a set of transcription
factors responsible for the control of genes specific to white and
opaque cells (Hernday et al., 2013). These factors are naturally
linked to the transcription and chromatin machinery. Strains
deleted for either HDA1 or RPD31 showed an enhanced ability
to switch from the white to the opaque state, while only the
rpd311 mutant displayed increased reverse opaque-to-white
switch (Figure 2B). Thus, Hda1 selectively represses the white-
to-opaque switch and Rpd31 suppresses the transition in both
directions (Klar et al., 2001; Srikantha et al., 2001).

The sirtuins Hst3 and Sir2 were identified as switch repressors,
whereas Set3C HDACs (Set3 and Hos2) were recognized as
key activators of the white-to-opaque switch (Figure 1) (Pérez-
Martín et al., 1999; Hnisz et al., 2009; Stevenson and Liu, 2011).

HDACs and Biofilm Formation
Candida albicans can form biofilms – multicellular structures
of mixed communities of microorganisms containing yeast
and hyphal forms surrounded by a self-produced extracellular
matrix – which commonly develop on implantedmedical devices,
such as intravascular catheters or prostheses, as well as on
mucosal surfaces. Biofilms create secondary infectious foci in

hematogenous disseminated candidiasis through the release of
yeast cells into the bloodstream. They are also an important
source of antifungal resistance because the extracellular matrix
hinders drug diffusion (Taff et al., 2013; Perlin et al., 2015).

Set3C HDACs have been shown to be important for the
development of biofilms (Nobile et al., 2014). Thus, deletion
of SET3 and HOS2 decreases biofilm formation and biomass,
and these mutants seem to be more resistant to mechanical
shearing and yeast dispersion in vivo (Nobile et al., 2014). The
Set3C complex binds to five of the six biofilm master regulators,
namely NRG1, BRG1, TEC1, NDT80, and ROB1. Notably, Nrg1,
which is transiently repressed by Set3C during filamentation, is
involved in the regulation of cellular dispersion (Uppuluri et al.,
2010).

Role of HDACs in Virulence In vivo
Several studies have investigated the role of HDACs in C. albicans
virulence through in vivo experiments, mostly assessing survival
rates after systemic injection of wild-type and mutant strains.

The RPD31 deletion induced filamentation defects and
attenuated virulence when injected into mice (Srikantha et al.,
2001; Lee et al., 2015). These results are consistent with the
hyphae-inducing conditions found in animal models. Likewise,
the set3mutant displayed a hyperfilamentous phenotype in vitro.
This phenotype was confirmed in vivo in mouse kidneys, but,
surprisingly, it was associated with attenuated virulence (Hnisz
et al., 2010) (Figure 2C). This attenuated virulence could be
linked to the Set3C-mediated transcription regulation which
includes transient downregulation of EFG1 and NRG1 and
induction of BRG1 and TEC1 (Hnisz et al., 2012). In addition,
Hst3 deletion leads to increased H3K56 acetylation, decreased
cell viability with abnormal filamentous growth and genomic
instability. In vivo, this deletion attenuates the virulence of
C. albicans in mice models (Wurtele et al., 2010).

HDACs and Antifungal Resistance
Histone acetylation dynamics and HDACs have been shown to
be involved in the development of resistance to antifungal drugs.
Notably, Li et al. (2015) showed that the expression of HDA1
and RPD3 was increased during acquisition of azole resistance,
but decreased once resistance had been established. Hda1 and
Rpd3 control the acetylation of Hsp90, a protein involved in
the development of drug resistance in various fungi (Cowen and
Lindquist, 2005; Robbins et al., 2012). Inactivation of HDACs
in C. albicans phenocopies the genetic and pharmacological
inhibition of Hsp90, restoring azole susceptibility by blocking the
Hsp90-dependent response involved in azole resistance (Cowen
and Lindquist, 2005).

Some authors initially hypothesized that this effect was
achieved because HDACs directly influenced the expression of
efflux transporter genes involved in azole resistance. However,
recent studies suggest that the deletion of HDACs or the use
of HDAC inhibitors could decrease the expression of efflux
transporters as a part of a general decrease of histone acetylation
and its consequence on transcription regulation (Li et al., 2015).
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FIGURE 2 | HDACs and morphogenesis in C. albicans. Phenotypic effect of different HDACs during filamentation (A) and the white to opaque transition (B),

(C) HDACs regulate the expression of key transcription factors of regulatory circuits, which regulate the gene expression program during filamentation and the

formation of biofilms. HDAC inhibition deregulates the transcription regulatory circuit, generating a hyperfilamentation phenotype and a loss of virulence in vivo.

Similarly, upon treatment with HDAC inhibitors, biofilms are more robust but have a decreased yeast dispersion and a loss of virulence in vivo.

FUNCTIONAL ROLES OF HDACs IN
Candida glabrata

In the species distribution of invasive candidiasis, C. glabrata
ranks second after C. albicans (Brown et al., 2012). Chromatin
remodeling and sirtuin-family HDACs are required for
C. glabrata to adapt to stressful conditions such as survival
inside phagocytes, adhesion and maintenance of colonization, or
multidrug resistance (Rai et al., 2012; Orta-Zavalza et al., 2013;
De Las Peñas et al., 2015).

Sir2 is important for the regulation of cell adhesion; its absence
reduces silencing and many subtelomeric adhesin-encoding EPA
genes are derepressed (De Las Peñas et al., 2015). Hst1 in
C. glabrata is recruited by the transcription factor Sum1 and
contributes to the repression of PDR1 and CDR1, which regulate
the expression of efflux pumps. Thus, when Hst1 is deleted,
these genes are upregulated and azole resistance is enhanced
(Orta-Zavalza et al., 2013).

EFFECTS OF HDAC INHIBITORS ON
Candida spp. IN VITRO

Inhibitors of mammalian HDAC enzymes were first developed
nearly 35 years ago. As soon as the first molecules were

identified, several pioneer studies analyzed their effects on yeast
HDACs.

Non-selective Inhibitors of Class I and II
HDACs
Trichostatin A (TSA) is a well-known HDAC inhibitor. It was
first isolated from a culture broth of Streptomyces platensis and
was initially presented as a fungistatic drug inhibiting growth
of Trichophyton and Aspergillus (Tsuji et al., 1976). Rapidly,
however, it was shown to act on the differentiation of mammalian
cells and to inhibit their HDACs (Yoshida et al., 1987, 1990).
Ten years later, TSA was tested on pathogenic yeasts, including
C. albicans where it induced a dramatic increase in white-to-
opaque transition (Klar et al., 2001). This phenotype is fully
compatible with Hda1 and/or Rpd31 inhibition (see above, Klar
et al., 2001; Srikantha et al., 2001). TSA was also shown to trigger
the yeast-to-hyphae conversion of C. albicans through inhibition
of Set3CHDACs (Hnisz et al., 2010). Finally, the deletion ofHos2,
a Set3C subunit, but none of the other HDACs, phenocopies the
TSA induced yeast-to-hyphae transition (Hnisz et al., 2010). No
in vitro assessment of TSA on Candida HDACs has been yet
reported but TSA is active on purified Rpd3, Hda1 and Hos3
in S. cerevisiae (Carmen et al., 1999). Therefore, the phenotypes
observed in Candida spp. are likely to be mediated by a direct
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inhibition of the Rpd3, Hda1, and a Hos2 enzyme as a TSA
treatment phenocopies the deletion of these HDACs.
Sodium butyrate is another well-known HDAC inhibitor. In

1978, this fatty acid was shown to inhibit mammalian HDACs.
In 2002, it was tested in C. albicans with other HDAC inhibitors
(Candido et al., 1978; Smith and Edlind, 2002). Sodium butyrate
alone was shown to have minimal effects on growth, heat
sensitivity, and germ tube formation in C. albicans (Smith and
Edlind, 2002), although some reports suggested that it inhibited
growth and biofilm formation in C. albicans, C. parapsilosis, and
Cryptococcus neoformans, while also enhancing the functions of
macrophages in vitro (Candido et al., 1978). Whether its effect on
HDAC enzymes is direct or not remain to be determined.

Some uracil-based compounds have been identified, among
which suberoylanilide hydroxamic acid (SAHA), also known as
vorinostat. This compound is currently licensed for clinical use
for the treatment of cancer. When tested against C. albicans
strains, it displayed relatively low antifungal activity (Mai
et al., 2007), although another study showed that the same
concentration could reduce the pathogenicity of C. albicans by
decreasing its adherence to cultured human cells by 90%, and
significantly inhibiting serum-induced germination (Simonetti
et al., 2007). Finally, apicidin, a cyclic tetrapeptide, displays
limited direct antifungal activity against C. albicans (Smith and
Edlind, 2002).

Sirtuin Inhibitors
Nicotinamide is a vitamin and precursor of NAD+ and a well-
described inhibitor of Class III HDACs, including Sir2 (Landry
et al., 2000; Bitterman et al., 2002; Sanders et al., 2007). It
was shown to have broad antifungal activity against several
pathogenic Candida and Aspergillus species. In particular, the
addition of nicotinamide to wild-type C. albicans cells led to
morphological alterations and strong growth inhibition in vitro,
these effects are thought to be mediated through inhibition of
H3K56 deacetylation (Wurtele et al., 2010).

Thus, the in vitro effects of these non-selective HDAC
inhibitors used alone were only studied in C. albicans and results
were somewhat conflicting. Further studies including C. glabrata
will be needed.

Selective HDAC Inhibitors
In addition to the pan-HDACs inhibitors, such as TSA and
SAHA, a fungal-specific Hos2 inhibitor, MGCD290, has been
developed (Pfaller et al., 2009). No enzymatic data currently
evaluates its effect on purified Hos2, but in vitro, this compound
alone showed a modest activity against Candida spp., with
minimum inhibitory concentrations (MICs) ranging from 0.5 to
16 µg/mL, depending on the species. However, in combination
with azoles, MGCD290 was active against a broad range of fungi,
including molds such as Aspergillus spp., and was promoted as
the way forward for the development of a new class of clinical
drugs.

More generally, the HDAC enzymatic activity is dependent
of key residues which have been highly conserved through
evolution (Lombardi et al., 2011 and Supplementary Figure S1).
Sequence alignments of class I and class II HDACs from

C. albicans and human reveal that Set3 is the most divergent
enzyme, with <20% of identity with human or other C. albicans
HDACs (Supplementary Figure S1; Supplementary Table S2). The
functional study of this enzyme has demonstrated its importance
for the biology of C. albicans and its virulence in vivo (see section
Functional Roles of HDACs in Candida albicans). Altogether,
Set3 appears to be an exceptional candidate for the development
fungal specific HDAC inhibitors. Alternatively, Hos1, Hos3, and
Hst3 could also constitute new potential targets (Supplementary
Table S2).

A new generation of inhibitors has currently been developed
and targets selectively human HDAC isoforms, such as
HDAC1/2, HDAC3, or HDAC8 (for review, Falkenberg and
Johnstone, 2014). This illustrates that high levels of selectivity
can be reached among human HDACs. Similarly, it is very likely
that specific compounds could probably target specifically fungal
HDACs. Structural studies showed that HDAC8 active site is very
malleable and adapts its conformation when different inhibitors
are bound (Somoza et al., 2004). Future work will hopefully
generate more structural information on fungal HDACs and
provide additional insights to the quest for specific fungal
inhibitors.

THE CLINICAL POTENTIAL OF HDAC
INHIBITION IN Candida INFECTIONS

HDAC Inhibitors Bolster Existing
Antifungal Drugs and Limit the
Emergence of Resistance
When used alone, HDAC inhibitors seem to display only a
modest anti-Candida activity, however, their potential increases
exponentially when they are used in combination with existing
antifungal agents. This activity is observed not only with
planktonic cells but also with biofilms.

Thus, HDAC inhibitors can significantly enhance azole
activity in vitro (Smith and Edlind, 2002; Mai et al., 2007; Li
et al., 2015). Combination of TSA with fluconazole, itraconazole,
or voriconazole significantly reduced trailing growth (the
phenotypic expression of drug-tolerance) and/or the azole MICs,
in C. albicans, C. parapsilosis, and C. tropicalis (Smith and
Edlind, 2002; Mai et al., 2007). Similar effects were observed in
C. albicans when SAHA or other hydroxamate-based inhibitors
were used in combination with fluconazole. These observations
are consistent with the increased azole susceptibility of the
HDA1 or RPD3 mutants of C. albicans (Mai et al., 2007;
Zhang and Xu, 2015). MGCD290 also potentiates the activity
of triazoles against Candida spp. in vitro (Pfaller et al., 2009,
2015). This synergy between HDAC inhibitors and antifungals
is not limited to azoles, and TSA was shown to enhance the
activity of other antifungal agents acting on membrane synthesis,
including terbinafine, although it had no effect on the activities of
amphotericin B and 5-fluorocytosine (Smith and Edlind, 2002).
MGCD290 was also found to potentiate the echinocandins,
although this synergistic effect was less pronounced than the
effect with azoles (Pfaller et al., 2015).
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Apart from its activity against Candida spp., MGCD290
was shown to have a synergistic activity with azoles against
Aspergillus, Rhizopus, Mucor, Fusarium, Scedosporium,
Rhodotorula, and Trichosporon genus (Pfaller et al., 2009).
One of the growing threats in the treatment of invasive

candidiasis is the emergence of multidrug resistance, including
echinocandin resistance, especially in C. glabrata (Maubon et al.,
2014). Synergy between HDAC inhibitors, azoles (especially
fluconazole) and echinocandins was also demonstrated for
the treatment of several resistant strains of C. albicans,
C. glabrata, or C. krusei (Pfaller et al., 2009; Li et al., 2015,
p. 3). In vitro, MGCD290 also decreased the echinocandin-
resistance of C. glabrata, C. albicans, and C. krusei isolates.
Moreover, in most azole- or echinocandin-resistant strains,
combination with a HDAC inhibitor led to a shift from
resistance to greater susceptibility (Pfaller et al., 2015). Similarly,
several echinocandin- or azole-resistant C. albicans isolates
were as sensitive to nicotinamide as susceptible strains upon
combined treatment with a HDAC inhibitor (Wurtele et al.,
2010).
Through similar studies, several HDAC inhibitors were shown

to enhance the action of antifungal drugs against fungi present
in biofilms. Thus, Al-Dhaheri and Douglas (2010) showed
that, in the presence of amphotericin B, TSA or apicidin,
sodium butyrate significantly reduced viability of Candida spp.
in biofilms. Similarly, sodium valproate, an organic compound
used as an anticonvulsive agent which has been shown to be
a HDAC inhibitor, used in combination with amphotericin B
showed synergistic antifungal activity on biofilms produced by
C. albicans, C. krusei, and C. parapsilosis (Göttlicher et al.,
2001; Phiel et al., 2001; Al-Dhaheri and Douglas, 2010).
Valproate was the most effective agent against C. krusei,
while butyrate had the greatest impact on C. albicans. Using
a biofilm formation assay, butyrate alone showed antifungal
activity against C. albicans, C. parapsilosis, and C. neoformans
(Hnisz et al., 2012). A combination therapy based on flavonoids
and butyrate also significantly reduced a C. tropicalis biofilm
(Rajasekharan et al., 2015).

Even though they are preliminary, these results with HDAC
inhibitors on biofilms are encouraging. Despite their lack of
specificity, HDAC inhibitors may be used at high concentrations
in the particular context of lock therapy, which involves the
direct application of very high local doses of active drugs to
contaminated catheters. In addition, combinatorial strategies
against biofilms have recently gained interest for the treatment of
Candida infections associated with biofilms on devices (Liu et al.,
2005). Indeed, the disruption of the membrane or the cell wall
by antifungal agents may help promote the uptake of compounds
that are active inside cells.

Use of HDAC Inhibitors in Animal Models
and Clinical Studies
The animal experiments described above confirmed that genetic
inhibition of HDACs produced strains with attenuated virulence
(Figure 2). These experiments are important for functional
studies, but genetic knock-out models are not entirely predictive

of the ability of HDAC inhibitors to cure Candida infection
in vivo.

Indeed, until now, only three HDAC inhibitors have been
tested as therapeutic agents in animal models: the sirtuin
inhibitor nicotinamide (intraperitoneal injection), valproic
acid (intraperitoneal injection) and the Hos2 inhibitor
MGCD290 (oral route). Wurtele et al. (2010) demonstrated
that nicotinamide, mimics the in vitro effects of Hst3 repression,
leading to a loss of virulence in mice. This antifungal effect
requires the presence of the acetyltransferase RTT109 which
acetylates H3K56, suggesting that nicotinamide exerts its
therapeutic effect through inhibition of Hst3p-mediated H3K56
deacetylation. Paradoxically, the intra-peritoneal injection of
high doses of valproic acid in a disseminated mice model of
candidiasis was associated with accelerated (mean time to death:
21.5 days vs. >40 days) and increased mortality (44% vs. 75%,
P = 0.02; Roger et al., 2011). Similarly, MGCD290 was tested
in a murine model of invasive candidiasis in combination
with fluconazole (Besterman J., presented at Interscience
Conference on Antimicrobial Agents and Chemotherapy
IAAC in 2012 in San Francisco, CA, USA). The results of this
study indicated that kidney fungal loads in animals receiving
both MGCD290 and fluconazole were significantly lower
than fungal loads in animals treated with fluconazole alone.
These preliminary results on the use of HDAC inhibitors
in murine models of candidiasis are conflicting, but there
are also major differences between these in vivo models. In
the future, the relevancy of such in vivo experiment will
probably need to be attested to provide clear information
on the therapeutic potential of the tested compounds. Also,
HDAC inhibitors still need to be rigorously tested under
a range of experimental conditions to examine both their
toxicity and antifungal efficacy. Indeed, as several regulatory
and signaling pathways/mechanisms are highly conserved
between fungal and human eukaryotic cells, the use of a non-
selective HDAC inhibitor (acting upstream these pathways)
exposes to the risk of unwanted adverse effects. However,
HDAC inhibitors toxicity does not seem to be a major issue
yet, but the commercially available HDAC is today were only
recently approved. The most common serious adverse events
reported with HDAC inhibitors in cancerology were cytopenia
(thrombocytopenia, anemia, neutropenia, or leukopenia),
pyrexia, infection, sepsis, or cardiac toxicity. Other frequent
adverse reactions are fatigue, nausea and diarrhea (Mottamal
et al., 2015). In a recent phase 2 clinical study, the combination
of oral MGCD290 and fluconazole in patients with moderate
or severe vulvo-vaginal candidiasis, although well tolerated, did
not significantly improve outcome compared with fluconazole
alone (Augenbraun et al., 2013). This result does not support
the therapeutic use of this HDAC inhibitor in this particular
clinical context. Also, there is currently no available data
suggesting that patients treated with HDACs inhibitors are less
susceptible to Candida infection, and more specifically designed
studies, among onco-hematological patients, are needed to
answer this issue. Thus, for now, the clinical utility of HDAC
inhibitors remains to be validated, and further research is more
necessary than ever. The recent and expanding use of the

Frontiers in Microbiology | www.frontiersin.org 7 August 2016 | Volume 7 | Article 1238



Garnaud et al. Inhibiting histone deacetylases in Candida species

Galleria mellonella larvae model, which inter alia allows high-
throughput screening of chemical libraries for the discovery of
new antifungal compounds will probably facilitate the discovery
of more selective and efficient HDAC inhibitors (Lionakis, 2011).

CONCLUSION

The activity of HDAC proteins is essential for the functionality
of chromatin in all eukaryotic cells. In Candida species,
most HDACs contribute to life cycle regulation, morphogenic
plasticity, and biofilm formation; they are also involved in azole-
and echinocandin-resistance. Therefore, their genetic or chemical
inhibition can affect yeast virulence and its capacity to form
biofilms while also enhancing the efficacy of existing antifungal
drugs, even toward resistant strains. Three HDAC inhibitors now
have FDA-approval for clinical use and a dozen compounds
are included in clinical trials for cancer therapy. Obviously,
the development of fungal-specific drugs would have a high
clinical impact as they would avoid inhibition of endogenous
host HDACs, therefore probably reducing side effects. These
molecules already represent a great potential to create new
antifungal treatments, especially given their behavior and how
well they are tolerated in patients. Along with other compounds
targeting innovative machineries (i.e., mitochondrial function,
glycosylphosphatidylinositol biosynthesis, vesicle transport)
which are currently in preclinical development, they may be

incorporated in the antifungal pipeline. However, in vivo tests
should be expanded to include more diverse animal models,
including invertebrates.
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Supplementary Figure 1. Sequence alignment of histone deacetylase domain from human and 

C. albicans HDACs. 

Histone deacetylase domains were aligned with NPS@ (Combet et al., 2000) and represented with 

ESPript 3.0 (Robert and Gouet, 2014). Secondary structure was obtained from HDAC8 (PDB 1T69). 

Sirtuins were omitted for clarity reasons. Key amino acids of the enzymatic pocket are pointed by a 

green arrow and obtained from (Lombardi et al., 2011). 

 

  

                     1        1 0         2 0          3 0         4 0         5 0                     

Ca_Rpd31_HDA                                 H    P  R I         N   L   K  E  I          E L    H  D E Y I                       . . . . . . . . . . . . . . . . . . . . . T G  C M K  H   R M A H S L I M  Y E  Y K  M  .  Y R A Q P A T N L   T Q F  T     D F I D . . . . . . . . . . . . . . . . R V
Ca_Rpd32_HDA                                 H P   P  R I         N  G L   K  E  I         Q E M    H  D E Y I                       . . . . . . . . . . . . . . . . . . . . G A G   M K  H   R M A H S L I M  Y   Y K  M  .  Y R A K P A T K    C Q F  T     D F I S . . . . . . . . . . . . . . . . R V
Ca_Hos1_HDA                                   P     R             L     D            D L    H  D E F V                       . . . . . . . . . . . . . . . . . . K I V D L L  S N K G  Q S L V L G L I E A Y K  I D L C  G T I D I Y P A Q T K   T T Y  D     K H L M G P R T F L D K N F N K I D K A E T
Ca_Hos2_HDA                                  H P   P  R             L   K  D           D E L    H S E D Y I                       . . . . . . . . . . . . . . . . . . . . G A L   M K  F  L M L T D H L V I S Y K  Y E  M  . L Y T P R R A T K    L E F       D F L Q . . . . . . . . . . . . . . . . S I
Ca_Hda1_HDA                                        E  G        I         E E     H S E D                         . . . . . R I Y K K L V E A G I V L D P S . . . . . . . . . . . . . L A G I N  I  . . P F M L K  P I R E A T S .   I L Q V     H L K F I Q S T . . . . . . . . . . . . . E D M
Ca_Set3_HDA           . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Hs_Hdac1_HDA                                 H P   P  R I       L  N  G L   K  E  I         E E M    H S D D Y I                       . . . . R K V C Y Y Y D G D V G N Y Y Y G Q G   M K  H   R M T H N L  L  Y   Y R  M  .  Y R P H K A N A    T K Y       K F L R . . . . . . . . . . . . . . . . S I
Hs_Hdac2_HDA                                 H P   P  R I       L  N  G L   K  E  I         E E M    H S D E Y I                       . . . K K K V C Y Y Y D G D I G N Y Y Y G Q G   M K  H   R M T H N L  L  Y   Y R  M  .  Y R P H K A T A    T K Y       K F L R . . . . . . . . . . . . . . . . S I
Hs_Hdac3_HDA                                 H P   P  R            G L   K    V          D M    H S E D Y I                       . . . . K T V A Y F Y D P D V G N F H Y G A G   M K  H  L A L T H S L V L H Y   Y K  M I .  F K P Y Q A S Q H   C R F       D F L Q . . . . . . . . . . . . . . . . R V
Hs_Hdac4_HDA                                 H P     R I       L  E  G L   K  E  I         E E L    H S E                          . . . G L V Y D T L M L K H Q C T C G S S S S   E H A G   Q S I W S R  Q  T   R G  C  C  R G R K A T L .    Q T V    A H T L L Y G T N P . . . . . . . . . L N R Q K L
Hs_Hdac5_HDA                                 H P     R I       L  E  G L   K  E  I         D E     H S E                          . . . G V V Y D T F M L K H Q C M C G N T H V   E H A G   Q S I W S R  Q  T   L S  C  R  R G R K A T L .   I Q T V    Y H T L L Y G T S P . . . . . . . . . L N R Q K L
Hs_Hdac6_HDA1                                 P   P  R        L  Q  G L                E E L    H S  E Y I                       . . . G L V L D E Q L N E F H C L W D D S . . F  E G  E  L H A I K E Q  I  E   L D R C V S F Q A R F A E K .    M L V   L    D L M E T T . . . . . . . . . . . . . Q Y M
Hs_Hdac6_HDA2                                H P   P  R I       L  E  G L                 E L    H S  E Y V                       . . . G L V Y D Q N M M N H C N L W D S H . .   E V  Q   L R I M C R  E  L   A G R C L T L T P R P A T E . A   L T C   A    G H L R A T . . . . . . . . . . . . . E K M
Hs_Hdac7_HDA                                 H P     R I       L  E  G L     E           E E L    H S E   V                       F T T G L I Y D S V M L K H Q C S C G D N S R   E H A G   Q S I W S R  Q  R   R S Q C  C L R G R K A S L .    Q S V    R H  L L Y G T N P . . . . . . . . . L S R L K L
Hs_Hdac8_HDA                                     P  R             L       I         E E M    H  D  Y                        . . . . L V P V Y I Y S P E Y . . V S M C D S L A K I  K  A S M V H S L I E A Y A  H K Q M R .  V K P K V A S M    A T F  T  A  L Q H L Q . . . . . . . . . . . . . . . . K V
Hs_Hdac9_HDA                                 H P     R I       L  E  G L   K  E  I         E E     H S E                          S A T G I A Y D P L M L K H Q C V C G N S T T   E H A G   Q S I W S R  Q  T   L N  C  R  Q G R K A S L .   I Q L V    H H S L L Y G T N P . . . . . . . . . L D G Q K L
Hs_Hdac10_HDA                                    P  R        L  Q  G L                E E L    H S  E Y V                       M G T A L V Y H E D M T A T R L L W D D P E C E I E R  E  L T A A L D R  R  R   E Q R C L R L S A R E A S E .    G L V   P    S L V R E T . . . . . . . . . . . . . Q V L

    6 0                 7 0         8 0         9 0        1 0 0             1 1 0        1 2 0        1 3 0    

Ca_Rpd31_HDA                                                                                 G             C           N L                      D                 G    E  A      G Q         A I       H H A   S  A  G F  Y  N D I   T P D   H L F E . R . . . . . . . E Q V I F N V G  D C P V F D G L G E F C K I S C  G S M  G  A R L N R   A D . . . . . I   N Y A G  L    K K  E  S     T    V L
Ca_Rpd32_HDA                                                                                 G             C           N L                      D         F        G    E  A      G          A I       H H A   S  A  G F  Y  N D I   N P D   D L F T . K . . . . . . . E Q I K F N V G  D C P V F D G L  E Y C G I S G  G S M  G  A R L N R  K C D . . . . . I   N Y A G  L    K K  E  S     L    V L
Ca_Hos1_HDA                                                                                  G             C           N                                     L       N  A   I             A V       H H    S  A  G F  Y  N D V   D L T  I V I E E N D . . . . . . . L D E K Y G L T F D C Y P F P S L D L Y V Q  T A A S S I  A  R K  V Q Q V K E T K D Q I I   N W Y G  R   C H K  H  A     V    V L
Ca_Hos2_HDA                                                                                  G             C                                  D         Y        G    D        G          A I       H H A       G F  Y  N D I   T P E K C K T I S N D . . . . . . . T L A Q F N I G  D C P I F D G M  D Y S A I Y A  A S L  A T R K L I S  M S D . . . . . I   N W S G  L    K K F E P S     V    V L
Ca_Hda1_HDA                                                                        G             C           Q L                      D         Y     L   G    E     V   G          A I V      H H A E      G F     N V  VS R D   L K E T E T . . . . . . . . . . . . . . G  S I Y V N N D S  L S A K  S C  G T I  A C K A  I E  R V K N S . . . L    R P P  .     P N T P A    L F S   A  
Ca_Set3_HDA                                                                                  G             C                                                   G             N          I I         E       Y        I. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A L F I S S N  G G S G G G S L T I P E  T P . . . . . . .   E Y L  . . . .  I D L F K N   R D S . . .  
Hs_Hdac1_HDA                                                                                 G             C           N M                      E         F     L   G      A       Q         A V       H H A   S  A  G F  Y  N D I   R P D   S E Y S . K . . . . . . . Q M Q R F N V G  D C P V F D G L  E F C Q  S T  G S V A S  V K L N K Q  T D . . . . . I   N W A G  L    K K  E  S     V    V L
Hs_Hdac2_HDA                                                                                 G             C           N M                      E         F     L   G      A       Q         A V       H H A   S  A  G F  Y  N D I   R P D   S E Y S . K . . . . . . . Q M Q R F N V G  D C P V F D G L  E F C Q  S T  G S V A G  V K L N R Q  T D . . . . . M   N W A G  L    K K  E  S     V    V L
Hs_Hdac3_HDA                                                                                 G             C           N M                      D         F        G    Q  A                A I       H H A     A  G F  Y  N D I  IS P T   Q G F T . K . . . . . . . S L N A F N V G  D C P V F P G L  E F C S R Y T  A S L  G  T Q L N N K I C D . . . . . I   N W A G  L    K K F E  S     V    V  
Hs_Hdac4_HDA                                                                                 G             C            L                      D              L   G    E     V   G E         A V V      H H A E  S    G F  Y  N  V  VD S K K  L G S L A S . V F V R L P C G G V G V D S  T I W N E V H S A G A A R  A V  C V V  L V F K  A T   L K N G . . . F    R P P  .     E  T P M     F  S  A  
Hs_Hdac5_HDA                                                                                 G             C            L                      D              M   G    E  A   V   G E         A I I      H H A E  S  A  G F  F  N  V  ID S K K  L G P I S Q K M Y A V L P C G G I G V D S  T V W N E M H S S S A V R  A V  C L L  L  F K  A A   L K N G . . . F    R P P  .     E  T  M     F  S  A  
Hs_Hdac6_HDA1                                                                                G             C           E L                      D         Y     L   G         V    E         A I I      H H A Q  S    G Y    N  V  VN E G   R V L A D T . . . . . . . . . . . . . . Y  S V Y L H P N S  S C A C  A S  S V L R L V D A  L G A  I R N G . . . M    R P P  .     H  L M D    M F  H  A  
Hs_Hdac6_HDA2                                                                                G             C           E L                      D         F     L   G         V   G E         A V V      H H A E    A  G F  F  N  V  VK T R   H R E S S N . . . . . . . . . . . . . . F  S I Y I C P S T  A C A Q  A T  A A C R L V E A  L S   V L N G . . . A    R P P  .     Q D A  C     F  S  A  
Hs_Hdac7_HDA                                                                                 G             C            L                      D                 G    D  A   V    E         A V V      H H A D  S  A  G F  F  N  V  ID N G K  A G L L A Q R M F V M L P C G G V G V D T  T I W N E L H S S N A A R W A A  S V T  L  F K  A S R  L K N G . . . F    R P P  .     H  T  M     F  S  A  
Hs_Hdac8_HDA                                                                                 G             C                                           F        G      A      G          A I       H H A     A  G F  Y  N D    S Q E G D D D H P . . . . . . . . . D S I E Y G L G Y D C P A T E G I  D Y A A A I G  A T I T A  Q C L I D  M C K . . . . . V   N W S G  W    K K D E  S     L   A V L
Hs_Hdac9_HDA                                                                                 G             C            L                      D              M   G    E  A   V   G E         A V V      H H A E  S  A  G F  F  N  V  ID P R I  L G D D S Q K F F S S L P C G G L G V D S  T I W N E L H S S G A A R  A V  C V I  L  S K  A S   L K N G . . . F    R P P  .     E  T  M     F  S  A  
Hs_Hdac10_HDA                                                                                G             C           E L                      D         F     L   G    Q     V   G          A  V      H H  Q    A  G F    N N V  IG K E   Q A L S G Q . . . . . . . . . . . . . . F  A I Y F H P S T  H C A R  A A  A G L  L V D A  L T  A V Q N G . . . L  L  R P P  .   G  R A A  N    V F    A  

    1 4 0            1 5 0        1 6 0        1 7 0          1 8 0          1 9 0        2 0 0            2 1 0    

Ca_Rpd31_HDA                                                               P                                           L          R V L  I D  D V H H G D G V E E A F Y  N   V M   S  H  F    E F F  G    G N   D I G  G  G     I N I P   D G       D   Y  G I I E  L R Y H P . . . .    Y   T              T  D R   T C  F  K  G . .      . . T   L T    I  K  K Y H A     L R   . . . . I D  A S  K
Ca_Rpd32_HDA                                                               P                                           L          R V L  I D  D V H H G D G V E E A F Y     V M   S  H  Y    E F F  G    G E   D I G  G  G     V N V P   D G       D   Y  G I I E  L R Y H P . . . .    Y   I              T T D R   T C  F  K  G . .      . . T   L R    V  K  K Y H S     L R   . . . . I D  A T  K
Ca_Hos1_HDA                                                                P                                           L           V    D  D  H H G D G V E N A F      V    S  H R Y D    F Y  G    G                N I P    G       D     S I N I  R K N L G . . . . S  F Y L  L  L           K F S K K  A T C  I     I . G     . . T  S L K S S . . . . . R E N T Y    T E K  . . . . L N  S S M L
Ca_Hos2_HDA                                                                P                                           L          R V M  I D  D  H H G D G V Q E A F Y     V M  V S  H  Y N   E F F  G    G    E V G  G  G   Y  I N V P   D G       D   Y  S I I N  L R V H P . . . .    Y   I  L            N T D R   T   F  K   G .      . . T  S V D    I  S  K N  A     L R   . . . . I D  E S  I
Ca_Hda1_HDA                                                      P                                           M          R I   V D  D I H H G N G  Q  A F Y  D   V L  I S  H R F E    F Y  G    G D   Q V G  G  G   F  I N I P           D   Y  A A K N  L K N Y P E S V R   V I   W        T  K    N  P R   Y   L     N G K     T K Y   L N    E  P  E G  T     W R S . . . S G M H  G D  V
Ca_Set3_HDA                                                                P                                           M           V L          D    D               R F                           V  V P   N             N Q Y R  W G S P K . . . P K   K T T I P T Q Y S  E T L  I V L D S R . . F V G N E S   I R . K A C  S . . . . . . . . . . S A N C R I E T  Y   E Q  . . . . . . . . K F R F
Hs_Hdac1_HDA                                                               P                                           L          R V L  I D  D I H H G D G V E E A F Y     V M  V S  H  Y    E Y F  G    G D   D I G  G  G   Y  V N  P   D G       D   Y  A I L E  L K Y H Q . . . .    Y   I              T T D R   T   F  K  G . .      . . T   L R    A  K  K Y  A   Y  L R   . . . . I D  E S  E
Hs_Hdac2_HDA                                                               P                                           L          R V L  I D  D I H H G D G V E E A F Y     V M  V S  H  Y    E Y F  G    G D   D I G  G  G   Y  V N  P   D G       D   Y  A I L E  L K Y H Q . . . .    Y   I              T T D R   T   F  K  G . .      . . T   L R    A  K  K Y  A   F  M R   . . . . I D  E S  G
Hs_Hdac3_HDA                                                               P                                           L          R V L  I D  D I H H G D G V Q E A F Y     V M  V S  H  Y     F F  G    G D   E V G    G   Y   N V P   D G       D   Y  G I L E  L K Y H P . . . .    Y   I              L T D R   T   F  K  G N . Y     . . T   M Y    A E S  R Y  C L    L R   . . . . I D  Q S  K
Hs_Hdac4_HDA                                                               P                                           L           I L  V D  D V H H G N G  Q Q A F Y  D   V L   S  H R Y D   N F F  G    G    E V G  G  G   F  V N      G       D   Y  A A K L  Q Q R L S . . V S K   I   W        T      S  P S   Y M  L     D G      . . S  A P D    T  P  V G  N   M A F T G  L D P P M G  A E  L
Hs_Hdac5_HDA                                                               P                                           L           V L  V D  D I H H G N G  Q Q A F Y  D   V L  I S  H R Y D   N F F  G    G    E V G  G  G   Y  V N V     G       D   Y  T A K L  Q Q K L N . . V G K   I   W        T      N  P S   Y   L     N G      . . S  A P E    G  P  V G  N    A W T G  V D P P I G  V E  L
Hs_Hdac6_HDA1                                                              P                                                     R V L  V D  D V H H G Q G  Q   F   D   V L   S  H R Y E    F        N     G  G  G   Y  I N V P   Q        D   Y  A A R Y A Q Q K H R . . I R    I   W        T  F T  D Q  P S   Y F  I     Q G R  W  H L K A S  W S T T  F  Q  Q G  T     W N  . . . V G M R  A D  I
Hs_Hdac6_HDA2                                                              P                                                     R I L  V D  D V H H G N G  Q   F   D   V L  V S  H R Y D    F F      G    Q I G    G   F  V N V            D   Y  A A R H A Q T I S G H . A L    I   W        T  H M  E D  P S   Y   L     H G T    M G D E  A S S    R A A  T G  T    A W N G . . . P R M G  A D  L
Hs_Hdac7_HDA                                                               P                                           L           I L  V D  D V H H G N G  Q Q  F Y  D   V L  I S  H R  D   N F F  G    G    E V G  G  G   F  V N V     G       D   Y  A C R Q  Q Q Q S K . . A S K   I   W        T   T   Q  P S   Y   L   H  D G      . . S  A V D    A  S  E G  N    A W A G  L D P P M G  P E  L
Hs_Hdac8_HDA                                                               P                                           L          R I L  V D  D  H H G D G V E D A F      V M  V S  H  F     F F  G    G D   D V G  G  G   Y  V N V P   D G       D   Y  G I L R  R R K F E . . . .    Y   L  L           S F T S K   T   L  K  S P . G     . . T   V S    L  K  R Y  S     I Q   . . . . I Q  E K  Y
Hs_Hdac9_HDA                                                               P                                           L           I L  V D  D V H H G N G  Q Q A F Y  D   I L  I S  H R Y D   N F F  G    G    E V G  G  G   Y  I N I     G       D   Y  T A K Y  R D Q L N . . I S K   I   L        T      A  P S   Y   L     E G      . . S  A P N    T  L  E G  N    A W T G  L D P P M G  V E  L
Hs_Hdac10_HDA                                                              P                                                     R I L  V D  D V H H G Q G I Q   F   D   V L   S  H R Y E    F        D    V G  G  G   F  V N  P   Q        N   Y  A A A H A K Q K H G . . L H    V   W          Y L  E D  P S   Y F  W     H G R  W  F L R E S  A D A   R  Q  L G  T   L  W N  . . . V G M G  A D  V

    2 2 0        2 3 0        2 4 0          2 5 0        2 6 0          2 7 0        2 8 0        2 9 0            

Ca_Rpd31_HDA                                   D                                                                     F   I I   I    Y Q P   I V    G    L  G D    L G  F N L    G                       G G Y     V A                  S I  E P   T K  M E W    S A   L Q C  G  S  S   . . R   P    S M R  H A N C V N F V R S L G . . V P V M V L G G    T I R N   R T W A F E T . . . . . . . . .  
Ca_Rpd32_HDA                                   D                                                                     F   V I   I    Y Q P   I V    G    L  G D    L G  F N L    G                       G G Y  M   V A                  S V  E P   S K  I E W    S A   L Q C  G  S  S   . . R   C    S M N  H A N C I N Y V K S F N . . I P M M V V G G    T  R N   R T W A Y E . . . . . . . . . .  
Ca_Hos1_HDA                                    D                                                                        I V  P    N F  P   I V I   G    L   D        N M T   G Y                  L    G G Y      A                  W I I K E   A  L I S   G  R A    Q C  C  G  A L  . . T H K E W    I K   R D S I D W I L S H F S E I P I M  L G G    S H T E T  K C W T Y L T G S . . . . . . .  
Ca_Hos2_HDA                                    D                                                                     F   I   P     F Q P   I V    G    L   D    L G  F N L                           G G Y     V           L        R L  K S  M E  L I T K    T C   Q Q C  A  S  G Y  . . R   C    N I R A H G E C V K F I K S F G . . I P M L V V G G    T P R N  S R L W C Y E T S V  . . . . . .  
Ca_Hda1_HDA                          D                                                                     F   I I  P V   E F D P D  I I V   G      G D     G     T   G Y                      G G Y  L   I           L        Y A  N K   Q   I S      L    S S  F  A A D   . . V I  A C H V  P A   G Y M T H T L K G I A R . G K L A V I L E    N  D S  S K S A L A V A K V  . . . . . .  
Ca_Set3_HDA                                    D                                                                     F          E  Q  E                                                                            L V  T S K P I T L K S  N  D  E L R L P W E W  V D H P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Hs_Hdac1_HDA                                   D                                                                     F   V    V    F Q P   V V    G    L  G D    L G  F N L T   G                   M    G G Y     V A           L       A I  K P  M S K  M E M    S A   L Q C  S  S  S   . . R   C     I K  H A K C V E F V K S F N . . L P M L  L G G    T I R N   R C W T Y E T A V A  D . . . .  
Hs_Hdac2_HDA                                   D                                                                     F   I I   V    Y Q P   V V    G    L  G D    L G  F N L T   G                   M    G G Y     V A           L       Q I  K P   S K  M E M    S A   L Q C  A  S  S   . . R   C     V K  H A K C V E V V K T F N . . L P L L  L G G    T I R N   R C W T Y E T A V A  D . . . .  
Hs_Hdac3_HDA                                   D                                                                     F   V I   V    Y Q P   I V    G    L   D    L G  F N L    G                       G G Y     V A          L        H L  Q P   N Q  V D F    T C   L Q C  A  S  G C  . . R   C    S I R  H G E C V E Y V K S F N . . I P L L V L G G    T V R N   R C W T Y E T S L  V E . . . .  
Hs_Hdac4_HDA                                   D                                                                     F   V V  P I   E F  P D  V  V   G      G     L G  Y N L     F                  L    G G   L   I           L L       A A  R T   M   A S   A   V  L  S S  F  A V E  H P T P   G    S A R C  G Y L T K Q L M G L A G . G R I V  A L E   H D  T A  C D A S E A C V S A   G N E L D  
Hs_Hdac5_HDA                                   D                                                                     F   V V  P I   E F  P D  V  V   G      G     L G  Y   T    F                  L    G G   L   I           L L       T A  R T   M   A H   S   V  L  S A  F  A V E  H L S P   G  S V  A R C  G H L T R Q L M T L A G . G R V V  A L E   H D  T A  C D A S E A C V S A   S V E L Q  
Hs_Hdac6_HDA1                                  D                                                                     F   V   P V   E F Q P Q  V  V   G    L  G D     G     T   G F                  L    G G Y  L    A          L L       A A  L H  L L   A L      L  L  A A  F  A  Q   . . P K  E M A A  P A   A Q L T H L L M G L A G . G K L I  S L E    N  R A L  E G V S A S L H T   G . . . .  
Hs_Hdac6_HDA2                                  D                                                                         V  P I   E F N P E  V  V   G      G D    L G   Q     G Y                  L    G G Y  L   I           L L       A A W H R L  L   A Y      L  L  S A  F  A A R   . . P   G C  V S P E   A H L T H L L M G L A S . G R I I  I L E    N  T S  S E S M A A C T R S   G . . . .  
Hs_Hdac7_HDA                                   D                                                                     F   V V  P I   E F  P D  V  V   G      G     L G  Y       F                  L    G G   L   I           L L       A A  R I   M   A R   S   L  L  S A  F  A A E  H P A P   G  H V S A K C  G Y M T Q Q L M N L A G . G A V V  A L E   H D  T A  C D A S E A C V A A   G N R V D  
Hs_Hdac8_HDA                                   D                                                                        V    V    F N P   V V    G      G D    M   F N M T   G                       G G Y  L    A           L       Q I C E S  L K E  Y Q A    K A   L Q L  A  T I A   . . P  C S     P V  I G K C L K Y I L Q W Q . . L A T L I L G G    N  A N T  R C W T Y L T G V I  G . . . .  
Hs_Hdac9_HDA                                   D                                                                     F   I V  P V   E F D P D  V  V   G    L  G     L G  Y   T    F                  L    G G   L   I           L L       E A  R T   K   A K      M  L  S A  F  A  E  H T P P   G  K V  A K C  G H L T K Q L M T L A D . G R V V  A L E   H D  T A  C D A S E A C V N A   G N E L E  
Hs_Hdac10_HDA                                  D                                                                     F      P    E F D P E  V  V   G      G D     G   Q  T    F                      G G Y  L    A          L L       A A  L H L L L  L A F      L  L  S A  F  S A I   . . P E  Q M  A  P E C  A H L T Q L L Q V L A G . G R V C A V L E    H  E S L  E S V C M T V Q T   G . . . .  
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Supplementary Table 1. Percent identity matrix of full length HDACs from C. albicans, C. 

glabrata and S. cerevisiae. 

Full length HDAC proteins from C. albicans, C. glabrata and S. cerevisiae have been aligned with 

with Clustal Omega (McWilliam et al., 2013), where this information has been downloaded. Each 

class of HDACs has been treated independently. This information corresponds to the phylogenic 

trees presented in Fig. 1. 
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Supplementary Table 2. Percent identity matrix of the histone deacetylase domains of HDACs from C. albicans and human. 

Sequences have been downloaded from NCBI and aligned with Clustal Omega (McWilliam et al., 2013) and the percent identity matrix was 

downloaded. Gray shades highlight the level of identity between entries. Set3 has been highlighted in red as the most divergent HDAC from 

human ones. Minimal and maximal values of the matrix are indicated for histone deacetylase domains from C. albicans and H. sapiens. 

HDA, histone deacetylase domain. 
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PARTIE 4 : RESULTATS 

 

1. Identification de nouveaux mécanismes potentiellement impliqués dans la résistance aux 

antifongiques chez Candida spp. 

 

Une première partie de mon travail de thèse a consisté en l'étude des mécanismes moléculaires 

associés à la résistance aux antifongiques chez Candida spp. par séquençage nouvelle génération. 

Différents gènes impliqués dans la résistance aux antifongiques ont été séquencés au sein d’isolats 

cliniques, dans l’objectif d’identifier des mutations impliquées dans la résistance aux antifongiques et 

d’étudier la cinétique d’apparition ou de disparition de ces mutations sous pression antifongique. 

Ce travail a donné lieu à une publication dans Journal of Antimicrobial Chemotherapy en 2015 

(nombre de citations : 6). 

 

1.1. Résumé 

 

Du fait de l’utilisation croissante des antifongiques azolés et des échinocandines dans la 

prévention et le traitement des candidoses invasives, des souches résistantes voire multi-résistantes 

à ces composés émergent. Comme vu plus haut, la résistance aux antifongiques a une origine 

génétique. Afin d’investiguer les mécanismes impliqués dans la résistance aux antifongiques azolés et 

aux échinocandines chez C. albicans, C. glabrata et C. parapsilosis, 6 gènes impliqués dans la 

résistance ont été étudiés par séquençage nouvelle génération (NGS) pour 40 isolats cliniques : 9 

isolats possédant un génotype connu, 8 isolats cliniques résistants et 23 isolats séquentiels prélevés à 

différents temps chez des patients traités ou non par antifongiques. Au total, 402 933 séquences ont 

été obtenues et analysées, permettant d'identifier 391 SNPs, parmi lesquels 6 SNPs préalablement 

impliquées dans la résistance aux antifongiques et cinq SNPs inédits. De plus, une duplication de 

deux nucléotides conduisant à l’apparition d’un codon-stop prématuré a été détectée au sein du 

gène CgPDR1 pour un des isolats. Toutes les mutations des gènes FKS identifiées dans cette étude 

ont été détectées au sein de souches isolées de patients ayant reçu un traitement antérieur par 

échinocandines, confirmant le rôle de la pression antifongique dans la sélection de mutants 

résistants. Enfin, l’analyse simultanée de gènes impliqués dans la résistance aux échinocandines et de 

gènes impliqués dans la résistance aux antifongiques azolés chez Candida spp. a permis de détecter 

des mutations conjointes au sein de ces différents gènes. Par exemple, un isolat de C. glabrata 

résistant aux échinocandines et hypersensible aux antifongiques azolés possédait la mutation S663P 

du gène FKS2, préalablement associée à la résistance aux échinocandines, ainsi qu’une mutation du 

gène CgPDR1 qui pourrait être une mutation perte de fonction responsable du phénotype 
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hypersensible aux azolés de cette souche. De même, un autre isolat de C. glabrata possédait à la fois 

une mutation de FKS2 et une mutation de CgPDR1. Des études complémentaires sont toutefois 

nécessaires pour savoir si ces associations de mutations sont fortuites ou non. Ce travail démontre 

l’intérêt du NGS et d’une approche multigénique pour l’étude des mécanismes impliqués dans la 

résistance aux antifongiques chez Candida spp. 

 

1.2. Article 
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Hôpitaux de Paris, Hôpital St Antoine, Service de Parasitologie–Mycologie, F-75012 Paris, France; 11Centre d’Immunologie et de Maladies
Infectieuses (CIMI–Paris), Inserm U1135, CNRS ERL 8255, Sorbonne Universités, UPMC Univ Paris 06 CR7, Paris, France; 12Clinical

Microbiology and Infectious Diseases Department, Hospital General Universitario Gregorio Marañon, Madrid, Spain
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Objectives: MDR Candida strains are emerging. Next-generation sequencing (NGS), which enables extensive and
deep genome analysis, was used to investigate echinocandin and azole resistance in clinical Candida isolates.

Methods: Six genes commonly involved in antifungal resistance (ERG11, ERG3, TAC1, CgPDR1, FKS1 and FKS2) were
analysed using NGS in 40 Candida isolates (18 Candida albicans, 15 Candida glabrata and 7 Candida parapsilosis).
The strategy was validated using strains with known sequences. Then, 8 clinical strains displaying antifungal
resistance and 23 sequential isolates collected from 10 patients receiving antifungal therapy were analysed.

Results: A total of 391 SNPs were detected, among which 6 coding SNPs were reported for the first time. Novel
genetic alterations were detected in both azole and echinocandin resistance genes. A C. glabrata strain, which
was resistant to echinocandins but highly susceptible to azoles, harboured an FKS2 S663P mutation plus a novel
presumed loss-of-function CgPDR1mutation. This isolate was from a patient with deep-seated and urinary can-
didiasis. Another C. glabrata isolate, with anMDR phenotype, carried a new FKS2 S663Amutation and a new puta-
tive gain-of-function CgPDR1 mutation (T370I); this isolate showed mutated (80%) and WT (20%) populations
and was collected after 75 days of exposure to caspofungin from a patient who underwent complicated abdom-
inal surgery.

Conclusions: This study shows that NGS can be used for extensive assessment of genetic mutations involved in
antifungal resistance. This type of wide genomeapproachwill become very valuable for detectingmechanisms of
resistance in clinical strains subjected to multidrug pressure.

Keywords: NGS, antifungals, mutations

Introduction

Recent increases in the resistance of Candida spp. to antifungals
have led to refractory infections in patients treated with azoles or
echinocandins.1 –3 The molecular mechanisms underlying the
acquired resistance of Candida spp. to echinocandins involvemuta-
tions in the FKS genes: FKS1 in Candida spp. and FKS1 and FKS2 in

Candida glabrata. Most of these mutations confer cross-resistance
to all three echinocandins bymodifying (1,3)-b-D-glucan synthase,
which catalyses the elongation of (1,3)-b-D-glucan, a major cell
wall component. Acquired resistance to azoles is generally
mediated by different mechanisms, frequently drug efflux result-
ing from gain-of-function (GOF) mutations of genes encoding
regulators of transporters of the ATP-binding cassette (ABC)
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superfamily.4 Overproduction of the target enzyme, Erg11p, or
amino acid substitutions in Erg11p are also important mechan-
isms in azole resistance.5,6 ERG3 mutations are associated with
cross-resistance to azoles through a metabolic bypass.7 There is
growing evidence that the presence of mutations, especially FKS
mutations, may be a predictive marker of clinical failure.1,8

Recent reports document theworrying emergence of MDR C. glab-
rata strains, indicating the need for a more comprehensive
approach to studying the genomic basis of antifungal resistance,
especially for azole and echinocandin target genes.1,9,10

The development of next-generation sequencing (NGS) over
recent years has led to the availability of benchtop platforms,
making these techniques accessible to clinical microbiologists.
Clinical applications are constantly growing,11 –13 but NGS has
not yet been used to detect antifungal resistance in the three spe-
cies most commonly involved in disseminated candidiasis. Here,
we describe the use of NGS to detect resistance mutations in clin-
ical Candida spp. strains collected from patients given antifungal
treatment. We show that NGS technology allows accurate and
thorough genotyping of genes commonly involved in antifungal
resistance and confirm that NGS is suitable for studying antifungal
resistance in clinical settings.

Materials and methods

Study design, strains and patients

The study was divided into three phases. Phase 1 (validation phase)
involved establishing the feasibility and reliability of the GS Juniorw

sequencing strategy to detect azole and echinocandin resistance. In this
phase, three ATCCw reference strains and seven isolates with known
sequences of the genes of interest were analysed (Table 1). Clinical strains
with unknown genotypes were analysed in Phases 2 and 3. In Phase 2,
eight strains displaying resistance or decreased susceptibility to azoles
or echinocandins and collected from eight patients hospitalized in
Grenoble University Hospital (GUH, Grenoble, France) were sequenced
(Table 2). Phase 3 involved studying the kinetics of appearance or dis-
appearance of resistance mutations under antifungal pressure: 23 clinical
isolates collected sequentially from 10 patients selected on the basis of
antifungal exposure and hospitalized in GUH or the Henri Mondor
University Hospital (Créteil, France) were analysed (Table 3). A total of 40
isolates (18 Candida albicans, 15 C. glabrata and 7 Candida parapsilosis)
were analysed in this study.

Amplicon library preparation

Six genes often involved in antifungal resistance were analysed: ERG11
(azole target), ERG3 (ergosterol biosynthesis pathway), TAC1 and CgPDR1
(transcription factors involved in the regulation of ABC transporters) and
FKS1 and FKS2 (echinocandin targets). These genes were either entirely
(ERG11 and ERG3) or partly (TAC1, CgPDR1, FKS1 and FKS2) sequenced
(Table S1, available as Supplementary data at JACOnline). Due to technical
constraints, selection of these genes and amplicons was based on their
implication in multidrug resistance, their size as well as the number and
position of known mutations. The amplicon library was prepared using
the Universal Tailed Amplicon Sequencing design. Briefly, each region of
interest was first amplified using specific oligonucleotides coupled to
M13 universal primers (PCR1). These universal sequences were then tar-
geted in a second PCR (PCR2) to add a multiplex identifier plus the primers
A or B of the 454 Sequencing System as described in the ‘Guidelines
for Amplicon Experimental Design—454 Sequencing System’ (Roche
Diagnostics).

DNA extraction and PCR

A 24 h pre-culture of each relevant strain was plated onto Sabouraud
chloramphenicol medium (bioMérieux, Marcy l’Étoile, France). To favour
the detection of any different variant strains, which is one of the main
advantages of NGS, five colonies (and thus 5 cfu) were inoculated into
5 mL of liquid YPD medium (0.5% yeast extract, 1% peptone and 2% glu-
cose) and incubated for 20 h at 308C. The QIAampw DNA Mini Kit (Qiagen,
Hilden, Germany) andmechanical cell lysis were used to isolate DNA. PCR1
was carried outwith 100 ng of DNAand PCR2with a 1:100 dilution of PCR1
products or, if necessary, a 1:2 dilution of purified PCR1 products. Primer
sequences are detailed in Tables S2 and S3.

Purification

PCR products were purified with Agencourt AMPureXP magnetic beads
(Beckmann Coulter, Beverly, MA, USA). After qualitative and quantitative
analysis, purified PCR2 products were diluted to 1×109 molecules/mL
and an equal volume of each dilution was pooled to generate the ampli-
con library. An additional purification step was performed on the ampli-
con pool.

Emulsion PCR (emPCR) and sequencing

EmPCR and sequencing were carried out as recommended in the ‘Lib-A
emPCR Amplification Method Manual’ and the ‘Sequencing Method
Manual for GS Junior Titanium Series’ (Roche Diagnostics).

Bioinformatics analysis

Reads were analysed and compared with the reference sequences
(Table S4) using ReferenceMapper software (Roche Diagnostics). Combining
information on flow signal, quality score and difference type, the software
established a list of ‘high-confidence’ nucleotide differences, which were fur-
ther studied (‘454 Sequencing SystemSoftwareManual’, Roche Diagnostics).
Non-synonymous mutations were compared with published data.

Drug susceptibility testing

MICs were first determined using the standardized Etestwmethod as it is
themethod used in routine practice. All were confirmed by the EUCAST ref-
erence method (except for amphotericin B) and interpreted according to
the revised EUCAST breakpoints (anidulafungin MIC was used as the
marker for echinocandin susceptibility).14,15

Genotyping

Sequential isolates of C. albicans were subjected to an MLST genotyping
analysis as previously described.16 Sequential isolates of C. parapsilosis
and C. glabratawere typed usingmicrosatellites according to themethods
described by Sabino et al.17 and Enache-Angoulvant et al.,18 respectively.

Results

NGS analysis of Candida spp. reference strains and
resistant strains displaying previously characterized
mutations

Six C. albicans, three C. glabrata and one C. parapsilosis strains with
known sequences of the genes of interest were analysed con-
comitantly in a single run (Table 1). The deep sequencing of 122
amplicons allowed 96510 reads to be obtained. Mean and
extreme depth coverages were 720× (217×; 1667×). NGS analysis
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Table 1. Characteristics of the strains analysed in Phase 1 (validation phase)

Isolate Species Isolation site Phenotype

Amino acid substitutionsa

Described inERG11 ERG3 TAC1 CgPDR1 FKS1 FKS2

ATCCw

90028TMb

CA blood culture WT WT WT WT — WT — http://www.lgcstandards-

atcc.org/

DSY2323 CA oropharynx azole resistant S405F (100%) WT G980E

(100%)

— WT — Coste et al.32

DSY292 CA oropharynx azole resistant Y132H (50%), G464S

(100%), R467K (100%)

WT WT — WT — Sanglard et al.33

DSY296 CA oropharynx azole resistant G129A (100%), G464S

(100%), G450E (100%)

WT N977D

(100%)

— WT — MacCallum et al.34

CAAL2 CA respiratory

tract

azole resistant D116E (46%),

D153E (46%)

L193R (100%) WT — WT — Morio et al.6,7

CAAL74 CA mouth fluconazole

resistant

Y132F (99.9%), E266D

(98%), G448V (98%),

V488I (97%)

H28Y (45%),

L193R (95%)

WT — WT — Morio et al.6

ATCCw

2001TMb

CG faeces WT WT — — WT WT WT http://www.lgcstandards-

atcc.org/

D/748 CG blood culture echinocandin

resistant

WT — — WT WT S663P (100%) Singh-Babak et al.25

(Isolate D)

4/Tg5 CG blood culture azole and

echinocandin

resistant

WT — — WT F1335L

(100%)

S663P (100%),

M1331I

(100%)

Chapeland-Leclerc

et al.31 (Isolate 4)

ATCCw

22019TMb

CP faeces WT F132Yc (99.9%) — — — — — http://www.lgcstandards-

atcc.org/

CA, C. albicans; CG, C. glabrata; CP, C. parapsilosis.
aLimited to the proteins encoded by the genes or regions of genes analysed in the study.
bReference strains.
cKnown difference between the amino acid sequence of this strain (GenBank: GQ302972.1) and the reference sequence used in this study (Table S4).
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of the resistant strains sequences that had been previously char-
acterized successfully identified all expected mutations and fre-
quencies of mutations. These frequencies were consistent with
the heterozygous or the homozygous allelic dosages in the diploid
species (Table 1). Five additional missense mutations were
detected (Table 1): FKS1 F1335L and FKS2 M1331I (C. glabrata 4/
Tg5) as well as ERG3 H28Y and ERG3 L193R (C. albicans CAAL74)
were found in regions that were not previously analysed in
these strains; and ERG11 G450E was found in C. albicans strain
DSY296 and has previously been described in other strains.6,19

Neither positive nor false negativemutationwas evidenced in the
NGS reads. The protocol was therefore used in further experiments.

NGS analysis of Candida spp. clinical isolates

Altogether, 8 clinical strains and 23 sequential isolates with
unknown genotypes were analysed in Phases 2 and 3. Three
sequencing runs were successively performed on 106, 94 and
208 amplicons and gave 86027, 108665 and 111731 reads,
respectively. Mean and extreme depth coverages were 810×
(215×; 2984×), 1150× (488×; 2648×) and 537× (58×; 1626×),
respectively. A total of 391 SNPs were detected (Tables S5 and
S6): 37 were coding SNPs, including 25 known polymorphisms
and 5 known mutations involved in antifungal resistance (under-
lined in Tables 4 and 5)—FKS1 S645P (CA-GRE-TOP), ERG3
W228Stop (CA-HM-MAC1 and CA-HM-MAC2), FKS1 F625S (CG-
GRE-DUC), FKS2 S663P (CG-GRE-CAP) and FKS2 F659S (CG-HM-
HAB2). We thus report six mutations for the first time (in bold in
Tables 4 and 5): four were found in three C. glabrata isolates
with non-WT susceptibility phenotypes suggesting an implication
of these mutations in antifungal resistance [CgPDR1 K359Stop
(CG-GRE-CAP), CgPDR1 T370I (CG-HM-HAB1 and 2) and FKS2
S663A (CG-HM-HAB2)], one in a C. glabrata strain with a WT
phenotype [FKS2 G1365C (CG-GRE-FAU1)] and one in a heterozy-
gous state in a C. albicans strain with a WT phenotype for which
implication in antifungal resistance needs to be assessed [ERG3
D103N (CA-GRE-TOP)].

An FKS mutation was detected in all echinocandin-resistant
strains analysed in Phase 2: FKS1 S645P (CA-GRE-TOP), FKS1
F625S (CG-GRE-DUC) and FKS2 S663P (CG-GRE-CAP) (Tables 4
and 5).

The simultaneous sequencing of genes implicated in both
azole and echinocandin resistance revealed two novel missense
mutations in unexpected targets. In the echinocandin-resistant,
azole-susceptible strain CA-GRE-TOP, the FKS1 S645P substitution
was associatedwith a heterozygous ERG3D103Nmutation. In the
echinocandin-resistant strain CG-GRE-CAP, the FKS2mutationwas
combined with a duplication of two nucleotides (21020AG) in the
CgPDR1 gene (encoding the CgPDR1 transcription factor), which
leads to a frameshift and a premature stop codon (Figure 1).
This duplication was confirmed by another NGS experiment and
Sanger sequencing (data not shown).

Five azole-resistant strains (three C. parapsilosis and two
C. glabrata) were analysed in Phase 2. No missense mutation
was detected in these isolates.

Phase 3 involved studying the kinetics of appearance or dis-
appearance of resistance mutations under antifungal therapy in
10 series of isolates. The clonal origin of isolates in each series
was confirmed by genotyping analysis (data not shown).

Under echinocandin therapy, fourC. albicansand four C. glabrata
strains were isolated repeatedly (Patients 11–17, Table 3). In the
C. albicans strains, NGS analysis did not reveal any change of the
genomic sequences between the first and second isolates despite
an echinocandin exposure ranging from 10 to 65 days (Table 3). All
these C. albicans strains remained susceptible to echinocandins
in vitro (Table 3). Allelic polymorphism of the TAC1, ERG11 and
ERG3 genes was detected in all these strains. Isolates CA-HM-
MAC1 and CA-HM-MAC2 displayed an ERG3 mutation (W228Stop)
that has been described elsewhere in the heterozygous state;
both strains were azole susceptible (Tables 3 and 4).20

Among the four C. glabrata strains that persisted in vivo under
caspofungin therapy (ranging from 11 to 75 days), one, CG-HM-
HAB, developed in vitro resistance after 75 days of treatment
(Table 3). NGS analysis of the CG-HM-HAB2 isolate revealed two

Table 2. Characteristics of the isolates displaying antifungal resistance in vitro and analysed in Phase 2

Patient Isolate Species

Underlying

condition(s)

Antifungal

pre-exposurea Isolation site

MICb (mg/L)
Clinical

outcomeCAS ANF MCF FLC VRC AMB

1 CA-GRE-TOP CA sarcoma MCF, FLC urine 2 0.25 1 ≤0.125 ≤0.015 0.25 death

2 CG-GRE-DUC CG HIV CAS mouth .8 2 0.25 8 0.25 0.5 death

3 CG-GRE-AHR CG aspergilloma CAS, VRC BAL 0.5 0.06 ≤0.015 .64 4 0.38 favourable

4 CG-GRE-CAP CG ureteral lithiasis NA urine 4 2 1 1 0.03 0.38 favourable

5 CG-GRE-ALF CG HIV FLC urine 0.5 0.03 ≤0.015 32 0.5 0.23 favourable

6 CP-GRE-RIV1 CP pancreatitis none peritoneal fluid 2 2 1 4 0.125 0.032 favourable

7 CP-GRE-MAR CP septic shock,

diabetes

none blood culture 2 2 1 4 0.125 0.125 death

8 CP-GRE-CHA CP HIV MCF, FLC, AMBc catheter 1 2 1 4 0.125 0.19 death

CA, C. albicans; CG, C. glabrata; CP, C. parapsilosis; CAS, caspofungin; ANF, anidulafungin; MCF, micafungin; FLC, fluconazole; VRC, voriconazole; AMB,
amphotericin B; BAL, bronchoalveolar lavage; NA, not available.
aDuring the past year.
bDetermined by the EUCAST reference method (except for amphotericin B: Etestw method).
cLiposomal amphotericin B.
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Table 3. Characteristics of sequential isolates recovered under antifungal therapy and analysed in Phase 3

Patient

Strain

Underlying

condition

Antifungal

exposure (days)

(period)a
Type of antifungal

treatment

Isolation MICb (mg/L)

Clinical outcomeisolate species site daya CAS ANF MCF FLC VRC

6 CP-GRE-RIV1 CP acute pancreatitis AMBc (7)

(D23; D30)

curative peritoneal fluid D1 2 2 1 4 0.125 favourable

CP-GRE-RIV2 catheter D24 2 2 1 4 0.125

9 CP-GRE-LOR1 CP colectomy surgery FLC (30)

(D2; D32)

curative blood culture D1 2 2 1 4 0.125 NA

CP-GRE-LOR2 blood culture D19 2 2 1 8 0.25

10 CA-GRE-VIG1 CA acute pancreatitis FLC (30)

(D4; D34)

pre-emptive blood culture D1 0.125 ≤0.015 ≤0.015 0.25 ≤0.015 favourable

CA-GRE-VIG2 drain fluid D10 0.125 ≤0.015 0.03 0.25 ≤0.015

CA-GRE-VIG3 peritoneal fluid D33 0.125 ≤0.015 ≤0.015 ≤0.125 ≤0.015

11 CG-GRE-FAU1 CG liver transplant CAS (33)

(D2; D35)

curative blood culture D1 0.25 0.03 ≤0.015 8 0.25 favourable

CG-GRE-FAU2 blood culture D13 0.5 0.03 0.06 8 0.25

12 CA-HM-FON1 CA liver transplant CAS (65)

(D21; D64)

prophylactic urine D1 0.125 ≤0.015 0.06 ≤0.125 ≤0.015 death

CA-HM-FON2 urine D65 0.25 ≤0.015 0.06 ≤0.125 ≤0.015

CG-HM-FON1 CG liver transplant CAS (65)

(D23; D62)

prophylactic mouth D1 0.25 0.03 0.06 16 0.25

CG-HM-FON2 peritoneal fluid D56 0.25 0.03 0.06 16 0.25

13 CA-HM-MAC1 CA liver transplant CAS (60)

(D16; D76)

curative mouth D1 0.125 ≤0.015 ≤0.015 0.25 ≤0.015 death

CA-HM-MAC2 axillary sample D42 0.25 ≤0.015 ≤0.015 0.25 ≤0.015

14 CA-HM-CHV1 CA liver transplant CAS (16)

(D3; D19)

prophylactic catheter D1 0.125 0.03 ≤0.015 0.125 ≤0.015 favourable

CA-HM-CHV2 mouth D13 0.125 ≤0.015 ≤0.015 ≤0.125 ≤0.015

15 CA-HM-SOU1 CA liver transplant CAS (32)

(D21; D31)

prophylactic mouth D1 0.125 ≤0.015 0.03 0.25 ≤0.015 favourable

CA-HM-SOU2 bile D49 0.25 ≤0.015 0.03 0.25 ≤0.015

16 CG-HM-HAB1 CG liver transplant CAS (95)

(D25; D90)

prophylactic then

curative

urine D1 0.5 0.03 0.06 .64 4 favourable

CG-HM-HAB2 urine D70 2 2 1 .64 8

17 CG-HM-BIL1 CG liver transplant CAS (17)

(D22; D15)

prophylactic BAL D1 0.25 0.03 0.06 8 0.25 favourable

CG-HM-BIL2 urine D35 0.25 0.03 0.06 8 0.125

CA, C. albicans; CG, C. glabrata; CP, C. parapsilosis; CAS, caspofungin; ANF, anidulafungin; MCF, micafungin; FLC, fluconazole; VRC, voriconazole; D, day; NA, not available.
aD1 is defined for each strain as the day of isolation of the first isolate.
bDetermined by the EUCAST reference method.
cLiposomal amphotericin B.
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missensemutations in the hot spot (HS) 1 region of FKS2: one was
the known F659S mutation, but the other was a new S663A sub-
stitution. Similar to the observations for the echinocandin-

resistant strains CA-GRE-TOP and CG-GRE-CAP, the FKS2 S663A
mutation appeared with a mutation in a gene usually linked to
azole resistance. The novel mutation CgPDR1 T370I was found

Table 4. C. albicans non-synonymous mutations found in this study

Patient Isolate Gene

Nucleotide

substitution Depth Frequency Amino acid change Interpretation

1 CA-GRE-TOP ERG11 T348A 402 12.0 D116E polymorphisma

ERG3 G307A 1584 51.0 D103N may contribute to antifungal resistance

FKS1 (HS1) T1933C 852 100.0 S645P involved in echinocandins resistance

TAC1 C2804T 598 54.0 S935L polymorphisma

TAC1 T2822C 598 55.0 S941P polymorphisma

10 CA-GRE-VIG1 TAC1 T2822C 1287 97.0 S941P polymorphisma

CA-GRE-VIG2 TAC1 T2822C 1110 98.0 S941P polymorphisma

CA-GRE-VIG3 TAC1 T2822C 1190 99.0 S941P polymorphisma

12 CA-HM-FON1 TAC1 C2804T 149 62.0 S935L polymorphisma

TAC1 T2822C 150 63.0 S941P polymorphisma

CA-HM-FON2 TAC1 C2804T 198 49.0 S935L polymorphisma

TAC1 T2822C 198 50.0 S941P polymorphisma

13 CA-HM-MAC1 ERG3 G684A 369 49.0 W228Stop involved in azole resistance in the homozygous state

TAC1 C2804T 156 49.0 S935L polymorphisma

TAC1 T2822C 156 49.0 S941P polymorphisma

CA-HM-MAC2 ERG3 G684A 1313 48.0 W228Stop involved in azole resistance in the homozygous state

TAC1 C2804T 1260 53.0 S935L polymorphisma

TAC1 T2822C 1258 54.0 S941P polymorphisma

14 CA-HM-CHV1 ERG11 T348A 58 21.0 D116E polymorphisma

ERG3 C1052T 360 49.0 A351V polymorphisma

CA-HM-CHV2 ERG3 C1052T 182 60.0 A351V polymorphisma

15 CA-HM-SOU1 ERG11 T348A 307 27.0 D116E polymorphisma

ERG11 A798C 913 100.0 E266D polymorphisma

ERG3 C1052T 252 46.0 A351V polymorphisma

TAC1 T2822C 788 100.0 S941P polymorphisma

CA-HM-SOU2 ERG11 T348A 438 52.0 D116E polymorphisma

ERG11 A798C 355 100.0 E266D polymorphisma

ERG3 C1052T 414 50.0 A351V polymorphisma

TAC1 T2822C 483 100.0 S941P polymorphisma

Bold formatting indicates newly described mutations and underlining indicates mutations involved in antifungal resistance.
aIncluding allelic polymorphism.

Table 5. C. glabrata non-synonymous mutations found in this study

Patient Isolate Gene

Nucleotide

substitution Depth Frequency Amino acid change Interpretation

2 CG-GRE-DUC FKS1 (HS1) T1874C/C1875T 614 100.0 F625S involved in echinocandin resistance

4 CG-GRE-CAP FKS2 (HS1) T1987C 215 99.0 S663P involved in echinocandin resistance

CgPDR1 21020AG 492 100.0 frameshift and premature

stop codon

may contribute to azole

hypersusceptibility

11 CG-GRE-FAU1 FKS2 (HS2) G4093T 979 100.0 G1365C unknown

16 CG-HM-HAB1 CgPDR1 C1109T 298 100.0 T370I may contribute to azole resistance

CG-HM-HAB2 FKS2 (HS1) T1976C 660 100.0 F659S involved in echinocandin resistance

FKS2 (HS1) T1987G 660 80.0 S663A may contribute to echinocandin resistance

CgPDR1 C1109T 861 100.0 T370I may contribute to azole resistance

Bold formatting indicates newly described mutations and underlining indicates mutations involved in antifungal resistance.
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in both CG-HM-HAB1 and CG-HM-HAB2 isolates, which exhibited
resistance to both fluconazole and voriconazole (Tables 3 and
5). The three other C. glabrata strains displayed stable anidulafun-
gin MICs under echinocandin exposure and nomodification of the
FKS1 or FKS2 HS regions was detected in these isolates. A previ-
ously undescribed missense mutation (G1365C), close to the
FKS2 HS2 region, was present in the first isolate of the strain
CG-GRE-FAU and absent in the second isolate (Table 5). This result
was confirmed in an independent experiment (data not shown).

NGS analysis of the two strains (CA-GRE-VIG and CP-GRE-LOR)
that persisted under azole therapy did not reveal any missense
mutation other than allelic polymorphism (Table 4). No pheno-
typic resistance emerged in these strains after 29 and 17 days
of fluconazole therapy, respectively (Table 3).

Discussion

We used NGS to detect antifungal resistance mutations in clinic-
ally important Candida species (C. albicans, C. glabrata and C. para-
psilosis). MDR is emerging and this is a concern. NGS allows
comprehensive analysis with extreme sensitivity for the detection
of mutations, so we screened numerous isolates for genetic
events involved in azole and echinocandin resistance. This strat-
egy was applied to clinical strains with phenotypic resistance to
antifungal agents and to isolates collected from patients given
antifungal therapy. We documented new combinations of muta-
tions that would probably not have been revealed by a more tar-
geted sequencing strategy.

Patients 4 and 16 carried C. glabrata isolates resistant to echi-
nocandins (Tables 2 and 3) in which NGS detected three distinct

FKS2 mutations involved in echinocandin resistance (Table 5).
The broad sequencing approach revealed that these mutations
were found along with two different mutations in CgPDR1, the
gene encoding a transcription factor involved in the regulation
of the ABC transporter genes (Figure 1). The isolate from Patient
4 (CG-GRE-CAP) harboured a duplication (21020AG) generating
a frameshift mutation and leading to a premature stop codon
(K359Stop) in the putative inhibitory domain (ID) of the CgPdr1
protein21 and thus a probably inactive CgPdr1p. Indeed, the
MICs of fluconazole and voriconazole for strain CG-GRE-CAP
were extremely low with respect to the general EUCAST MIC
distribution for C. glabrata isolates (http://mic.eucast.org/ and
Table 2). This suggests that the CgPDR1 21020AG duplication is
a loss-of-function (LOF) mutation, reminiscent of the phenotype
of the constructed null mutant Dpdr1.22–24 This is, to the best of
our knowledge, the first description in a clinical isolate of a stop
codon in CgPDR1 leading to an LOF mutation in a hypersensitive
C. glabrata strain. Whether the CgPDR1 K359Stop mutation
enhances drug susceptibility is still to be confirmed. Moreover,
to date, we do not have an acceptable explanation for the pres-
ence of both CgPDR1 and FKS2mutations in this C. glabrata clinical
isolate. A hypothesis could be the fitness cost due to the FKS
mutation, as reported previously.25 Thus, whether or not the
CgPDR1 K359Stopmutation could be a compensatorymechanism
requires further investigation with fitness studies and in vivo ani-
mal models of virulence. Another hypothesis could be the fortuit-
ous presence of both mutations. In Patient 4, no previous history
of echinocandin prescription could be found, but the complete
medical records might not have been exhaustive because this
patient was hospitalized in several healthcare centres. Patient
16 carried another C. glabrata isolate (CG-HM-HAB) harbouring a

Putative CgPDR1 in a WT C. glabrata MIC (mg/L)

FLC

16

1

0.25

0.03

>64 8

Contribution to natural
intrinsic resistance?

29 66 312

Stop359

CG-GRE-CAP –1020AG

Frameshift mutation in ID

BD ADID

BD ADID BD ID

382

312 382

800 1107

VRC

BD ADID

312 382

Highly azole susceptible

LOF mutation

Azole resistant

Loss of AD*
Altered efflux

Impaired transcriptional
inhibition*

Increased efflux
GOF mutation

* Hypothetical mechanism

CG-HM-HAB C1109T

Missense T370I mutation in ID

Figure 1. Hypothetical mechanisms of CgPDR1 LOFand GOFmutations in two C. glabrata clinical isolates. BD, binding domain; ID, inhibitory domain; AD,
activation domain; FLC, fluconazole; VRC, voriconazole.
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combination of FKS2 and CgPDR1 mutations. The CgPDR1 muta-
tion was detected in both isolates whereas the two FKS2 muta-
tions were present in the second, but not in the first:
presumably these FKS2 mutations were acquired during the
75 day caspofungin treatment of this patient. Again, the CgPDR1
T370I mutation was located in the putative ID of CgPdr1p
(Figure 1).21 Consistent with previous studies describing CgPDR1
GOF mutations, the CG-HM-HAB strain showed cross-resistance
to triazoles (Table 3), strongly suggesting that T370I is indeed a
new GOF mutation.26 Antifungal therapy failed to clear the infec-
tion in this case; indeed, the infection and poor clinical status led
to the death of the patient.

The NGS analysis revealed a combination of an FKS1 mutation
(S645P) and an ERG3 heterozygous mutation (D103N) in an
echinocandin-resistant C. albicans isolate (CA-GRE-TOP) (Table 4).
These mutations did not affect the azole-susceptible phenotype
and we are currently investigating the consequences, if any, of
this combination ofmutations for azole and/or echinocandin resist-
ance. Patient 1 had a previous history of unsuccessful fluconazole
and micafungin treatment and infection and the poor clinical sta-
tus led to the death of the patient.

The CG-HM-HAB2 isolate (Patient 16) carried the FKS2 HS1
F659Smutation described previously and also a novel S663A sub-
stitution.27 This S663A substitution presents three remarkable
features. First, although the F659S was present in 100% of the
sequences, the S663A substitution was detected in 80%, with
the other 20% carrying the WT sequence (Table 5). These percen-
tages suggest that S663A emerged within the clonal population
carrying F659S. Second, S663A is the result of a T1987G transver-
sion (interchanges of the purine T for the pyrimidine G) whereas
previously described mutations [i.e. S663P (T1987C) and S663F
(C1988T)] are transition mutations (interchanges between pur-
ines or between pyrimidines). Third, this double mutation is, in
itself, a rare event; to the best of our knowledge, a double FKS2
HS1 mutation, selected in vivo, has only been reported once in
C. glabrata, by Dannaoui et al.28 (L664V substitution associated
with the F659S mutation). These three unusual characteristics
may be related to the long duration of the drug treatment of
the patient carrying this strain (≏70 days).

In addition to the CgPDR1mutations, other molecular events
were found associated with azole resistance. Patient 13 carried
the CA-HM-MAC isolate with an ERG3 W228Stop heterozygous
nonsense mutation (Table 4), which has been described previ-
ously;20 the susceptibility of this isolate to azoles appeared to
be unaffected, suggesting that a homozygous state is needed
for resistance. Apart from the CgPDR1 and ERG3 mutations
detected, no other mutations were found in the genes involved
in azole resistance that we sequenced (i.e. ERG11, ERG3, TAC1
and CgPDR1) in any of the 10 isolates showing various levels
of resistance or decreased susceptibility to azoles. The absence
of ERG11 point mutations in our azole-resistant C. glabrata
strains (Patients 3, 5 and 16) is in accordance with previous
results and suggests that CgERG11 is not the main gene
involved in azole resistance, unlike the up-regulation of the
ABC efflux transporters.29 Similarly, no mutation in ERG11 was
detected in any of the seven C. parapsilosis isolates. Our strat-
egy involved targeting ERG11, ERG3, TAC1 and CgPDR1; there-
fore, this approach was not fully exhaustive and did not cover
all mechanisms of azole resistance. In further studies, we will
analyse the transcription factors Upc2 and Mrr1, which regulate

ERG11 andMDR1, respectively, and the entire sequences of TAC1
and CgPDR1.30

A growing number of clinical studies highlight the threat of
MDR phenotypes, particularly in C. glabrata.1,9,10 Pham et al.10

showed that, in their recent collection of echinocandin-resistant
C. glabrata strains, 37% were also resistant to fluconazole.
However, these studies only considered FKS mutations and the
association of azole and echinocandin mutations has rarely
been described. Our findings highlight the ability of C. glabrata
to acquire resistance tomultiple antifungal drugs through succes-
sive genetic events.25,31 The haploid nature of the C. glabrata gen-
omemay explain the rapid expression of MDR phenotypes. Clinical
failures under echinocandin therapy have been reported in
patients infected with FKS-mutated strains,1 although not in all
such cases.10 Even though we did not specifically focus on the
clinical consequences of FKS mutations, our results confirm that
FKS mutations and their clinical consequences need to be rapidly
detected and studied in detail, especially in clinical isolates of
C. glabrata. Indeed, we found no FKSmutations in the four C. albi-
cans strains studied, even after a long course of echinocandin
therapy (up to 65 days).

Conclusions

We demonstrate that NGS technology is suitable for a wide and
extensive assessment of gene mutations involved in resistance
to antifungal agents. Using this technique, we describe novel
molecular events implicated in the phenotypic resistance of clin-
ical isolates. The effects of these new mutations need to be con-
firmed by additional functional analyses to assess the expression
level of the mutated genes and study the proteins produced. The
two non-synonymous CgPDR1 mutations revealed by NGS and
which were found along with FKS2mutations, may have opposite
consequences: one is likely to lead to an LOF mutation, the other
to a GOF mutation. We intend to determine whether these com-
binations of CgPDR1 and FKS2mutations are: (i) fortuitous findings
of independent events; (ii) the result of a history of multidrug anti-
fungal pressure; or (iii) newmolecular events generating compen-
satory mechanisms. Nevertheless, they show that, due to the
increasing exposure of patients to diverse drugs, antifungal resist-
ance should now be considered in its entirety using wide genome
approaches. We show that the great sensitivity of NGS is such that
it can be used to study and identify mixtures of mutated and WT
populations of yeasts in samples of Candida spp. This is the first
step towards molecular characterization of Candida spp. antifun-
gal resistance directly from clinical samples, which has the advan-
tages of avoiding the selection of more culturable isolates or
species and allowing earlier detection of mutated populations.
The practicability and feasibility of these high-throughput sequen-
cingmethods in daily clinical practice remains challenging, but the
current rapid progression of automation of these technologies
makes their upcoming routine application likely.
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2. Implication de la voie Rim dans la tolérance aux antifongiques azolés et aux échinocandines 

chez C. albicans 

 

Dans un deuxième temps, je me suis intéressée à l'implication de la voie de signalisation du pH 

ou voie Rim dans la résistance aux antifongiques azolés et aux échinocandines chez C. albicans en 

tant que nouvelle cible antifongique potentielle. Les principaux résultats de ce travail sont présentés 

dans le manuscrit ci-après, en préparation pour Antimicrobial Agents and Chemotherapy. 

 

2.1. Résumé 

 

Comme vu plus haut, les antifongiques azolés et les échinocandines sont les deux principales 

classes d'antifongiques utilisées pour la prévention et le traitement des candidoses invasives. 

Cependant, leur efficacité est limitée à la fois par l'émergence de résistance acquise, mais également 

par la capacité des levures à tolérer ou contrer la présence de ces molécules. Ce phénomène, appelé 

tolérance aux antifongiques, est réversible et se traduit par une croissance persistante des levures à 

des concentrations en antifongiques supérieures à la CMI. De nombreuses voies de signalisation ont 

été impliquées dans la tolérance aux antifongiques chez C. albicans, parmi lesquelles la voie de 

signalisation du pH ou voie Rim : il a en effet été montré que le facteur de transcription terminal de 

cette voie, Rim101, est impliqué dans la tolérance aux antifongiques azolés et aux échinocandines 

chez cette espèce. Cette voie de signalisation est spécifique du règne fongique et également 

impliquée dans la pathogénicité et la virulence de C. albicans, ce qui en fait une cible antifongique 

potentielle d'intérêt. 

Le premier objectif de ce travail était de démontrer qu'en plus de Rim101, l'ensemble des 

protéines Rim est impliqué dans la tolérance aux antifongiques chez C. albicans, comme cela a été 

montré chez S. cerevisiae. Dans cette optique ont été réalisés des tests de croissance en milieu solide 

en présence de différents antifongiques azolés ou d'échinocandines, ainsi que des tests de fongicidie 

en milieu liquide (time-kill curves) pour des souches mutées pour les différentes protéines Rim, des 

souches complémentées, des souches surexprimant RIM101 et des souches contrôles. Parallèlement 

ont été déterminées les CMI de ces antifongiques pour ces différentes souches. Ces différentes 

expériences ont permis de montrer que, comme attendu, l'ensemble des mutants rim est 

hypersensible aux antifongiques azolés et aux échinocandines chez C. albicans. 

Le second objectif de ce travail était l'identification des mécanismes impliqués dans la tolérance 

aux antifongiques médiée par la voie Rim. Une analyse transcriptomique par RNA-SEQ d'une souche 

disruptée pour le gène RIM101, d'une souche surexprimant RIM101 et d'une souche de référence a 

été réalisée dans des conditions d'activation (pH 7,6) et d'inactivation (pH 4) de la voie Rim. Celle-ci a 
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permis d'identifier de nouveaux gènes Rim-dépendants impliqués dans la tolérance aux 

antifongiques, à l'exemple de HSP90, qui code pour une protéine chaperone majeure de C. albicans 

impliquée dans la régulation de multiples processus cellulaires, et de IPT1, impliqué dans la 

biosynthèse des sphingolipides membranaires. Les mutants rim sont également hypersensibles à la 

geldanamycine, un inhibiteur pharmacologique de Hsp90. L'ensemble de ces données suggèrent que 

Rim101 agirait en amont de Hsp90. Cibler la voie Rim représenterait donc une nouvelle stratégie 

antifongique d'intérêt pour potentialiser l'activité des antifongiques actuellement commercialisés, et 

cibler indirectement Hsp90. 

 

2.2. Manuscrit  
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3. Bdf1, nouvelle cible antifongique ? 

 

3.1. Inhibition de la protéine BET Bdf1 chez C. albicans 

 

3.1.1. Contexte 

 

L’inhibition des protéines BET comme nouvelle stratégie antifongique a été évaluée chez C. 

albicans dans le cadre de l’ANR FungiBET-14-CE16-0027-03. Les résultats de cette évaluation sont 

présentés en détail dans l’article par Mietton et coll. intitulé Selective BET inhibition as an antifungal 

strategy, dont la version révisée présentée ci-après a été soumise à Nature microbiology début 

février 2017. Brièvement, les principaux résultats sont les suivants : (i) le gène BDF1 est essentiel 

chez C. albicans et des mutations inactivant les deux bromodomaines, responsables de la liaison de 

Bdf1 à la chromatine, sont associées à une perte de viabilité in vitro et une diminution de la virulence 

in vivo. (ii) l’inhibition sélective des bromodomaines de la protéine BET fongique Bdf1 est 

possible. Un screening chimique d’un très grand nombre de molécules (environ 80 000) a permis 

l’identification de plusieurs composés candidats, stériquement incompatibles avec l’inhibition des 

bromodomaines des protéines BET humaines. (iii) un de ces composés de type dibenzothiazepinone 

phénocopie les effets des mutations des bromodomaines sur la viabilité de C. albicans in vitro, ce qui 

suggère que l’inhibition sélective des protéines BET fongiques est une stratégie antifongique 

prometteuse. 

Ma participation à ce travail a consisté en la réalisation de tests de sensibilité aux antifongiques 

pour des souches délétées ou mutées pour le bromodomaine BD1 ou le bromodomaine BD2 et une 

souche contrôle, afin d’investiguer le rôle de Bdf1 dans la tolérance et/ou la résistance au 

fluconazole et au voriconazole (voir partie 5 : discussion). J’ai également participé à différentes 

réunions de suivi du projet, ainsi qu’à la relecture de cet article. 

 

3.1.2. Article 
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ABSTRACT  ���

Invasive fungal infections cause significant morbidity and mortality among immunocompromised ���

individuals, posing an urgent need for new antifungal therapeutic strategies. We investigated the BET ���

protein Bromodomain factor 1 (Bdf1) in Candida albicans, a major human fungal pathogen. We show ���

that BDF1 is essential in C. albicans and that mutations inactivating its two bromodomains result in a �	�

loss of viability in vitro and decreased virulence in vivo. Chemical screening identified compounds �
�

which inhibit C. albicans Bdf1 with high selectivity over human BET bromodomains. Crystal ���

structures reveal binding modes for these inhibitors that are sterically incompatible with the human ���

BET binding pockets. We report a dibenzothiazepinone compound which phenocopies the effects of a ���

Bdf1 bromodomain-inactivating mutation on C. albicans viability. These findings establish BET ���

inhibition as a promising antifungal therapeutic strategy and identify Bdf1 as an antifungal drug target ���

that can be selectively inhibited without antagonizing human BET function. ���

���

INTRODUCTION ���

Invasive fungal infections are a major global health concern, with ~2 million cases and >800,000 �	�

deaths estimated annually worldwide1. Candida species such as C. albicans and C. glabrata are �
�

among the most significant human fungal pathogens, with invasive candidiases yielding 30-40% ���

mortality2,3. An increase in drug-resistant fungal strains and the limited repertoire of available drugs ���

has led to an urgent need for novel therapeutic agents1,4-6. Promising results have emerged from the ���

study of chromatin-interacting proteins as antifungal targets, including histone acetyltransferases ���

(HATs) and deacetylases (HDACs)7,8. HDAC inhibitors have weak antifungal activity when used ���

alone but synergize with antifungal drugs such as azoles and echinocandins8,9. Deletion of either the ���

HDAC (HST3) or HAT (RTT109) regulating histone H3 Lys56 acetylation (H3K56ac) in C. albicans���

increases susceptibility to genotoxic and antifungal agents10. In a study of the Mediator complex ���

subunit Med15, which interacts via its KIX domain with a transcription factor (Pdr1) implicated in �	�

pleiotropic drug resistance in C. glabrata, drug-resistant strains were re-sensitized to antifungals by a �
�

small-molecule inhibitor targeting the KIX domain-Pdr1 interface11. These findings point to an ���

important role of chromatin-interacting proteins in fungal drug susceptibility. ���

Here, we investigated an epigenetic reader module, the bromodomain (BD) from the bromo- and ���

extra-terminal domain (BET) family, as a potential antifungal target in C. albicans. BET proteins are ���

chromatin-associated factors that regulate transcription and chromatin remodelling12. Human BET ���

family members are Brd2, Brd3, Brd4 and Brdt (Fig. 1a). BET proteins bind chromatin through their ���

two BDs (BD1 and BD2), which specifically recognize histones acetylated on lysine residues. ���

Whereas canonical BDs bind mono-acetylated histone peptides, BET BDs possess a wider ligand ���

binding pocket allowing them to recognize diacetylated peptides13,14
(Supplementary Fig. 1a). �	�

Small-molecule inhibitors such as JQ1 and I-BET which selectively target BET BDs have been used �
�

to validate BET inhibition as a therapeutic strategy against cancer, cardiovascular disease, ���



inflammatory disorders and other medical conditions, with several inhibitors currently in clinical ���

trials12,15-21. ���

The fungal BET protein Bdf1 has been characterized as a global transcriptional regulator in ���

Saccharomyces cerevisiae, where it regulates over 500 genes22. Bdf1 associates with acetylated ���

histones H3 and H422-24 and with the general transcription factor TFIID25, and is a subunit of the ���

SWR1 chromatin remodelling complex24,26,27. Bdf1 is also important for chromatin compaction during ���

sporulation28 and for the salt stress response29. In addition to BDF1, S. cerevisiae possesses a second ���

BET gene, BDF2, which is partly functionally redundant with BDF1
24,25,30,31. Disruption of BDF1�	�

causes severe morphological and growth defects, while deletion of both BDF1 and BDF2 is lethal22,23. �
�

Point mutations that abolish ligand binding by Bdf1 BD1 and BD2 cause growth and sporulation ���

defects24 and affect the majority of transcripts altered by disruption of the entire gene22. Many ���

pathogenic fungal species (including C. albicans, C. glabrata, Aspergillus fumigatus, Cryptococcus ���

neoformans and Pneumocystis jirovecii) lack BDF2, suggesting that inhibition of the sole BET family ���

protein Bdf1 might significantly reduce viability and virulence32. Here we demonstrate that Bdf1 BD ���

functionality is essential in C. albicans and identify small-molecule inhibitors that target Bdf1 BDs ���

without inhibiting human BET proteins, establishing Bdf1 inhibition as a potential anti-fungal ���

therapeutic strategy.���

�	�

RESULTS �
�

C. albicans Bdf1 BDs bind multi-acetylated histone tails 	��

The BDs from C. albicans Bdf1 (CaBdf1) share 31-46% sequence identity with human BET BDs 	��

and 58-66% identity with those from S. cerevisiae Bdf1 (ScBdf1) and hence are likely to bind multi-	��

acetylated H3 and H4 tails (Fig. 1b). To verify this hypothesis, we purified recombinant CaBdf1 BD1 	��

and BD2 and assessed binding to a microarray of human histone tail peptides bearing diverse post-	��

translational modifications (PTMs). While H2A and H2B tail sequences differ considerably between 	��

human and C. albicans, those of H3 and H4 are nearly perfectly conserved, justifying use of the array 	��

(Fig. 1c). As expected, CaBdf1 BDs showed weak binding to mono-acetylated peptides and stronger 	��

binding to peptides bearing two or more acetylation marks (Fig. 1d,e and Supplementary Data 1). 		�

Of the two BDs, BD1 exhibited more promiscuous binding, recognizing 14 distinct H3 and H4 	
�

acetylation patterns, versus only 7 for BD2. We replaced a conserved tyrosine residue in the binding 
��

pocket of each BD by phenylalanine, a mutation known to compromise ligand binding in ScBdf122,23

��

(Supplementary Fig. 1a,b). These two "YF" mutations (Y248F and Y425F) abolished binding to all 
��

acetylated peptides, confirming interaction specificity (Fig. 1d,e). For both BD1 and BD2 the 
��

strongest binding was observed with an H4 peptide tetra-acetylated on lysines 5, 8, 12 and 16 
��

(hereafter denoted H4ac4). A pull-down assay confirmed H4ac4 peptide recognition by both BDs, 
��

which was abolished by the YF mutation (Fig. 1f). Interestingly, CaBdf1 BD1 and BD2 bound tetra-
��

acetylated H4 peptides with comparable strength (Fig. 1e), in contrast with mammalian Brd2, Brd4 
��



and Brdt, which bind tetra-acetylated H4 more tightly through BD1 than through BD213,14, 
	�

highlighting a certain redundancy in the ligand-binding activity of the two CaBdf1 BDs. 

�

����

Bdf1 BD functionality is essential in C. albicans����

We next asked whether Bdf1 BD function is important for the viability of C. albicans. Although a ����

heterozygous BDF1 deletion mutant generated in strain SC5314 exhibited no significant phenotype, ����

we were unable to obtain a homozygous bdf1∆/∆ mutant, suggesting that BDF1 is essential. To ����

confirm essentiality we placed the remaining allele of the BDF1 gene in the heterozygous strain under ����

the control of a conditional promoter and evaluated survival under repressive conditions. We used ����

either a methionine-repressible promoter or a newly engineered tetracycline (Tet)-regulatable cassette����

compatible with animal studies. Tet-dependent gene expression in C. albicans is usually achieved by ��	�

integrating a chimeric transactivator protein and a Tet-responsive promoter independently into the ��
�

genome33,34. Here, we constructed a cassette allowing integration of all required components in a ����

single step. The cassette contains the transactivator (TetR-VP16), a selective marker (ARG4), and ����

seven tandem Tet operator elements, which we inserted upstream of the BDF1 ORF to generate strain ����

∆bdf1/pTetO-BDF1 (Fig. 2a). Immunoblotting with a polyclonal antibody developed in this study to ����

allow specific CaBdf1 detection (Supplementary Fig. 1c,d) confirmed that Bdf1 was expressed from ����

the pTetO promoter in the absence of doxycycline (Dox), albeit at a weaker level than from the ����

endogenous BDF1 promoter, and was effectively repressed in the presence of Dox (Fig. 2b). ����

Strikingly, the growth of strain ∆bdf1/pTetO-BDF1 mirrored these expression levels: compared to ����

WT, growth was reduced in the absence of Dox and abrogated in its presence (Fig. 2c). The ��	�

phenotype was rescued by re-introducing a functional copy of BDF1 (strain BDF1-R/pTetO-BDF1), ��
�

confirming that BDF1 is essential in C. albicans. ����

To verify the importance of BD function for fungal growth, we generated strains in which one or ����

both Bdf1 BDs were inactivated by domain deletion or by the YF point mutation while the other WT ����

allele is expressed from the Dox-repressible promoter. Strains in which both BDs were inactivated ����

grew as poorly as the conditional deletion mutant, whereas strains in which only BD1 or BD2 was ����

inactivated displayed milder growth defects, with BD2 inactivation yielding the more pronounced ����

defect (Fig. 2d). Additional assays evaluating stress resistance or cell wall integrity did not reveal any ����

significant phenotype. Growth rates in liquid media recapitulated the phenotypes observed in the ����

colony formation assay (Fig. 2e). Analogous results were obtained when BDF1 expression was ��	�

repressed using the methionine-regulatable promoter (Supplementary Fig. 2). Thus, C. albicans ��
�

viability in vitro requires the presence of at least one functional BD within Bdf1.����

����

Bdf1 BDs are required for virulence in a mouse model ����

Using our Tet-OFF system for Dox-repressible Bdf1 expression, we verified the role of Bdf1 in a ����

murine model of invasive candidiasis. Initially, mice were injected with either WT C. albicans, the ����

conditional BDF1 deletion strain (bdf1�/pTetO-BDF1) or the rescue strain (BDF1-R/pTetO-BDF1). ����



Mice injected with the WT or rescue strains exhibited a high fungal load (>110,000 CFU/g) in the ����

kidney 7 days post-infection (Fig. 2f). The fungal load observed with strain bdf1�/pTetO-BDF1 was ����

reduced by 30-fold (~3500 CFU/g) in the absence of Dox and was abolished in its presence, mirroring ��	�

the growth phenotypes observed in vitro (Fig. 2c). Subsequently, we evaluated the virulence of strains ��
�

in which both Bdf1 BDs were deleted or inactivated by the YF point mutations (Fig. 2g). These ����

strains exhibited markedly reduced fungal loads (by approximately 8800- and 1600-fold, ����

respectively), consistent with the in vitro growth rates associated with these mutations (Fig. 2d, e and ����

Supplementary Fig. 2). Hence, Bdf1 BD functionality appears critical for the virulence of C. ����

albicans in vivo. ����

����

CaBdf1 BDs are resistant to human BET inhibitors  ����

For Bdf1 inhibition to be a feasible anti-fungal therapeutic strategy, small-molecule inhibitors need ����

to discriminate fungal from human BET BDs. To probe the similarity between the ligand binding ��	�

pockets of C. albicans and human BET BDs, we asked whether human BET inhibitors (BETi) could ��
�

inhibit CaBdf1 BDs. We used a homogeneous time-resolved fluorescence (HTRF) assay to evaluate ����

the ability of four chemically diverse BETi compounds (JQ1, PFI-1, IBET-151 and bromosporine) to ����

inhibit BD binding to an H4ac4 peptide (Supplementary Fig. 3a). The four compounds inhibited ����

human Brd4 BD1 and BD2 with IC50 values in the low nM range (3-95 nM), consistent with previous ����

reports16,35,36. In contrast, the CaBdf1 BDs were relatively insensitive to these inhibitors, with IC50 ����

values between 0.3 and >10 µM, or approximately a 2- to 3-fold log-reduction in sensitivity ����

(Supplementary Fig. 3b). These results were confirmed for JQ1 by isothermal titration calorimetry ����

(ITC): whereas JQ1 bound Brd4 BD1 tightly (Kd of 62 nM), no binding was detected for CaBdf1 ����

BD1 or BD2 (Supplementary Fig. 3c and Supplementary Table 1). None of the BETi compounds ��	�

significantly inhibited growth of C. albicans in vitro at 10 µM concentration (Supplementary Fig. ��
�

3d). This finding is consistent with the poor IC50 values observed for JQ1 and PFI-1 towards CaBdf1 ����

BDs; it also indicates that IBET-151 and bromosporine, which display (sub)micromolar IC50 values, ����

have poor cellular potency, possibly due to mechanisms known to reduce drug potency in C. albicans, ����

including cell wall and plasma membrane permeability barriers37,38 and the activity of efflux pumps ����

leading to rapid drug extrusion39,40. In summary, CaBdf1 and human BET BDs have distinct BETi ����

binding activity, supporting the feasibility of targeting CaBdf1 BDs with highly selective small-����

molecule inhibitors. ����

����

BETi resistance by CaBdf1 is due to smaller pocket residues  ��	�

To identify features differentiating the ligand binding pockets of human and fungal BET BDs, ��
�

we determined crystal structures for CaBdf1 BD1 and BD2 (Supplementary Table 2). These ����

structures exhibit the canonical BD fold (comprising helices Z, A, B and C, with the ZA and BC loops ����

defining the ligand binding pocket; Supplementary Fig. 4a) and closely resemble those of their ����

human BET counterparts (mean pairwise RMSDs �1.5 Å; Supplementary Table 3). The ligand ����



binding loops are structurally well conserved, including nearly all water molecules implicated in ����

ligand recognition (Supplementary Fig. 5), although the overall binding surfaces are less negatively ����

charged in CaBdf1 (Supplementary Fig. 4b). Superimposing the CaBdf1 BD structures onto that of ����

JQ1-bound Brd4 BD1 reveals no major steric clashes between JQ1 and the fungal BDs. However, ����

whereas JQ1 fits snugly into the Brd4 binding pocket, the fit with the CaBdf1 binding pockets is poor. ��	�

In Brd4 the fused ring system of JQ1 is sandwiched between the "WPF" shelf (Trp81, Pro82 and ��
�

Phe83) and Leu residues 92 and 94, with the thiophene ring positioned within the "ZA channel" �	��

defined by Trp81 and Leu92 (ref.41). Replacement of Trp81 by a Val or Phe residue in CaBdf1 BD1 �	��

and BD2, respectively, widens the ZA channel, resulting in a poorer fit (black diamonds in �	��

Supplementary Fig. 4c). Replacement of Brd4 residue Leu94 by a Val or Ile residue further �	��

contributes to the poor fit. In addition, the p-chlorophenyl group of JQ1 occupies a groove in Brd4 �	��

which is absent (BD1) or shallower (BD2) in CaBdf1 (asterisks in Supplementary Fig. 4c). A similar �	��

lack of complementarity between the ligand and binding pocket explains the insensitivity of CaBdf1 �	��

BDs towards PFI-1, IBET-151 and bromosporine.  �	��

More generally, recognition of the four BETi compounds by human BET BDs involves 16 �		�

residues, including the 8 signature residues previously used to classify human BD binding sites42
�	
�

(Supplementary Fig. 6). Five of these residues in BD1 and four in BD2 are invariant across human �
��

BET proteins but diverge in CaBdf1 (magenta arrows in Supplementary Fig. 6), including the WPF-�
��

shelf Trp residue and the Leu residue opposite this shelf, at signature positions 1 and 3, respectively. �
��

Remarkably, nearly all of these residues have shorter side chains in CaBdf1 than in the human BET �
��

proteins, implying that selective CaBdf1 inhibition could conceivably be achieved via small �
��

molecules that clash sterically with the human, but not fungal, side chains. Interestingly, other �
��

pathogenic fungal Bdf1 sequences also diverge from human BET proteins at these residue positions, �
��

suggesting that selective chemical inhibition might also be feasible for these targets. �
��

�
	�

CaBdf1 BDs can be selectively targeted by small molecules  �

�

We next set out to identify small molecule inhibitors that would target C. albicans Bdf1 BDs ����

without inhibiting human BET BDs. We used our HTRF inhibition assay to screen a library of ����

~80,000 chemically diverse compounds, resulting in several hundred hits for each BD (Fig. 3a). ����

Dose-response curves measured for CaBdf1 and Brd4 BDs identified 125 and 44 compounds ����

selective for the fungal BD1 and BD2, respectively. In particular, several compounds possessing a ����

dibenzothiazepinone scaffold exhibited low-micromolar IC50 values towards CaBdf1 BD1 and no or ����

only weak inhibition of Brd4 BD1 at the highest concentration (20 µM) tested. One such inhibitor was ����

compound 1 (Fig. 3b). ITC measurements showed that 1 binds CaBdf1 BD1 with a Kd of 5 µM, ����

consistent with the IC50 value (4.3 µM) determined by HTRF, whereas no or only modest binding and ��	�

inhibition were detected for Brd4 BD1 and CaBdf1 BD2 (Fig. 3c,d and Supplementary Table 1). ��
�

Furthermore, a BROMOscan screen from DiscoverX revealed that compound 1 showed no significant ����

activity against 32 representative human (BET and non-BET) BDs (Supplementary Fig. 7); indeed, ����



an ITC experiment confirmed that the two human BDs (SMARCA2 and SMARCA4) with the ����

strongest BROMOscan response did not detectably bind compound 1 (Supplementary Fig. 8a). ����

Compound 1 also exhibited low cytotoxicity towards HeLa and IMR90 (a primary fibroblast) cells ����

(LC50 � 100 µM) as measured in an MTT colorimetric assay (Supplementary Fig. 9).  ����

To understand the molecular basis of selectivity we solved the crystal structure of CaBdf1 BD1 ����

bound to 1. Compound 1 mimics the acetyllysine ligand by interacting with the conserved Tyr248 and ����

Asn291 residues, forming direct and water-mediated hydrogen bonds via the thiazepinone carbonyl ��	�

group (Fig. 3e-g). The dibenzothiazepinone ring system engages hydrophobic residues from the VPF ��
�

shelf (Pro233), helix B (Phe290) and the ZZ’ loop (Val238, Leu243 and Val245), while the ����

cyclopropyl group interacts with the VPF shelf (Pro233 and Phe234), helix B (Cys287) and the ����

gatekeeper residue on helix C (Ile297). In contrast, the oxadiazole and pyrazine groups point away ����

from the pocket, adopting different orientations in the four complexes present in the crystal’s ����

asymmetric unit (Supplementary Fig. 10). Superimposing the ligand-bound structure with that of ����

Brd4 BD1 results in a steric overlap between the larger Brd4 side chains at signature positions 1 and 3 ����

(Trp81 and Leu94) and the oxadiazole and distal benzene groups of compound 1, explaining why 1 ����

fails to inhibit the human BD (Fig. 3f,h). Steric hindrance from the corresponding residues in CaBdf1 ����

BD2 (Phe409 and Ile422) also account for this domain’s insensitivity to compound 1.  ��	�

Similarly, we identified an imidazopyridine compound, 2 (Supplementary Fig. 11a), which ��
�

inhibits CaBdf1 BD2 with high selectivity: HTRF and ITC assays yielded IC50 and Kd values of 1.1 ����

and 2.1 µM, respectively, whereas human Brd4 BD2 and CaBdf1 BD1 were only weakly inhibited ����

(IC50 � 40 µM) (Supplementary Fig. 11b,c and Supplementary Table 1). Moreover, no significant ����

inhibition of any human BDs was observed for compound 2 by BROMOscan profiling and by an ITC ����

assay on the two most sensitive BDs identified by this screen (SMARCA2 and SMARCA4;����

Supplementary Fig. 7 and 8b); and only mild cytotoxicity (LC50 ~60 µM) was observed towards ����

mammalian cells (Supplementary Fig. 9). The crystal structure of CaBdf1 BD2 bound to 2 reveals ����

that the compound forms a hydrogen bond via its amino group with the conserved Asn468 residue, as ����

well as a cation-pi interaction involving the phenolic ring and the partial positive charge on Asn468 ��	�

(Supplementary Fig. 11d-f). However, unlike most BET inhibitors, a water-mediated hydrogen bond ��
�

with Tyr425 is not observed for 2 (presumably because the ligand dislodges water molecule 1, ����

consistent with the dislodgement of this water by a glycerol molecule in the unbound BD structure; ����

Supplementary Fig. 5d). Instead, the compound’s imidazolyl and hydroxyl groups form water-����

mediated hydrogen bonds with backbone atoms of the FPF shelf (Pro410) and helix B (Val460). ����

Replacement of the hydroxyl group in 2 by a hydrogen (2a) or fluorine (2b) atom severely reduces ����

inhibitory activity, underscoring the importance of this group for high-affinity binding ����

(Supplementary Fig. 12). The methylpyridinyl and phenolic groups are sandwiched between the FPF ����

shelf and gatekeeper residue Val474 on one side, and residues Val415 and Leu420 on the other, while ����

the tolyl group additionally contacts residues Ile422 and Phe467 (Supplementary Fig. 11d-f). A ��	�

structural alignment with Brd4 BD2 shows that larger Brd4 side chains at four of these contact ��
�



positions, including signature positions 1, 3 and 5 (Trp374, Leu387, His437) and residue Tyr432 ����

(Supplementary Fig. 11e,g), reduces the volume available for compound 2, explaining the inability ����

of 2 to inhibit the human BD. In contrast, the poor affinity for CaBdf1 BD1 is due to smaller side ����

chains at signature positions 1 and 3 (Val232 and Val245), resulting in poor complementarity between ����

the binding pocket and ligand. The above results establish proof-of-principle that CaBdf1 BDs can be ����

selectively targeted by small-molecule inhibitors in vitro without compromising the function of ����

human BD-containing proteins. ����

����

A Bdf1 BD1 inhibitor phenocopies genetic inactivation of BD1 ��	�

We next assessed the antifungal activity of compounds identified in our screen by evaluating ��
�

their effect on C. albicans growth in liquid media. Not surprisingly, none of the compounds ����

significantly inhibited growth of the WT strain, consistent with the fact that inactivating a single ����

CaBdf1 BD only weakly affects growth (Fig. 2d,e) and that none of the compounds tested can ����

individually inhibit both CaBdf1 BDs. Attempts to simultaneously inhibit both BDs by testing binary ����

combinations of compounds also did not result in significant growth inhibition. We therefore tested ����

individual compounds on mutant strains in which either BD1 or BD2 was inactivated. Most inhibitors, ����

including compounds 1 and 2, showed little antifungal activity against these strains, presumably ����

because they failed to enter the fungal cell or were metabolized or eliminated before a significant ����

growth defect was detected. The most active compound was dibenzothiazepinone 3, an analog of 1 in��	�

which the cyclopropyl, oxadiazole and pyrazine groups are replaced by smaller methyl, ��
�

carboxyamidyl and tetrahydrofuran groups, respectively (Fig. 4a). HTRF and ITC assays showed that ����

3 inhibits CaBdf1 BD1 with low micromolar affinity and 3- to 5-fold selectivity relative to human ����

Brd4 BD1 (Fig. 4b,c and Supplementary Table 1). The crystal structure of CaBdf1 BD1 bound to 3 ����

shows that the compound is slightly rotated within the binding pocket compared to 1 (Fig. 4d). ����

Consequently, in a structural alignment with Brd4 BD1, the steric hindrance observed for 1 due to the ����

larger Trp81 and Leu94 side chains is largely relieved for compound 3, explaining the reduced ����

selectivity of this compound. (Both enantiomers of 3 are equally active, consistent with the lack of ����

interaction between the BD and the tetrahydrofuran ring; Supplementary Fig. 13). Liquid culture ����

assays show that 3 has little effect on the growth of C. albicans strains expressing either WT Bdf1 or ��	�

Bdf1 inactivated in BD1, but significantly inhibited the growth of strains inactivated in BD2 (Fig. 4e), ��
�

consistent with the specificity of compound 3 for BD1. A dose-response curve revealed a cellular �	��

EC50 value of 35 ± 7 µM, corresponding to a 20-fold cell shift relative to the IC50 value determined by �	��

HTRF in vitro (or 7-fold relative to the Kd by ITC) (Fig. 4f). At this concentration compound 3 �	��

showed relatively little cytotoxicity towards mammalian cells (LC50 >100 µM) (Supplementary Fig. �	��

9). Taken together, these results demonstrate the feasibility of using a small-molecule inhibitor to �	��

antagonize CaBdf1 function in the fungal cell.�	��

�	��

DISCUSSION �	��



We have shown that C. albicans BDF1 deletion is lethal and that mutations abolishing BD-�		�

mediated ligand-binding activity severely compromise growth (Fig. 2c-e), validating BET BD �	
�

inhibition as a potential antifungal strategy in C. albicans. Whereas the combined inactivation of both �
��

CaBdf1 BDs is lethal, that of a single BD leads to only a partial reduction in growth (Fig. 2d,e and �
��

Fig. 4e). This likely reflects functional redundancy between the two BDs, consistent with their similar �
��

binding profiles towards acetylated H4 tails (Fig. 1d,e). Growth inhibition appears slightly more �
��

pronounced upon BD2 inactivation compared to that of BD1 (Fig. 2d,e). This contrasts with the �
��

finding that the selective inhibition of human BET BD2 in liver cancer cells induced only minor �
��

effects on transcriptional regulation43 and that BD1 plays a more important role than BD2 in Brdt-�
��

mediated chromatin remodelling44, in recruiting Brd3 to acetylated sites on GATA145, and in �
��

chromatin binding by Brd446. This discrepancy may partly reflect differences between human and C. �
	�

albicans BET BD selectivity towards acetylated histone peptides, as well as different histone �

�

acetylation patterns in these species.  ����

Because C. albicans strains inactivated in only one Bdf1 BD remain viable, a chemotherapeutic ����

strategy targeting CaBdf1 would likely require the inhibition of both BDs to be effective. Such ����

inhibition could be achieved via a single compound which targets both BDs or through the combined ����

use of two compounds, supplied independently or covalently linked as a bivalent BD inhibitor. ����

Indeed, dual-warhead BET inhibitors that simultaneously engage both BDs within a single BET ����

protein have recently been described which possess greatly enhanced biochemical and cellular ����

potency as well as increased efficacy in animal disease models relative to monovalent inhibitors while ����

maintaining acceptable pharmacokinetic profiles47-49. Alternatively, one could envisage a Proteolysis ��	�

Targeting Chimera (PROTAC) approach, whereby a single-BD inhibitor conjugated to a ligand for an ��
�

E3 ubiquitin ligase would trigger the degradation of CaBdf1, as recently demonstrated for human ����

BET proteins50-53. ����

Compounds 1 and 2 target CaBdf1 BD1 and BD2, respectively, with low micromolar affinity, ����

yet do not significantly inhibit human BET or non-BET BDs, demonstrating that small-molecule ����

inhibition of CaBdf1 BDs can be achieved with high selectivity. The selectivity of 1 and 2 for CaBdf1 ����

results from steric incompatibility with bulkier side chains in the human BET BD binding pockets, ����

particularly at signature positions 1 and 3. Remarkably, all 169 CaBdf1-selective hits identified in our ����

screen target either CaBdf1 BD1 or BD2, but not both, in contrast with many BETi compounds which ����

inhibit both BD1 and BD2 in human BET proteins. A likely explanation is that, whereas residues at ��	�

signature positions 1 and 3 are conserved between human BET BD1 and BD2, they diverge between ��
�

CaBdf1 BD1 and BD2, facilitating the identification of CaBdf1 inhibitors with single-BD selectivity ����

(Supplementary Fig. 14). Nevertheless, an inhibitor that targets both CaBdf1 BDs without inhibiting ����

human BET BDs is in principle achievable, because the WPF-shelf Trp residue at signature position 3 ����

in human BET BDs is bulkier than the corresponding (Val and Phe) residues in both CaBdf1 BD1 and ����

BD2. For example, medicinal chemistry optimization of compound 2 could conceivably yield an ����



analog that would inhibit both CaBdf1 BD1 and BD2 without losing selectivity against human BET ����

BDs.  ����

Our chemical screen identified a dibenzothiazepinone compound, 3, that selectively inhibited ����

CaBdf1 BD1 and displayed antifungal activity against susceptible strains. Although we were unable ��	�

to obtain biochemical evidence for a direct interaction between 3 and Bdf1 in C. albicans cells, the ��
�

different susceptibility of Bdf1 mutant strains provides compelling evidence that Bdf1 BD1 is the ����

intracellular target (Fig. 4e,f). Specifically, strains expressing Bdf1 mutants in which BD1 was the ����

lone functional BD (mutants bdf1-bd2∆ and bdf1-Y245F) were sensitive to 3, consistent with this ����

compound’s selectivity for CaBdf1 BD1, whereas all other strains with a functional BD2 were ����

insensitive, arguing strongly against a potential off-target effect. Strikingly, compound 1 did not ����

significantly inhibit growth, despite being an analog of 3 with nearly identical binding affinity for ����

CaBdf1 BD1. This makes the dibenzothiazepinone an attractive scaffold for structure-activity ����

relationship studies, as these may reveal the molecular determinants of a compound’s ability to reach ����

its intracellular target and thereby lead to analogs with improved cellular potency.  ��	�

In conclusion, Bdf1 BDs are required for the viability and virulence of C. albicans and can be ��
�

selectively targeted by small molecule inhibitors without compromising human BET BD function. ����

These findings pave the way for the development of BET inhibitors as a novel class of antifungal ����

therapeutics. ����

����

METHODS ����

Chemicals ����

BET inhibitors PFI-1, IBET-151 and bromosporine were purchased from Sigma while JQ1 was from ����

Clinisciences (Nanterre, France). Compound 1 was purchased from ChemDiv as powder and ����

dissolved in DMSO without further purification. Compounds 2 and 3 (the latter as the racemate), ��	�

initially purchased from ChemDiv, were resynthesized in house where the individual enantiomers of 3 ��
�

were also prepared (Supplementary Methods) and used for all in vitro and cell-based assays. ����

Derivatives 2a and 2b were synthesized in house for this study (Supplementary Methods). ����

����

Protein expression and purification  ����

Proteins used for crystallization and for ITC. DNA fragments encoding CaBdf1 BD1 (residues 193-����

327) or BD2 (residues 386-491) and human Brd4 BD1 (residues 22-204) were PCR amplified from ����

genomic or cDNA libraries and cloned into a pETM11 vector as fusion constructs bearing an N-����

terminal His tag followed by a tobacco etch virus (TEV) protease cleavage site. Transformed E. coli����

strain BL21(DE3) cells were grown in LB medium containing kanamycin (50 µg/mL) at 37°C until ��	�

reaching an OD600 of 1, induced with 0.5 mM IPTG and further incubated at 16°C for 12-20 h before ��
�

harvesting. Cells were resuspended in buffer A (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 10% ����

glycerol, 25 mM imidazole, 5 mM �-mercaptoethanol and protease inhibitors) and lysed by ����

sonication. The cleared lysate was incubated with NiNTA resin (Qiagen) and washed with buffer A ����



containing 0.5 M NaCl. Proteins were eluted with 250 mM imidazole, dialysed overnight in the ����

presence of His-tagged TEV protease against buffer A containing no imidazole, and incubated with ����

Ni-NTA resin to remove His-tagged species. Proteins were further purified on a Superdex 75 10/300 ����

(GE Healthcare) column in 50 mM Hepes pH 7.5, 150 mM NaCl, 0.5 mM DTT. Proteins were ����

concentrated to >20 mg/ml on a Centricon device (Millipore) and used for ITC, TSA and ����

crystallization experiments. Human SMARCA2 and SMARCA4 bromodomain plasmids bearing an ��	�

N-terminal His tag and TEV protease site were purchased from Addgene (plasmid no. 73250 and ��
�

74664, respectively). Expression and purification was performed as above, except that buffer A was ����

replaced by buffer B (50 mM Hepes pH 7.5, 500 mM NaCl, 5% glycerol, 5 mM imidazole and ����

protease inhibitors) and gel filtration was performed in 10 mM Hepes pH 7.5, 500 mM NaCl and 5% ����

glycerol. ����

����

Proteins used for HTRF assays. GST-tagged human Brd4 BD2 (residues 349-460) was purchased ����

from Reaction Biology Corp. Human Brd4 BD1 (residues 22-204) and CaBdf1 BD1 (residues 193-����

327) and BD2 (residues 361-501) were cloned into a pGEX4t1 vector as GST-tagged fusion proteins. ����

Expression in E. coli strain BL21(DE3) cells was performed as for His-tagged constructs. Harvested ��	�

cells resuspended in 50 mM Tris-HCl pH 7.5, 150 mM NaCl and protease inhibitors were lysed by ��
�

sonication. The clarified lysate was incubated with glutathione sepharose (GE Healthcare) and then �	��

washed with 50 mM Tris-HCl pH 7.5, 500 mM NaCl and 1% NP-40. Proteins were eluted with 10 �	��

mM glutathione and further purified on a Superdex 75 10/300 (GE Healthcare) column in 50 mM �	��

Hepes pH 7.5, 150 mM NaCl, 0.5 mM DTT. �	��

�	��

Pull-down and peptide array assays �	��

Biotinylated peptides corresponding to non-acetylated (H4ac0) and tetra-acetylated �	��

(H4K5acK8acK12acK16ac) histone H4 tails were synthesized by Covalab (Villeurbanne, France) and �	��

immobilized on Streptavidin-coated magnetic beads (Dynabeads MyOne Streptavidin C1; Thermo �		�

Fisher) according to the manufacturer’s instructions. Beads were incubated with 1.25 µg of GST-�	
�

tagged CaBdf1 BD1 or BD2 in binding buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.1%, NP-40, �
��

10% glycerol 10%, 1 mM DTT) in a volume of 250 µL for 2 h at 4°C and subsequently washed in �
��

binding buffer containing 500 mM NaCl. Bound proteins were eluted by boiling in SDS-PAGE �
��

sample loading buffer and analyzed by Western blot using an anti-GST antibody (GE Healthcare). �
��

Histone peptide arrays were obtained from Active Motif and used in accordance with the supplier’s �
��

recommendations. In short, arrays were blocked and incubated with 1 µM of purified CaBdf1 BD1 or �
��

BD2. Arrays were incubated with recombinant bromodomains for 2 h at 4 °C in binding buffer (Tris-�
��

HCl 50 mM pH 7.4, NP-40 0.1%, NaCl 150 mM, glycerol 10%). They were then washed in the same �
��

buffer and binding detected by a standard western blot procedure using an anti-GST antibody �
	�

(Dutscher, ref. 27-4577-01). An antibody directed against a spotted c-myc peptide was used as a �

�

positive control and its signal intensity was used for normalization. Assays were performed in ����



duplicate. Images were acquired on a Bio-Rad ChemiDoc XRS Imaging machine and data were ����

quantified using the array analyzer software provided by Active Motif. The results of the ����

quantification are summarized in Supplementary File 1. ����

����

Isothermal Titration Calorimetry (ITC) ����

Calorimetric experiments were performed on a NanoITC calorimeter (TA Instruments) at 25°C while ����

stirring at 250 rpm. All proteins were buffer exchanged by gel filtration into 50 mM Hepes pH 7.5, ����

150 mM NaCl, 0.5 mM DTT, except for SMARCA2 and SMARCA4A bromodomains, which were ��	�

exchanged into 10 mM Hepes pH 7.5, 500 mM NaCl and 5% glycerol. Typically, 10-100 µM ��
�

compound and 60-900 µM protein were placed in the cell and syringe, respectively. Titrations ����

consisted of an initial injection of 1.5 µl followed by 19 identical injections of 2.5 µl made at time ����

intervals of 5 min. ITC data were corrected for the heat of dilution of injectant into buffer and ����

analysed with software provided by the manufacturer using a single binding site model. The first data ����

point was excluded from the analysis. Thermodynamic parameters determined from the ITC data are ����

summarized in Supplementary Table 1. ����

����

Homogeneous time-resolved fluorescence (HTRF) assay����

Biotinylated and non-biotinylated tetra-acetylated H4 peptides (H4K5acK8acK12acK16ac; denoted ��	�

H4ac4) were synthetized by Covalab (Villeurbanne, France). HTRF reagents and buffers were ��
�

purchased from Cisbio Bioassays and the assay performed according to the manufacturer’s ����

instructions. The assay used a Terbium (III) cryptate donor reagent conjugated to an anti-GST ����

antibody (MAb anti-GST-Tb), a streptavidin-conjugated acceptor reagent (Streptavidin-d2) and ����

Cisbio proprietary buffers (EPIgeneous Binding Domain Diluent and Detection buffers). Incubation ����

with GST-tagged BDs and biotinylated H4ac4 brings the donor and acceptor into close proximity and ����

allows FRET. The non-biotinylated H4ac4 peptide competes for binding and was used as a positive ����

control for inhibition. GST-tagged proteins in 25 mM Hepes pH 7.5, 150 mM NaCl, 0.5 mM DTT ����

were assayed at 5 nM final concentration. Biotinylated H4ac4 peptides were used at a final ����

concentration of 50, 600, 300 or 400 nM in assays involving Brd4 BD1, Brd4 BD2, CaBdf1 BD1 and ��	�

CaBdf1 BD2, respectively. The antibody-conjugated donor was used at 0.5 nM and the streptavidin-��
�

conjugated acceptor was used at 1/8 of the H4ac4 peptide concentration. Inhibitors were tested by ����

performing a 9-point dilution series with a maximal final concentration of 10 µM (JQ1, IBET-151, ����

PFI-1, bromosporine), 20 µM (1, 3) or 40 µM (2). These concentrations allowed the DMSO ����

concentration to remain below the limit (1% for CaBdf1 BD1 and Brd4 BD1, and 0.4% for CaBdf1����

BD2 and Brd4 BD2) that allowed the assay to maintain a Z’ factor54
� 0.8. Components were ����

incubated at room temperature for 1 h (CaBdf1 BD1 and Brd4 BD1) or at 4°C for 6-24 h (CaBdf1 ����

BD2 and Brd4 BD2). Experiments were performed in 384-well white plates (Greiner 781080) in a ����

volume of 20 µL and analyzed in a ClarioStar plate reader (BMG LABTECH). Excitation was at 330 ����

nm and emission intensities were measured at 620 nm and 665 nm (corresponding to the donor and ��	�



acceptor emission peaks, respectively; the 665/620 ratio is used to calculate the specific HTRF signal) ��
�

with an integration delay of 60 µs and an integration time of 400 µs.  ����

����

High-throughput chemical screening ����

The HTRF assay described above was miniaturized for performance in a 5 µL reaction volume in ����

1536-well black plates. Approximately 80,000 compounds from the ChemDiv and LifeChem ����

Diversity collections were dispensed into wells by an Echo acoustic liquid dispenser. A master mix ����

comprising MAb anti-GST-Tb donor, streptavidin-d2 acceptor, GST-tagged BD protein, biotinylated ����

H4ac4 peptide was then added and the plates incubated for 6-24 h prior to reading. The primary ����

screen was performed with compounds at a final concentration of 20 µM (CaBdf1 BD1) or 8 µM ��	�

(CaBdf1 BD2), corresponding to a final DMSO concentration of 1% and 0.4%, respectively. Hits ��
�

were initially confirmed by repeating the assay at a single concentration in triplicate, and ����

subsequently by dose-response curves constructed using 8-point dilutions between 0 and 20 (or 8) ����

µM.  ����

����

BROMOscan profiling ����

BROMOscan profiling was performed by DiscoverX. T7 phage strains displaying bromodomains ����

were grown in parallel 24-well blocks in an E. coli host derived from the BL21 strain as described55. ����

E. coli were grown to log-phase and infected with T7 phage from a frozen stock (multiplicity of ����

infection = 0.4) and incubated with shaking at 32°C until lysis (90-150 minutes). The lysates were ��	�

centrifuged (5,000 g) and filtered (0.2 �m) to remove cell debris. Streptavidin-coated magnetic beads ��
�

were treated with biotinylated small molecule or acetylated peptide ligands for 30 minutes at room ����

temperature to generate affinity resins for bromodomain assays. Ligand loading densities were ����

optimized as described56. The liganded beads were blocked with excess biotin and washed with ����

blocking buffer (SeaBlock (Pierce), 1 % BSA, 0.05 % Tween 20, 1 mM DTT) to remove unbound ����

ligand and to reduce non-specific phage binding. Binding reactions were assembled by combining ����

bromodomains, liganded affinity beads, and test compounds in 1x binding buffer (16 % SeaBlock, ����

0.32x PBS, 0.02%BSA, 0.04 % Tween 20, 7.9 mM DTT). Test compounds were prepared as 1000X ����

stocks in 100% DMSO and subsequently diluted 1:25 in monoethylene glycol (MEG). The ����

compounds were then diluted directly into the assays such that the final concentrations of DMSO and ��	�

MEG were 0.1% and 2.4%, respectively. All reactions were performed in polypropylene 384-well ��
�

plates in a final volume of 20 µl. The assay plates were incubated at room temperature with shaking ����

for 1 hour and the affinity beads were washed with wash buffer (1x PBS, 0.05% Tween 20). The ����

beads were then re-suspended in elution buffer (1x PBS, 0.05% Tween 20, 2 �M non-biotinylated ����

affinity ligand) and incubated at room temperature with shaking for 30 minutes. The bromodomain ����

concentration in the eluates was determined by qPCR. Compounds 1 and 2 were screened at 10 µM ����

concentration in duplicate. DMSO was used as a negative control and a small-molecule or peptide ����

ligand specific for each BD in the screen was used as a positive control. Results are reported as ����



Percent Control, where lower values indicate stronger inhibition. Percent control was calculated as ����

100*(t – p)/(n – p), where t is the test compound signal and p and n are the positive and negative ��	�

control signals, respectively. ��
�

�	��

Crystallization and crystal structure determination�	��

Initial crystallization conditions were identified by the sitting drop vapour diffusion method at 4 �	��

°C using a Cartesian PixSys 4200 crystallization robot at the High Throughput Crystallization �	��

Laboratory of the EMBL Grenoble Outstation (https://htxlab.embl.fr). Crystals used for data �	��

collection were obtained by the hanging drop method at 4 °C by mixing 1 µL of the protein or �	��

protein/inhibitor sample with 1 µL of the reservoir solution, as follows. Unbound CaBdf1 BD1 (40 �	��

mg/mL) was mixed with 0.2 M ammonium iodide (pH 6.5) and 26% (w/v) PEG 3350. Unbound �	��

CaBdf1 BD2 (40 mg/mL) was mixed with 0.1 M TRIS-HCl (pH 8.5) and 1 M ammonium phosphate. �		�

CaBdf1 BD1 bound to compound 1 was crystallized by mixing a solution of 20 mg/mL protein and �	
�

0.4 mM inhibitor with 0.1 M TRIS-HCl (pH 8.5), 23% (w/v) PEG MME 2000 and 10 mM NiCl2. �
��

CaBdf1 BD1 bound to compound 3 was crystallized by mixing a solution of 25 mg/mL protein and �
��

1.5 mM inhibitor with 0.1 M sodium acetate (pH 4.6) and 2.4 M ammonium sulfate. CaBdf1 BD2 �
��

bound to compound 2 was crystallized by mixing a solution of 22 mg/mL protein and 1.5 mM �
��

inhibitor with 0.1 M sodium acetate (pH 4.6) and 25% (w/v) PEG 3000. Crystals were flash-cooled in �
��

liquid nitrogen after being transferred into the well solution supplemented with the following cryo-�
��

protectants: unbound CaBdf1 BD1, unbound CaBdf1 BD2, and CaBdf1 BD1 bound to 1, 30% (v/v) �
��

glycerol; CaBdf1 BD1 bound to 3(S), 3.2 M ammonium sulfate; CaBdf1 BD2 bound to 2, 25% (v/v) �
��

glycerol. �
	�

Diffraction data were collected at beamlines of the ESRF, as indicated in Supplementary Table �

�

2. Data collected on MarMOSAIC (ID23-2), Pilatus 6M (ID29) and Pilatus3 2M (ID30A-1) detectors ����

were processed using XDS57 and programs of the CCP4 suite58. Structures were solved by molecular ����

replacement using Phaser59. Structures 2OSS and 2OUO (human Brd4 BD1 and BD2, respectively) ����

were used as search models to solve the structures of CaBdf1 BD1 and BD2, respectively. Initial ����

solutions were improved by automated protein chain tracing with ARP/WARP60, followed by further ����

manual building using Coot61. Inhibitor coordinates and .cif restraints files were generated using the ����

Cactus online SMILES translator (https://cactus.nci.nih.gov/translate/) and JLigand62, respectively. ����

Structures were refined with Phenix63 and validated using MolProbity64 and the built-in tools in Coot. ����

Data collection and refinement statistics are summarized in Supplementary Table 2.  ��	�

��
�

Cytotoxicity assays on human cells ����

Proliferation of human cells was assessed using an MTT colorimetric assay (Cell Proliferation Kit I, ����

Roche). HeLa (epithelial cells, ATCC number CCL-2) and IMR90 (primary fibroblasts cells, ATCC ����

number CCL-186) cells were cultured in humidified atmosphere (37°C and 5% CO2) in DMEM ����

medium containing 10% heat inactivated fetal calf serum and 2 mM glutamine. Cells were seeded at a ����



concentration of 5000 HeLa cells/well or 15000 IMR90 cells/well in 100 µl culture medium ����

containing the test compound (compounds 1, 2, 3, amphotericin B or fluconazole) into 96 wells ����

microplates (Falcon ref. 353072). Plates were incubated at 37°C and 5% CO2 for 28 h before adding ����

10 µl of MTT labeling reagent (final concentration 0.5 mg/ml) to each well. After incubating for a ��	�

further 4 hours, 100 µl of the Solubilization solution were added in each well. Plates were allowed to ��
�

stand overnight in the incubator before measuring the spectrophotometrical absorbance at 570 nm and ����

at the reference wavelength of 690 nm in a ClarioStar plate reader. The values of A570 nm-A690 nm were ����

normalized relative to that obtained with vehicle (0.2% DMSO) and plotted against compound ����

concentration.  ����

����

Generation of C. albicans mutant strains ����

Plasmids used in this study to incorporate different mutations into the BDF1 gene are listed in ����

Supplementary Table 4. All DNA fragments were fused in a pCR2.1-TOPO vector using a Gibson ����

assembly kit (New England Biolabs) and validated by sequencing. The pMET3 promoter sequence��	�

was recycled from the plasmid pFA-ARG4-MET3p (ref.65). The pTetO cassette (Fig. 2a) was ��
�

generated by assembling the following fragments with the Gibson assembly kit (New England ����

Biolabs) in a pCR2.1-TOPO vector: (i) ARG4 gene from the plasmid pFA-ARG4-MET3p (ref.65); (ii) ����

a tetracycline dependent-transactivation protein (TetR-VP16) obtained by gene synthesis with ����

corrections for the genetic code of the CTU clade (Thermo), flanked by the promoter (500 bp) and ����

terminator (500 bp) of the C. albicans TDH3 gene; (iii) the repressible tetracycline operator (pTetO) ����

from the plasmid pCM184 (ref.66). In this study, ~500 bp homologous regions were used to integrate ����

the pTet cassette upstream of the BDF1 ORF. The BDF1 point mutant cassettes were obtained using ����

the QuikChange site-directed kit (Agilent) with the BDF1 plasmid pJG214 or pJG215. All cassettes ����

were obtained by digesting 4 µg of the pCR2.1-TOPO plasmids and were transformed in C. albicans��	�

by a lithium acetate procedure, as previously described67. Mutations introduced in the BDF1 gene in ��
�

C. albicans were confirmed by PCR, sequencing of the mutated region in the genomic DNA and ����

western blot. Strains used in this study are listed in Supplementary Table 5. ����

����

Growth assays ����

Growth on solid media. C. albicans strains were grown in SC media to an OD600 of 0.5-0.8, pelleted ����

and resuspended in sterile water at a final OD600 of 0.13. Cells were spotted on solid media in a three-����

fold dilution series starting at an OD600 of 0.13. Plates were incubated at 30°C for 1 d prior to ����

imaging. Stress resistance was tested using the following conditions: H2O2 (4.5 and 6 mM), methyl-����

methanesulfonate (MMS; 0.005 and 0.02%), hydroxyurea (10 mM), nicotinamide (0.5, 1, and 4 mM), ��	�

caffeine (15 mM), sorbitol (1, 1.5 and 2 M), Congo red (50 µg/mL), calcofluor white (20 µM), SDS ��
�

(0.04%), and heat shock at 42°C. ����

Growth on liquid media. C. albicans strains were grown at 30°C in SC medium to an OD600 of 0.5-����

0.8. For the evaluation of growth defects related to Bdf1 mutations, log-phase growing cells were ����



counted using a Neubauer chamber and diluted in liquid media to a final concentration of 5400 ����

cells/mL per well in a sterile 96 well-plate. Doxycycline (50 µg/mL) or methionine (5 mM) / cysteine ����

(0.25 mM) were added to the media if required. Plates were incubated at 30°C and OD600 was ����

measured using a Multiskan FC Microplate Photometer (Thermo Fisher). For the evaluation of ����

chemical compounds, strains were grown in SC medium supplemented with 50 µg/mL doxycycline or ����

5 mM methionine / 0.25mM cysteine 24h prior to counting and then seeded in 96-well plates at the ��	�

same concentration as mentioned above, with or without chemical compounds. Statistical tests were ��
�

performed using two-sided Welch t-tests. ����

����

Analysis of whole cell extracts and antibodies ����

C. albicans strains were grown at 30°C in SC media to an OD600 of 0.5-0.8. Cells were lysed in ����

FastprepTM (MPBiologicals) twice at 6.5 m/s for 1 min with intermediate incubation on ice. Histone ����

H4 antibody was purchased from Active Motif (ref 39269) and the CaBdf1 antibody was developed ����

in house using a full-length recombinant protein injected in rabbits (Covalab). ����

����

Mouse experiments ��	�

A mouse model of hematogeneously disseminated candidiasis was used and approved by the French ��
�

National Animal Experimentation Ethic Committee (reference B385161006) under the file reference ����

2015042015538706 v4 (AFAPIS#644). Candida strains were inoculated from an overnight subculture ����

in liquid YPD. In each condition, 6 female BALB/c mice (8 weeks old) were injected in the lateral ����

caudal vein with 2 × 105 cells of a C. albicans suspension. If necessary, doxycycline repression was ����

added to the drinking water starting at 48h before the injection until the day of euthanasia. To limit ����

severity and duration of pain, a pilot experiment established an endpoint 7 days post-infection, when ����

the virulence of each strain was assessed by kidney fungal burden evaluation, as described before68,69. ����

Briefly, mice were euthanized, left kidneys removed aseptically, weighed and homogenized ����

suspensions were cultured to evaluated colony forming units (CFU). The final results were expressed ��	�

as log colony-forming units per gram of tissue and statistically tested using two-sided Wilcoxon rank ��
�

sum tests with continuity correction. �	��

�	��

Statistics �	��

Each statistical test is indicated in the legend of the corresponding figure and has been chosen for its �	��

compliance with the sample size. Sample size for mouse experiments was chosen as the best �	��

compromise between statistical power and regulations of the French National Animal �	��

Experimentation Ethic Committee. No inclusion / exclusion criteria were pre-established. Animal �	��

studies were neither randomized nor performed blinded. �	��

�		�

Data availability �	
�



Coordinates and structure factors for have been deposited with the Protein Data Bank with accession �
��

codes XXX (unbound CaBdf1 BD1), XXX (CaBdf1 BD1 bound to 1), XXX (CaBdf1 BD1 bound to �
��

3) and XXX (CaBdf1 BD2 bound to 2). The authors declare that all other data supporting the findings �
��

of this study are available within the article and its supplementary information files, or from the �
��

corresponding authors upon request..��
��

�
��
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Supplementary Table 1. ITC data for Brd4 and CaBdf1 BDs with JQ1 and compounds 1-3. 
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���Table 2. Crystallographic data collection and refinement statistics. 
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Supplementary Table 3. RMSD values between human BET and CaBdf1 BD structures. 

 RMSD (Å) with CaBdf1 
Entire BD 

(100 Cα atoms) 
Binding pocket
(46 Cα atoms) 

BD1
Brd2 1.79 0.53 
Brd3 1.41 0.39 
Brd4 1.36 0.56 
Brdt 1.28 0.53 

Mean 1.46
± 0.23 

0.50
± 0.08 

BD2
Brd2 1.12 1.36 
Brd3 1.10 1.38 
Brd4 1.19 1.50 
Brdt 1.09 1.39 

Mean 1.13 
± 0.05 

1.41 
± 0.06 

  



Supplementary Table 4. Plasmids used in this study.
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Supplementary Table 5. Strains used in this study. 

Name1 Number Parent Genotype 

SN152  SN152 SC5314 

ura3/::imm434::URA3/ura3::imm434 

iro1::IRO1/iro1::imm434 his1::hisG/his1::hisG 

leu2/leu2 arg4/arg4 

bdf1� / pTetO-BDF1 yCaJG105 SN152 SN152 + bdf1::pTetO-BDF1-ARG4/bdf1�::HIS1 

BDF1-R / pTetO-BDF1 yCaJG108 yCaJG105
SN152 + bdf1::pTetO-BDF1-ARG4/bdf1::BDF1-
R-LEU2 

bdf1-bd1� / pTetO-BDF1 yCaJG120        " 
SN152 + bdf1::pTetO-BDF1-ARG4/bdf1::bdf1-
bd1D-LEU2 

bdf1-bd2� / pTetO-BDF1 yCaJG123        " 
SN152 + bdf1::pTetO-BDF1-ARG4/bdf1::bdf1-
bd2D-LEU2 

bdf1-bd1�-bd2�/ pTetO-BDF1 yCaJG127        " 
SN152 + bdf1::pTetO-BDF1-ARG4/bdf1::bdf1-
bd1D-bd2D-LEU2 

bdf1-bd1Y248F/ pTetO-BDF1 yCaJG111        " 
SN152 + bdf1::pTetO-BDF1-ARG4/bdf1::bdf1-
bd1Y248F-LEU2 

bdf1-Bd2Y425F/ pTetO-BDF1 yCaJG114        " 
SN152 + bdf1::pTetO-BDF1-ARG4/bdf1::bdf1-
bd2Y425F-LEU2 

bdf1-bd1Y248F-bd2Y425F/ pTetO-
BDF1 

yCaJG117        " 
SN152 + bdf1::pTetO-BDF1-ARG4/bdf1::bdf1-
bd1Y248F-bd2Y425F-LEU2 

bdf1�/BDF1-TAP  yCaJG49 SN152 SN152 + BDF1::BDF1-TAP-LEU2/bdf1�::HIS1 

bdf1� / pMET-BDF1 yCaJG31 SN152 SN152 + bdf1::pMET-BDF1-ARG4/bdf1�::HIS1 

BDF1-R / pMET-BDF1 yCaJG37 yCaJG31 
SN152 + bdf1::pMET-BDF1-ARG4/bdf1::BDF1-
R-LEU2 

bdf1-bd1� / pMET-BDF1 yCaJG81        " 
SN152 + bdf1::pMET-BDF1-ARG4/bdf1::bdf1-
bd1D-LEU2 

bdf1-bd2� / pMET-BDF1 yCaJG84        " 
SN152 + bdf1::pMET-BDF1-ARG4/bdf1::bdf1-
bd2D-LEU2 

bdf1-bd1�-bd2�/ pMET-BDF1 yCaJG87        " 
SN152 + bdf1::pMET-BDF1-ARG4/bdf1::bdf1-
bd1D-bd2D-LEU2 

bdf1-bd1Y248F/ pMET-BDF1 yCaJG40        " 
SN152 + bdf1::pMET-BDF1-ARG4/bdf1::bdf1-
bd1Y248F-LEU2 

bdf1-Bd2Y425F/ pMET-BDF1 yCaJG43        " 
SN152 + bdf1::pMET-BDF1-ARG4/bdf1::bdf1-
bd2Y425F-LEU2 

bdf1-bd1Y248F-bd2Y425F/ pMET-
BDF1 

yCaJG46        " 
SN152 + bdf1::pMET-BDF1-ARG4/bdf1::bdf1-
bd1Y248F-bd2Y425F-LEU2 

1 
Strain SN152 is from ref.
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SUPPLEMENTARY DATA FILE 1. Summary of peptide microarray data (Excel spreadsheet). 

SUPPLEMENTARY METHODS 

Synthesis of inhibitors  

1-chloro-2,4-dinitrobenzene, 2-mercaptobenzoic acid, (R)-tetrahydrofuran-2-carboxylic acid and (S)-
tetrahydrofuran-2-carboxylic acid were purchased from Sigma-Aldrich. 2-bromo-1-(4-
hydroxyphenyl)ethan-1-one, 2-bromo-1-(4-fluorophenyl)ethan-1-one and 3- methylpyridin-2-amine 
were purchased from TCI America. p-toluidine was purchased from Alfa Aesar. 2-bromo-1-
phenylethan-1-one was purchased from Oxchem Corp. All other reagents were purchased from 
commercial sources and used as obtained. Compounds were synthesized as described below. 1H, 19F 
NMR spectra were obtained on Varian 400-MR and VNMRS-600 NMR Spectrometers. The chemical 
shifts are relative to external hexafluorobenzene, C6F6 (� - 164.9, 19F NMR). Multiplicities are quoted 
as singlet (s), doublet (d), triplet (t) unresolved multiplet (m), doublet of doublets (dd), doublet of 
doublet of doublets (ddd), doublet of triplets (dt) or broad signal (br). All chemical shifts are given on 
the �-scale in parts per million (ppm) relative to internal CD2HOD (� 3.34, 1H NMR), CHCl3 (� 7.26, 
1H NMR). 1H, 19F coupling constants (J value) are given in Hz. The concentration of the NMR 
samples was in the range of 4-6 mg/mL. Normal phase chromatography was performed using ISCO 
Combiflash Lumen+. UV and ELS detectors were used. Mass Spectrometry (MS) was performed on a 
Finnigan LCQ Deca XP Max mass spectrometer equipped with an ESI source in the negative ion 
mode. The IUPAC names of compounds were assigned using MarvinSketch. All the NMRs were 
processed and interpreted using MestReNova 9.0.0. 

Synthesis of Enantiomers of 3

The individual enantiomers of 3 were synthesized by a modification of the method previously 
reported by Smirnov et al.

7. 



0.5 g (2.5 mmol, 1 equiv.) 1-chloro-2,4-dinitrobenzene and 0.38 g (2.5 mmol, 1 equiv.) 2-
mercaptobenzoic acid were added to a mixture of 0.68 mL TEA and 3.7 mL 2-propanol. The mixture 
was heated to 80°C with vigorous stirring for 3 hr. The product was extracted with EtOAc (5 mL x 3). 
The solvent was then removed under vacuum to get intermediate I1 (2-((2,4- 
dinitrophenyl)thio)benzoic acid, 90% yield) for the next step. 0.5 g (1.6 mmol, 1 equiv.) 2-((2,4- 
dinitrophenyl)thio)benzoic acid I1 was added to 8.25 mL DMF. 0.713 g (1.2 equiv.) HATU and 0.404 
g (2 equiv.) DIPEA were then added to the solution. 0.0586 g (1.1 equiv.) NH2CH3 was also added to 
the mixture. The reaction mixture was stirred vigorously at RT for 2 hr. Intermediate I2 was extracted 
with EtOAc (5 mL x 3) and dried under vacuum. The resulting product was further purified by silica 
gel column chromatography (Hexane/EtOac 0-100%) (70% yield). 0.26 g (1 equiv.) of the product 
and 0.04 g (2 equiv.) K2CO3 were then placed in a 10 mL round bottom flask with 2 mL DMF. The 

mixture was kept at 120°C (oil bath) with vigorous stirring for 4 hr. After solvent removal in vacuum 
the resulting compound I3 was washed with DI water and EtOH and dried to get the product (49% 
yield). 95 mg (1 equiv.) of I3 was dissolved in EtOAc (3 mL) and mixture of 1mL EtOH and 300�L 
(7 equiv.) 30% HCl was then added to the solution. Finally, 0.262 g (3.5 equiv.) SnCl2 was added to 

the reaction mixture. The mixture was heated at 80°C with vigorous stirring for 2 hr. After reaction 
completion (monitored by TLC) the pH was adjusted to 11 with NaOH. Formed precipitate I4 was 
washed 3 times with water and dried under vacuum. Yield 42%. Then 32 mg (1equiv.) of I4 and 
15.44 mg (1.1 equiv.) of (R)- tetrahydrofuran-2-carboxylic acid (or (S)-tetrahydrofuran-2-carboxylic 
acid) were dissolved in 1 mL DMF. 54.75 mg (1.2 equiv.) HATU and 31.02 mg (2 equiv.) DIPEA 
were then added to the solution. The reaction was vigorously stirred at RT for 2 hr. Product was 
extracted by EtOAc (5 mL x 3) and dried under vacuum. The resulting product was further purified by 
silica gel column chromatography (Hexane/EtOac 0-100%) and the final compound [3(R) or S-3(S)] 
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was obtained with 42% yield (18.4 mg). 

(R)-N-(10-methyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]thiazepin-7- yl)tetrahydrofuran-2-
carboxamide, the R-enantiomer of 3, structure: 

1H NMR (600 MHz, Chloroform-d) � 8.47 (s, 1H), 7.81 (dd, J = 46.3, 2.5 Hz, 1H), 7.75 – 7.69 (m, 
1H), 7.59 (ddd, J = 49.7, 8.7, 2.5 Hz, 1H), 7.42 (dt, J = 7.3, 2.1 Hz, 1H), 7.34 – 7.27 (m, 2H), 7.25 (d, 
J = 2.7 Hz, 1H), 4.43 (dd, J = 8.4, 5.9 Hz, 1H), 4.00 (t, J = 7.2 Hz, 1H), 3.94 (q, J = 7.3 Hz, 1H), 3.58 
(s, 3H), 2.35 (dd, J = 13.4, 7.3 Hz, 1H), 2.13 (tt, J = 8.2, 2.9 Hz, 1H), 2.00 – 1.83 (m, 2H). Calculated 
for C19H18N2O3S: 354.10, Mass found: 355.3 (M+H+); 709.0 (2M+H+); 731.1 (2M+Na+). 

(S)-N-(10-methyl-11-oxo-10,11-dihydrodibenzo[b,f][1,4]thiazepin-7- yl)tetrahydrofuran-2-
carboxamide, the S-enantiomer of 3, structure: 

1H NMR (400 MHz, Chloroform-d) � 8.51 (s, 1H), 7.83 (dd, J = 30.2, 2.5 Hz, 1H), 7.77 – 7.68 (m, 
1H), 7.60 (ddd, J = 32.9, 8.7, 2.5 Hz, 1H), 7.47 – 7.40 (m, 1H), 7.34 – 7.25 (m, 3H), 4.44 (dd, J = 8.4, 
5.9 Hz, 1H), 4.02 (qd, J = 7.1, 1.1 Hz, 1H), 3.98 – 3.89 (m, 1H), 3.59 (s, 3H), 2.85 (s, 2H), 2.42 – 2.30 
(m, 1H), 2.20 – 2.08 (m, 1H), 1.94 (dtt, J = 19.6, 12.6, 6.7 Hz, 2H). Calculated for C19H18N2O3S: 
Mass found: 355.6 (M+H+); 377.4 (M+Na+); 730.9 (2M+Na+). 

Synthesis of 2, 2a and 2b

2 mmol (1 equiv) of corresponding 2-bromoacetophenone and 0.235 g (2.2 mmol, 1.1 equiv.) p-
toluidine were added to a mortar. 0.1 g Na2CO3 was added and the mixture was grinded for 2 min at 
RT until it became yellow8. The crude material was washed 3 times with water and dried under the 
vacuum giving solid material I5 with yields 80-90%. 1 mmol (1 equiv.) of I5 was then dissolved in 6 
mL isopropyl alcohol and 0.108 g 3-methylpyridin-2- amine (1 mmol, 1 equiv.) was added dropwise 
to the solution. Finally, 0.1 g ZnI2 and 0.5 g 4 Å molecular sieves were added. The mixture was 
heated at 80°C with vigorous stirring for 12 hr9. After reaction completion (monitored by TLC), the 
product was extracted with EtOAc (5 mL x 3) and washed with DI water (5 mL x 3). The organic 
layer was dried over Na2SO4 and the solvent was removed under vacuum. The resulting product was 
further purified by silica gel column chromatography (Hexane/EtOAc 0-90%), giving target 

H2N 2-3min, rt

H
N

R1

O
Br

R1

O
Na2CO3

NH2N

ZnI2(30%mol), i-PrOH

4A MS,Air, 80oC, 12h

N

N

NH

R1

R1= OH (2), H (2a), F (2b)

+

MS: Molecular Sieves
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compounds 2, 2a or 2b with yields 18-24%. 

4-(8-methyl-3-(p-tolylamino)imidazo[1,2-a]pyridin-2-yl)phenol, 2, structure: 

1H NMR (400 MHz, Methanol-d4) � 7.79 (d, J = 8.5 Hz, 3H), 7.11 (d, J = 6.8 Hz, 1H), 6.94 (d, J = 8.4 
Hz, 2H), 6.81 – 6.75 (m, 3H), 6.42 (d, J = 8.4 Hz, 2H), 2.62 (s, 3H), 2.20 (s, 3H). Calculated for 
C21H19N3O: 329.15 Mass found: 330.4 (M+H+). 

8-methyl-2-phenyl-N-(p-tolyl)imidazo[1,2-a]pyridin-3-amine, 2a, structure: 

1H NMR (400 MHz, Methanol-d4) � 7.97 – 7.91 (m, 2H), 7.88 (d, J = 6.7 Hz, 1H), 7.41 – 7.35 (m, 
2H), 7.34 – 7.30 (m, 1H), 7.23 (dt, J = 6.9, 1.1 Hz, 1H), 6.96 (d, J = 8.0 Hz, 2H), 6.89 (t, J = 6.8 Hz, 
1H), 6.48 – 6.36 (m, 2H), 2.65 (s, 3H), 2.20 (s, 3H). Calculated for C21H19N3: 313.16 Mass found: 
314.5 (M+H+). 

 2-(4-fluorophenyl)-8-methyl-N-(p-tolyl)imidazo[1,2-a]pyridin-3-amine, 2b, structure: 

1H NMR (400 MHz, Chloroform-d) � 8.01 (dd, J = 8.8, 5.5 Hz, 2H), 7.69 (d, J = 6.7 Hz, 1H), 7.06 – 
6.95 (m, 5H), 6.69 (t, J = 6.8 Hz, 1H), 6.49 (d, J = 8.4 Hz, 2H), 2.68 (s, 3H), 2.25 (s, 3H). 19F NMR 
(564 MHz, Chloroform-d) � -105.23 , -106.62 , -114.35. Calculated for C21H18FN3: 331.15 Mass 
found: 332.3 (M+H+). 
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3.2. Inhibition de la protéine BET Bdf1 chez C. glabrata 

 

3.2.1. Contexte et objectifs 

 

Du fait des résultats intéressants obtenus chez C. albicans, l’intérêt de l’inhibition des protéines 

BET est en cours d’évaluation chez d’autres espèces fongiques pathogènes. Dans le cadre de mon 

projet de thèse, je me suis intéressée à l’étude de Bdf1 chez C. glabrata. 

C. glabrata est la 2ème espèce du genre Candida la plus fréquemment isolée en pathologie 

humaine en Europe et en Amérique du Nord. Cette espèce présente la particularité d’être 

génétiquement plus proche de S. cerevisiae, espèce considérée comme peu pathogène, que de C. 

albicans. Elle est intrinsèquement peu sensible au fluconazole. De plus, la résistance acquise aux 

antifongiques, et en particulier aux échinocandines, est relativement fréquente pour cette espèce du 

fait de son génome haploïde, et associée à des échecs cliniques. Des souches multi-résistantes aux 

échinocandines et aux antifongiques azolés ont également été récemment décrites chez C. glabrata. 

Le développement de nouvelles stratégies antifongiques efficaces sur cette espèce est donc 

nécessaire. 

 

L’objectif de ce travail était de démontrer que le gène BDF1 et ses bromodomaines BD1 et BD2 

sont essentiels chez C. glabrata. Ce travail a été réalisé en collaboration avec Morgane Champleboux 

et Kaiyao Wei, respectivement étudiante en thèse et étudiant en Master 2 dans l’équipe EDyP du 

laboratoire BGE (Biosciences and Biotechnology Institute of Grenoble). 

 

3.2.2. Résultats 

 

3.2.2.1. BDF1 est essentiel chez C. glabrata 

 

Dans un premier temps a été évalué l’impact de la délétion du gène BDF1 chez C. glabrata.  

Pour rappel, la délétion des gènes BDF1 et BDF2 chez S. cerevisiae et du gène BDF1 chez C. albicans 

est létale : il était donc fortement probable que la délétion de BDF1 chez C. glabrata le soit 

également. Pour cette raison, plutôt que de construire une souche délétée pour le gène BDF1 (bdf1Δ) 

potentiellement non viable, le gène BDF1 a été placé sous le contrôle d’un promoteur inductible 

pMET, réprimé en présence de méthionine et de cystéine et activé en l’absence de ces acides 

aminés. Une souche dans laquelle le gène BDF1 a été remplacé par la cassette pMET-BDF1 a ainsi été 

générée.  
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La capacité de croissance de cette souche a été évaluée en milieu solide, dans des conditions 

d’activation ou de répression du promoteur pMET. En présence de ces deux acides aminés, la 

croissance de la souche pMET-BDF1 est totalement inhibée, suggérant que le gène BDF1 est essentiel 

à la croissance de C. glabrata (Figure 14A). 

Le taux d’expression de la protéine Bdf1 a également été étudié au sein de cette souche par western-

blot. En l’absence d’un anticorps spécifique dirigé contre la protéine Bdf1 de C. glabrata (CgBdf1) a 

été utilisé un anticorps anti-S. cerevisiae Bdf1 (ScBdf1). Cet anticorps reconnait la protéine CgBdf1, 

malgré quelques contaminations (données non montrées). Comme attendu, la répression de 

l’expression de BDF1 en milieu contenant de la méthionine et de la cystéine entraîne une diminution 

de la production de CgBdf1 (Figure 14B). 

 

 

Figure 14 : Caractérisation de la souche C. glabrata pMET-BDF1 

A. Test de croissance de la souche pMET-BDF1 en milieu solide avec et sans répression du promoteur pMET. Des gouttes de 
volume égal sont déposées sur les différents milieux, à partir d'une DO initiale égale à 0,13, en respectant des dilutions 
successives d'un facteur 3. B. Mesure de l'expression de CgBdf1 par western-blot à différents temps de répression du 
promoteur pMET et extrait de protéines totales observé après coloration au Coomassie. 

 

Par la suite, afin de confirmer que les défauts de croissance et de production de la protéine 

CgBdf1 sont bien liés à la répression du gène BDF1 par le promoteur pMET, une souche 

complémentée pMET-BDF1 + BDF1, dans laquelle le gène BDF1 et son promoteur endogène ont été 
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ré-introduits, a été construite. Afin de permettre des comparaisons avec la souche sauvage et la 

souche pMET-BDF1, le plasmide vide a également été introduit dans ces deux souches. Comme le 

montre la Figure 15, la production de CgBdf1 et la croissance de C. glabrata est restaurée par le 

plasmide BDF1 et non par le plasmide vide en milieu répresseur. Ces données confirment que le gène 

BDF1 est essentiel à la croissance chez C. glabrata. 

 

 

Figure 15 : Restauration de l'expression de BDF1 

A. Test de croissance des pMET-BDF1 et pMET-BDF1 + plasmide BDF1 en milieu solide avec et sans répression du promoteur 
pMET. Des gouttes de volume égal sont déposées sur les différents milieux, à partir d'une DO initiale égale à 0,13, en 
respectant des dilutions successives d'un facteur 3. B. Mesure de l'expression de CgBdf1 par western-blot pour les souches 
pMET-BDF1 + plasmide vide ou plasmide BDF1 avec (+) et sans (-) répression du promoteur pMET et extraits de protéines 
totales correspondants observés après coloration au Coomassie. 
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3.2.2.2. Les bromodomaines BD1 et BD2 de BDF1 sont essentiels chez C. glabrata 

 

Dans un deuxième temps, comme pour C. albicans, a été investigué le rôle des bromodomaines 

BD1 et BD2 pour la fonctionnalité de Bdf1 chez C. glabrata. Trois souches ont été générées par 

introduction de plasmides contenant le gène BDF1 délété pour BD1, BD2 ou les deux 

bromodomaines dans la souche pMET-BDF1. 

La capacité de croissance en milieu solide ainsi que le taux de production et le poids moléculaire de 

CgBdf1 ont été étudiés pour ces trois souches en conditions d’activation et de répression du 

promoteur pMET. La délétion d’un ou des deux bromodomaines est associée à une modification du 

poids moléculaire de CgBdf1 lorsque le promoteur pMET est réprimé. De plus, la délétion des deux 

bromodomaines BD1 et BD2 (et non celle de BD1 ou BD2 uniquement) est associée à un défaut de 

croissance en conditions de répression, ce qui suggère que les deux bromodomaines de CgBdf1 sont 

essentiels (Figure 16). 

 

Des mutations ponctuelles des bromodomaines BD1 et BD2 de CgBdf1 ont ensuite été générées 

afin d’évaluer si l’intégrité des bromodomaines est essentielle à la croissance de C. glabrata. Ces 

mutations ont été générées en position 186 et 383 de CgBdf1, par homologie aux mutations des 

bromodomaines décrites chez S. cerevisiae et C. albicans et associées à une perte de liaison à la 

chromatine. Comme précédemment, trois souches ont été générées par introduction dans la souche 

pMET-BDF1 de plasmides contenant le gène BDF1 muté dans BD1 (Y186F), BD2 (Y343F) ou les deux 

bromodomaines. En conditions de répression, la protéine CgBdf1 mutée est produite. La présence de 

mutations de BD1 et BD2 est associée à un défaut de croissance de C. glabrata lorsque le promoteur 

pMET est réprimé. Ce défaut de croissance n’est pas observé lorsque seule la mutation de BD1 ou la 

mutation de BD2 sont présentes. L’intégrité des deux bromodomaines de Bdf1 est donc essentielle 

chez C. glabrata (Figure 16). 
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Figure 16 : Impact de la délétion ou de la mutation des bromodomaines BD1 et/ou BD2 de Bdf1 sur la croissance en 

milieu solide et la production de la protéine. 

A. Test de croissance des différentes souches délétées ou mutées pour les bromodomaines BD1 et/ou BD2 de Bdf1 en 
milieu solide avec et sans répression du promoteur pMET. Des gouttes de volume égal sont déposées sur les différents 
milieux, à partir d'une DO initiale égale à 0,13, en respectant des dilutions successives d'un facteur 3. B. Mesure de 
l'expression de CgBdf1 par western-blot pour les différentes souches délétées ou mutées pour les bromodomaines BD1 
et/ou BD2 avec (+) et sans (-) répression du promoteur pMET et extraits de protéines totales correspondants observés 
après coloration au Coomassie. 
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3.2.2.3. Conclusion 

 

Ce travail a permis de démontrer que le gène BDF1 et l’intégrité des deux bromodomaines 

BD1 et BD2 de Bdf1 sont essentiels à la croissance chez C. glabrata. Comme chez C. albicans, et 

malgré une distance génétique importante entre ces deux espèces, la protéine Bdf1 pourrait donc 

représenter une cible antifongique intéressante chez C. glabrata. Cette perspective sera développée 

dans la partie 5 : Discussion. 

 

3.2.3. Matériel et méthodes 

 

3.2.3.1. Souches et plasmides 

 

Les souches et plasmides utilisés dans ce travail sont présentés dans les tableaux 3 et 4. 

Le plasmide pMET-BDF1 a été généré par fusion de la région 5’ flanquante de BDF1 (500 pb), du 

marqueur HIS3 (amplifié à partir de la souche C. glabrata ATCC 2001), de la cassette pMET issue du 

plasmide pCU-MET3 et des 500 premières paires de base de BDF1, dans le plasmide PCR2.1-TOPO, à 

l’aide du kit Gibson Assembly (New England Biolabs). 

Le plasmide BDF1 a été généré par ajout du promoteur endogène de BDF1 (600 pb) et du gène 

BDF1 dans le plasmide pGRB2.0 (Addgene). Il en est de même pour les plasmides bdf1-bd1Δ (délétion 

des acides aminés 148 à 226), bdf1-bd2Δ (délétion des acides aminés 325 à 403) et bdf1-bd1Δ- bd2Δ. 

Les plasmides bdf1-bd1* (mutation Y186F), bdf1-bd2* (mutation Y343F) et bdf1-bd1*-bd2* ont été 

construits à l’aide du kit Quickchange site directed mutagenesis (Agilent) à partir du plasmide BDF1. 

 

La cassette pMET-BDF1, obtenue par digestion du plasmide pMET-BDF1 par les enzymes XhoI 

et SacI, et les différents plasmides BDF1 ont été transformés dans C. glabrata selon un protocole 

lithium-acétate adapté à partir des données de la littérature (179,218). Brièvement, les levures sont 

cultivées en milieu SC approprié jusqu’à obtention d’une DO600 entre 0,5 et 0,8. Un aliquot (5 mL) de 

cette suspension est alors lavé trois fois et re-suspendu dans 200 µL de milieu LiOAc/TE (100 mM 

LiOAc, 1 mM EDTA, 10 mM Tris-HCL pH 7,5). Les levures sont ensuite incubées 30 minutes à 30°C en 

présence de 50 µL d’ADN de sperme de saumon dénaturé à 2 mg/mL, 4 µg de l’ADN à transformer et 

1 mL de milieu PEG (40 % PEG-3350, 100 mM LiOAc, 1 mM EDTA, 10 mM Tris-HCL pH 7,5), puis 

soumises à un choc thermique de 15 minutes à 42°C. Les levures sont alors lavées trois fois à l’eau 

stérile, puis étalées sur le milieu SC approprié. 
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Tableau 3 : Liste des plasmides utilisés pour le projet Bdf1 C. glabrata 

Nom du 

plasmide 

Plasmide 

parental 
Fragments assemblés Séquence des amorces utilisées 

pMET-BDF1 pCR2.1 TOPO 

5'BDF1 
GACCATGATTACGCCAAGCTTGGTACCGAGCTCACCCGCCCTTTTTTGC 

ATCTGATTTACGATCTTGCGTGCATTGGTCGAAGCTCCTCTTCAACTCC 

CgHIS3 
CACAAGAGGAGTTGAAGAGGAGCTTCGACCAATGCACGCAAGATCGTAA 

CAATAACCTGCAGTTCCCTACCTCCATCCTCTATATCGTGTTCGTGCGT 

pMET 
AGAAATACGCACGAACACGATATAGAGGATGGAGGTAGGGAACTGCAGG 

CTGGGTGGCAGTTCAACGTTCATTCTAGATTGTTAGGTGTTTCTTTTCTGG 

BDF1 
TCCAGAAAAGAAACACCTAACAATCTAGAATGAACGTTGAACTGCCACC 

GGCGAATTGGGCCCTCTAGATGCATGCTCGAGCGTTGGCGTTCAGCTTG 

BDF1 pGRB2.0 URA3 BDF1 
CGATAAGCTTGATATCGAATTCCTGCAGCTTTCTTTCATGCCTGCCCCT 

GGCCGCTCTAGAACTAGTGGATCTAGTTAAGCCTAATCCTTCAAACTGC 

bdf1-bd1∆ pGRB2.0 URA3 

bdf1 en amont de BD1 
CGATAAGCTTGATATCGAATTCCTGCAGCTTTCTTTCATGCCTGCCCCT 

TTGCAGGCATGTTAAGCATGTGCTTCTCTTTCAACCTCTTGACAGCCTTG 

bdf1 en aval de BD1 
GCTATCAAGGCTGTCAAGAGGTTGAAAGAGAAGCACATGCTTAACATGCC 

GGCCGCTCTAGAACTAGTGGATCTAGTTAAGCCTAATCCTTCAAACTGC 

bdf1-bd2∆ pGRB2.0 URA3 

bdf1 en amont de BD2 
CGATAAGCTTGATATCGAATTCCTGCAGCTTTCTTTCATGCCTGCCCCT 

TACAATGGTCTGTCGGCCCATTTTGTGTTCGAGGCGTACTTCTTGCTCAT 

bdf1 en aval de BD2 
AGAGAGTTGATGAGCAAGAAGTACGCCTCGAACACAAAATGGGCCGACAG 

GGCCGCTCTAGAACTAGTGGATCTAGTTAAGCCTAATCCTTCAAACTGC 

bdf1-bd1∆-

bd2∆ 
pGRB2.0 URA3 

bdf1 en amont de BD1 
CGATAAGCTTGATATCGAATTCCTGCAGCTTTCTTTCATGCCTGCCCCT 

TTGCAGGCATGTTAAGCATGTGCTTCTCTTTCAACCTCTTGACAGCCTTG 

bdf1 entre BD1 et BD2 
GCTATCAAGGCTGTCAAGAGGTTGAAAGAGAAGCACATGCTTAACATGCC 

TACAATGGTCTGTCGGCCCATTTTGTGTTCGAGGCGTACTTCTTGCTCAT 

bdf1 en aval de BD2 
AGAGAGTTGATGAGCAAGAAGTACGCCTCGAACACAAAATGGGCCGACAG 

GGCCGCTCTAGAACTAGTGGATCTAGTTAAGCCTAATCCTTCAAACTGC 

bdf1-bd1* BDF1 Quickchange  
GTTGCCCTGAACATCCCCTTATTCTTCAACTTCATCAAGAGACC 

GGTCTCTTGATGAAGTTGAAGAATAAGGGGATGTTCAGGGCAAC 

bdf1-bd2* BDF1 Quickchange 
CGCATTGAACTGCCCAACATTCTTCGACTACGTCAAAG 

CTTTGACGTAGTCGAAGAATGTTGGGCAGTTCAATGCG 

bdf1-bd1*-

bd2* 
bdf1-bd1* Quickchange 

GTTGCCCTGAACATCCCCTTATTCTTCAACTTCATCAAGAGACC 

GGTCTCTTGATGAAGTTGAAGAATAAGGGGATGTTCAGGGCAAC 

 

Tableau 4 : Liste des souches utilisées pour le projet Bdf1 C. glabrata 

Souche 
Souche 

parentale 
Plasmide intégré Génotype 

WT (ATCC 200989) 
 

 ura3Δ, his3Δ, trp1Δ 

WT + plasmide vide WT pGRB2.0 URA3 ura3Δ, his3Δ, trp1Δ, pGRB2.0 URA3 

pMET-BDF1 WT  ura3Δ, his3Δ, trp1Δ, BDF1::pMET-BDF1-HIS3 

pMET-BDF1 + plasmide vide pMET-BDF1  
ura3Δ, his3Δ, trp1Δ, BDF1::pMET-BDF1-HIS3  
+ pGRB2.0 URA3 

pMET-BDF1 + BDF1 pMET-BDF1 BDF1 
ura3Δ, his3Δ, trp1Δ, BDF1::pMET-BDF1-HIS3  
+ plasmide BDF1-URA3 

pMET-BDF1 + bdf1-bd1∆ pMET-BDF1 bdf1-bd1∆ 
ura3Δ, his3Δ, trp1Δ, BDF1::pMET-BDF1-HIS3  
+ plasmide bdf1-bd1∆-URA3 

pMET-BDF1 + bdf1-bd2∆ pMET-BDF1 bdf1-bd2∆ 
ura3Δ, his3Δ, trp1Δ, BDF1::pMET-BDF1-HIS3  
+ plasmide bdf1-bd2∆-URA3 

pMET-BDF1 + bdf1-bd1∆-bd2∆ pMET-BDF1 bdf1-bd1∆-bd2∆ 
ura3Δ, his3Δ, trp1Δ, BDF1::pMET-BDF1-HIS3  
+ plasmide bdf1-bd1∆-bd2∆-URA3 

pMET-BDF1 + bdf1-bd1* pMET-BDF1 bdf1-bd1* 
ura3Δ, his3Δ, trp1Δ, BDF1::pMET-BDF1-HIS3  
+ plasmide bdf1-bd1*-URA3 

pMET-BDF1+bdf1-Bd2* pMET-BDF1 bdf1-bd2* 
ura3Δ, his3Δ, trp1Δ, BDF1::pMET-BDF1-HIS3  
+ plasmide bdf1-bd2*-URA3 

pMET-BDF1+bdf1-bd1*-bd2* pMET-BDF1 bdf1-bd1*-bd2* 
ura3Δ, his3Δ, trp1Δ, BDF1::pMET-BDF1-HIS3  
+ plasmide bdf1-bd1*-bd2*-URA3 
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3.2.3.2. Conditions de culture 

 

Les levures ont été cultivées à 30°C, en milieu YPD (yeast extract 0,5%, peptone 1% et glucose 

2%) ou SC (Synthetic Complete : Yeast Nitrogen Base 0,17 %, ammonium sulfate 0,5 %, glucose 2 % et 

acides aminés 0,2 %), solide ou liquide. Les milieux SC-M-C (SC sans méthionine ni cystéine), SC+M+C 

(SC + méthionine 5mM + cystéine 0,25 mM) et SC+M+C-U (SC + méthionine 5mM + cystéine 0,25 mM 

sans uracile) ont également été utilisés pour permettre le contrôle de l’expression du promoteur 

pMET. 

 

3.2.3.3. Test de croissance en milieu solide 

 

Les levures ont été cultivées en milieu SC-M-C jusqu’à obtention d’une DO600 comprise entre 0,5 

et 0,8, puis récupérées par centrifugation et re-suspendues dans de l’eau stérile de façon à obtenir 

une DO600 égale à 0,13. Des dilutions successives d’un facteur 3 ont ensuite été réalisées à partir de 

ces suspensions calibrées, et des gouttes de volume égal ont été déposées sur milieu approprié. Les 

boites ont été incubées 24h à 30°C. 

 

3.2.3.4. Extraction des protéines totales, SDS-page et western-blot 

 

Brièvement, les levures ont été cultivées en milieu SC approprié jusqu’à obtention d’une DO600 

comprise entre 0,5 et 0,8, puis récupérées par centrifugation, lavées dans du PBS et re-suspendues 

dans du tampon TENG 300 (Tris-Cl pH 7,5 50 mM ; NaCl 300 mM ; NP-40 0,5% ; EDTA 1 mM ; 

glycérol 10% ; PMSF 0,5 mM ; cOmplete™ Mini EDTA-free Protease Inhibitor Cocktail (Roche)). Les 

levures ont ensuite subi une lyse mécanique à l’aide de billes de zirconium de 0,7 mm de diamètre. 

Le surnageant a été collecté par centrifugation (15 min, 10000 g, 4°C), puis la concentration en 

protéines estimées par la méthode Bradford. 

Cinq à 10 µg de l’extrait de protéines totales a ensuite été déposé sur gel (NuPAGE 8% Bis-Tris 

Midi Gel, Thermo Fisher Scientific Inc.) et suivi d’une migration de 1h30 à 6h à 110V. Les western-blot 

ont été réalisés par transfert semi-dry sur une membrane de PVDF (Biorad). La membrane a ensuite 

été incubée dans du PBS + Tween 0,1% + lait 5% pendant 45 minutes, puis en présence de l’anticorps 

primaire anti-ScBdf1 (1/1000) pendant une nuit. Après lavage, la membrane a alors été incubée en 

présence de l’anticorps secondaire anti-lapin marqué à la HRP (1/5000), et révélée par la solution ECL 

(Biorad). 

Après migration, le SDS-Page a été coloré par le Coomassie Bio-Safe (Biorad) pendant 90 

minutes, puis décoloré à l’eau.  
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PARTIE 5 : DISCUSSION 
 

 

Le travail réalisé dans le cadre de cette thèse a permis de répondre au moins partiellement aux 

objectifs initiaux de mon projet de thèse : l’étude de la tolérance et de la résistance aux 

antifongiques chez Candida spp. et la caractérisation de nouvelles cibles thérapeutiques potentielles 

impliquées dans ces processus. 

Dans un premier temps, j'ai pu appréhender de nouveaux mécanismes impliqués dans la 

résistance aux antifongiques chez C. albicans et C. glabrata par l'analyse par séquençage nouvelle 

génération d'isolats cliniques résistants ou évoluant vers la résistance aux antifongiques. Dans un 

second temps, j'ai pu démontrer le potentiel de l'inhibition de la voie de signalisation du pH ou voie 

Rim en tant que nouvelle cible thérapeutique chez C. albicans, en association avec les antifongiques 

actuellement commercialisés. Enfin, j'ai pu montrer le rôle essentiel de la protéine Bdf1 et de ses 

bromodomaines chez C. glabrata, confirmant l'intérêt de l'inhibition des protéines BET fongiques 

comme nouvelle stratégie antifongique. 

Je me suis focalisée sur les deux espèces les plus fréquemment responsables de candidoses 

invasives en Europe et aux Etats-unis : C. albicans et C. glabrata. Bien que toutes deux appartiennent 

au genre Candida, ces deux espèces diffèrent en de nombreux points. C. glabrata est génétiquement 

plus proche de S. cerevisiae, considérée comme peu pathogène, que de C. albicans. C. glabrata est 

une espèce haploïde, tandis que C. albicans est diploïde. Enfin, si la résistance aux antifongiques est 

encore rare chez C. albicans, contrairement à C. glabrata, il s'agit de l'espèce la plus étudiée sur les 

plans fondamental, moléculaire et fonctionnel. Il est donc important de mener des travaux 

scientifiques sur ces deux espèces. 

 

1. Identification de nouveaux mécanismes potentiellement impliqués dans la résistance aux 

antifongiques chez Candida spp. 

 

La première partie de mon travail de thèse concernait la détection de mutations associées à la 

résistance aux antifongiques chez Candida spp. par séquençage nouvelle génération.  

Après validation de la technique, 6 gènes préalablement impliqués dans la résistance aux 

antifongiques azolés ou aux échinocandines (ERG11, ERG3, TAC1, CgPDR1, FKS1 et FKS2) ont été 

séquencés, intégralement ou partiellement, pour 31 isolats cliniques, dont 8 isolats résistants aux 

antifongiques azolés ou aux échinocandines, et 23 isolats sensibles ou résistants aux antifongiques 

prélevés à différents temps chez 10 patients, dans le but d'investiguer les mécanismes moléculaires 

de résistance à ces antifongiques. 
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1.1.  Mutations associées à la résistance aux échinocandines 

 

Une mutation des gènes FKS associée à la résistance aux échinocandines a été identifiée pour 

chacun des isolats résistants aux échinocandines analysés dans cette étude. La substitution S645P de 

Fks1 mise en évidence pour l'isolat de C. albicans résistant aux échinocandines est l'une des plus 

fréquemment retrouvée chez cette espèce. De même, deux des trois mutations des gènes FKS 

détectées pour les isolats de C. glabrata résistants aux échinocandines sont parmi les plus fréquentes 

pour cette espèce, responsables des substitutions F659S et S663P (120). Ces isolats résistants étaient 

majoritairement issus de patients ayant été exposés aux échinocandines, confirmant le rôle de la 

pression antifongique dans la survenue de résistance acquise à ces antifongiques. 

De manière surprenante, une mutation inédite du gène FKS2 conduisant à la substitution S663A 

a été détectée pour un des isolats. Comme vu précédemment, cette position est l’une des plus 

fréquemment mutée chez C. glabrata, mais n’avaient jusqu’ici été décrites que les substitutions 

S663P et S663F. La substitution S663A résulte de la mutation T1987G, qui correspond au changement 

d'une purine (T) par une pyrimidine (G), évènement génétique peu fréquent. Il est fortement 

probable que cette mutation soit associée à la résistance aux échinocandines. Toutefois, dans notre 

étude, sa contribution à la résistance est difficile à évaluer car cette mutation a été détectée en 

association avec une autre mutation du gène FKS2, F659S, elle-même associée à la résistance. Il 

serait intéressant de construire une souche de C. glabrata possédant la seule mutation S663A afin 

d’étudier l’impact de cette substitution sur la sensibilité aux échinocandines et le fitness de cette 

espèce in vitro. 

 

1.2. Mutations associées à la résistance aux antifongiques azolés 

 

Contrairement aux isolats résistants aux échinocandines analysés dans cette étude pour lesquels 

une mutation des gènes FKS a systématiquement été détectée, aucune mutation associée à la 

résistance aux antifongiques azolés n'a été mise en évidence lors de l'analyse d'isolats résistants à 

ces antifongiques dans cette étude. Pour ces isolats, soit aucune mutation n’a été détectée dans les 

gènes étudiés en dehors de mutations de polymorphisme, soit des mutations inédites, dont 

l’implication dans la résistance reste à évaluer, ont été mises en évidence, à l'exemple des 

substitutions D103N du gène ERG3 (C. albicans) et T370I du gène CgPDR1 (C. glabrata). L’absence de 

détection de mutations pour la plupart des isolats résistants aux antifongiques azolés peut 

s’expliquer par le fait qu’un séquençage seulement partiel, ciblé sur les régions hot spot, a été réalisé 

pour certains gènes. Une autre hypothèse est l’occurrence de mutations dans d’autres gènes dont 
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l’implication dans la résistance aux antifongiques n’a pas encore été démontrée à ce jour, et qui 

n'ont donc pas été analysés dans cette étude. 

Aucune mutation du gène ERG11 codant pour la cible des antifongiques azolés n'a été détectée. 

Ce résultat n'est pas surprenant pour C. parapsilosis et C. glabrata, car ce mécanisme de résistance 

est aujourd’hui respectivement considéré comme minoritaire au profit de l'efflux pour C. parapsilosis 

et n'a jamais été décrit pour C. glabrata (219). 

La mutation W228Stop du gène ERG3 a été détectée à l'état hétérozygote pour deux isolats de C. 

albicans, sensibles aux antifongiques azolés. Cette mutation a déjà été associée à la résistance aux 

antifongiques azolés à l'état homozygote. 

 

1.3. Intérêt d'une approche multigénique pour l'étude de la résistance aux antifongiques 

 

L’analyse simultanée de plusieurs gènes d’un même isolat par séquençage nouvelle génération a 

permis de mettre en évidence des mutations dans des gènes impliqués dans la résistance aux 

antifongiques azolés conjointement à des mutations dans des gènes impliqués dans la résistance aux 

échinocandines pour deux isolats de C. glabrata. L’un possédait une mutation S663P du gène FKS2 

ainsi qu’une duplication de deux nucléotides au sein du gène CgPDR1, à l’origine de l’apparition d’un 

codon-stop précoce et de la génération d’une protéine tronquée au niveau du domaine inhibiteur 

putatif. De manière surprenante, cette souche possède des CMI aux antifongiques azolés bien plus 

faibles que celles habituellement retrouvées pour cette espèce : fluconazole = 1 mg/L, voriconazole = 

0,03 mg/L. Cette hypersensibilité aux antifongiques azolés pourrait s’expliquer par la mutation du 

gène CgPDR1 présente pour cette souche : en effet, celle-ci serait associée à la production d'une 

protéine CgPdr1 non fonctionnelle, à l'origine d'une diminution de l'efflux des antifongiques. Il 

s’agirait alors de la première mutation perte de fonction décrite au sein de CgPdr1. Cette hypothèse 

pourrait être vérifiée en mesurant par RT-qPCR le taux d'expression des gènes codant pour les 

transporteurs CgCDR1, PDH1 et CgSNQ2 dans cette souche par rapport à une souche contrôle. Un 

seul isolat étant disponible pour ce patient, il n'a pas été possible de déterminer l’ordre d’apparition 

de ces mutations au cours du temps. 

Un autre isolat possédait à la fois deux mutations du gène FKS2, F659S et S663A, et une mutation 

inédite du gène CgPDR1. Cette souche est résistante aux antifongiques azolés : CMI fluconazole > 64 

mg/L et CMI voriconazole >8 mg/L. Cette mutation pourrait donc être une mutation gain de fonction 

de CgPdr1, comme de nombreuses autres qui ont déjà été décrites chez cette espèce (92). Dans ce 

cas également, l'étude de l'influence de cette mutation sur le taux d'expression des transporteurs 

impliqués dans l'efflux serait intéressante. L'analyse de deux isolats pour ce patient a permis de 

mettre en évidence que la mutation du gène CgPDR1 est apparue avant celles du gène FKS2.  
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Il serait également intéressant d'analyser l'impact de ces mutations sur le fitness in vitro et la 

virulence des souches in vivo. En effet, certaines mutations comme la mutation S663P du gène FKS2 

sont associées à une diminution du fitness et de la virulence, tandis que d'autres, comme les 

mutations GOF de CgPDR1, sont associées à une augmentation du fitness et de la virulence. Ces 

dernières pourraient donc être sélectionnées positivement, et plus à même d’être transmises d’un 

patient à un autre, directement ou par l’intermédiaire du personnel. Cela permettrait aussi d'évaluer 

s'il s'agit d'associations de mutations fortuites, ou si certaines mutations ont pu apparaitre en 

compensation des premières mutations. Cette deuxième hypothèse est toutefois peu probable pour 

le second isolat possédant des mutations de FKS2 et CgPDR1. 

 

Une association de mutations du gène FKS1, gène impliqué dans la résistance aux 

échinocandines, et du gène ERG3, gène impliqué dans la résistance aux antifongiques azolés, a 

également été détectée pour un isolat de C. albicans, résistant aux échinocandines et sensibles aux 

azolés. La mutation du gène ERG3, D103N, a été retrouvée à l'état hétérozygote. L'implication de 

cette mutation dans la résistance aux antifongiques azolés pourrait être étudiée par exemple par 

détermination des CMI aux antifongiques azolés et analyse de la composition membranaire en 

stérols d'une souche présentant cette mutation à l'état homozygote. 

 

1.4. Conclusion 

 

Par la détection simultanée de mutations dans différents gènes, ces résultats confirment l’intérêt 

d’une approche multigénique, voire d'une approche génome entier, pour l’exploration des 

mécanismes associés à la résistance aux antifongiques.  

Compte-tenu de la taille importante du génome des cellules fongiques, bien supérieure à celui 

des virus ou des bactéries, et des contraintes techniques des plateformes de séquençage, l'approche 

génome entier est aujourd'hui encore peu développée en mycologie. Deux études ont toutefois déjà 

évaluées l'intérêt d'une telle approche dans l'étude des mécanismes associés à la résistance aux 

antifongiques, l’une chez C. glabrata, l’autre chez C. albicans (111,123). Toutes deux ont permis 

d'identifier de nouveaux gènes ou mécanismes potentiellement impliqués dans la résistance. Le 

développement des techniques de séquençage de 3ème et aujourd'hui de 4ème génération, permettant 

le séquençage de fragments d’ADN de grande taille, devrait permettre de faciliter de telles études 

chez Candida spp. et apporter de nouvelles connaissances indispensables à la compréhension des 

mécanismes associés à la résistance aux antifongiques. 
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2. Implication de la voie Rim dans la tolérance aux antifongiques azolés et aux échinocandines 

chez C. albicans 

 

Dans un second temps, mon travail de thèse a porté sur l'étude de l'implication de la voie Rim 

dans la tolérance aux antifongiques azolés et aux échinocandines et des mécanismes associés. Cette 

voie est impliquée dans la signalisation du pH chez les levures, et est activée en réponse à un pH 

neutre ou alcalin. 

 

2.1. La voie Rim est impliquée dans la tolérance aux antifongiques chez C. albicans 

 

Dans un premier temps a été étudiée l'implication des différentes protéines de la voie Rim dans 

la réponse aux antifongiques chez C. albicans. Des tests de croissance en milieu solide, en conditions 

alcalines et en présence de divers antifongiques azolés ou échinocandines ont permis de montrer 

que l'ensemble des mutants rim est hypersensible à ces antifongiques. Ce résultat suggère une 

implication de la voie Rim dans la tolérance ou la résistance à ces molécules. Afin de préciser ce point 

ont été réalisés des tests de fongicidie en milieu liquide ou time-kill curves. Ces tests, qui permettent 

de différencier une activité fongistatique d'une activité fongicide d'une molécule donnée vis-à-vis 

d'une souche donnée, sont recommandés pour l'étude de la tolérance aux antifongiques (88). 

Toutefois, ces tests en milieu liquide favorisent la filamentation, et de ce fait leur utilisation s'est 

avérée impossible pour l'évaluation de l'activité des échinocandines, l'agglutination des filaments 

rendant inappropriée la détermination du nombre de colonies sur boite (157). Dans ce travail, nous 

avons réalisé des tests de fongicidie en milieu liquide pour les antifongiques azolés en milieu alcalin : 

en effet, afin d'étudier l'implication de la voie Rim dans la tolérance à ces molécules, il était 

nécessaire de travailler dans des conditions de pH permettant une activation de cette voie de 

signalisation. Cependant, la filamentation étant induite à pH alcalin, ces tests se sont révélés 

ininterprétables, principalement en raison de la filamentation importante de la souche contrôle (les 

mutants rim présentant des défauts de filamentation, le problème était moindre pour ces souches). 

Ne pouvant agir sur le pH, nous avons diminué l'inoculum initial : cela a permis de confirmer 

l'hypersensibilité des mutants rim aux antifongiques azolés. Il n'a pas été mis en évidence de 

diminution significative de l'inoculum initial au cours du temps, suggérant que les antifongiques 

azolés restent fongistatiques vis-à-vis des mutants rim. Toutefois, un tel inoculum ne permet pas de 

démontrer une réelle activité fongicide (diminution de 3 log de l'inoculum initial) avec le protocole 

utilisé. L'interprétation de ces tests de fongicidie en milieu alcalin reste donc délicate. Les CMI des 

mutants rim et des souches contrôles pour les antifongiques azolés et les échinocandines, 

déterminées par la technique de référence EUCAST à pH neutre, ne différaient pas entre les souches. 
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Ceci suggère que l'hypersensibilité aux antifongiques azolés et aux échinocandines des mutants rim 

pourrait s'expliquer par l'implication de la voie Rim dans la tolérance plutôt que dans la résistance à 

ces antifongiques. Les deux termes hypersensibilité et implication dans la tolérance sont donc utilisés 

indifféremment dans ce document et le manuscrit. Il sera toutefois intéressant de réaliser ces CMI 

également à pH alcalin afin de confirmer ce résultat. 

 

2.2. Plusieurs gènes impliqués dans la tolérance aux antifongiques sont Rim-dépendants 

 

L'analyse par RNA-SEQ d'une souche disruptée pour le gène RIM101 codant pour le facteur de 

transcription terminal de la voie et d'une souche contrôle a permis d'identifier plusieurs gènes 

impliqués dans la tolérance aux antifongiques azolés et aux échinocandines comme des gènes Rim-

dépendants. Parmi eux se trouve le gène IPT1, codant pour une enzyme responsable de la synthèse 

du principal sphingolipide membranaire, dont l'expression est fortement diminuée dans le mutant 

rim101-/- par rapport à la souche contrôle à pH alcalin. Ce gène a été préalablement impliqué dans la 

tolérance au fluconazole chez C. albicans. De plus, la modification de la composition membranaire en 

sphingolipides influencerait également l'activité des échinocandines, en modulant l'interaction entre 

les échinocandines et leur cible, la β-1,3-glucane synthase (181). Le gène IPT1 pourrait donc être 

impliqué dans la tolérance aux antifongiques médiée par la voie Rim. Il serait intéressant, dans un 

premier temps, de confirmer ce résultat au niveau protéomique en mesurant le taux d'expression de 

la protéine Ipt1 dans le mutant rim101-/- et la souche contrôle par western-blot. 

 

Un deuxième gène pourrait être impliqué dans la tolérance aux antifongiques azolés et aux 

échinocandines médiée par la voie Rim : le gène HSP90. L'expression de ce gène est significativement 

plus faible dans le mutant rim101-/- que dans la souche contrôle à pH alcalin. De plus, les souches 

mutées pour les différentes protéines Rim sont hypersensibles à la geldanamycine, un inhibiteur 

pharmacologique de Hsp90, ce phénotype étant restauré dans les souches complémentées.  

Il serait intéressant d'étudier le taux d'expression de la protéine Hsp90 dans le mutant rim101-/- par 

rapport à la souche contrôle par western-blot. Ces expériences seront réalisées prochainement. 

Toutefois, compte-tenu de la faible diminution de l'expression de HSP90 dans le mutant rim101-/- 

par rapport à la souche contrôle (-1,8 fois), il est possible que le western-blot ne soit pas assez 

sensible pour mettre en évidence une telle différence de production de la protéine dans le mutant 

par rapport à la souche témoin. 

Les résultats de l'étude transcriptomique et des tests phénotypiques suggèrent que Rim101 

agirait en amont de Hsp90. Des interactions génétiques entre RIM101 et HSP90 ont déjà été mises en 

évidence dans la littérature, sans que le sens de l'interaction ait été clairement établi (166). Il était 
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cependant plutôt suggéré jusqu'ici que Rim101 était une protéine-client de Hsp90 chez les levures 

(220,221). Afin de confirmer que RIM101 agit bien en amont de HSP90, des sites de liaison de 

Rim101p ont été recherchés au niveau du promoteur de HSP90. Plusieurs séquences de ce type ont 

été décrites : GCCAAG, CCAAGA et (G/A)CCAAGAA (203). Cependant, aucune n'a été retrouvée dans 

le promoteur de HSP90. Il semblerait toutefois que d'autres sites de liaison de Rim101 à l'ADN 

existent (203). Une analyse par ChiP-sequencing permettrait d'identifier les zones d'interaction entre 

Rim101 et l'ADN et de confirmer la régulation de HSP90 par cette protéine à pH alcalin. Il serait 

également intéressant de surexprimer HSP90 dans le mutant rim101-/-, et d'étudier le profil de 

sensibilité de cette souche aux antifongiques azolés et aux échinocandines. 

Si l'implication de Hsp90 dans la tolérance aux antifongiques médiée par la voie Rim est confirmée, 

cela ouvre des perspectives intéressantes pour le développement de nouvelles stratégies 

antifongiques. 

 

2.3. L'inhibition de la voie Rim est une nouvelle stratégie antifongique d'intérêt 

 

Les résultats obtenus dans le cadre de ce travail ont permis de mettre en évidence que toutes les 

protéines de la voie Rim sont impliquées dans la tolérance aux antifongiques azolés et aux 

échinocandines chez C. albicans. Ces données suggèrent qu'en ciblant une de ces 6 protéines, il est 

possible de potentialiser l'activité des antifongiques déjà disponibles. Ceci est d'autant plus 

intéressant que la voie Rim est spécifique et relativement bien conservée au sein du règne fongique, 

et qu'elle intervient également dans la pathogénicité et la virulence de C. albicans. Cibler la voie Rim, 

en association aux antifongiques déjà disponibles, apparait donc comme une nouvelle stratégie 

antifongique d'intérêt. 

De plus, Hsp90 semble impliquée dans la tolérance aux antifongiques médiée par la voie Rim. En 

ciblant cette voie, il serait donc possible de cibler indirectement Hsp90. Cette protéine chaperone 

interagit avec environ 10% du protéome de C. albicans. Elle est notamment impliquée dans la 

tolérance aux antifongiques et au développement de la résistance chez cette espèce. Chez S. 

cerevisiae, elle est également impliquée dans la génération d'instabilité génétique en conditions de 

stress, à l'origine d'aneuploïdies qui peuvent participer à la résistance aux antifongiques (222). 

L'intérêt de l'inhibition de Hsp90, en association avec des antifongiques déjà disponibles, comme 

nouvelle stratégie antifongique a été démontré par le développement de l'efungumab, un anticorps 

monoclonal dirigé contre la protéine Hsp90 de C. albicans. L'association de l'efungumab à 

l'amphotéricine B liposomale dans le traitement des candidoses invasives dans le cadre d'un essai 

clinique de phase III a permis de diminuer la mortalité attribuable, d'améliorer le taux de réponse 

clinique global et d'augmenter le nombre de cultures négatives confirmant la guérison (223). 
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Cependant, malgré une activité antifongique intéressante, le développement de cet anticorps a été 

arrêté suite à des problèmes de qualité inconstante et de toxicité. Hsp90 n'étant pas une protéine 

strictement fongique, cibler directement cette protéine expose en effet à un risque de toxicité par 

action sur la protéine Hsp90 humaine. A l'inverse, cibler Hsp90 par l'intermédiaire de la voie Rim 

permettrait de s'affranchir de ces problèmes de toxicité. 

 

Quelques limites à l'association d'inhibiteurs de la voie Rim et d'antifongiques déjà disponibles 

en tant que nouvelle stratégie antifongique peuvent toutefois être soulevées. D'une part, la voie Rim 

n'étant activée qu'en conditions neutres ou alcalines, cette stratégie ne présenterait un intérêt que 

pour le traitement des infections à Candida spp. touchant des sites dont le pH physiologique est 

neutre ou alcalin. Cela est toutefois le cas des candidémies ou des candidoses intra-abdominales, qui 

représentent une part importante des candidoses invasives (202). D'autre part, l'implication de la 

voie Rim dans la tolérance aux antifongiques n'a à ce jour été démontrée que pour C. albicans. Il 

serait intéressant d'étudier l'implication de la voie Rim dans la tolérance aux antifongiques pour 

d'autres espèces fréquemment responsables de candidoses invasives, comme C. glabrata et C. 

parapsilosis. Si le rôle de Hsp90 dans la tolérance aux antifongiques médiée par la voie Rim est 

confirmé, il est possible qu'aucun effet de la voie Rim dans la tolérance aux échinocandines ne soit 

mis en évidence chez C. glabrata, ce qui limiterait le spectre d'activité d'une association inhibiteurs 

de la voie Rim - échinocandines. 

 

2.4. Conclusion 

 

Un des principaux freins au développement de nouvelles molécules antifongiques est la 

proximité entre les cellules fongiques et les cellules humaines, toutes deux eucaryotes. La stratégie 

thérapeutique proposée dans les perspectives de ce travail, soit l'association d'inhibiteurs de la voie 

Rim aux antifongiques déjà disponibles, permettrait de s'affranchir de ce problème, la voie Rim étant 

spécifique du règne fongique. De plus, cette voie étant conservée au sein du règne fongique, une 

telle stratégie pourrait avoir un large spectre d'activité, agissant à la fois sur les levures et les 

champignons filamenteux. 

 

3. Bdf1 : nouvelle cible antifongique ? 

 

Le dernier axe de ma thèse portait sur l'étude de la protéine BET fongique Bdf1 en tant que 

nouvelle cible antifongique. Les résultats obtenus montrent que l'inhibition des protéines BET 
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fongiques est une stratégie antifongique prometteuse chez C. albicans, mais également chez C. 

glabrata, ouvrant de nombreuses perspectives. 

 

3.1. Bdf1 et Candida albicans 

 

La délétion de BDF1 ou de ses bromodomaines, ainsi que la présence de mutations empêchant la 

liaison des bromodomaines de Bdf1 à leur ligand, sont impliquées dans la viabilité et la virulence de 

C. albicans. Un inhibiteur sélectif de BD1 possédant une activité antifongique sur cette espèce a pu 

être identifié, confirmant l'intérêt de l'inhibition des protéines BET fongiques comme nouvelle 

stratégie thérapeutique chez C. albicans. 

D'autres inhibiteurs sélectifs de BD1 ou BD2 ont été identifiés, mais aucun actif à la fois sur BD1 

et BD2. En effet, contrairement aux bromodomaines BD1 et BD2 des protéines BET humaines, les 

séquences de BD1 et BD2 sont moins conservées chez C. albicans. Or, les défauts de croissance les 

plus sévères sont observés avec les souches mutées ou délétées pour les deux bromodomaines de 

Bdf1. La recherche de composés actifs sur les deux bromodomaines de CaBdf1, et sélectifs vis-à-vis 

des protéines BET fongiques, pourrait constituer un nouvel axe de recherche. 

 

3.2. Bdf1 et Candida glabrata 

 

C. glabrata est la 2ème espèce responsable de candidoses invasives la plus fréquemment isolée en 

Europe et en Amérique du Nord. Comme cela a été montré chez C. albicans, la protéine Bdf1 et 

l'intégrité de ses deux bromodomaines BD1 et BD2, responsables de la liaison à la chromatine, sont 

indispensables à la croissance de C. glabrata in vitro. 

 

3.2.1. Etude de l'implication de BDF1 et des bromodomaines BD1 et BD2 dans la virulence in vivo 

 

Une des premières perspectives de ce travail est l'évaluation du rôle de Bdf1 et des 

bromodomaines BD1 et BD2 dans la virulence in vivo, en modèle murin. Cependant, le promoteur 

pMET utilisé pour la caractérisation du rôle de BDF1 in vitro n'est pas adapté à l'utilisation en modèle 

murin. De même, les plasmides générés pour restaurer l'expression de BDF1, ou permettre 

l'expression de BDF1 délété pour l'un et/ou l'autre bromodomaines, ou BDF1 avec des mutations 

ponctuelles de l'un et/ou l'autre des bromodomaines, ne sont pas utilisables en modèle murin. La 

pression de sélection du milieu de culture in vitro permet de maintenir les plasmides dans les levures 

: in vivo, un risque de fuite plasmidique est à craindre. 
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Un système compatible avec le modèle murin de type Tet-off pourra être développé chez C. 

glabrata pour investiguer le rôle de BDF1 et de ses bromodomaines in vivo, comme cela a été le cas 

pour C. albicans. Ce système permet d'étudier l'impact de la répression d'un gène. Il est constitué 

d’un transactivateur, lui-même composé de la protéine TetR (répresseur de la tétracycline) et du 

domaine activateur Vp16 (protéine virale), et du promoteur pTetO. En l'absence de tétracycline, le 

transactivateur se lie au promoteur pTetO, entraînant ainsi son activation. A l'inverse, en présence de 

molécules de la famille des tétracyclines comme la doxycycline, la liaison transactivateur-pTetO n'est 

pas possible et le promoteur pTetO est limité. Un système Tet-off à insertion unique comme celui 

développé pour C. albicans permettrait de diminuer le nombre de marqueurs de sélection à utiliser, 

par l'insertion en une fois, à un locus donné, du système transactivateur-pTetO couplé à une copie du 

gène BDF1. La copie endogène de BDF1 serait ensuite délétée. 

 

Le modèle invertébré Galleria mellonella pourrait également être utilisé pour étudier le rôle de 

BDF1 dans la virulence chez C. glabrata. Bien que plus éloigné de l'homme que le modèle murin, ce 

modèle larvaire constitue une alternative intéressante pour l'étude de la virulence ou de la 

colonisation chez C. albicans (224,225). G. mellonella peut être cultivé entre 30 et 37°C, 

températures optimales de croissance de C. albicans et C. glabrata. Il présente également l'intérêt 

d'un coût plus faible, d'une facilité d'utilisation et de l'absence de considérations éthiques par 

rapport au modèle murin (226). Si ce modèle a largement été décrit pour C. albicans, il paraît 

également adapté à l'étude de la virulence chez C. glabrata (227,228). 

 

3.2.2. Recherche d'inhibiteurs des bromodomaines de Bdf1 

 

Les bromodomaines BD1 et BD2 de Bdf1 peuvent être inhibés de manière sélective chez S. 

cerevisiae et C. albicans (voir article Mietton et coll., 2017, partie 4 3.1.2). Compte-tenu des 

pourcentages d'homologie importants entre la séquence des deux bromodomaines pour C. glabrata 

et S. cerevisiae (71 et 84%, Figure 13), et de la faible homologie de séquence entre les 

bromodomaines des protéines BET humaines et ceux de CgBdf1, il devrait en être de même pour C. 

glabrata. L'obtention de la structure tridimensionnelle des bromodomaines de CgBdf1 par 

cristallographie pourra permettre de confirmer cette hypothèse. 

Par la suite, un criblage d'inhibiteurs potentiels des bromodomaines de CgBdf1 sera effectué. Ce 

criblage pourra être effectué à partir de la technique HTRF (homogeneous time-resolved 

fluorescence) développée pour C. albicans, après adaptation à C. glabrata. Brièvement, un peptide 

histone H4 tétra-acétylé et biotinylé, reconnu par BD1 ou BD2, est lié à des billes de streptavidine, 

elles-mêmes couplées à un fluorophore donneur. Les bromodomaines BD1 ou BD2 de Bdf1 sont 
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marqués au GST et liés à un anticorps anti-GST couplé à un fluorophore accepteur. En l'absence 

d'inhibiteur des bromodomaines, ceux-ci se lient au peptide histone H4 tétra-acétylé, à l'origine de 

l'émission de fluorescence par proximité des fluorophores donneurs et accepteurs. En présence 

d'inhibiteur, l'émission de fluorescence est réduite (voir Supplementary Figure 3, article Mietton et 

coll., 2017). D'après les données obtenues in vitro, l'inhibition des deux bromodomaines de CgBdf1 

est nécessaire pour obtenir un effet significatif sur la croissance de C. glabrata. Le criblage de 

molécules chimiques devra donc être effectué pour BD1 et BD2, et les Candidats potentiels devront 

présenter une activité sur les deux bromodomaines. Le développement d'une technique de criblage 

permettant le screening d'inhibiteurs de BD1 et BD2 en parallèle serait une alternative intéressante. 

 

La spécificité de ces inhibiteurs, leur activité sur C. glabrata et leur éventuelle toxicité sur les 

cellules eucaryotes humaines seront bien sûr à évaluer. 

 

3.3. Bdf1 et résistance aux antifongiques 

 

Une équipe a montré que le gène BDF1 est surexprimé au sein d'isolats résistants aux 

antifongiques chez C. albicans, suggérant une possible implication dans la résistance. Une des 

perspectives pourrait donc être l'utilisation d'inhibiteurs des bromodomaines de Bdf1 en association 

avec les antifongiques déjà disponibles, à l'exemple des antifongiques azolés. 

Toutefois, des données préliminaires (non montrées dans ce travail) suggèrent qu'il n'existe pas 

de différence significative de sensibilité aux antifongiques azolés entre des souches mutées ou 

délétées pour les bromodomaines BD1 et BD2 de Bdf1 et des souches contrôles, chez C. albicans et 

C. glabrata. Des études complémentaires sont toutefois nécessaires pour confirmer ces résultats. Il 

serait également intéressant d'étudier l'implication de BDF1 dans la tolérance aux antifongiques 

azolés, par exemple par la réalisation de time-kill curves ou la mise en évidence d'un effet de traîne. 

Ces expériences ne peuvent pas cependant pas être réalisées pour les souches délétées pour BDF1 

ou les deux bromodomaines BD1 et BD2, en raison de défauts de croissance trop sévères. 

 

 

3.4. Conclusion : inhibition des protéines BET chez d'autres espèces fongiques 

 

A plus long terme, l'intérêt de l'inhibition des protéines BET fongiques comme nouvelle stratégie 

thérapeutique sera également à étudier chez espèces fongiques pathogènes fréquentes, à l'exemple 

de Cryptococcus neorformans ou encore d'Aspergillus fumigatus, espèces pour lesquelles ont été 

décrits des homologues de Bdf1. Si celui-ci est démontré, et que les séquences des bromodomaines 
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des protéines BET fongiques sont suffisamment conservées entre les différentes espèces, un axe de 

recherche intéressant serait l'identification et le développement d'inhibiteurs panfongiques des 

bromodomaines des protéines BET. 
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PARTIE 6 : CONCLUSION 
 

 

L'incidence des candidoses invasives a considérablement augmenté au cours des dernières 

décennies, et ces pathologies sont associées à une morbi-mortalité élevée. Ce pronostic peut 

toutefois être amélioré par l'instauration d'un traitement antifongique précoce. Seules quatre classes 

de molécules antifongiques sont aujourd’hui disponibles pour la prévention et le traitement des 

candidoses invasives. Du fait d’une efficacité importante et d’une meilleure tolérance, les 

antifongiques azolés et les échinocandines sont les plus utilisés. L'utilisation massive de ces 

molécules a conduit à une modification de l'épidémiologie des candidoses invasives, avec 

l'émergence d'espèces non-albicans intrinsèquement moins sensibles à ces antifongiques, comme C. 

glabrata ou C. parapsilosis. De plus, des souches résistantes voire multi-résistantes aux 

échinocandines et aux antifongiques azolés sont de plus en plus fréquemment isolées, et associées à 

des échecs thérapeutiques. L'activité de ces antifongiques est également limitée par le phénomène 

de tolérance, résultant de la capacité d'adaptation des levures aux stress membranaires et pariétaux 

induits par ces molécules. 

Pour toutes ces raisons, l'identification et le développement de nouvelles stratégies antifongiques 

sont nécessaires. Ce travail de thèse s'inscrit dans cette optique, avec pour objectifs l'étude de la 

tolérance et de la résistance aux antifongiques chez Candida spp. et la caractérisation de nouvelles 

cibles antifongiques impliquées dans ces processus. 

La première partie de ce travail a permis de démontrer l'intérêt du séquençage nouvelle génération 

et d'une approche multigénique pour l'étude des mécanismes impliqués dans la résistance aux 

antifongiques azolés et aux échinocandines chez Candida spp. Par ce biais, il a été possible 

d'appréhender de nouveaux mécanismes potentiellement impliqués dans la résistance aux 

antifongiques, qui nécessitent toutefois d'être confirmés. 

Dans un deuxième temps, ce travail a permis de démontrer que l'ensemble des protéines de la voie 

de signalisation du pH (ou voie Rim) est impliqué dans la tolérance aux antifongiques chez C. 

albicans. De plus, il semblerait que la protéine chaperone Hsp90, impliquée dans la régulation de 

multiples processus biologiques, participe à la tolérance aux antifongiques médiée par la voie Rim. 

Ces résultats ouvrent des perspectives intéressantes : en effet, en ciblant la voie Rim, il pourrait être 

possible de potentialiser l'activité des antifongiques déjà existants et de cibler indirectement Hsp90 

tout en s'affranchissant des problèmes de toxicité car cette voie de signalisation est spécifique du 

règne fongique.  

Enfin, dans le cadre du partenariat de l'ANR FungiBET, j'ai pu montrer que la protéine BET Bdf1 de C. 

glabrata, impliquée dans la régulation épigénétique de la transcription, est essentielle à la croissance 
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in vitro. Plus précisément, l'intégrité des deux bromodomaines BD1 et BD2 de Bdf1, responsables de 

la liaison de cette protéine aux histones, est essentielle chez cette espèce, qui est la 2ème la plus 

fréquemment isolée dans les candidoses invasives en Europe et aux Etats-Unis. Ce résultat confirme 

les premières données obtenues chez C. albicans, et l'intérêt de l'inhibition des protéines BET 

fongiques comme nouvelle stratégie antifongique. 
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