
 

UNIVERSITÄTSKLINIKUM HAMBURG-EPPENDORF 
 
 

 
 

Heinrich-Pette Institut 
Leibniz-Institut für Experimentelle Virologie 

 
 
 

Prof. Dr. Marcus Altfeld 
 
 
 
 
 
 
 

 
Antigen-Specific Immune Responses Mediated 

by NK Cells in HIV and Influenza 
 
 
 
 
 
 
 

Dissertation  
 

zur Erlangung des Grades eines Doktors der Medizin  
an der Medizinischen Fakultät der Universität Hamburg. 

 
 
 
 
 

vorgelegt von: 
 

Jana Regina Leonhards 
aus Zwiesel 

 
 
 

Hamburg 2020 
 



II
 II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(wird von der Medizinischen Fakultät ausgefüllt) 

 

 

Angenommen von der  

Medizinischen Fakultät der Universität Hamburg am:  

 

 

Veröffentlicht mit Genehmigung der  

Medizinischen Fakultät der Universität Hamburg. 

 

 

Prüfungsausschuss, der/die Vorsitzende:  

 

 

Prüfungsausschuss, zweite/r Gutachter/in: 

 

16. 11. 2021

Prof. Dr. Julian Schulze zur Wiesch

Prof. Dr. Marcus Altfeld



III

TABLE OF CONTENTS

LIST OF FIGURES AND TABLES .............................................................................     V 

GLOSSARY OF TERMS.............................................................................................    VI

1  INTRODUCTION .....................................................................................................     1

  1.1 NATURAL KILLER CELLS AND INNATE IMMUNITY ...................................................      2

 1.2 NATURAL KILLER CELL RECEPTORS AND THEIR FUNCTIONS ...........................      2

 1.3 ANTIGEN-SPECIFICITY AND MEMORY...............................................................................      7

  1.3.1 NK Cell Memory in Mice .....................................................................      9

  1.3.2 NK Cell Memory in Nonhuman Primates ...........................................    12

  1.3.3 NK Cell Memory in Humans................................................................    13

 1.4 NK CELLS IN HIV INFECTION .........................................................................................   19

  1.4.1 NK Cells and Protection against HIV .................................................    19 

  1.4.2 HIV Immune Escape from NK Cells....................................................    20

 1.5 NK CELLS IN INFLUENZA INFECTION..........................................................................     21

  ������1.�&HOOV�DQG�3URWHFWLRQ�DJDLQVW�,QÀXHQ]D������������������������������������������������
� � ������,QÀXHQ]D�9LUXV�,PPXQH�(VFDSH�IURP�1.�&HOOV����������������������������������������

2  MATERIAL AND METHODS ....................................................................   25 

 2.1 STUDY SUBJECTS ..........................................................................................................    26

  ������,QÀXHQ]D�9DFFLQH�&RKRUW��������������������������������������������������������������������������
  2.1.2 HIV-Exposed Seronegative Cohort.....................................................    26

 2.2 CELL LINES .......................................................................................................................     27

  2.2.1 EBV-Transformed B-Lymphoblastoid Cell Line (B-LCL)......................    27

  2.2.2 K562 Cells...........................................................................................    27

 2.3 FUNCTIONAL ASSAYS.....................................................................................................    28

  ������$QWLJHQ�6SHFL¿F�1.�&HOO�&DOFHLQ�$FHWR[\PHWK\O�(VWHU��&$0��
          Cytotoxicity Assay ...............................................................................    28

� � ������$QWLJHQ�6SHFL¿F�,QWUDFHOOXODU�6WDLQLQJ��,&6��$VVD\�����������������������������������

 2.4 STATISTICAL ANALYSIS..................................................................................................    31



IV

3  RESULTS...................................................................................................   32

 3.1 PART I: ANTIGEN-SPECIFIC NK CELLS IN HIV...........................................................    33

  3.1.1 NK Cells Mediate Enhanced Anti-HIV Gag Responses in Chronically

           HIV- Infected Subjects.........................................................................    33 

  3.1.2 NK Cells from HIV-Exposed Seronegative Subjects do not Display 

           Enhanced Anti-HIV Env Responses Compared to Controls...............    35

 3.2 PART II: ANTIGEN-SPECIFIC NK CELLS IN INFLUENZA .........................................    37

  ������,QWUDQDVDO�,PPXQL]DWLRQ�DJDLQVW�,QÀXHQ]D�(QKDQFHV�1.�&HOO�
           Responses to Hemagglutinin ............................................................    37

 � ������+LJKHU�3URSRUWLRQV�RI��%���1.�&HOOV�)ROORZLQJ�,PPXQL]DWLRQ�ZLWK�
           FluMist................................................................................................    42

  3.2.3 2B4brightNKp46low NK Cells Mediate Enhanced Responses against 

� � ���������U+$�+�1��)ROORZLQJ�)OX0LVW�,PPXQL]DWLRQ����������������������������������������� �����

� � ������,PPXQL]DWLRQ�ZLWK�)OX0LVW�(QKDQFHV�,QÀXHQ]D�6SHFL¿F�.LOOLQJ�E\�
� � ���������1.�&HOOV�LQ�6XEMHFWV�3UHYLRXVO\�([SRVHG�WR�,QÀXHQ]D�����������������������������

4  DISCUSSION ...........................................................................................   49

 4.1 ANTIGEN-SPECIFIC NK CELLS IN HIV ........................................................................    51

 4.2 ANTIGEN-SPECIFIC NK CELLS IN INFLUENZA .........................................................    52

5. CONCLUSION .........................................................................................   57

6. ZUSAMMENFASSUNG ...........................................................................   59

APPENDIX ...........................................................................................................  VIII

REFERENCES .....................................................................................................   XII

ACKNOWLEDGMENT..........................................................................................  XXIX

CURRICULUM VITAE ..........................................................................................  XXX 

EIDESSTATTLICHE ERKLÄRUNG .....................................................................  XXXI



V

LIST OF FIGURES AND TABLES

Table 1. Major activating and inhibitory NK cell receptors and their ligands      6

Table 2. NK cell memory            18 

Table 3.�,QÀXHQ]D�YDFFLQH�FRKRUW��� � � � � � � ����

Figure 1. Gating strategy           30

Figure 2. NK cells mediate enhanced anti-HIV Gag activity in HIV-infected subjects   34 

Figure 3. NK cells from HIV-exposed seronegative individuals do not mediate 

� �����+,9�(QY�VSHFL¿F�UHVSRQVHV�DERYH�EDFNJURXQG� � � � ����

Figure 4.�6HULDO�LPPXQL]DWLRQ�ZLWK�)OX0LVW�VSHFL¿FDOO\�HQKDQFHV�1.�FHOO�UHVSRQVHV

      to a recombinant H1N1 HA that closely matches one of the vaccine strains   39

Figure 5. Expansion of 2B4+ NK cells post-vaccination      43

Figure 6. 2B4brightNKp46low NK cell subset mediates enhanced responses to rHA

� �����+�1��IROORZLQJ�VHULDO�LPPXQL]DWLRQ�ZLWK�)OX0LVW� � � � ����

Figure 7.�(QKDQFHG�1.�FHOO�PHGLDWHG�LQÀXHQ]D�VSHFL¿F�NLOOLQJ�LQ�YDFFLQHHV�ZLWK

� �����SUHYLRXV�H[SRVXUH�WR�LQÀXHQ]D�� � � � � � ����



VI

ADCC .......................antibody dependent cellular cytotoxicity 

AML��������������������������DFXWH�P\HORLG�OHXNHPLD

ART ..........................antiretroviral therapy

BCG .........................Bacille Calmette-Guerin (former vaccine used against 

     tuberculosis)

BL.............................time point before vaccination 

B-LCL.......................EBV-transformed B-lymphoblastoid cell line

BLT���������������������������ERQH�PDUURZ��OLYHU��WK\PXV��KXPDQL]HG�PLFH�JHQHUDWHG�E\�

    surgical transplantation of human fetal liver, thymus tissue 

    fragments and pluripotent hematopoietic stem cells)

CD ............................cluster of differentiation

CEF���������������������������SHSWLGH�SRRO�FRQWDLQLQJ�SHSWLGHV�IURP�&09��(%9�DQG�LQÀXHQ]D�YLUXV

CHS..........................contact hypersensitivity

CIML�������������������������F\WRNLQH�LQGXFHG�PHPRU\�OLNH

EBV ..........................Epstein-Barr-Virus

FluMist���������������������OLYH�DWWHQXDWHG�LQÀXHQ]D�YDFFLQDWLRQ��QDVDO�DSSOLFDWLRQ

HA ............................hemagglutinin

HCMV.......................human cytomegalovirus

HCV..........................hepatitis C virus

HESN .......................HIV-exposed seronegative

HLA ��������������������������KXPDQ�OHXNRF\WH�DQWLJHQ

,)1�Ȗ�������������������������LQWHUIHURQ�Ȗ

IL ������������������������������LQWHUOHXNLQ

ITAM.........................immune tyrosine-activating motif

KIR ���������������������������NLOOHU�FHOO�LPPXQRJOREXOLQ�OLNH�UHFHSWRU

MCMV ......................murine cytomegalovirus

MFI ���������������������������PHDQ�ÀXRUHVFHQFH�LQWHQVLW\

GLOSSARY OF TERMS



VII

MHC .........................major histocompatibility complex

MICA/B.....................MHC class I chain-related protein A/B

NA ............................neuraminidase 

NCR..........................natural cytotoxicity receptor 

NHP..........................nonhuman primate

NK cell ���������������������QDWXUDO�NLOOHU�FHOO�

PBMC.......................peripheral blood mononuclear cells 

PV.............................2 months post second vaccination 

PVe...........................5 days post vaccination 

PVla..........................30 days post vaccination

RAG .........................recombinant activating gene

SAP ..........................SLAM-associated protein

SEMA7A ..................semaphorin 7A

SHIV��������������������������VLPLDQ�KXPDQ�LPPXQRGH¿FLHQF\�YLUXV�

SIV����������������������������VLPLDQ�LPPXQRGH¿FLHQF\�YLUXV

SLAM .......................signaling lymphocytic activation molecule 

71)�Į������������������������WXPRU�QHFURVLV�IDFWRU�Į�

TRAIL.......................TNF-related apoptosis-inducing ligand 

ULBP........................UL-16 binding protein

VZV���������������������������YDUL]HOOD�]RVWHU�YLUXV



Introduction1



2

1.1 NATURAL KILLER CELLS AND INNATE IMMUNITY

The human immune system is divided into innate and adaptive. An enormous variety of 

FORQDOO\�H[SUHVVHG�PROHFXOHV�UHVXOWLQJ�IURP�VRPDWLF�UHFRPELQDWLRQ�GH¿QHV�FHOOV�SDUW�

of the adaptive immune system (e.g. B and T cells). The highly diverse repertoire of 

B and T cell receptors generated through this process allows the cells of the adaptive 

LPPXQH�V\VWHP�WR�UHVSRQG�WR�SDWKRJHQV�LQ�DQ�DQWLJHQ�VSHFL¿F�PDQQHU�����,Q�DGGLWLRQ��

DGDSWLYH�LPPXQH�UHVSRQVHV�DUH�ORQJ�ODVWLQJ��1DWXUDO�NLOOHU��1.��FHOOV�KDYH�EHHQ�WUDGL-

tionally considered a part of the innate immune system and have been initially identi-

¿HG�WKURXJK�WKHLU�DELOLW\�WR�O\VH�WXPRU�FHOOV�YLD�F\WRWR[LFLW\�����7KH\�DUH�ODUJH�JUDQXODU�

O\PSKRF\WHV�WKDW�FDQ�QRW�RQO\�HI¿FLHQWO\�HOLPLQDWH�WXPRU�FHOOV�EXW�DOVR�YLUXV�LQIHFWHG�

FHOOV�ZLWKRXW�SULRU�VHQVLWL]DWLRQ�����1.�FHOOV�UHSUHVHQW�D�¿UVW�FHOO�OLQH�GHIHQVH�WR�PLQ-

LPL]H�SDWKRJHQLF� WKUHDW�HQWHULQJ� WKH�KXPDQ�ERG\�ZKLOH�DOVR�VHQGLQJ�VLJQDOV� WR� WKH�

DGDSWLYH�LPPXQH�V\VWHP�WKURXJK�F\WRNLQHV�DQG�FKHPRNLQHV��WKXV�SOD\LQJ�DQ�LPSRUW-

ant role in the development and regulation of the adaptive immunity(4). Although NK 

cells are considered a part of the innate immune system, studies from the past 14 

years have uncovered data about adaptive immune responses by NK cells and even 

GHPRQVWUDWHG�DQWLJHQ�VSHFL¿F�1.�FHOO�PHPRU\�UHVSRQVHV�WR�D�YDULHW\�RI�GLIIHUHQW�KDS-

tens and viral pathogens in mice, nonhuman primates and humans(5-16). Based on 

WKHVH�VWXGLHV��ZH�DLPHG�WR�SXUVXH�IXUWKHU�H[SHULPHQWV�WR�FRQ¿UP�IRUPHU�UHVXOWV�DQG�

GHHSHQ�NQRZOHGJH�DERXW�DQWLJHQ�VSHFL¿F�1.�FHOO�UHVSRQVHV�LQ�KXPDQV��,Q�SDUWLFXODU��

ZKHWKHU�KXPDQ�1.�FHOOV�GHYHORS�PHPRU\�RI�LQÀXHQ]D�LV�QRW�FOHDU��

1.2 NATURAL KILLER CELL RECEPTORS AND THEIR FUNCTIONS

7R�IXO¿OO�WKHLU�GXW\��QDWXUDO�NLOOHU�FHOOV�DUH�HTXLSSHG�ZLWK�DQ�H[WHQVLYH�VHW�RI�DFWLYDWLQJ�

and inhibitory receptors, so called germ-line encoded receptors which do not have the 

DELOLW\�RI�VRPDWLF�UHFRPELQDWLRQ�EXW�DUH�HVWDEOLVKHG�ZLWKLQ�WKH�VHTXHQFHV�RI�WKH�1.�FHOO�

JHQRPH����������1.�FHOOV�DUH�GH¿QHG�DV�&'��QHJDWLYH�O\PSKRF\WHV�H[SUHVVLQJ�WKH�

FHOO�DGKHVLRQ�PROHFXOH�&'���DQG�WKH�)F�5HFHSWRU�)FȖ5,,,��&'�����1.�FHOOV�DUH�VXE-

divided based on CD56 and CD16 cell surface expression levels into CD56dim (CD3-

CD56+CD16+), CD56bright (CD3-CD56+CD16-) and CD56neg (CD3- CD56-CD16+) NK 

cells, each subset displaying different functions(19, 20). CD56bright NK cells exhibit po-

WHQW�LPPXQRUHJXODWRU\�DELOLWLHV�EDVHG�RQ�WKH�FRPELQDWLRQ�RI�DEXQGDQW�F\WRNLQH�
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production and high proliferation potential(20-22). The CD56dim NK cell subset is en-

dowed with potent cytotoxic functions(2, 23) whereas CD56neg NK cells expand in 

chronic viral infections such as HIV and hepatitis C virus (HCV) and might represent 

DQ�DQHUJLF�VXEVHW����������&'���LV�D�ORZ�DI¿QLW\�,J*�)F�UHFHSWRU�WKDW�LV�SULPDULO\�H[-

pressed on NK cells and granulocytes. The receptor is able to bind to the Fc portion of 

antibodies and triggers cellular cytotoxicity due to the target bound activation, which is 

DOVR�NQRZQ�DV�DQWLERG\�GHSHQGHQW�FHOOXODU�F\WRWR[LFLW\��$'&&������

,QKLELWRU\� UHFHSWRUV� ELQGLQJ� WR� KXPDQ� OHXNRF\WH� DQWLJHQ� �+/$�� FODVV� ,� SUHGRPLQDWH�

ZLWK�WKHLU�DELOLW\�WR�UHFRJQL]H�µKXPDQ�VHOI¶��D�WUDLW�JHQHUDWHG�GXULQJ�GHYHORSPHQW��$�IDLO�

of self-recognition stops NK cell development and results in hyporesponsiveness to 

DYRLG�DXWRLPPXQLW\������7DUJHW�FHOOV�GH¿FLHQW�LQ�H[SUHVVLRQ�RI�+/$�FODVV�,�SURWHLQV�DUH�

HOLPLQDWHG�E\�1.�FHOOV�VLQFH�LQKLELWRU\�VLJQDOV�DUH�UHYRNHG��D�SKHQRPHQRQ�DOVR�NQRZQ�

as “missing self”(27). NK cell interactions are dominated by inhibitory signals that are 

FRQGXFWHG�E\� WKH�NLOOHU�FHOO� LPPXQRJOREXOLQ�OLNH� UHFHSWRU� �.,5�� IDPLO\�FRQWDLQLQJ� WKH�

long cytoplasmic tail and by CD94-NKG2A, a C-type lectin heterodimer. CD94-NKG2A 

carries importance in sensing the overall expression of HLAs on the surface of other 

cells, through HLA-derived peptides that are loaded on HLA-E(28).

NK cell activation only occurs when enough inhibiting signals are silenced and activat-

ing receptors engaged, a homeostatic interplay between both receptor groups. C-type 

OHFWLQ�UHFHSWRUV�OLNH�1.*�'�DQG�1.*�&�RU�QDWXUDO�F\WRWR[LFLW\�UHFHSWRUV��1&5��UHSUH-

sented by NKp30, NKp44 and NKp46 play a crucial role within the family of activating 

receptors. NCRs interact with molecules derived from tumors and viruses (Table 1)

����������,QWHUHVWLQJO\��LQÀXHQ]D�KHPDJJOXWLQLQ��+$��ELQGV�WR�1.S���DQG�1.S���DQG�

WKHUHIRUH�WULJJHUV�WKH�F\WRO\VLV�RI�LQÀXHQ]D�LQIHFWHG�FHOOV�����������7KH�ELQGLQJ�EHWZHHQ�

NKp46 as well as NKp44 and their ligand hemagglutinin is only possible due to the 

sialylation of the receptors(33). The research group around Mandelboim even found a 

highly conserved sugar carrying residue to be crucial for the outstanding binding abili-

ties of NKp46 to HA and other tumor ligands(33).

In addition to the natural cytotoxicity receptors, KIRs with short cytoplasmic tails con-

stitute activating receptors that are triggered by molecules connected to the immune 

tyrosine-activating motif (ITAM). KIRs are found to bind to the peptide- binding region 

of the different allotypes of HLA molecules when a peptide is presented(34-38). While 

the interaction of inhibitory KIRs with HLA class I ligands has been studied in detail, 
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ligands for most activating KIRs remain elusive. However, in the past few years, sub-

stantial progress has been made and open conformers of the non-classical HLA class I 

molecule HLA-F have been demonstrated as ligands for KIR3DS1, whereas KIR2DS1, 

��'6��DQG���'6��KDYH�EHHQ�SURSRVHG�WR�ELQG�VSHFL¿F�+/$�FODVV�,�PROHFXOHV�SUHVHQW-

LQJ�V\QWKHWLF�SHSWLGHV��.,5�'6���RU�SHSWLGHV�GHULYHG�IURP�&09��.,5�'6����ÀDYLYL-

ruses (KIR2DS2) or bacteria (KIR2DS4)(39-43). Furthermore, the C-type lectin family 

presents a set of receptors including the CD94- NKG2C heterodimer and the NK-

G2D homodimer that both deliver activation signals to the NK cell(44-47). Interestingly, 

NG2D is expressed on all NK cells and binds to stress-induced ligands such as MICA, 

MICB and UL16-binding protein (ULBP) 1-5. These ligands are glycoproteins that are 

distantly related to major histocompatibility complex (MHC) class I molecules, hence 

WHUPHG�µ0+&�FODVV�,�FKDLQ�UHODWHG�SURWHLQ�$��0,&$��RU�%��0,&%�¶��6LQFH�1.*�'�UHS-

resents one of the most potent activating NK cell receptors, viruses have gained the 

ability to evade the recognition by NKG2D+ NK cells. NKG2C made its way into the 

VSRWOLJKW�ODWHO\�VLQFH�VHYHUDO�VWXGLHV�KDYH�UHSRUWHG�VLJQL¿FDQW�H[SDQVLRQ�RI�1.*�&��

NK cells endowed with adaptive features in individuals seropositive for CMV (48-52). 

1.*�&�DV�ZHOO�DV�1.*�$�ELQG�WR�WKH�OLJDQG�+/$�(��,QWHUHVWLQJO\��WKH�ELQGLQJ�DI¿QLW\�

of HLA-E to NKG2A is much higher than to NKG2C. NKG2A signaling leads to the 

inactivation of the NK cell (53) whereas NKG2C activates the NK cell when bound to 

+/$�(������+HQFH��LW¶V�QRW�WKH�OLJDQG�WKDW�GLUHFWV�DQ�1.�FHOO�UHVSRQVH�EXW�UDWKHU�WKH�

SHSWLGH�WKDW�LV�ORDGHG�RQ�+/$�(�WKDW�GH¿QHV�ZKLFK�UHFHSWRU�LV�EHLQJ�ERXQG�DQG�ZKLFK�

NK cell response will follow(55). A great variety of different HLA-I derived leader pep-

tides leads to the successful inhibition of NKG2A+ NK cell whereas the activation of 

NKG2C+ NK cells is limited to selected peptides(56). For instance, the HLA-E complex 

with HLA-G leader peptide leads to a 3.2-fold enhanced NKG2C+ NK cell response 

FRPSDUHG�WR�FRQWURO�FRQGLWLRQV�OLNH�+/$�FODVV�,�OHDGHU�SHSWLGHV��&09

derived peptides or Hsp60 peptide(56). These properties allow the NKG- NK cell fam-

ily to detect HLA-1 changes within the immune system without triggering an immune 

reaction through NKG2A but also enable controlled NK cell triggering by NKG2C acti-

vation(57).

CD94-NKG2E is often cited to be an activating receptor since it has shown activating 

properties in response to Qa-1(58), the murine ortholog of HLA-E, and also exhibited 

activating functions in defense against viral pathogens in mice(59). However, there is a 
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ODFN�LQ�GDWD�SURYLQJ�WKH�VXUIDFH�H[SUHVVLRQ�RI�1.*�(�LQ�KXPDQV�RZHG�WR�WKH�IDFW�WKDW�

WKHUH�LV�QR�VSHFL¿F�DQWLERG\�WKDW�FDQ�ELQG�1.*�(��,Q�DGGLWLRQ��WKH�DVVRFLDWLRQ�EHWZHHQ�

WKH�DFWLYDWLQJ�PRWLI�'$3��� IRU�1.*�UHFHSWRUV�DQG�1.*�(�KDV�QRW�EHHQ�FRQ¿UPHG�

yet. Studies suggest that NKG2E forms an intracytoplasmic complex with CD94 and 

DAP12, however its function still has to be further evaluated(47).

*HQHUDOO\��DFWLYDWLQJ�VLJQDOV�WULJJHU�WKH�UHOHDVH�RI�F\WRSODVPLF�JUDQXOHV� OLNH�SHUIRULQ�

DQG�JUDQ]\PHV�IRU�O\VLV�RI�WKH�WDUJHW�FHOO��ZKLFK�UHSUHVHQWV�WKH�GRPLQDQW�1.�FHOO�NLOO-

LQJ�PHFKDQLVP��7KLV�SURFHVV�WDNHV�SODFH�ZLWKLQ�WKH�¿UVW�KRXUV�RI�LQIHFWLRQ�VR�WKDW�WKH�

adaptive immune system is given enough time developing in presence of the virus(60). 

$QRWKHU� NLOOLQJ�PHFKDQLVP�HQDEOHV�1.�FHOOV� WR� LPPHGLDWHO\� LQGXFH�DSRSWRVLV� YLD�D�

OLJDQG�FDOOHG�)$6�RU�WKURXJK�VSHFLDO�VLJQDOLQJ�NQRZQ�DV�75$,/��71)��UHODWHG�DSRS-

tosis-inducing ligand. However, while all NK cells display the variety of these different 

NLOOLQJ�IXQFWLRQV��QRW�DOO�1.�FHOOV�VKDUH�WKH�VDPH�UHFHSWRU�UHSHUWRLUH��)RU�LQVWDQFH��WKH�

expression of KIRs on different NK cells within one individual can vary, which is based 

on NK cell development regulating different expression patterns(61). In contrast, 2B4, 

an activating co-receptor of the signaling lymphocytic activation molecule (SLAM)-re-

lated receptor family displaying important immune- modulating functions is expressed 

on the surface of all NK cells. In primary NK cells, the receptor is able to enhance 

QDWXUDO�F\WRWR[LFLW\�LQ�V\QHUJ\�ZLWK�1.S���DQG�DOVR�GLUHFWO\�UHFRJQL]HV�LQÀXHQ]D�YLUDO�

hemagglutinin(62). In contrast, NK cells activated by IL-2 exhibit cytotoxic functions 

based on 2B4 stimulation alone without co- stimulation of other activating receptors 

which is based on a higher expression of the SLAM-associated adapter protein (SAP) 

important for signal transduction(63). There are many more receptors involved in reg-

ulating NK cell function that do not belong to the three major receptor families of NCR, 

&�W\SH�OHFWLQ�RU�.,5��$FWLYDWLQJ�UHFHSWRUV�OLNH�17%�$��&5$&&�RU�'1$0���WKDW�DUH�SDUW�

of the CD2-family or the inhibitory receptor LILRB1 as one of three receptors belong-

LQJ�WR�WKH�/,/5�UHFHSWRU� OLQHDJH�VKRZ�WKH�H[WHQW�RI�UHFHSWRUV�WKDW� LQÀXHQFH�1.�FHOO�

LQWHUDFWLRQV������,Q�DGGLWLRQ��LW�PLJKW�EH�SRVVLEOH�WKDW�ZH�KDYHQ¶W�LGHQWL¿HG�DOO�1.�FHOO�

receptors yet, which becomes transparent when trying to solve the mystery behind the 

new NK cell trait “memory”. NK cells with adaptive immune responses have been de-

VFULEHG�LQ�GLIIHUHQW�H[SHULPHQWDO�VHWWLQJV��7DEOH�����DOVR�LQFOXGLQJ�WUXH�DQWLJHQ�VSHFL¿F�

PHPRU\��+RZHYHU��UHFHSWRUV�PHGLDWLQJ�DQWLJHQ�VSHFL¿F�UHFRJQLWLRQ�E\�1.�FHOOV�KDYH�

QRW�EHHQ�LGHQWL¿HG�\HW��DQG�PDUNHUV�DOORZLQJ�WR�VSHFL¿FDOO\�GLVFULPLQDWH�DQWLJHQ�VSH-

FL¿F�PHPRU\�1.�FHOOV�LQ�QRQKXPDQ�SULPDWHV�DQG�KXPDQV�DUH�VWLOO�PLVVLQJ�
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Table 1. Major activating and inhibitory NK cell receptors and their ligands

Receptor Family Receptor

KIR2DL1

KIR2DL2/3

KIR2DL4

KIR2DL5

KIR3DL1

KIR3DL2

KIR3DL3

KIR2DL3

KIR2DS1

KIR2DS2

KIR2DS3

KIR2DS4

KIR2DS5

KIR3DS1

CD94-NKG2A

CD94-NKG2C

NKG2D

CD94-NKG2E

NKp30

NKp44

NKp46

KIR

C-type lectin

NCR

HLA-C2

HLA-C1, HLA-C2, HLA-B*46:01, 
HLA-B*73:01 C1 epitope

HLA-G

8QNQRZQ

HLA-A with Bw4 motif, 

HLA-A3/11, HLA-F, HLA-A*11:01

8QNQRZQ

HLA-G

HLA-C2

HLA-C1, HLA-A*11:01, HLA-C*0102

8QNQRZQ

HLA-C*05:01, A*11:01, C*16:01

8QNQRZQ

HLA-F open conformers

HLA-E

HLA-E

MICA/B, ULBP 1-5

HLA-E

HS GAGs, main tegument of protein of human 
&09���'%/����Į�GRPDLQ�RI�SODVPRGLXP�
falciparum erythrocyte membrane protein 
(PfEMP1), BAT3/BAG6, B7-H6, Galectin-3, 
ȕ�����JOXFDQ

+6�*$*V��+$�RI�LQÀXHQ]D�YLUXV��+1�RI�DYLDQ�
Newcastle disease virus, Sendai virus 
KXPDQ�SDUDLQÀXHQ]D�YLUXV��
PCNA, NKp44L expressed on tumor cells

Heparan sulfate glycosaminoglycan, 
+$�RI�LQÀXHQ]D�YLUXV��
HA of human vaccinia virus, 
HN of avian Newcastle disease virus, 
6HQGDL�YLUXV��KXPDQ�SDUDLQÀXHQ]D�YLUXV��
�'%/����Į�GRPDLQ�RI�SODVPRGLXP�IDOFLSDUXP�
erythrocyte membrane protein (PfEMP1), 
Vimentin expressed on cell infected with myco-
bacterium tuberculosis, 
XQLGHQWL¿HG�OLJDQG�H[SUHVVHG�E\�IXVREDFWHULXP�
nucleatum, 
XQLGHQWL¿HG�OLJDQG�H[SUHVVHG�E\�SDQFUHDWLF�ȕ�
cells, 
C. glabrata epa proteins, Complement factor P 
(popderin)

Inhibitory

Activating

Inhibitory

Activating

Activating

Function 
unclear

Ligand

Function
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1.3  ANTIGEN-SPECIFICITY AND MEMORY 

,Q�������QDWXUDO�NLOOHU�FHOOV�DSSHDUHG�RQ�VFLHQWL¿F�VFUHHQV�H[SRVLQJ�H[TXLVLWH�DELOLWLHV�

in lysing tumor cells (64). The extent of cytotoxicity and the fact that they could act 

ZLWKRXW�SULRU�DQWLJHQ�H[SRVXUH� OHG�VFLHQWLVWV� WR�QDPH�WKRVH�FHOOV� ³QDWXUDO�NLOOHU´������

6LQFH�WKHQ��1.�FHOOV�KDYH�EHHQ�VWULFWO\�FODVVL¿HG�DV�SDUW�RI�WKH�LQQDWH�LPPXQH�V\VWHP��

expressing germ-line encoded receptors without the ability to mediate recall respons-

es against previously encountered antigens(17, 18). Yet, about 14 years ago, NK cell 

H[SHULPHQWV�FRQGXFWHG�LQ�PLFH�EURNH�WKH�VWDWXV�TXR�DQG�VXJJHVWHG�DGDSWLYH�1.�FHOO�

LPPXQH�IHDWXUHV��(YHQWXDOO\��WKHVH�IHDWXUHV�FRXOG�EH�IXUWKHU�FODVVL¿HG�LQWR�WKUHH�PDLQ�

W\SHV�RI�PHPRU\�GLVFXVVHG� LQ�GHWDLO�EHORZ��0HPRU\�OLNH�1.�FHOOV��F\WRNLQH�LQGXFHG�

PHPRU\�OLNH�1.�FHOOV�DQG�DQWLJHQ�VSHFL¿F�PHPRU\�1.�FHOOV�

Memory-Like NK Cells
0HPRU\�OLNH�1.�FHOOV�FDQ�EH�VXEGLYLGHG�LQWR�³HYROYHG´�PHPRU\�1.�FHOOV�DQG�³'HOWD�*´�

NK cells.

Evolved memory NK cells were discovered in human cytomegalovirus (HCMV)- posi-

tive subjects expressing high levels of NKG2C+ NK cells (49, 52, 66-68) as well as in 

murine NK cells expressing Ly49H(11, 69). Generally, NKG2C+ NK cells persist long 

term in the host and also increase in numbers after reactivation(49, 52). Additional 

to the expression of NKG2C, evolved memory NK cells display remodeled epigene-

WLF�PRGL¿FDWLRQV�FRPSDUHG�WR�FRQYHQWLRQDO�1.�FHOOV���������$�UHFHQW�VWXG\�FRQ¿UPHG�

HCMV strains encoding variable UL40 peptides presented by HLA-E, the ligand for 

NKG2C, to be responsible for the expansion and differentiation of this CD94-NKG2C+ 

NK cell subset(51).

'HOWD�*�1.�FHOOV�H[SUHVV�KLJK�OHYHOV�RI�)F�5�EXW�ODFN�WKH�LQWUDFHOOXODU�Ȗ�VLJQDOLQJ�FKDLQ�

WKDW�LV�D�FRPSRQHQW�RI�WKH�)F�5�DV�ZHOO�DV�WKH�6\N�DGDSWRU�SURWHLQ��D�VSOHHQ�W\URVLQH�

NLQDVH�����������������7KLV�VSHFLDO�SKHQRW\SH�LV�UHIHUUHG�WR�DV�)FȖ5¨J�1.�FHOO��,QWHU-

HVWLQJO\��)FȖ5¨J�1.�FHOOV�DUH�IRXQG�LQ�DOO�LQGLYLGXDOV�EXW�H[SDQG�VXEVWDQWLDOO\�LQ�+&09�

seropositive subjects and have been shown to partly overlap with the NKG2C+ NK 

FHOO�SRSXODWLRQ������+RZHYHU��)FȖ5¨J�1.�FHOOV�FRQWDLQ�ERWK��1.*�&��DQG�1.*���1.�

cells and show especially strong effector functions by CD16-engagement(76, 77). Af-

WHU�H[SRVXUH�WR�&09��HSLJHQHWLF�PRGL¿FDWLRQ�PRGXODWHV�)FȖ5¨J�1.�FHOOV�VR�WKDW�WKH\�

become long-lived and are able to perform more potent antibody-dependent functions 

compared to other NK cell subsets.
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Cytokine-Induced Memory-Like NK Cells

&\WRNLQH�LQGXFHG�PHPRU\�OLNH� �&,0/��1.�FHOOV�ZHUH� LQLWLDOO\�GHVFULEHG�E\� WKH� WHDP�

RI�<RNR\DPD��VKRZLQJ�WKDW�DGDSWLYH�1.�FHOOV�LQ�PLFH�FDQ�EH�JHQHUDWHG�E\�VKRUW�WHUP�

stimulation with a combination of IL-12, IL-15 and IL-18(78). Eventually, similar prop-

HUWLHV�ZHUH�GHVFULEHG� IRU�KXPDQ�1.�FHOOV����������7KH�SUHDFWLYDWLRQ�ZLWK�F\WRNLQHV�

OHDGV�WR�WKH�H[SUHVVLRQ�RI�D�IXQFWLRQDO�KLJK�DI¿QLW\�,/���UHFHSWRU�DQG�GHPHWK\ODWLRQ�RI�

WKH�FRQVHUYHG�XSVWUHDP�QRQFRGLQJ�HQKDQFHU�UHJLRQ�RI�WKH�LQWHUIHURQ��,)1��Ȗ�JHQH��,Q�

addition, anergic unlicensed NK cells with enhanced antibody-mediated functions are 

UHFUXLWHG��&\WRNLQH�VWLPXODWLRQ�DOVR�UHOHDVHV�WKHVH�PHPRU\�OLNH�1.�FHOOV�IURP�.,5�PH-

GLDWHG�LQKLELWLRQ�������������&\WRNLQH�LQGXFHG�1.�FHOOV�UHWDLQ�HQKDQFHG�IXQFWLRQDOLW\�

IRU�ZHHNV�DIWHU�WKH�LQLWLDO�F\WRNLQH�VWLPXODWLRQ��7KH�ODE�DURXQG�-RVW�MXVW�UHFHQWO\�KLJK-

OLJKWHG�VHPDSKRULQ��$��6(0$�$���D�WUDQVPHPEUDQH�SURWHLQ�DOVR�NQRZQ�DV�&'�����

as part of a new mechanism underlying the formation of CIML NK cells(84). The cyto-

NLQH�HQKDQFHG�LQWHUDFWLRQ�EHWZHHQ�6(0$�$�DQG�LWV�OLJDQG�LQWHJULQ�ȕ��OHDGV�WR�&,0/�

1.�FHOO�GLIIHUHQWLDWLRQ�DQG�LQ�DGGLWLRQ�WR�D�PRUH�SRWHQW�,)1�Ȗ�UHOHDVH�

Importantly, CIML NK cells have tremendous potential for cancer immunotherapy as a 

¿UVW�SKDVH�,�FOLQLFDO�WULDO�LQ�UHIUDFWRU\�UHODSVLQJ�DFXWH�P\HORLG�OHXNHPLD��$0/��SDWLHQWV�

KDV�VKRZQ�WR�DGRSWLYHO\�WUDQVIHUUHG�&,0/�1.�FHOOV�H[SDQGHG�LQ�YLYR�HI¿FLHQWO\�HOLP-

inated tumor cells ex vivo, and led to complete remission in 6 out of 11 patients who 

could be evaluated(85).

$QWLJHQ�6SHFL¿F�0HPRU\�1.�&HOOV

$QWLJHQ�VSHFL¿F�PHPRU\�1.�FHOOV�DUH�QRW�RQO\�DEOH�WR�H[SDQG�DQG�UHVSRQG�ZLWK�KLJKHU�

F\WRWR[LFLW\� EXW� LQ� DGGLWLRQ�DUH�DEOH� WR� UHFRJQL]H�D� VLQJOH� DQWLJHQ� WKDW� LW�ZDV�SUHYL-

ously exposed to, a trait formerly reserved for B and T cells. First demonstrations of 

DQWLJHQ�VSHFL¿F�PHPRU\�1.�FHOOV�ZHUH�VKRZQ�E\�WKH�WHDP�DURXQG�9RQ�$QGULDQ�WKDW�

UHYHDOHG�GDWD�RQ�KDSWHQ�LQGXFHG�DQWLJHQ�VSHFL¿F�UHFDOO�UHVSRQVHV�ZLWK�WKH�UHFHSWRU�

CXCR6 playing an important role(5, 6). However, so far there is only one clear demon-

stration of recall responses mediated by NK cells in nonhuman primates(14) and one 

in humans(15).
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1.3.1 NK Cell Memory in Mice

��������$QWLJHQ�6SHFL¿F�1.�&HOO�0HPRU\

2¶/HDU\�HW�DO��FRQGXFWHG�FRQWDFW�K\SHUVHQVLWLYLW\��&+6��H[SHULPHQWV�LQ�PLFH�WKDW�ZHUH�

GH¿FLHQW�IRU�WKH�UHFRPELQDWLRQ�DFWLYDWLQJ�JHQH��5$*�����D�JHQH�UHTXLUHG�IRU�IXQFWLRQDO�

T and B cells(5, 86). That way they investigated whether other cells than T and B cells 

could mediate hapten-induced contact hypersensitivity(87, 88). Surprisingly, they dis-

covered an NK cell-mediated CHS response that could still be detected at least one 

PRQWK�DIWHU� FKHPLFDO�KDSWHQ�VSHFL¿F�SULPLQJ�ZKLFK�ZDV�TXLWH�VWULNLQJ�NQRZLQJ� WKDW�

the half-life span of a mature NK cell in steady-state-condition is thought to count 17 

days(89). The scientists discovered that primed NK cells reside solely in the liver and 

not in the spleen or in lymph nodes. Additionally, when transferring liver NK cells into 

naïve mice, recall responses could be achieved in the recipient mice. Continuing and 

EDVHG�RQ�WKHVH�¿UVW�H[SHULPHQWDO�UHVXOWV��3DXVW�HW�DO��UHOHDVHG�SKHQRPHQDO�GDWD�RQ�

DQWLJHQ�VSHFL¿F�1.�FHOO� UHVSRQVHV� LQ�PLFH� YDFFLQDWHG�ZLWK�QRQ�LQIHFWLRXV� YLUXV�OLNH�

SDUWLFOHV� IURP� LQÀXHQ]D��XOWUDYLROHW�OLJKW�LQDFWLYDWHG�YHVLFXODU�VWRPDWLWLV�YLUXV�RU�+,9�

1 in the year of 2010(6). Adoptive transfer of hepatic NK cells from vaccinated mice 

FRQIHUUHG�HQKDQFHG�VXUYLYDO�RI�QDwYH�UHFLSLHQW�PLFH�ODFNLQJ�IXQFWLRQDO�7�RU�%�FHOOV�DIWHU�

OHWKDO�FKDOOHQJH�ZLWK�WKH�VHQVLWL]LQJ�YLUXV�EXW�GLG�QRW�FRQIHU�SURWHFWLRQ�DIWHU�FKDOOHQJH�

with any of the other viruses. Transfer of splenic or naïve NK cells did not enhance NK 

FHOO� LPPXQH�UHVSRQVHV��&RUURERUDWLQJ�PHPRU\�1.�FHOO�SURWHFWLRQ�DJDLQVW� LQÀXHQ]D��

/L�HW�DO��FRXOG�VKRZ�WKDW�WKH�LQIHFWLRQ�RI�PLFH�ZLWK�WKH�PRXVH�DGDSWHG�35��LQÀXHQ]D�

strain leads to the formation of memory NK cells displaying a CD49a+ DX5- NK cell 

phenotype and homing to the liver, which confer protection upon lethal viral challenge, 

LQ�FRQWUDVW�WR�LQÀXHQ]D�SULPHG�OXQJ�1.�FHOOV������7KH�SURWHFWLYH�HIIHFW�RI�KHSDWLF�PHP-

RU\�1.�FHOOV�LV�H[SODLQHG�E\�WKH�¿QGLQJ�WKDW�LQ�PLFH��WKH�KHSDWLF�FKHPRNLQH�UHFHSWRU�

&;&5��LV�FUXFLDO�IRU�PHPRU\�1.�FHOO�SHUVLVWHQFH��&;&5��LV�OLNHO\�QRW�GLUHFWO\�LQYROYHG�

LQ�DQWLJHQ�UHFRJQLWLRQ��\HW�WKH�¿QGLQJ�RI�&;&5��DV�¿UVW�PXULQH�VXUURJDWH�PDUNHU�IRU�

NK cell memory along with the data proving memory formation in the presence of viral 

DQWLJHQV�UHSUHVHQWHG�D�JUHDW�VWHS�IRUZDUG��6XEVHTXHQWO\��VHYHUDO�RWKHU�VWXGLHV�FRQ-

¿UPHG�OLYHU�UHVWULFWHG�1.�FHOO�PHPRU\�LQ�PLFH����������������2YHUDOO��WKH�WHDP�DURXQG�

8OULFK�YRQ�$QGULDQ�ZLWK�2¶/HDU\�DQG�3DXVW�RSHQHG�XS�D�QHZ�FKDSWHU�LQ�1.�FHOO�KLVWRU\��

NK cell memory.
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9DQ�GHQ�%RRUQ�HW�DO��DOVR�FRQ¿UPHG�SUHYLRXV�DQWLJHQ�VSHFL¿F�&+6�VWXGLHV�E\�XVLQJ�

WKH�KDSWHQ�PRQREHQ]RQH��D�WKHUDSHXWLF�GHSLJPHQWLQJ�DJHQW�IRU�YLWLOLJR�XQLYHUVDOLV�LQ�

SDWLHQWV������7KH�GLIIHUHQFH�EHWZHHQ�9DQ�GHQ�%RRUQ¶V�SDSHU�DQG�2¶/HDU\�HW�DO�¶V�&+6�

VWXG\�LQ������LV�WKDW�2¶/HDU\�H[SHULPHQWHG�ZLWK�FKHPLFDO�KDSWHQV��ZKLFK�KDYH�QR�XVH�

LQ�KXPDQ�WKHUDSLHV�ZKHUHDV�PRQREHQ]RQH�LV�XVHG�DV�D�WKHUDSHXWLF�PHDQ�����9DQ�GHQ�

%RRUQ�FRQGXFWHG�KLV�H[SHULPHQWV�LQ�PLFH�GH¿FLHQW�LQ�WKH�5$*����7KH�VFLHQWLVW�FRXOG�

SURYH�UHFDOO�&+6�UHVSRQVHV�XSRQ�HOLFLWDWLRQ�ZLWK�PRQREHQ]RQH�E\�1.�FHOOV�GHULYLQJ�

from the liver. When transferring those hepatic memory NK cells to naïve animals, the 

immunological adaptive response was still retrievable and could be elicited as late as 

��PRQWKV�DIWHU�WKH�LQLWLDO�VHQVLWL]DWLRQ��,Q�DFFRUGDQFH�ZLWK�SUHYLRXV�VWXGLHV�����9DQ�GHQ�

%RRUQ�DOVR�IRXQG�1.*�'�WR�EH�UHOHYDQW�IRU�WKH�&+6�UHVSRQVH�LQ�PRQREHQ]RQH�VHQVL-

WL]HG�PLFH��:KHQ�WU\LQJ�WR�GLVPDQWOH�WKH�P\VWHU\�EHKLQG�WKH�PHPRU\�IRUPLQJ�SURFHVV��

9DQ�GHQ�%RRUQ�IRXQG�WKDW�PRQREHQ]RQH��WULJJHUHG�PHPRU\�1.�FHOOV�PLJUDWH�WR�O\PSK�

nodes for their temporary residence. The following CHS induction relied on the lymph 

node recruitment of macrophages without the typical engagement of dendritic cells 

LQ�DQ\�RI�WKHVH�VWHSV��1HYHUWKHOHVV��WKH�HQWLUH�&+6�UHVSRQVH�E\�DQWLJHQ�VSHFL¿F�1.�

cells and the homing of macrophages to the lymph nodes could only be induced by 

WKH�HQJDJHPHQW�RI�WKH�1/53��LQÀDPPDVRPH��1/53��ZDV�QRW�RQO\�UHTXLUHG�IRU�UHFDOO�

responses but also for the memory formation process when engaging with monoben-

]RQH�IRU�WKH�¿UVW�WLPH��,QWHUHVWLQJO\��WKRVH�PHPRU\�1.�FHOOV�RULJLQDWHG�IURP�KHSDWLF�KH-

PDWRSRLHWLF�SURJHQLWRUV�DQG�VWHP�FHOOV�DQG�QRW�IURP�ERQH�PDUURZ�OLNH�H[SHFWHG��ZKLFK�

FRLQFLGHV�ZLWK�3DXVW¶V�¿QGLQJV�LQ�������,Q�������9HQNDWDVXEUDPDQLDQ�HW�DO��UHOHDVHG�

GDWD�RQ�DQWLJHQ�VSHFL¿F�1.�FHOOV�LQ�PLFH�WKDW�XQGHUZHQW�%DFLOOH�&DOPHWWH�*XHULQ��%&*��

YDFFLQDWLRQ������1.�FHOOV�H[SUHVVLQJ�1.S����&'���DQG�./5*��SURGXFHG�VLJQL¿FDQW

DPRXQWV�RI�,)1�Ȗ�DQG�DOVR�KLJKO\�H[SDQGHG�DIWHU�LPPXQL]DWLRQ��$GRSWLYH�WUDQVIHU�RI�

CD3-NKp46+CD27+KLRG1+ NK cells from the spleen and lymph nodes to naïve mice 

granted long term protection when challenged with Mycobacterium tuberculosis one 

DQG� WKUHH�PRQWKV� ODWHU�� ,QWHUHVWLQJO\�� WKH� H[SDQVLRQ� RI� WKLV� DQWLJHQ�VSHFL¿F�1.� FHOO�

phenotype depended on the stimulation with IL-21.
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��������&\WRNLQH�,QGXFHG�1.�&HOO�0HPRU\

,Q�DGGLWLRQ�WR�DQWLJHQ�VSHFL¿F�1.�FHOO�UHVHDUFK��VFLHQWLVWV�DOVR�DFTXLUHG�GDWD�RQ�F\W-

NLQH�LQGXFHG�1.�FHOO�PHPRU\��&RRSHU�HW�DO��UHOHDVHG�D�VLJQL¿FDQW�SDSHU�VWDWLQJ�WKDW�

VKRUW�H[�YLYR�VWLPXODWLRQ�RI�PXULQH�1.�FHOOV�ZLWK�F\WRNLQHV��,/����� ,/����DQG�,/������

OHDGV�WR�WKH�IRUPDWLRQ�RI�DGDSWLYH�1.�FHOOV�WKDW�SURGXFH�VLJQL¿FDQWO\�PRUH�,)1�Ȗ�XSRQ�

restimulation in vivo (78). This study displayed a new memory strategy in 2009 carrying 

out adaptive immune functions through an intrinsic pathway instead of viral or hapten 

WULJJHUV��WKXV�FDOOHG�F\WRNLQH�LQGXFHG�1.�FHOO�PHPRU\��&RRSHU�IRXQG�WKDW�WKHUH�ZDV�

QR�SKHQRW\SLFDO�GLIIHUHQFH�EHWZHHQ�F\WRNLQH�DFWLYDWHG�DQG�FRQWURO�1.�FHOOV�WKDW�ZHUH�

DGRSWLYHO\�WUDQVIHUUHG�LQWR�QDwYH�KRVWV��+RZHYHU��WKHVH�1.�FHOOV�UHOHDVHG�VLJQL¿FDQWO\�

PRUH� ,)1�Ȗ�ZKHQ� UHVWLPXODWHG�ZLWK� F\WRNLQHV� LQ� YLWUR� ����ZHHNV� ODWHU�� ,QWHUHVWLQJO\��

WKH�FDSDFLW\�IRU�HQKDQFHG�,)1�Ȗ�SURGXFWLRQ�ZDV�SDVVHG�RQ�WR�QH[W�JHQHUDWLRQV�RI�1.�

FHOOV�VXJJHVWLQJ� WKDW�1.�FHOO�FKDQJHV�ZHUH� OLQNHG�WR�SRVVLEOH� WUDQVFULSWLRQDO�RU�HSL-

JHQHWLF�PRGL¿FDWLRQV��3UH�DFWLYDWLRQ�RI�1.�FHOOV�GLG�QRW�UHVXOW�LQ�HQKDQFHG�F\WRWR[LFLW\��

)XUWKHU�VWXGLHV�LQ�PLFH�UHYHDOHG�WKDW�F\WRNLQH�LQGXFHG�PHPRU\�OLNH�1.�FHOOV�SRVVHV�

SRWHQW�DQWL�WXPRUDO�IXQFWLRQV������HVSHFLDOO\�DJDLQVW�P\HORLG�OHXNHPLD�ZKLFK�FRXOG�EH�

reproduced in humans by Romee et al. 2 years later(85). In addition, most recent data 

presented CIML NK cells with activity against solid tumor(94).

��������0HPRU\�/LNH�1.�&HOOV

$W� WKH�VDPH� WLPH�DV�DQWLJHQ�VSHFL¿F�1.�FHOO� UHFDOO� UHVSRQVHV�DJDLQVW�KDSWHQV�DQG�

viral antigens were described by the team of Ulrich von Andrian, Sun et al. reported 

that murine cytomegalovirus (MCMV) infection elicits NK cell memory in mice(11). For 

this venture, the scientists used mice containing a resistance locus in their genome 

called CMV1, which encodes for the activating NK cell receptor Ly49H in mice(95). 

$IWHU�0&09�LQIHFWLRQ��/\��+�UHFRJQL]HG�WKH�YLUDO�JO\FRSURWHLQ�P����RQ�WKH�VXUIDFH�

RI�YLUXV�LQIHFWHG�FHOOV��ZKLFK�RQ�WKH�RWKHU�KDQG�OHG�WR�VLJQL¿FDQW�H[SDQVLRQ�RI�/\��+��

NK cells in spleen and especially in the liver. Upon re- exposure to MCMV one month 

ODWHU��WKRVH�0&09�H[SHULHQFHG�1.�FHOOV�UDSLGO\�GHJUDQXODWHG�DQG�SURGXFHG�F\WRNLQHV�

PRUH�HI¿FLHQWO\�WKDQ�1.�FHOOV�LQ�QDwYH�PLFH��6XQ�HW�DO��ZDV�ZLWKLQ�RQH�WKH�¿UVW�WHDPV�

WR�GLVFRYHU�D�VSHFL¿F�YLUDO�DQWLJHQ�WKDW�JHQHUDWHG�HYROYHG�PHPRU\�OLNH�1.�FHOOV�DIWHU�
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exposure. After two months, Ly49H+ NK cells were found in all different organs (e.g. 

spleen, lymph node, liver, lung) before settling permanently into peripheral and lym-

phoid tissues. Adoptive transfer of these NK cells into naïve animals, which was fol-

lowed by a viral challange, also showed protective immunity and a stronger secondary 

response .

1.3.2 NK Cell Memory in Nonhuman Primates 

��������$QWLJHQ�6SHFL¿F�1.�&HOO�0HPRU\

IQ�������5HHYHV�HW�DO��SXEOLVKHG�GDWD� WKDW�GHPRQVWUDWHG� ORQJ�OLYHG�DQWLJHQ�VSHFL¿F�

1.�FHOO�UHVSRQVHV�LQ�QRQKXPDQ�SULPDWHV��1+3��IRU�WKH�¿UVW�WLPH������7ZR�PDFDTXH�

cohorts that were included in the experiments, either infected with simian-human im-

PXQRGH¿FLHQF\�YLUXV� �6+,9��RU�VLPLDQ� LPPXQRGH¿FLHQF\�YLUXV� �6,9��GHYHORSHG�HQ-

hanced NK cells responses upon challenge with antigens that they were primed with, 

FRQVLVWHQW�ZLWK�DQWLJHQ�VSHFL¿F� UHFDOO� UHVSRQVHV��+H� IXUWKHU� WHVWHG�1.�FHOO�PHPRU\�

UHVSRQVHV� LQ�YDFFLQDWHG�PDFDTXHV��DVVHVVLQJ�1.�FHOO� UHVSRQVHV���\HDUV� IROORZLQJ�

LPPXQL]DWLRQ�ZLWK�DGHQRYLUDO�YHFWRUV�H[SUHVVLQJ�HLWKHU�+,9�*DJ�RU�+,9�(QY��)RU�WKH�

¿UVW�WLPH�LQ�D�SULPDWH�VSHFLHV��VFLHQWLVWV�VKRZHG�VWURQJ�DQWLJHQ�VSHFL¿F�1.�FHOO�PHP-

ory responses that could still be detected after 5 years in the absence of viral antigens. 

These elevated adaptive immune functions were shown in NK cells residing in the liver 

as well as in the spleen, and to a lesser extent in the blood(96). Interestingly, Reeves et 

DO��IRXQG�VLJQL¿FDQW�LPSDFW�RI�WKH�1.*��IDPLO\�RQ�1.�FHOO�DFWLYLW\��:KHQ�EORFNLQJ�1*�$�

RU�1.*�&��1.�FHOO�NLOOLQJ�RI�DQWLJHQ�SXOVHG�GHQGULWLF�FHOOV�ZDV�PDUNHGO\�UHGXFHG�E\�

up to 80%. Comparable to the importance of NKG2D in the CHS studies(5, 92), these 

receptors still have to be further evaluated regarding their full effector functions in an-

WLJHQ�VSHFL¿F�UHVSRQVHV�E\�1.�FHOOV��7DNHQ�WRJHWKHU��5HHYHV�HW�DO�¶V�GDWD�RSHQHG�XS�

new dimensions in the NK cell memory chapter showing the development of memory 

NK cell responses after infection and vaccination in NHPs, strongly suggesting that 

similar responses exist in humans.
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��������0HPRU\�/LNH�1.�&HOOV

7KH�WHDP�DURXQG�5HHYHV�FRQWLQXHG�H[SHULPHQWV�LQ�+,9�6,9�LQIHFWHG�UKHVXV�PDFDTXHV�

DOORZLQJ�KLP�GHHSHU�LQVLJKW�LQWR�PHPRU\�OLNH�1.�FHOOV������7KH�GDWD�ZDV�FRQIRUP�ZLWK�

SUHYLRXV� UHVXOWV� LQ� WKDW� J�FKDLQ��6\N��1.�FHOOV�ZHUH�RQO\� JHQHUDWHG� LQ� SUHVHQFH�RI�

rhesus CMV, however the migration into tissues could be shown to be dependent on 

SIV infection. The number of adaptive NK cells correlated with the rhesus CMV titers in 

the blood. Further studies have to clarify in how far SIV/HIV is able to modulate CMV 

induced adaptive NK cells and whether this NK cell phenotype posseses protective 

features against other viral infections.

1.3.3 NK Cell Memory in Humans

��������$QWLJHQ�6SHFL¿F�1.�&HOO�0HPRU\

:KHQ� ORRNLQJ�DW�DQWLJHQ�VSHFL¿F�1.�FHOO�PHPRU\� LQ�KXPDQV��RQO\�D�FRXSOH�VWXGLHV�

were released and clear mechanisms behind this type of memory are still missing. 

Experiments with CMV, Epstein-Barr-Virus (EBV) and BCG suggest expansion of spe-

FL¿F�1.�FHOO�SKHQRW\SHV�LQ�SUHVHQFH�RI�YLUDO�WDUJHWV�DQG�ORQJ�WHUP�1.�FHOO�SHUVLVWHQFH��

KRZHYHU�WKH�SURYLGHG�GDWD�LV� OLPLWHG�WR�D�IHZ�VWXGLHV�UHYHDOLQJ�WUXH�DQWLJHQ�VSHFL¿F�

NK cell memory in humans(13, 15, 48, 98, 99). The group around Paust just released 

D�VLJQL¿FDQW�SDSHU�RQ�WUXH�DQWLJHQ�VSHFL¿F�1.�FHOO�UHVSRQVHV�FRYHULQJ�DOO�WKUHH�HQWL-

WLHV�RI�LPPXQRORJLFDO�PHPRU\��KHQFH�YDFFLQDWLRQ�GHSHQGHQF\��DQWLJHQ�VSHFL¿FLW\�DQG�

longevity(15). They demonstrated that human NK cells isolated from the liver of hu-

PDQL]HG�%/7�PLFH�YDFFLQDWHG�ZLWK�+,9�(QY�PHGLDWHG�YDFFLQDWLRQ�GHSHQGHQW�DQG�DQ�

DQWLJHQ�VSHFL¿F�NLOOLQJ�LQ�YLWUR��1.�FHOOV�IURP�WKH�VSOHHQ�GLG�QRW�VKRZ�VLPLODU�UHVXOWV��,Q�

DGGLWLRQ��WKH\�WHVWHG�WKH�ORQJHYLW\�RI�1.�FHOOV�LQ�KXPDQV�LQIHFWHG�ZLWK�YDUL]HOOD�]RVWHU�

virus (VZV) showing large numbers of NK cells being recruited to the site of infection 

decades after the initial exposure when being re-challenged with the virus.

5HFHQW�JURXQGEUHDNLQJ�GDWD�E\�:DQJ�HW�DO��UHYHDOHG�PHFKDQLVPV�RI�1.�FHOO�PHPR-

ry establishment in HIV-1 infected subjects similar to the memory formation process 

of T cells(16). They found CD94+CD56hi NK cells with high-level expression of tran-

scription factor 7 (TCF7) to increase in subjects with HIV-1 infection, a transcription 

IDFWRU�NQRZQ�WR�EH�UHVSRQVLEOH�IRU�WKH�PHPRU\�IRUPLQJ�SURFHVV�LQ�&'���7�FHOOV�������
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7KH�:17�VLJQDOLQJ�SDWKZD\�DQG�7&)��FRXOG�DOVR�EH�FRQ¿UPHG�WR�EH�FUXFLDO�IRU�WKH�

HVWDEOLVKPHQW�RI� WKLV�VSHFL¿F�PHPRU\�1.�FHOO� VXEVHW�� ,QWHUHVWLQJO\�� WKH�SUROLIHUDWLRQ�

and enhanced degranulation of CD94+TCF7+CD56hi NK cells was only initiated after 

+,9���VSHFL¿F�F\WRNLQH�VWLPXODWLRQ��$GGLWLRQDOO\�� WKH�DVVHVVPHQW�RI� WUDQVFULSWLRQ�IDF-

tors and the elevated degranulation response to HIV-infected CD4+ T cells suggest 

close resemblance to memory T cells.

��������&\WRNLQH�,QGXFHG�1.�&HOO�0HPRU\

)LUVW�VXFFHVVIXO�REVHUYDWLRQV�RQ�F\WRNLQH�LQGXFHG�1.�FHOO�PHPRU\� LQ�KXPDQV�ZHUH�

PDGH�E\�5RPHH�HW�DO��ZKR�FRQ¿UPHG�F\WRNLQH�SULPHG�1.�FHOO�DFWLYDWLRQ�LQ�KXPDQV�

EDVHG�RQ�&RRSHU�HW�DO�¶V�SDSHU��DQ�LPSRUWDQW�PLOHVWRQH�LQ�WKH�1.�FHOO�PHPRU\�FKDSWHU�

since all of the obtained data until 2012 was primarily based on animal or in vitro ex-

SHULPHQWV������5RPHH�HW�DO��FRXOG�QRW�RQO\�VKRZ�F\WRNLQH�LQGXFHG�1.�FHOO�UHVSRQVHV�

LQ�KXPDQV�IRU�WKH�¿UVW�WLPH�EXW�DOVR�IRXQG�WKHP�WR�H[KLELW�H[TXLVLWH�F\WRWR[LF�DELOLWLHV�LQ�

response against AML in mice and humans 4 years later(85). These NK cells produced 

KLJK�OHYHOV�RI�,)1�Ȗ�DQG�PHGLDWHG�HQKDQFHG�F\WRWR[LFLW\�DJDLQVW�$0/�FHOO�OLQHV�DV�ZHOO�

DV�SULPDU\�KXPDQ�DFXWH�P\HORLG�OHXNHPLD�EODVWV�LQ�YLWUR��,QWHUHVWLQJO\��WKRVH�PHPRU\�

functions were triggered regardless of KIR to KIR- ligand interactions. When transfer-

ring human CIML NK cells into mice, AML burden in vivo was substantially reduced and 

overall survival improved. In addition to these basic AML experiments, Romee et al. 

ZHUH�DEOH�WR�WHVW�WKH�SRWHQWLDO�RI�F\WRNLQH�LQGXFHG�PHPRU\�OLNH�1.�FHOOV�IRU�FDQFHU�LP-

PXQRWKHUDS\�LQ�D�¿UVW�LQ�KXPDQ�SKDVH���FOLQLFDO�WULDO��7KH\�FRXOG�GHPRQVWUDWH�UREXVW�

PHPRU\�OLNH�1.� FHOO� UHVSRQVHV� DJDLQVW� OHXNHPLD� WDUJHWV� DIWHU� HI¿FLHQW� SUROLIHUDWLRQ�

and expansion in vivo, leading to remission in a subset of AML patients(85). Based on 

those promising results, the clinical potential of CIML NK cells is currently being further 

evaluated in several phase II clinical trials.

:LWKLQ�WKH�VDPH�\HDU��*RRGLHU�HW�DO��UHOHDVHG�GDWD�RQ�F\WRNLQH�LQGXFHG�PHPRU\�OLNH�

1.�FHOOV�DIWHU�YDFFLQDWLRQ�ZLWK�LQÀXHQ]D�������)LUVW��KH�IRXQG�HQKDQFHG�,/���GHSHQ-

GHQW�1.�FHOOV�UHVSRQVHV�WR�LQÀXHQ]D��ZKLFK�ZHUH�VWLOO�GHWHFWDEOH���ZHHNV�SRVW��YDF-

cination. Interestingly, those responses were higher in individuals tested negative for 

&09��,Q�DGGLWLRQ��WKH�DGPLQLVWHUHG�LQÀXHQ]D�YDFFLQDWLRQ�WULJJHUHG�HQKDQFHG�1.�FHOO�

UHVSRQVHV�WR�LQQDWH�F\WRNLQHV��ZKLFK�KRZHYHU�ZHUH�PRVWO\�VHHQ�LQ�LQGLYLGXDOV�WHVWHG�
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SRVLWLYH�IRU�&09��7KHVH�HOHYDWHG�F\WRNLQH�UHVSRQVHV�FRXOG�DOVR�EH�GHWHFWHG�LQ�YLWUR��,Q�

������WKH�WHDP�DURXQG�*RRGLHU�UHOHDVHG�DQRWKHU�SDSHU�RQ�F\WRNLQH�LQGXFHG�PHPRU\�

LQ�1.�FHOOV�GHVFULELQJ�WKDW�WKLV�W\SH�RI�PHPRU\�FDQ�EH�LQGXFHG�E\�LQÀXHQ]D�YDFFLQD-

WLRQ�VKRZLQJ�KHLJKWHQHG� UHVSRQVHV� WR�F\WRNLQH�VWLPXODWLRQ�PRQWKV�DIWHU� �������7KLV�

VWXG\�RSHQHG�VSHFXODWLRQV�RQ�WKH�IRUPDWLRQ�RI�F\WRNLQH�LQGXFHG�PHPRU\�1.�FHOOV�LQ�

UHVSRQVH�WR�YDFFLQDWLRQ��6XFK�1.�FHOO�UHVSRQVHV�FRXOG�VLJQL¿FDQWO\�FRQWULEXWH�WR�H[LVW-

ing vaccinations representing an additional arm of vaccine-induced immunity. Further 

studies have to clarify the relevance of this pathway in post-vaccination immunity to 

LQÀXHQ]D�DQG�RWKHU�YLUXVHV� 

��������0HPRU\�/LNH�1.�FHOOV

)ROORZLQJ�¿UVW�F\WRNLQH�LQGXFHG�1.�FHOO�GDWD�LQ�KXPDQV��VFLHQWLVWV�ZHUH�HDJHU�WR�VHH�

whether experiments with MCMV-infection in mice could be transferred to human set-

WLQJV�ZLWK�VLPLODU�UHVXOWV��,Q�������*XPD�HW�DO��SURYLGHG�¿UVW�HYLGHQFH�WKDW�LQGLYLGXDOV�

LQIHFWHG�ZLWK�+&09�FDUU\�KLJKHU�IUHTXHQFLHV�RI�&'���1.*�&��1.�FHOOV�FRPSDUHG�WR�

individuals negative for HCMV(66). Comparable to MCV studies in mice, Guma et al. 

suggested that the binding of NKG2C and its ligand on HCMV- infected cells leads to 

the formation of memory NK cells. Consecutive studies with subjects either infected 

with HCMV or after reactivation due to immunosuppression after solid organ or hema-

WRSRLHWLF�VWHP�FHOO�WUDQVSODQWDWLRQ�FRQ¿UPHG�IRUPHU�UHVXOWV���������������7KH\�IRXQG�

CD94-NKG2C+ NK cells to expand during acute infection and also persist as memory 

NK cells over time. In some individuals, the CD94-NKG2+ NK cell subset represented 

XS�WR�����RI�WKH�WRWDO�1.�FHOO�SRSXODWLRQ��,Q�DGGLWLRQ��)ROH\�HW�DO�¶V�VWXG\�RQ�1.�FHOOV�

in hematopoietic stem cell transplantation demonstrated enhanced CD94-NKG2C+ 

NK cell functions after re-exposure to HCMV, when both the donor and the recipient 

were positive for HCMV(49), suggesting NK cell memory in response to HCMV infec-

tion. In contrast, CD94- NKG2C+ NK cells from HCMV-seronegative donors did not 

lead to such results. Expansion of CD94-NK2C+ NK cells in populations infected with 

HCV(67), hantavirus (104) or HIV (105) have been shown however only in individuals 

that were persistently infected with HCMV.

Guma et al. allowed early insight on the interaction between NKG2C and HLA-E based 

RQ�LQ�YLWUR�H[SHULPHQWV�ZLWK�+&09�LQIHFWHG�¿EUREODVW�FR�FXOWXUHG�ZLWK�1.�FHOOV�HLWKHU�

NQRFNHG�GRZQ�IRU�+/$�(�RU�WUHDWHG�ZLWK�1.*�&�VSHFL¿F�EORFNLQJ�DQWLERGLHV������7KH�
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bond between NKG2C and HLA-E represents the driving force for the expansion of 

WKH�1.*�&��1.�FHOO�SRSXODWLRQ�LQ�+&09�SRVLWLYH�LQGLYLGXDOV��+RZHYHU��LW�WRRN�D�IHZ�

PRUH�\HDUV�WR�VKRZ�VSHFL¿F�&09�SHSWLGH�UHFRJQLWLRQ�E\�1.*�&�YLD�+/$�(����������

107). Heatley et al. discovered UL40, an immunmodulatory glycoprotein, to be essen-

tial in the interaction between NKG2C and HLA-E(106). Individuals that underwent 

hematopoietic stem cell transplantation and re-infection with HCMV revealed UL40 

SURWHLQV�ZLWK�SRO\PRUSKLF�KRWVSRWV�LQ�LWV�+/$�(�ELQGLQJ�VHTXHQFH��0RVW�RI�WKHVH�SRO\-

PRUSKLVPV�OHG�WR�UHGXFHG�DI¿QLW\�RI�WKH�LQWHUDFWLRQ�EHWZHHQ�+/$�(�DQG�&'���1.*�&�

and therefore reduced NK cell activation. However, a few peptides, most notably the 

HLA-G derived peptide VMAPRTLFL, led to increased lysis of peptide-pulsed HLA-E 

transfectans by NKG2C+ NK cell clones. Rolle et al. as well as Hammer et al. under-

lined these results highlighting the role of the HLA-G derived peptide VMAPRTLFL and 

its ability to induce enhanced effector functions in NKG2C+ NK cells(51, 107).

,Q�SDUDOOHO��VWXGLHV�VKRZHG�WKH�H[SDQVLRQ�RI�D�VXEVHW�RI�1.�FHOOV�ODFNLQJ�WKH�LQWUDFHOOXODU�

signaling adapter FcRIy in CMV-infected individuals(68, 74). In addition these NK cells 

exhibited superior ADCC abilities to antibody-coated virally infected targets compared 

to FcRIy+ NK cells. The expansion of this subset was strongly associated with the ex-

pression of CD57 and NKG2C, but was also seen in NKG2C- NK cells indicating that 

WKH�H[SDQVLRQ�RI�)F5,\��1.�FHOOV��QRZ�WHUPHG�)FȖ5¨J��LQGHHG�SDUWO\�RYHUODS�EXW�DOVR�

KDYH�GLIIHUHQW�GLVWLQFW�IXQFWLRQDOLW\������)F5,\�1.*�&��1.�FHOOV�VKRZHG�PHPRU\�OLNH�

SURSHUWLHV�OLNH�FORQDO�H[SDQVLRQ�DQG�ORQJHYLW\�ZLWK�VWURQJ�HIIHFWRU�IXQFWLRQV�E\�&'����

HQJDJHPHQW� EXW� ZHDN� UHVSRQVHV� WR� .���� H[SRVXUH������ ZKHUHDV� )F5,\�1.*�&��

NK cells showed elevated functionality in both settings. Preceding studies focusing 

RQ�)FȖ5¨J�1.�FHOOV� LQ�&09�LQIHFWHG�VXEMHFWV�FRQFHQWUDWHG�RQ�WKH�HSLJHQHWLF�UHJX-

ODWLRQ�RI�WKLV�VSHFL¿F�1.�FHOO�VXEVHW����������/HH�HW�DO��IRXQG�WKH�IRUPDWLRQ�RI�GLVWLQFW�

VXEVHWV�RI�PHPRU\�OLNH�1.�FHOOV�LQ�SUHVHQFH�RI�+&09�RIWHQ�WR�EH�GH¿FLHQW�IRU�VHYHUDO�

WUDQVFULSWLRQ�IDFWRUV�DQG�VLJQDOLQJ�SURWHLQV��H�J��WKH�W\URVLQH�NLQDVH�6<.��ZKLFK�ZDV�

ODUJHO\�FRQ¿QHG�WR�WKH�QHZO\�IRXQG�1.�FHOO�VXEVHW������,Q�WKH�VDPH�LVVXH�RI�,PPXQLW\��

Schlums et al. described CD56dim�1.�FHOOV�GHYRLG�RI�)F5Ȗ��6<.�DQG�($7���H[SUHVVLRQ��

correlating with promoter DNA methylation in HCMV-seropositive individuals(70). Inter-

HVWLQJO\��'1$�PRGL¿FDWLRQV�LQ�DGDSWLYH�1.�FHOOV�VKRZHG�VLPLODULWLHV�WR�PHPRU\�&'���

7�FHOOV��)XQFWLRQDOO\��'1$�PRGL¿FDWLRQV� LQ�1.�FHOOV� OHG� WR�KHLJKWHQHG� UHVLVWDQFH� WR�

DSRSWRVLV�GXULQJ�LQÀDPPDWLRQ�DQG�VXSHULRU�SUROLIHUDWLRQ�LQ�WKH�SUHVHQFH�RI�DQWLERGLHV��
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:KLOH�DQWLERG\�GHSHQGHQW�DGDSWLYH�1.�FHOO�SURSHUWLHV�DUH�QRW�DQWLJHQ�VSHFL¿F��ERWK�

VWXGLHV�JDYH�QHZ�LQVLJKW�RQ�WKH�IRUPDWLRQ�RI�PHPRU\�OLNH�1.�FHOOV�LQ�KXPDQV�IROORZLQJ�

+&09�LQIHFWLRQ��7KH�IROORZLQJ�\HDUV��GLIIHUHQW�VWXG\�JURXSV�FRQ¿UPHG�WKRVH�SUHYLRXV�

UHVXOWV�DQG�DOVR�SURYLGHG�LQVLJKW�LQWR�GHHSHU�PHFKDQLVPV�RI�PHPRU\�OLNH�1.�FHOOV�LQ�

FKDOOHQJH�ZLWK�RWKHU�YLUXVHV�OLNH�+,9�RU�+&9�����������

:KHQ�VWUROOLQJ�DORQJ�WKH�PHPRU\�SDWKZD\�IURP������XQWLO�QRZ��WKH�1.�FHOO�¿HOG�WRRN�

great steps in discovering more details about the newly uncovered characteristic of 

memory NK cells. In mice, NK cell memory has been described in three settings with 

&;&5��� KHSDWLF� 1.� FHOOV� WKDW� FDQ� PRXQW� DQWLJHQ�VSHFL¿F� WUDQVIHUUDEOH� UHFDOO� UH-

sponses to a vast array of haptens and viral antigens, Ly49H+ NK cells mediating MC-

09�VSHFL¿F� UHFDOO� UHVSRQVHV� WKDW�DOVR�VKRZ�HQKDQFHG�DGDSWLYH� LPPXQH�UHVSRQVHV�

XSRQ�DGDSWLYH�WUDQVIHU�DQG�ODVW�EXW�QRW�OHDVW�F\WRNLQH�LQGXFHG�DGDSWLYH�1.�FHOOV��ZKLFK�

DUH�QRW�DQWLJHQ�VSHFL¿F�QRQHWKHOHVV�

,Q�QRQKXPDQ�SULPDWHV��WKH�ODE�DURXQG�5HHYHV�VKRZHG�GDWD�RQ�DQWLJHQ�VSHFL¿F�1.�

FHOO� UHFDOO� UHVSRQVHV� LQGXFHG�E\�YDFFLQDWLRQ�DV�ZHOO�DV�RQ�PHPRU\�OLNH�1.�FHOOV� LQ�

UKHVXV�PDFDTXHV�LQIHFWHG�ZLWK�&09��1.�FHOOV�ZLWK�PHPRU\�FKDUDFWHULVWLFV�LQ�KXPDQV�

KDYH�EHHQ�GHVFULEHG�DQG�FDQ�EH�WULJJHUHG�E\�VSHFL¿F�FRPELQDWLRQV�RI�F\WRNLQHV������

����RU�F\WRPHJDORYLUXV�LQIHFWLRQ�����������&\WRNLQH�HOLFLWHG�PHPRU\�OLNH�1.�FHOOV�LP-

pressed by revealing a huge potential in immunotherapies against cancer and are 

FXUUHQWO\�WHVWHG�IRU�DQWLWXPRUDO�SURSHUWLHV�LQ�KXPDQV��7UXH�DQWLJHQ�VSHFL¿F�1.�FHOOV�UH-

sponses were suggested in experiments conducted with CMV, EBV, BCG and HIV(13, 

15, 48-52, 99). Moreover, besides the expansion of phenotypically and functionally 

distinct adaptive NK cell subsets in CMV-seropositive individuals(110), only a limited 

number of studies in humans have investigated pathogen-induced expansion of spe-

FL¿F�1.�FHOO�VXESRSXODWLRQV��7KHUHIRUH��WKH�UHFHQW�GDWD�UHOHDVH�E\�3DXVW¶V�VWXG\�JURXS�

VKRZLQJ�YDFFLQDWLRQ�GHSHQGHQW�DQG� WUXH�DQWLJHQ�VSHFL¿F�KXPDQ�1.�FHOO� UHVSRQVHV�

UHSUHVHQWV�D�JUHDW�VWHS�IRUZDUG�LQ�WKH�QHZ�¿HOG�RI�1.�FHOO�PHPRU\������7KH�GHPRQ-

VWUDWLRQ�RI�DQWLJHQ�VSHFL¿F�1.�FHOOV�ZLWK�DFWLYLW\�DJDLQVW�SDUWLFXODU�YLUXVHV�LQ�KXPDQV�

ZRXOG�EH�KLJKO\�VLJQL¿FDQW��DV�LW�ZRXOG�SURYLGH�D�WKLUG�DUP�RI�WKH�LPPXQH�V\VWHP�WKDW�

can be targeted by vaccines to prevent infectious diseases for which there is currently 

QR�DYDLODEOH�RU�HIIHFWLYH�HQRXJK�SURSK\OD[LV��VXFK�DV�+,9�DQG�LQÀXHQ]D��
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Table 2. NK cell memory

GLYLGHG�LQWR�PHPRU\�OLNH��F\WRNLQH�LQGXFHG�DQG�DQWLJHQ�VSHFL¿F�1.�FHOO�UHVSRQVHV�DQG�VXEMHFW�WKDW�ZDV�XVHG�ZLWKLQ�WKH�

VWXG\��PRXVH��QRQ�KXPDQ�SULPDWH��1+3���KXPDQ�

a 

0HPRU\�OLNH &\WRNLQH�LQGXFHG $QWLJHQ�VSHFL¿F

MCMV
6FDO]R�HW�DO���2005 (10)

.LHOF]HZVND�HW�DO�������(9)

Sun et al., 2009 (11)

TUMOR
NI et al., 2012 (93)

Uppendahl et al., 2019 (94)

Haptens
2¶/HDU\�HW�DO��������(5)

Paust et al., 2010 (6)

0DMHZVND�6]F]HSDQLN�et al., 2013 (7)

Peng et al., 2013 (8)

Van den Boorn et al., 2016 (92)

HIV
Paust et al., 2010 (6)

,QÀXHQ]D
Paust et al., 2010 (6)

Li et al., 2017 (90)

Vesicular stomatitis
Paust et al., 2010 (6)

Vaccina virus
Gillard et al., 2011 (91)

BCG/M. tuberculosis
9HQNDWDVXEUDPDQLDQ�HW�DO��������(12)

SHIV/SIV
Reeves et al., 2015 (14)

Rhesus CMV
0DQLFNDP�HW�DO�������(97)

HCMV
Guma et al., 2004/2006(50,66)

/RSH]�9HUJqV�HW�DO��������(52)

Foley et al., 2012 (49)

Hwang et al., 2013 (68)

Zhang et al., 2013 (74)

Lee et al., 2015 (73)

Schlums et al., 2015 (70)

Hammer et al., 2018 (51)

EBV
+HQGULFNV�HW�DO�������(48)

Tong et al., 2014 (98)

Jud et al., 2017 (99)

HIV
1LN]DG�HW�DO�������(15)

Wang et al., 2020 (16)

BCG
Suliman et al., 2016(13)

In vitro
Romee et al., 2012(80)

AML
Romee et al., 2016(85)

,QÀXHQ]D
Goodier et al., 2016(101)

HIV
Zhou et al., 2015(109)

HCV
Oh et al., 2016(108)

Cooper et al., 2009(78)
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1.4 NK CELLS IN HIV INFECTION

$Q�HIIHFWLYH�+,9�YDFFLQH�LV�XUJHQWO\�QHHGHG�DIWHU�IDLOXUH�RU�PDUJLQDO�HI¿FDF\�RI�VHYHUDO

+,9�YDFFLQH�WULDOV�FRQGXFWHG�VLQFH�WKH�¿QGLQJ�RI�+,9�LWVHOI�������6LQFH�WKH�VWDUW�RI�WKH�

HIV epidemic in 1980, the virus has infected 74.9 million people and 32 million people 

ZHUH�NLOOHG�RYHUDOO�������$OWKRXJK�DQWLUHWURYLUDO�WKHUDS\��$57��KDV�GHFUHDVHG�DQQXDO�

$,'6�UHODWHG�GHDWKV�E\�����VLQFH�WKH�SHDN� LQ�������ZLWK������PLOOLRQ�SHRSOH�EHLQJ�

infected, 1.7 million new infections and 770.000 deaths from AIDS-related illnesses at 

WKH�HQG�RI�������+,9�VWLOO�UHSUHVHQWV�RQH�RI�WKH�JUHDWHVW�PHGLFDO�EXUGHQV�NQRZQ�������

,W�ZRXOG�EH�KLJKO\�VLJQL¿FDQW� WR�EH�DEOH� WR�KDUQHVV�1.�FHOOV� IRU� IXWXUH�+,9�YDFFLQH�

designs as increasing evidence suggest that NK cells can mediate anti-viral activity 

against HIV(24, 113-131), and develop memory of HIV(14- 16).

1.4.1 NK Cells and Protection against HIV

&HUWDLQ�UHFHSWRU�DUUDQJHPHQWV�KHOS�LQGLYLGXDOV�WR�XQGHUJR�VORZHU�SURJUHVVLRQ�RU�PDNH�

WKHP�OHVV�OLNHO\�WR�JHW�LQIHFWHG�E\�+,9��:KHQ�WDNLQJ�D�ORRN�DW�.,5�UHFHSWRUV��VWXGLHV�

suggested that especially the activating KIR allele KIR3DS1 in the presence of HLA-B 

alleles that encode an isoleucine at position 80 leads to slower AIDS progression(113). 

The presence of the ligand alone did not show any protection whereas the presence 

of KIR3DS1 without its putative binding ligand HLA-B led to more rapid progression 

to AIDS(113). Individuals expressing HLA-Bw4-80I display a preferential expansion of 

KIR3DS1+ NK cells, a subset that shows strong functional inhibition of HIV replica-

WLRQ�������)XUWKHUPRUH��LQGLYLGXDOV�FDUU\LQJ�VSHFL¿F�DOOHOHV�RI�WKH�LQKLELWRU\�.,5�'/��

HLA-Bw4 genotype showed lower levels of HIV expression and slower progression to 

AIDS(115). Eventually, KIR3DL1 in combination with HLA- B*57 was found to lower the 

ULVN�RI�+,9�LQIHFWLRQ�LQ�+,9�H[SRVHG�XQLQIHFWHG�LQGLYLGXDOV�������7KHVH�UHVXOWV�VHHP�

to be contradictive comparing an activating and inhibitory receptor to have the same 

RXWFRPH��<HW��VWXGLHV�VXJJHVWHG�ORRNLQJ�DW�ERWK�UHFHSWRUV�DV�D�VWDWH�RI�V\QHUJ\�DQG�

also partly as a mean of licensing. Inhibition promoted by KIR3DL1 forces the NK cell 

into an inhibitory state. Yet, once the activation threshold is reached and inhibition is 

abrogated, KIR3DL1/HLA-B+ NK cells might show increased functionality. The sus-

ceptibility for HIV decreases depending on the number of gene copies for KIR3DL1 
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with at least one copy existing for KIR3DS1 and one for HLA-Bw4-80l (117). However, 

a study comparing HIV-infected and highly exposed uninfected individuals showed 

WKDW� QRW� DOO� VXEW\SHV�RI� WKH� LQKLELWRU\�.,5�'/��DUH� DVVRFLDWHG�ZLWK� UHGXFHG� ULVN� RI�

LQIHFWLRQ��ZKLFK�LV�OLQNHG�WR�GLVWLQFW�DOORW\SHV�UHVXOWLQJ�LQ�GLVWLQFW�VXUIDFH�H[SUHVVLRQV�

and therefore varying effector functions(118). A study in 2013 released new data on 

protection against HIV transmission in sexual partners that revealed KIR/HLA incom-

SDWLELOLW\�������5HFLSLHQW�VHURQHJDWLYH�SDUWQHUV�GLG�QRW�VKRZ�HI¿FLHQW�NLOOLQJ�RI�+,9�LQ-

fected target cells whenever the sexual partner expressed the matching KIR ligand. In 

contrast, a clear increase in CD4+ T cell death was detected whenever an allogeneic 

HLA/KIR mismatch was present possibly due to alloreactive NK cells triggering a miss-

ing-self mechanism(132). Besides the role played by KIRs in HIV infection, Carrington 

et al. published data on high levels of HLA-A on NK cells which resulted in poorer con-

trol of HIV(133). HLA-A expression led to higher expression rates of HLA-E through an 

HLA-A derived signal peptide. Therefore, high HLA-E expression promoted NKG2A- 

mediated NK cell inhibition impairing NK cell mediated lysis of HIV-infected targets. 

7KHVH�UHVXOWV�VXJJHVWHG�WKHUDSHXWLF�EORFNLQJ�RI�WKH�LQWHUDFWLRQ�EHWZHHQ�+/$�(�DQG�

NKG2A for better outcome of HIV infection progression.

Overall, NK cells are able to express certain receptor repertoires that enable the cell 

to slow down or to suppress HIV infection and progression in a stronger manner. A 

OLVWHG�RYHUYLHZ�RQ�DOO�.,5�DOOHOHV�WKDW�LQÀXHQFH�SRVVLEOH�+,9�RXWFRPHV�LQ�UHJDUGV�WR�

+,9� UHVLVWDQFH��VORZHU�DQG� UDSLG�GLVHDVH�SURJUHVVLRQ�FDQ�EH�VHHQ� LQ�+HQV�HW�DO�¶V�

paper(134).

1.4.2 HIV Immune Escape from NK Cells

HIV responds to immune pressure with evasions strategies that help the virus to estab-

lish a chronic reservoir and dangerously deplete the CD4+ T cell count so that AIDS be-

comes manifest. Physiologically during acute HIV infection NK cell redistribution from 

CD56dim towards CD56neg occurs, generating a variety of dysfunctional NK cells(135). 

The decrease of cytotoxic NK cells and the increase of NK cells that show reduced ex-

SUHVVLRQ�RI�DFWLYDWLRQ�.,5�UHFHSWRUV�DQG�VHFUHWLRQ�RI�F\WRNLQHV�DV�ZHOO�DV�DQ�LQFUHDVH�

in inhibitory KIR receptors on the surface delivers HIV the chance to progress and rep-

licate within the human host(24, 25, 130). In addition, immune pressure has highly sup-
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SRUWHG�WKH�GHYHORSPHQW�RI�GLIIHUHQW�HI¿FLHQW�+,9�HYDVLRQ�VWUDWHJLHV��$OWHU�HW�DO��VKRZHG�

WKDW�+,9�LV�FDSDEOH�RI�HVFDSLQJ�IURP�.,5��1.�FHOO�SUHVVXUH�E\�VHOHFWLQJ�IRU�VHTXHQFH�

polymorphisms that encode for new amino acids in HLA-I–presented peptides(119). 

These peptides enhance the binding of inhibitory KIRs to HIV-infected CD4+ T cells 

VR�WKDW�YLUXV�LQIHFWHG�FHOOV�DUH�SURWHFWHG�IURP�NLOOLQJ��$OVR�FRQWUROOLQJ�WKH�XS�DQG�GRZQ�

regulation of the surface expression of cellular ligands for NK cell receptors helps the 

YLUXV� WR�HVFDSH� LPPXQH� UHFRJQLWLRQ�������'LIIHUHQW�FHOOV�RI� WKH� LPPXQH�V\VWHP� OLNH�

&'���7�FHOOV�DQG�1.�FHOOV�FRQWURO�YLUDO�UHSOLFDWLRQ��&\WRWR[LF�&'���7�FHOOV�UHFRJQL]H�

SHSWLGHV�SUHVHQWHG�RQ�+/$�,�PROHFXOHV��&RQVHTXHQWO\��+,9�IRUFHV�WKH�GRZQ�UHJXODWLRQ�

RI�+/$�,�UHFHSWRUV��ZKLFK�LQ�WXUQ�DFWLYDWHV�1.�FHOOV�GXH�WR�WKH�ODFN�RI�+/$�,�����������

Therefore, HIV developed a self-sustaining strategy by producing proteins (e.g. Nef) 

that down regulate the major binding sites for cytotoxic T cells but sustain HLA class I 

molecules that lead to inhibitory signals for NK cells(124-126). Accordingly, HIV treats 

the up regulation of NKG2D on NK cells the same way mostly by downregulating li-

gands from the surface(127). In addition, hyperactivation through NKG2D and NCR 

triggers their chronic downregulation in return(136). Furthermore, the virus is able to 

PRGXODWH�WKH�UHFHSWRU�H[SUHVVLRQ�OHYHOV�RQ�1.�FHOOV�WKXV�LQFUHDVLQJ�WKH�IUHTXHQF\�RI�

inhibitory NK cell receptors whereas decreasing natural cytotoxicity receptors(24, 128-

130). Based on limited therapeutic interventions against HIV and its immune evasion 

strategies, a better understanding of potential antiviral immune mechanisms that could 

help control HIV infection, especially memory NK cells with anti-HIV activity might high-

O\�FRQWULEXWH�WRZDUGV�WKH�HIIRUWV�RI�GHYHORSLQJ�DQ�HI¿FLHQW�YDFFLQH�DJDLQVW�+,9�

1.5 NK CELLS IN INFLUENZA INFECTION

+,9�LV�QRW�WKH�RQO\�GLVHDVH�WKDW�LV�LQ�QHHG�RI�DQ�HIIHFWLYH�YDFFLQH�WKHVH�GD\V��,QÀXHQ]D�

VWLOO� UHSUHVHQWV�DQ�DQQXDO� WKUHDW� WR�PDQNLQG�GXH� WR�VKRUW�WHUP�DQG�YDULDEOH�YDFFLQH�

HI¿FDF\�WKDW�XUJHV�DQQXDO�YDFFLQH�UHIRUPXODWLRQV��7KH�QHHG�RI�QHZ�YDFFLQH�GHVLJQV�LV�

EDVHG�RQ�UDSLG�ÀX�YLUXV�PXWDWLRQV��DOVR�NQRZQ�DV�DQWLJHQLF�GULIWV��HVSHFLDOO\�LQ�WKH�LQ-

ÀXHQ]D�$�KHPDJJOXWLQLQ��+$��DQG�QHXUDPLQLGDVH��1$��DQWLJHQV�WKDW�IDFLOLWDWH�WKH�YLUXV�

to escape from the host immune system. The delay between the start of annual vac-

FLQH�PDQXIDFWXUH�DQG�WKH�VSUHDG�RI�WKH�HSLGHPLF�UHVXOWV�LQ�YDFFLQHV�RI�YDULDEOH�HI¿FD-
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cy. Poor vaccine-elicited protection can lead to seasonal epidemics, which result in an 

estimated 250,000-650,000 deaths and 3 to 5 million cases of severe illness per year 

ZRUOGZLGH�������0RUHRYHU��GLUHFW�WUDQVPLVVLRQ�RI�DQ�DYLDQ�LQÀXHQ]D�YLUXV�WR�KXPDQV�

RU�UHDVVRUWPHQWV�RI�HQWLUH�YLUDO�51$�VHJPHQWV�EHWZHHQ�DYLDQ�DQG�KXPDQ�LQÀXHQ]D�

YLUXVHV�FDQ�OHDG�WR�WKH�VSUHDG�RI�SDQGHPLF�VWUDLQV�RI�LQÀXHQ]D�YLUXVHV��,Q�WKHVH�FDVHV��

the population is exposed to a new virulent virus against which there is little natural 

immunity, resulting in extremely high rates of morbidity and mortality. In 2009, emer-

JHQFH�RI�D�QHZ�VZLQH�GHULYHG�+�1��LQÀXHQ]D�VWUDLQ��$�&DOLIRUQLD����������VHW�RII�DQ�

international pandemic starting in Mexico/California, which was followed by concerning 

FDVHV�RI�KXPDQ�LQIHFWLRQV�ZLWK�WKH�KLJKO\�SDWKRJHQLF�DYLDQ�LQÀXHQ]D�$��+�1���LQ������

LQ�&KLQD�������)RU�QRZ��LQÀXHQ]D�YDFFLQHV�RQO\�SURYLGH�VHDVRQDO�SURWHFWLRQ�VXFK�WKDW�

WKH�ÀX�FDQ�VWLOO�LQIHFW�SUHYLRXVO\�YDFFLQDWHG�LQGLYLGXDOV������

������1.�&HOOV�DQG�3URWHFWLRQ�DJDLQVW�,QÀXHQ]D�

5HFRYHU\�IURP�DFXWH�LQÀXHQ]D�LQIHFWLRQ�UHOLHV�RQ�WKH�DELOLW\�RI�WKH�LPPXQH�V\VWHP�WR�

SURGXFH�QHXWUDOL]LQJ�DQWLERGLHV�WDUJHWLQJ�WKH�+$�DQG�1$�JO\FRSURWHLQV�DV�ZHOO�DV�RQ�

WKH� LQÀXHQ]D�VSHFL¿F�NLOOLQJ�RI�&'���7�FHOOV������������+RZHYHU��QXPHURXV�VWXGLHV�

KDYH�KLJKOLJKWHG�WKH�LPSRUWDQFH�RI�1.�FHOOV�GXULQJ�LPPXQH�UHVSRQVHV�DJDLQVW�LQÀX-

HQ]D� LQIHFWLRQV����� ����������+HDOWK\� OXQJV� KDUERU� ������RI� O\PSKRF\WHV�ZKHUHRI�

residential CD56dimCD16+ NK cells represent a substantial portion(157). Within days 

RI�LQIHFWLRQ�RU�KRXUV�DIWHU�LQÀDPPDWLRQ�LQLWLDWLRQ�DGGLWLRQDO�FLUFXODWLQJ�1.�FHOOV�DUH�UH-

FUXLWHG�WR�WKH�OXQJV�WR�H[HFXWH�WZR�PDMRU�LPPXQH�IXQFWLRQV��VHFUHWLRQ�RI�F\WRNLQHV�DQG�

NLOOLQJ�RI�YLUXV�LQIHFWHG�FHOOV�WR�FRQWDLQ�YLUDO�UHSOLFDWLRQ������1RQHWKHOHVV��DOVR�UHVLGHQW�

lung CD56bright&'��D��1.�FHOOV�H[KLELW�VLJQL¿FDQW�DQWLYLUDO�DFWLYLW\�DJDLQVW�LQÀXHQ]D�LQ-

IHFWHG�FHOOV�E\�VHFUHWLQJ�,)1�Ȗ�DQG�JUDQ]\PH�%�������(QKDQFHG�,)1�Ȗ�VHFUHWLRQ�FRXOG�

QRW� RQO\� EH�GHWHFWHG�GXULQJ� LQÀXHQ]D� LQIHFWLRQ�EXW�ZDV�DOVR� VKRZQ� LQ� H[SHULPHQWV�

XVLQJ�LQÀXHQ]D�YDFFLQDWLRQ���������������

Studies around the H1N1 swine-origin pandemic in 2009 associated severe and/or le-

WKDO�LQÀXHQ]D�LQIHFWLRQV�ZLWK�UHGXFHG�SURSRUWLRQV�RI�1.�FHOOV�LQ�WKH�SHULSKHUDO�EORRG�DQG�

the lungs suggesting a great importance of NK cells in controlling the virus load(162, 

163). The same pandemic also allowed for gene association studies showing correla-

WLRQ�EHWZHHQ�VSHFL¿F�.,5�DOOHOHV�DQG�EHWWHU�FRQWURO�RU�LQFUHDVHG�VXVFHSWLELOLW\�GXULQJ�
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LQÀXHQ]D�LQIHFWLRQ�DOWKRXJK�GXH�WR�WKH�VPDOO�VL]H�RI�WKRVH�VWXG\�FRKRUWV��WKHVH�UHVXOWV�

and their clinical relevance have to be further determined(164, 165). More importantly, 

VWXGLHV�IRXQG�1.S���WR�EH�D�FUXFLDO�UHFHSWRU�IRU�DFWLYDWLRQ�RI�1.�FHOOV�GXULQJ�LQÀXHQ-

]D�LQIHFWLRQ�LQ�KXPDQV��ZKLFK�FRXOG�EH�FRQ¿UPHG�LQ�PLFH�E\�WKH�HTXLYDOHQW�UHFHSWRU�

NCR1 interacting with hemmagglutinin through sialic acid motifs(32, 143, 166). Al-

WKRXJK�WKH�UHFRJQLWLRQ�RI�+$�YDULHV�DPRQJ�WKH�GLIIHUHQW�LQÀXHQ]D�VXEW\SHV��1.S���LV�

HVVHQWLDO�LQ�FRQWUROOLQJ�WKH�YLUXV�WLWHU�OHYHOV�E\�O\VLQJ�LQÀXHQ]D�LQIHFWHG�FHOOV�����������

,Q�DGGLWLRQ��1.S�����%��DQG�17%�$�DOVR�VLJQL¿FDQWO\�PHGLDWH�FHOO�O\VLV�E\�GLUHFWO\�ELQG-

LQJ�WR�WKH�+$�SURWHLQV�SUHVHQW�DW�WKH�VXUIDFH�RI�LQÀXHQ]D�LQIHFWHG�FHOOV�����������$GGL-

tionally, latest studies revealed a CD49a+DX5- NK cell memory phenotype that resides 

LQ�WKH� OLYHU�RI�5DJ���GH¿FLHQW�PLFH�ZKLFK� LV�RI�YLWDO� LPSRUWDQFH�LQ�SURWHFWLRQ�DJDLQVW�

DFXWH�VHFRQGDU\�LQÀXHQ]D�LQIHFWLRQ�LQ�PLFH�����DQG�*RRGLHU�HW�DO��UHOHDVHG�GDWD�RQ�

HOHYDWHG�1.�FHOO�,)1�Ȗ�UHVSRQVHV�WR�D�VSHFL¿F�LQÀXHQ]D�YLUXV��$�&DOLIRUQLD���������XS�

WR���ZHHNV�SRVW��YDFFLQDWLRQ�������7KRVH�1.�FHOO�UHVSRQVHV�FRXOG�EH�HQKDQFHG�LQ�WKH�

SUHVHQFH�RI�LQQDWH�F\WRNLQHV�DOWKRXJK�WKH\�ZHUH�DOVR�GHSHQGHQW�RQ�WKH�&'���7�FHOO�

secretion of IL-2. 

������,QÀXHQ]D�9LUXV�,PPXQH�(VFDSH�IURP�1.�&HOOV

)XUWKHU�FRUURERUDWLQJ�D�UROH�IRU�1.�FHOOV�LQ�FRQWUROOLQJ�LQÀXHQ]D�UHSOLFDWLRQ��WKH�YLUXV�

VKRZV�HYDVLRQ�VWUDWHJLHV�WR�DYRLG�1.�FHOO�O\VLV��,QÀXHQ]D�WDUJHWV�WKH�UHFRJQLWLRQ�RI�+$�

by slowly mutating and removing the sialic acid residues on NKp46 so that the viral 

SURWHLQ�FDQQRW�EH�ERXQG�DQ\PRUH�������&RQVHTXHQWO\��1.�FHOOV�O\VH�LQÀXHQ]D��LQIHFW-

ed cells less effectively. In comparison, deletion of mutated sites within NKp46 eventu-

ally increases the lysing potential of NK cells again(152). Yet, not only mutation of the 

VLDOLF�DFLG�VLWHV�KHOSV�WKH�YLUXV�WR�HVFDSH�EXW�DOVR�WKHLU�HQWLUH�GHOHWLRQ�E\�WKH�LQÀXHQ]D�

GHULYHG�DQWLJHQ�QHXUDPLQLGDVH��������%HVLGHV��LQÀXHQ]D�LV�DOVR�DEOH�WR�LQIHFW�DQG�NLOO�

NK cells directly. In vitro studies showed the binding of the virus to sialic acid motifs on 

UHFHSWRUV�ZLWK�VXEVHTXHQW�PHGLDWH�HQGRF\WRVLV��ZKLFK�OHG�WR�DSRSWRVLV�RI�WKH�WDUJHW�

FHOO�������)XUWKHUPRUH��0DQLFDVVDP\�HW�DO�¶V�VWXG\�VXJJHVWHG�WKH�LQIHFWLRQ�RI�1.�FHOOV�

E\�LQÀXHQ]D�LQ�YLYR�YLD�JUHHQ�ÀXRUHVFHQW�SURWHLQ��*)3��UHSRUWHU�YLUXVHV��ZKLFK�HYHQ-

tually revealed a proportion of GFP positive NK cells supporting their hypothesis(170).

$OWKRXJK�LQÀXHQ]D�LPPXQL]DWLRQ�HIIRUWV�DUH�DKHDG�RI�WKRVH�IRU�+,9�ZLWK�WKH�SURGXFWLRQ�

RI�DQ�DQQXDO�LQÀXHQ]D�YDFFLQH��LQÀXHQ]D�LV�VWLOO�D�GLVHDVH�WKDW�FDXVHV�VHYHUH�LOOQHVV�
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DQG�GHDWK��HVSHFLDOO\�WR�KLJK�ULVN�SRSXODWLRQV�LQFOXGLQJ�QHRQDWHV�DQG�HOGHUO\������������

DQG�WKH�WKUHDW�RI�D�SDQGHPLF�UHSUHVHQWV�D�PDMRU�SXEOLF�KHDOWK�FRQFHUQ��-XVW�OLNH�+,9��

LQÀXHQ]D�KDV�IRXQG�LWV�ZD\�WR�HVFDSH�IURP�KXPDQ�LPPXQH�PHFKDQLVPV��ZKLFK�PDNH�

LW�GLI¿FXOW�WR�¿QG�D�SUHYHQWLYH�FXUH��7KHUHIRUH��1.�FHOOV�ZLWK�DQWLYLUDO�DFWLYLW\�DJDLQVW�LQ-

ÀXHQ]D�UHSUHVHQW�D�SRWHQWLDO�HIIHFWRU�FHOO�SRSXODWLRQ��ZKLFK�PLJKW�EH�DEOH�WR�UHFRJQL]H�

PRUH�FRQVHUYHG�UHJLRQV�RI�LQÀXHQ]D�WKDQ�WKRVH�WDUJHWHG�E\�7�DQG�%�FHOOV�DQG�FRXOG�

VLJQL¿FDQWO\�FRQWULEXWH� WR�SUHYHQW� LQÀXHQ]D� LQIHFWLRQV�� ,QWHUHVWLQJO\��SUHYLRXV�VWXGLHV�

E\�'U��-RVW�UHSRUWHG�WKDW�LQÀXHQ]D�YDFFLQDWLRQ�SURPRWHV�WKH�H[SDQVLRQ�RI�D�VXEVHW�RI�

NK cells expressing high levels of 2B4 (2B4bright) and low levels of NKp46 (NKp46low)

(172). However, whether a subset of long-lived 2B4brightNKp46low NK cells endowed 

ZLWK�DQWL�LQÀXHQ]D�VSHFL¿FLW\�SHUVLVWV�LQ�LQGLYLGXDOV�H[SRVHG�WR�LQÀXHQ]D�DQG�LV�DVVR-

FLDWHG�ZLWK�FRQWURO�RI�LQÀXHQ]D�UHSOLFDWLRQ�UHPDLQV�WR�EH�GHWHUPLQHG��7KXV��DIWHU�IRXU�

LQÀXHQ]D�SDQGHPLFV�ZLWKLQ�����\HDUV�DQG�WKH�PLVVLQJ�VXFFHVV�RI�SURYLGLQJ�D�YDFFLQH�

against HIV, it is more important than ever to explore the different arms of the immune 

V\VWHP�LQ�PRUH�GHWDLO�WR�ZRUN�WRZDUGV�DQ�HIIHFWLYH�YDFFLQH�WKDW�FDQ�SURWHFW�DJDLQVW�D�

EURDGHU�VSHFWUXP�RI�LQÀXHQ]D�VWUDLQV��

)RU�P\�WKHVLV��,�VRXJKW�WR�ORRN�DW�DQWLJHQ�VSHFL¿F�1.�FHOO�UHVSRQVHV�LQ�+,9�DQG�LQÀX-

HQ]D��3UHOLPLQDU\�UHVXOWV�REWDLQHG�LQ�'U��-RVW¶V�ODERUDWRU\�VKRZHG�HQKDQFHG�DQWL��+,9�

*DJ� DFWLYLW\�PHGLDWHG� E\�1.� FHOOV� LQ�+,9�LQIHFWHG� VXEMHFWV�� VXJJHVWLQJ� IRU� WKH� ¿UVW�

WLPH�DQWLJHQ�VSHFL¿FLW\� DPRQJ�KXPDQ�SHULSKHUDO� EORRG�1.�FHOOV��%XLOGLQJ�RQ� WKRVH�

preliminary results, we performed experiments in a cohort of HIV-exposed seronega-

WLYH��+(61��VXEMHFWV�WHVWLQJ�WKH�K\SRWKHVLV�WKDW�+,9�VSHFL¿F�1.�FHOO�UHVSRQVHV�ZRXOG�

be stronger in HESN than in healthy individuals, and partly responsible for protection. 

7KH�UHVXOWV�LQ�WKH�+,9�H[SRVHG�VHURQHJDWLYH�FRKRUW�VKRZHG�QR�VLJQL¿FDQW�GLIIHUHQFH�

LQ�NLOOLQJ�RI�+,9�LQIHFWHG�FHOOV�FRPSDUHG�WR�WKRVH�LQ�WKH�QHJDWLYH�FRQWURO�JURXS��%RWK�

groups similarly eliminated HIV-presenting target cells. In parallel, we assessed the 

H[LVWHQFH�RI� LQÀXHQ]D�VSHFL¿F�KXPDQ�1.�FHOO�PHPRU\� LQ�KHDOWK\�VXEMHFWV� UHFHLYLQJ�

VHULDO�YDFFLQDWLRQ�ZLWK�D�OLYH�DWWHQXDWHG�LQÀXHQ]D�YLUXV��)OX0LVW��DV�D�PRGHO�WR�DQDO\]H�

WKH�NLQHWLFV�RI�1.�FHOO�DQWLJHQ�VSHFL¿F�H[SDQVLRQV�IROORZLQJ�UHSHDWHG�H[SRVXUH�WR�WKH�

same viral antigen. NK cell responses mediated by the 2B4brightNKp46low subset against 

a recombinant H1N1 HA protein close to the strain included in the vaccine were en-

KDQFHG�DIWHU� LPPXQL]DWLRQ� FRPSDUHG� WR�EDVHOLQH�� FRQVLVWHQW�ZLWK�DGDSWLYH� LPPXQH�

responses mediated by NK cells.



0DWHULDO�DQG�0HWKRGV2
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2.1 STUDY SUBJECTS

������,QÀXHQ]D�9DFFLQH�&RKRUW

A total of 7 healthy volunteers (three women and four men, median age 24 years, 

UDQJH�������\HDUV��LPPXQL]HG�ZLWK�D�OLYH�DWWHQXDWHG�LQÀXHQ]D�YLUXV�YDFFLQH�DGPLQLV-

tered intranasally (FluMist, MedImmune) were included in this study and referred to as 

)/80����WR�)/80����KHUHDIWHU��7DEOH�����$FFRUGLQJ�WR�VHOI�UHSRUWHG�ÀX�KLVWRU\��IRXU�

of the subjects were never vaccinated before (FLUM001, FLUM003, FLUM006 and 

)/80������2QH�RI�WKRVH�XQYDFFLQDWHG�VXEMHFWV�UHSRUWHG�WR�KDYH�XQGHUJRQH�LQÀXHQ]D�

infection (FLUM003). FLUM004 was not entirely sure to have never been vaccinated. 

7ZR�VXEMHFWV�KDG�UHFHLYHG�D�RQH�WLPH�LQWUDPXVFXODU�LQDFWLYDWHG�LQÀXHQ]D�YDFFLQDWLRQ�

LQ�������)/80�����DQG�������)/80������VR�WZR�DQG�RQH�\HDU�SULRU�WR�WKH�¿UVW�VWXG\�

YDFFLQDWLRQ�ZLWK�)OX0LVW��UHVSHFWLYHO\��$V�SDUW�RI�WKLV�VWXG\��DOO�VXEMHFWV�ZHUH�LPPXQL]HG�

intranasally with 0.2mL of the FluMist 2008- 2009 formula containing 106.5-7.5 FFU 

�ÀXRUHVFHQW�IRFXV�XQLWV��RI�OLYH�DWWHQXDWHG�LQÀXHQ]D�YLUXV�UHDVVRUWDQWV�RI�WKH�IROORZLQJ�

VWUDLQV��$�6RXWK'DNRWD��������+�1���$�%ULVEDQH���������OLNH���$�8UXJXD\����������

�+�1����$�%ULVEDQH���������OLNH��DQG�%�)ORULGD��������

The subjects were vaccinated two or three times at intervals of one month. Peripheral 

EORRG�PRQRQXFOHDU�FHOOV��3%0&��DQG�SODVPD�ZHUH�LVRODWHG�IURP�EORRG�VDPSOHV�WDNHQ�

before vaccination (BL) and then approximately 5 (PVe) and 30 (PVIa) days after each 

LPPXQL]DWLRQ��7KH�VWXG\�ZDV�DSSURYHG�E\�WKH�0*+�,QVWLWXWLRQDO�5HYLHZ�%RDUG�DQG�

each subject gave written informed consent for participation in the study.

2.1.2 HIV-Exposed Seronegative Cohort

([SHULPHQWV� ORRNLQJ� DW� +,9�VSHFL¿F� 1.� FHOO� UHVSRQVHV� LQ� +,9�H[SRVHG� VHURQHJD-

tive individuals were performed using samples from 8 subjects enrolled in a cohort of 

+,9�QHJDWLYH�PHQ�ZKR�KDYH�VH[�ZLWK�PHQ��060��VHOI�LGHQWL¿HG�DV�µKLJK�ULVN�RI�+,9�

DFTXLVLWLRQ¶������������DQG�IURP���KHDOWK\�ORZ�ULVN�PDOH�FRQWURO�VXEMHFWV��+,9�QHJDWLYH�

subjects were enrolled on IRB approved protocols at Fenway Health Boston and Mas-

VDFKXVHWWV�*HQHUDO�+RVSLWDO��+,9�QHJDWLYH�VWDWXV�ZDV�FRQ¿UPHG�E\�2UD4XLFN��$G-

vance HIV1/2 Rapid Antibody Test (OraSure Technologies, Inc. Bethlehem, PA, USA) 

and Alere DetermineTM HIV-1/2 Ag/Ab Combo (Alere Inc., Waltham, MA, USA). PBMC 

were isolated by density gradient centrifugation from peripheral blood samples and 

cryopreserved.
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2.2 CELL LINES

2.2.1 EBV-Transformed B-Lymphoblastoid Cell Lines (B-LCL)

)UHVK�ZKROH�EORRG�ZDV�XVHG� WR� LVRODWH�3%0&�E\�+LVWRSDTXH�GHQVLW\�JUDGLHQW�FHQ-

trifugation (Sigma, St. Louis, MO). Autologous B-LCL were generated by incubating 

lymphocytes from each study subject with the supernatant of B958 cells, a T cell line 

which constitutively releases high titers of transforming EBV, in the presence of 1ug/

P/�F\FORVSRULQH�$�DQG�����IHWDO�FDOI�VHUXP��)&6��IRU�DERXW���ZHHNV�LQ�530,������

medium supplemented with 2mM L-glutamine (Gibco), 100 U/mL penicillin (Gibco) and 

100 U/mL streptomycin (Gibco). After 10 days with no medium change, medium was 

replaced every two days. Once transformed, B-LCL were maintained in RPMI-1640 

supplemented with 20% FCS, 2mM L-glutamine, 100 U/mL penicillin, 100 U/mL strep-

tomycin. B-LCL pulsed with peptide pools were used as targets in functional assays to 

PHDVXUH�DQWLJHQ�VSHFL¿F�1.�FHOO�UHVSRQVHV�

2.2.2  K562 Cells 

.����FHOOV�ZHUH�WKH�¿UVW�KXPDQ�LPPRUWDOL]HG�P\HORJHQRXV� OHXNHPLD�FHOO� OLQH�EHLQJ�

described in 1973(175). It was found in the blood of a patient with chronic myeloid 

OHXNHPLD�LQ�WHUPLQDO�EODVW�FULVLV��.����FHOOV�DUH�FRPPRQO\�XVHG�DV�WDUJHW�FHOOV�IRU�1.�

7DEOH����,QÀXHQ]D�YDFFLQH�FRKRUW

Gender Age Self-reported Flu history
Number of 
FluMist® vaccinations

FLUM001 F

M

F

F

M

M

M

25

24

24

25

24

24

39

1HYHU�YDFFLQDWHG

9DFFLQDWHG�RQFH�
������

1HYHU�YDFFLQDWHG���
SRVVLEOH�SDVW�LQIHFWLRQ

3RVVLEOH�SUHYLRXV�
vaccination

9DFFLQDWHG�RQFH�
������

1HYHU�YDFFLQDWHG

1HYHU�YDFFLQDWHG

VAX I-III

VAX I-III

VAX I-III

VAX I-III

VAX I-II

VAX I-II

VAX I-II

FLUM002

FLUM003

FLUM004

FLUM005

FLUM006

FLUM007
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FHOOV�LQ�DVVD\V�LQ�YLWUR�DV�.����FHOOV�ODFN�FHOO�VXUIDFH�H[SUHVVLRQ�RI�FRQYHQWLRQDO�+/$�

class I molecules that usually inhibit NK cell activation(176). Therefore, this cell line 

represents an excellent positive control for all the experiments described below. K562 

cell lines (American Type Culture Collection, Manassas, VA) were grown in RPMI-1640 

supplemented with 10% fetal bovine serum (Sigma-Aldrich), 2 mM L- glutamine (Gib-

co), 100 U/mL penicillin (Gibco), and 100 U/mL streptomycin (Gibco) at 37°C/5% CO2.

2.3 FUNCTIONAL ASSAYS

2.3.1 Antigen-Specific NK Cell Calcein Acetoxymethyl Ester (CAM) Cytotoxicity Assay 

&U\RSUHVHUYHG�3%0&�ZHUH�WKDZHG�DQG�HLWKHU�XVHG�LPPHGLDWHO\��,QÀXHQ]D��RU�LQFX-

bated overnight (HIV) at 1M/mL in RPMI-1640 medium combined with 10% fetal bo-

vine serum (Sigma-Aldrich), 2mM L-glutamine (Gibco), 100 U/mL penicillin (Gibco), 

100 U/mL streptomycin (Gibco) and 1ng/mL IL-15 (R&D) prior to NK cell isolation us-

LQJ�FRPPHUFLDOO\�DYDLODEOH�QHJDWLYH�VHOHFWLRQ�NLWV� �VXFK�DV�1.�FHOO� LVRODWLRQ�NLW�DQG�

DXWR0$&6��6HSDUDWRU�IURP�0LOWHQ\L���7KHVH�DVVD\V�W\SLFDOO\�\LHOG�!����SXULW\�RI�1.�

cells. NK cell lysis of HLA class I-devoid K562 cells or autologous B-LCL loaded with 

overlapping peptide pools derived from HIV envelope (HIV-1 Consensus B – NIH AIDS 

5HDJHQW�3URJUDP���,QÀXHQ]D�+$��$�%ULVEDQH���������+�1����-37�,QQRYDWLYH�3HSWLGH�

Solutions), yellow fever virus NS4B (Negative control) (JPT Innovative Peptide Solu-

tions) or the CEF peptide pool (Positive Control) (Mabtech) was then assessed. The 

CEF peptide pool consists of HLA class I-restricted peptides from human CMV, EBV 

DQG�LQÀXHQ]D�YLUXV�DQG�ZDV�VKRZQ�WR�LQGXFH�,)1�Ȗ�UHVSRQVHV�E\�&'���7�FHOOV�LQ���RXW�

of 10 Caucasians. To do so, K562 or B-LCL target cells were stained with calcein AM 

�7KHUPR)LVKHU�6FLHQWL¿F��DW�D�������GLOXWLRQ�IRU��K�DW����&����&2��DQG�WKHQ�SXOVHG�

with peptides (2ug/mL) followed by another incubation at 37°C/5% CO2 for 1h. Calcein 

$0�VWDLQHG�SXOVHG�RU�XQSXOVHG�%�/&/�ZHUH�WKHQ�SODWHG�ZLWK�SXUL¿HG�DXWRORJRXV�1.�

cells at an effector-to-target cell ratio of 5:1 on a 96-well-plate and incubated for 4h at 

37°C/5% CO2.

7KH�DLP�RI�WKH�DVVD\�LV�WR�DVVHVV�WKH�DELOLW\�RI�1.�FHOOV�WR�NLOO�WDUJHW�FHOOV�LQ�DQ�DQWL-

JHQ�VSHFL¿F�PDQQHU�� LQ�WKH�DEVHQFH�RI�VLJQDOV�WULJJHUHG�E\�LQIHFWLRQ�WKDW�FRPPRQO\�

activate NK cells (i.e. HLA class I downregulation, cell surface expression of viral or 
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stress-induced proteins that serve as ligands for the NK cell receptors). Upon recog-

nition and lysis by NK cells, target cells release their calcein AM dye, which then can 

EH�PHDVXUHG�LQ�WKH�VXSHUQDWDQW��7KH�UHOHDVHG�FDOFHLQ�$0�E\�NLOOHG�WDUJHW�FHOOV�ZDV�

measured using a Victor Multilabel Plate Reader with an excitation of 485nm and ab-

VRUSWLRQ�RI����QP��7KH�SHUFHQW�VSHFL¿F�O\VLV�ZDV�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�IRUPX-

la: (test release – spontaneous release) / (maximum release – spontaneous release). 

Spontaneous release was calculated using target cells only in complete medium, max-

imum release was calculated using target cells in medium plus 2% Triton X-100.

������$QWLJHQ�6SHFL¿F�,QWUDFHOOXODU�6WDLQLQJ��,&6��$VVD\

7KLV�PRGL¿HG�,&6�LV�XVHG�DV�VXUURJDWH�PHDVXUH�IRU�DFWLYDWLRQ�RI�DQWLJHQ�VSHFL¿F�1.�

FHOOV��7KH�DVVD\�HYDOXDWHV�GHJUDQXODWLRQ�DQG�F\WRNLQH�SURGXFWLRQ�E\�1.�FHOOV� LQ�UH-

VSRQVH�WR�YLUDO�SHSWLGHV�DQG�LQ�WKH�DEVHQFH�RI�,/���SURGXFHG�E\�DQWLJHQ�VSHFL¿F�7�FHOO�

WKDW�VLJQL¿FDQWO\�LQGXFH�1.�FHOOV�WR�UHOHDVH�,)1�Ȗ����������������&'��GHSOHWLRQ�ZDV�

performed with thawed cryopreserved PBMC using commercially available negative 

VHOHFWLRQ�NLWV��VXFK�DV�&'��0LFUR%HDGV�KXPDQ���O\RSKLOL]HG�DQG�DXWR0$&6��6HSDUD-

WRU�IURP�0LOWHQ\L���$FWLYDWLRQ�RI�1.�FHOOV�ZDV�TXDQWL¿HG�DIWHU�VWLPXODWLRQ�RI�&'��GHSOHW-

ed PBMC with HLA class I-devoid K562 cells at an effector- to-target cell ratio of 10:1, 

�XJ�P/�RI�SXUL¿HG�LQÀXHQ]D�YLUXV��$�35������+�1����&KDUOHV�5LYHU�/DERUDWRULHV��:LOP-

LQJWRQ��0$���RU��XJ�P/�UHFRPELQDQW�LQÀXHQ]D�+$�SURWHLQ��$�%ULVEDQH���������+�1���

�6LQR�%LRORJLFDO�,QF����7R�H[SRVH�&'��GHSOHWHG�3%0&�WR�LQDFWLYDWHG�LQÀXHQ]D�YLUXV��

DSSUR[LPDWHO\�����[���A��QRQ�LQIHFWLRXV�LQÀXHQ]D�YLUDO�SDUWLFOHV�ZHUH�DGGHG�WR���A��

CD3-depleted PBMC resuspended in 0.1mL RPMI-1640 medium without serum. After 

1h of incubation at 37°C/5% CO2, RPMI-1640 supplemented with 10% fetal bovine 

serum (Sigma-Aldrich), 2mM L- glutamine (Gibco), 100 U/mL penicillin (Gibco) and 

����8�P/�VWUHSWRP\FLQ��*LEFR��ZDV�DGGHG�WR�D�¿QDO�YROXPH�RI��P/��3HSWLGH�SRROV�DQG�

K562 cells were added directly to 10^6 CD-3 depleted PBMC resuspended in 1ml com-

plete medium. Then, CD107a-A647 antibody (Biolegend), 1 mg/mL brefeldin A solution 

�%'�%LRVFLHQFHV��DQG�PRQHQVLQ��*ROJL6WRS��%'�%LRVFLHQFHV��DW�D�¿QDO�FRQFHQWUDWLRQ�

of 0.3 ul/mL were added immediately to all the reaction tubes and the total stimulation 

lasted for 18hr at 37°C/5% CO2. Unstimulated PBMC were similarly treated in parallel 
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WR�GH¿QH�WKH�EDFNJURXQG�OHYHO�RI�GHJUDQXODWLRQ��1.�FHOOV�ZHUH�GH¿QHG�DV�&'��&'���

CD19- CD56+CD16+/- cells using following surface antibodies: CD56-BV605 (Bioleg-

end), CD16-allophycocyanin-Cy7 (APC-Cy7) (Biolegend), CD3-BV421 (Biolegend), 

&'����%9�����%LROHJHQG���&'���%9�����%LROHJHQG���1.�FHOOV�ZHUH�IXUWKHU�FODVVL¿HG�

into subpopulations based on their expression levels of CD56 and CD16 as CD56dim 

(CD56+CD16+), CD56bright (CD56+CD16-) and CD56neg (CD56-CD16+)(19, 20). NK 

cell function and surface expression of 2B4 and NKp46 were evaluated simultaneously 

using 2B4-PerCP-Cy5.5 (Biolegend) and NKp46-PEcy7 (BD Biosciences). To monitor 

SURGXFWLRQ�RI�LQWUDFHOOXODU�F\WRNLQH�UHOHDVH��3%0&�ZHUH�¿[HG��%'�&\WR¿[�&\WRSHUP��

%'�%LRVFLHQFHV���SHUPHDELOL]HG��%'�3HUP�:DVK��%'�%LRVFLHQFHV��DQG�¿QDOO\�VWDLQHG�

IRU� LQWUDFHOOXODU� ,)1�Ȗ�),7&� �%'�%LRVFLHQFHV�� DQG�71)�Į�%9���� �%LROHJHQG��� )L[HG�

FHOOV�ZHUH�DQDO\]HG�RQ�DQ�/65,,�LQVWUXPHQW�XVLQJ�)$&6',9$�YHUVLRQ��������%'�%LR-

VFLHQFHV���7KH�IUHTXHQF\�DQG�SKHQRW\SHV�RI�1.�FHOOV�ZHUH�GH¿QHG�XVLQJ�)/2:-2�

version 7.5 (Treestar, Ashland, OR) (Figure 1).

1.�FHOO�IXQFWLRQ�DQG�SKHQRW\SH�ZHUH�DVVHVVHG�DV�IROORZV��DIWHU�JDWLQJ�IRU�O\PSKRF\WHV��DUHD�
VFDOLQJ�ZDV�GRQH�E\�XVLQJ�WKH�IRUZDUG��)6&��DQG�VLGHZDUG��66&��VFDWWHU�WR�GLVFULPLQDWH�GRX-
EOHWV��*DWHV�ZHUH�VHW�WR�H[FOXGH�&'����&'����DQG�&'����O\PSKRF\WHV�DV�ZHOO�DV�GHDG�FHOOV�
�EOXH�YLDELOLW\�G\H���([SUHVVLRQ�RI�VSHFL¿F�1.�FHOO�UHFHSWRUV�RU�DFWLYDWHG�1.�FHOOV��&'���D���
DV�VKRZQ�RQ�WKH�ULJKW�SDQHOV�DUH�GH¿QHG�XVLQJ�DSSURSULDWH�ÀXRUHVFHQFH�PLQXV��RQH�FRQWUROV�

Figure 1. Gating Strategy
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NK cell function and phenotype were assessed as follows: after gating for 
lymphocytes, area scaling was done by using the forward (FSC) and sideward 
(SSC) scatter to discriminate doublets. Gates were set to exclude CD3+, 
CD14+ and CD19+ lymphocytes as well as dead cells (blue viability dye). 
Expression of specific NK cell receptors or activated NK cells (CD107a+) as 
shown on the right panels are defined using appropriate fluorescence-minus-
one controls. 
�
�
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2.4 Statistical Analysis 
Statistical analysis was performed using GraphPad Prism6. The Wilcoxon rank sum 

test was used to assess differences in phenotype frequencies and functional 

activities between groups and wilcoxon matched-pairs signed rank tests or paired T 

tests were used to measure differences pre- and post-vaccination or between 

different conditions. Values of p < 0.05 were considered significant. 
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2.4 Statistical Analysis

6WDWLVWLFDO�DQDO\VLV�ZDV�SHUIRUPHG�XVLQJ�*UDSK3DG�3ULVP���7KH�:LOFR[RQ�UDQN�VXP�

WHVW�ZDV�XVHG�WR�DVVHVV�GLIIHUHQFHV�LQ�SKHQRW\SH�IUHTXHQFLHV�DQG�IXQFWLRQDO�DFWLYLWLHV�

EHWZHHQ�JURXSV�DQG�ZLOFR[RQ�PDWFKHG�SDLUV�VLJQHG�UDQN�WHVWV�RU�SDLUHG�7�WHVWV�ZHUH�

used to measure differences pre- and post-vaccination or between different conditions. 

9DOXHV�RI�S��������ZHUH�FRQVLGHUHG�VLJQL¿FDQW�



3 5HVXOWV
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3.1 PART I: ANTIGEN-SPECIFIC NK CELLS IN HIV

3.1.1 NK Cells Mediate Enhanced Anti-HIV Gag Responses in Chronically

        HIV-Infected Subjects

Memory cells are long-lived and have the ability to expand more rapidly and display 

more robust anti-viral responses than naïve cells upon re-exposure to the same an-

tigen. Until recently, only T and B cells were sought to exert such memory functions. 

However, accumulating evidence suggests that murine NK cells can mediate true an-

WLJHQ�VSHFL¿F�UHFDOO�UHVSRQVHV�DQG�WKDW�LPPXQL]HG�UKHVXV�PDFDTXHV�DUH�DEOH�WR�GLV-

play immunological recall responses for at least a period of 5 years(14- 16, 184). In 

humans, NK cells with adaptive features have been described and can be triggered 

E\�VSHFL¿F�FRPELQDWLRQV�RI�F\WRNLQHV���������RU�&09�LQIHFWLRQ�����������������������

,Q�DGGLWLRQ��VRPH�VWXGLHV�KDYH�VXJJHVWHG�YLUXV�VSHFL¿F�UHFDOO�UHVSRQVHV�E\�1.�FHOOV�

LQ�KXPDQV����������������������(VSHFLDOO\�GDWD�RQ�+,9�6,9��VSHFL¿F�1.�FHOO�UHVSRQVHV�

VXEVWDQWLDOO\�DGYDQFHG�ZLWK�H[SHULPHQWV� LQ�UKHVXV�PDFDTXHV��KXPDQL]HG�PLFH�DQG�

KXPDQV���������8QSXEOLVKHG�GDWD�EXLOGLQJ�RQ�SUHOLPLQDU\�ZRUN�E\�WKH�-RVW�DQG�5HHYHV�

laboratories now strongly support the development of memory NK cells induced by HIV 

infection and HIV vaccination in HIV-infected individuals or healthy volunteers receiv-

ing HIV vaccine candidates, respectively(186, 187).

,Q�RUGHU�WR�VWDUW�H[SORULQJ�ZKHWKHU�KXPDQ�1.�FHOOV�FDQ�PHGLDWH�+,9�VSHFL¿F�UHVSRQV-

es, the Jost laboratory originally assessed if NK cells from HIV-infected individuals can 

PHGLDWH�VWURQJHU�+,9�VSHFL¿F�1.�FHOO�UHVSRQVHV�WKDQ�WKRVH�IURP�KHDOWK\�FRQWUROV��VLP-

ilarly to what has been previously demonstrated in nonhuman primates(14). To do so, 

WKH�-RVW�ODERUDWRU\�FRQGXFWHG�DQWLJHQ�VSHFL¿F�1.�FHOO�NLOOLQJ�DVVD\V�XVLQJ�DXWRORJRXV�

B-LCL pulsed with a peptide pool covering the whole HIV Gag protein as target and 

SXUL¿HG�1.�FHOOV�IURP����+,9�LQIHFWHG�VXEMHFWV�DQG���KHDOWK\�LQGLYLGXDOV��+,9�LQIHFW-

ed subjects included 6 patients on antiretroviral therapy with undetectable viral loads 

and 4 HIV elite controllers who achieve spontaneous control of viral replication in the 

absence of treatment (HIV RNA levels <50 copies/mL for at least a year(188)). HLA 

class I-devoid K562 cells and a CEF peptide pool containing peptides from human 

&09��(%9�DQG�LQÀXHQ]D�YLUXV�VHUYHG�DV�SRVLWLYH�FRQWUROV��1.�FHOOV�IURP�FKURQLFDOO\�

HIV-infected subjects showed higher responses to HIV Gag than NK cells from healthy 

donors (p=0.05) (Figure 2���&OHDU�+,9�VSHFL¿F� UHVSRQVHV�ZHUH�REVHUYHG� LQ�����RI�
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HIV-infected subjects and NK cells from elite controllers with detectable HIV Gag-spe-

FL¿F�F\WRWR[LF�DFWLYLW\�������GLVSOD\HG�WKH�PRVW�SRWHQW�UHVSRQVHV��SRWHQWLDOO\�UHÀHFWLQJ�

KLJKHU�YLUDO�ORDGV�LQ�WKLV�FRKRUW��$SDUW�IURP�RQH�UHVSRQVH��VSHFL¿F�NLOOLQJ�RI�+,9�*DJ�

SXOVHG�WDUJHWV�ZHUH�XQGHU�����OLNHO\�UHÀHFWLQJ�ORZ�IUHTXHQFLHV�RI�DQWLJHQ�VSHFL¿F�1.�

cells in the peripheral blood compared to liver or spleen as described in animal studies 

(6, 14, 15). As expected, both cohorts showed similar elevated responses in presence 

RI�.����FHOOV��:KHQ�,�¿UVW�MRLQHG�WKH�ODE��ZH�SHUIRUPHG�D�VHW�RI�H[SHULPHQWV�DLPHG�DW�

LGHQWLI\LQJ�HSLWRSHV�RQ�+,9�SURWHLQV�WKDW�DUH�UHFRJQL]HG�E\�KXPDQ�1.�FHOOV�E\�XVLQJ�

subpools of the HIV Gag protein following the assay protocol above. The results were 

interesting, although they were not reproducible over time using NK cells from the 

VDPH�VXEMHFW�VR�WKDW�VWXGLHV�WR�RSWLPL]H�WKH�DVVD\�LQFOXGLQJ�UHOHYDQW�TXDOLW\�FRQWUROV�

DUH�RQJRLQJ��7R�FRQFOXGH��IRU�WKH�¿UVW�WLPH��+,9�*DJ�VSHFL¿F�1.�FHOOV�ZHUH�LGHQWL¿HG�

LQ�WKH�SHULSKHUDO�EORRG�RI�+,9�LQIHFWHG�LQGLYLGXDOV�VHUYLQJ�DV�¿UVW�VWHS�IRU�IXUWKHU�H[-

periments.
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LVRODWHG�IURP����FKURQLFDOO\�+,9�LQIHFWHG�VXEMHFWV����SDWLHQWV�RQ�$57����+,9�HOLWH�FRQWUROOHUV��DQG���KHDOWK\�
GRQRUV��+/$�GH¿FLHQW�.����FHOOV�DQG�&()��(%9�&09�)/8��ZHUH�XVHG�DV�SRVLWLYH�FRQWURO�

Figure 2. NK cells mediate enhanced anti-HIV Gag activity in HIV-infected subjects
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3.1.2 NK Cells from HIV-Exposed Seronegative Subjects Do Not Display 

         Enhanced Anti-HIV Env Responses Compared to Controls

7R�VWDUW�DVVHVVLQJ�D�SRWHQWLDO�UROH�IRU�1.�FHOO�PHGLDWHG�+,9�VSHFL¿F�UHVSRQVHV�LQ�WKH�

FRQWURO�RI�+,9�LQIHFWLRQ��ZH�VRXJKW�WR�WHVW�WKH�K\SRWKHVLV�WKDW�+,9�VSHFL¿F�1.�FHOO�UH-

sponses would be detectable in HIV-exposed seronegative individuals and important 

IRU�SURWHFWLRQ�DJDLQVW�+,9�DFTXLVLWLRQ��7KLV�K\SRWKHVLV�LV�LQ�OLQH�ZLWK�SUHYLRXV�UHSRUWV�

demonstrating that NK cells in HIV-exposed seronegative individuals exhibit strong 

anti-HIV NK cell activity (116, 189-193) and are associated with protection from infec-

tion(191, 192, 194-198). To test this hypothesis, we used samples from a previously 

GHVFULEHG�FRKRUW�RI�+,9�VHURQHJDWLYH�PHQ�DW�KLJK�ULVN�RI�+,9�DFTXLVLWLRQ������������

One reported characteristic of this cohort included subclinical endotoxemia that cor-

UHODWHV� ZLWK� GHFUHDVHG�&'��&'��7� FHOO� UDWLR�� HOHYDWHG� SODVPD� F\WRNLQH� OHYHOV� DQG�

PDUNHUV�RI�7�FHOO�H[KDXVWLRQ�������,Q�WKLV�VWXG\��ZH�FRPSDUHG�WKH�DELOLW\�WR�HOLPLQDWH�

HIV Env-pulsed B-LCL between NK cells isolated from 8 HIV-exposed seronegative 

individuals and those from 5 healthy controls. CEF peptide pool and K562 cells served 

as positive controls. Killing of HIV Env-pulsed B-LCL by NK cells from HESN was not 

VLJQL¿FDQWO\�GLIIHUHQW�IURP�WKDW�PHGLDWHG�E\�1.�FHOOV�LVRODWHG�IURP�KHDOWK\�LQGLYLGXDOV�

(Figure 3). Additionally, both groups similarly eliminated positive control target cells 

such as K562 cells and B-LCL pulsed with CEF peptide.

Altogether, these results suggest that NK cells in HIV-exposed seronegative individu-

als do not express elevated responses in exposure to HIV Env than in healthy individu-

DOV��)XUWKHU�LQYHVWLJDWLRQV�DUH�ZDUUDQWHG�WR�GHWHUPLQH�WKH�SRWHQWLDO�UROH�RI�+,9�VSHFL¿F�

NK cells in HESN.
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+,9�(QY�VSHFL¿F�NLOOLQJ�E\�SHULSKHUDO�EORRG�1.�FHOOV�LVRODWHG�IURP���KLJKO\�H[SRVHG�VHURQHJDWLYH��+(61��
VXEMHFWV�DQG���KHDOWK\�GRQRUV��$XWRORJRXV�1.�FHOOV�ZHUH�FR�FXOWXUHG�ZLWK�9LROHW�G\H�ODEHOHG�%�/&/�SXOVHG�
ZLWK�DQ�(QY�RU�&()�SHSWLGH�SRRO�DW�����HIIHFWRU�WR�WDUJHW�UDWLR��.����FHOOV�DQG�&()�ZHUH�XVHG�DV�SRVLWLYH�
FRQWURO��\�D[LV��SHUFHQW�VSHFL¿F�NLOOLQJ��[�D[LV��FRKRUWV�ZLWK�GLIIHUHQW�FRQGLWLRQV��+RUL]RQWDO�OLQHV�LQGLFDWH�WKH�
PHGLDQ�SHUFHQWDJHV��:KLWH�GRWV�UHSUHVHQW�LQGLYLGXDO�GDWD�IRU�HDFK�+,9��QHJDWLYH�VXEMHFW��EODFN�VTXDUHV�
UHSUHVHQW�LQGLYLGXDO�GDWD�IRU�HDFK�+(61�SDUWLFLSDQW�
 

Figure 3. NK cells from HIV-exposed seronegative individuals do not mediate 
HIV Env-specific responses above background
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3.2 PART II: ANTIGEN-SPECIFIC NK CELLS IN INFLUENZA

������,QWUDQDVDO�,PPXQL]DWLRQ�DJDLQVW�,QÀXHQ]D�(QKDQFHV�1.�&HOO�
         Responses to Hemagglutinin

Numerous studies have highlighted the early and pivotal role of NK cells in the control 

RI�LQÀXHQ]D�LQIHFWLRQ����������������,W�LV�NQRZQ�WKDW�,)1�Ȗ�SURGXFWLRQ�E\�1.�FHOOV�LV�HQ-

KDQFHG�IROORZLQJ�LQÀXHQ]D�LQIHFWLRQ�RU�YDFFLQDWLRQ�����������������DQG�LQFUHDVHG�DQWL-

JHQ�VSHFL¿F�,)1�Ȗ�UHVSRQVHV�WR�LQÀXHQ]D�PHGLDWHG�E\�1.�FHOOV�ZLWK�ORZ�1.S���VXUIDFH�

H[SUHVVLRQ�XS� WR���PRQWKV�SRVW�LQÀXHQ]D� LPPXQL]DWLRQ�KDYH�EHHQ�GHVFULEHG�������

3UHYLRXV�VWXGLHV�E\�'U��-RVW�HW�DO�� UHSRUWHG� WKDW� LQÀXHQ]D�YDFFLQDWLRQ�SURPRWHV� WKH�

expansion of a subset of NK cells expressing high levels of 2B4 (2B4bright) and low 

levels of NKp46 (NKp46low��������WZR�VXUIDFH�UHFHSWRUV�WKDW�PHGLDWH�WKH�O\VLV�RI�LQÀX-

HQ]D�LQIHFWHG�FHOOV�E\�GLUHFWO\�ELQGLQJ�WR�WKH�+$�SURWHLQ�SUHVHQW�DW�WKH�FHOO�VXUIDFH�����

����������:KLOH�LW�KDV�EHHQ�GHPRQVWUDWHG�WKDW�LQÀXHQ]D�VSHFL¿F�PHPRU\�1.�FHOOV�FDQ�

SURWHFW�PLFH�DJDLQVW�OHWKDO�LQÀXHQ]D�FKDOOHQJH���������WKH�H[LVWHQFH�RI�ORQJ�OLYHG�1.�

FHOOV�ZLWK�DQWLJHQ�VSHFL¿FLW\�DJDLQVW�LQÀXHQ]D�FDSDEOH�RI�HI¿FLHQWO\�HOLPLQDWLQJ�LQÀXHQ-

]D�SUHVHQWLQJ�WDUJHW�FHOOV�UHPDLQV�WR�EH�GHPRQVWUDWHG�LQ�KXPDQV�

7R�VWDUW�DGGUHVVLQJ�1.�FHOO�PHPRU\�RI� LQÀXHQ]D�LQ�KXPDQV��ZH�HPSOR\HG�UHSHDWHG�

YDFFLQDWLRQV�ZLWK�OLYH�DWWHQXDWHG�LQÀXHQ]D��)OX0LVW���EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW�UH-

SHDWHG�H[SRVXUH�WR�OLYH�DWWHQXDWHG�LQÀXHQ]D�ZRXOG�UHVXOW�LQ�GLIIHUHQW�NLQHWLFV�RI�H[SDQ-

VLRQ�RI�LQÀXHQ]D�VSHFL¿F�1.�FHOOV�IURP�RQH�YDFFLQDWLRQ�WR�WKH�QH[W��7R�GR�VR����KHDOWK\�

YROXQWHHUV�ZHUH� LPPXQL]HG�ZLWK� WKUHH� FRQVHFXWLYH� QDVDO� VSUD\V� RI� )OX0LVW� DW� RQH�

PRQWK�LQWHUYDOV��:H�K\SRWKHVL]HG�WKDW�LQÀXHQ]D�VSHFL¿F�PHPRU\�1.�FHOOV�ZRXOG�H[-

SDQG�WR�KLJKHU�IUHTXHQFLHV�GXULQJ�WKH�VHFRQG�DQG�WKLUG�DSSOLFDWLRQ�RI�WKH�YDFFLQH�DQG�

GLVSOD\�HQKDQFHG� IXQFWLRQDOLW\�DJDLQVW� LQÀXHQ]D�FRPSDUHG� WR�QRQ�LQÀXHQ]D�VSHFL¿F�

NK cells in the same individual, consistent with the concept of immunological memory.

:H�DVVHVVHG�XSUHJXODWLRQ�RI�WKH�VXUURJDWH�PDUNHU�RI�GHJUDQXODWLRQ�&'���D�DV�ZHOO�DV�

,)1�Ȗ�DQG�WXPRU�QHFURVLV�IDFWRU��71)��Į�SURGXFWLRQ�LQ�UHVSRQVH�WR�WKH�OLYH�$�35������

H1N1 virus (H1N1 PR8), a recombinant A/Brisbane/59/2007 HA protein (rHA H1N1) or 

+/$�FODVV�,�GH¿FLHQW�.����FHOOV�E\�1.�FHOOV�IURP���KHDOWK\�VXEMHFWV�SUH��DQG�SRVW�YDF-

FLQDWLRQ��2I�QRWH��RQH�RI�WKH�WKUHH�LQÀXHQ]D�VWUDLQV�LQFOXGHG�LQ�WKH�)OX0LVW�IRUPXODWLRQ�

LV�$�6RXWK�'DNRWD���������+�1����$�%ULVEDQH���������OLNH��DQG�+$�IURP�WKLV�VWUDLQ�LV�

����VLPLODU�WR�WKH�U+$�+�1��XVHG�LQ�RXU�DVVD\V��1&%,�%/$67���������&KDQJHV�LQ�
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NKp46 and 2B4 expression on NK cells were also monitored over time. Since NK cell 

,)1�Ȗ�UHVSRQVHV�WR�LQÀXHQ]D�DIWHU�YDFFLQDWLRQ�YDVWO\�GHSHQG�RQ�,/���SURGXFWLRQ�E\�LQ-

ÀXHQ]D�VSHFL¿F�7�FHOOV������������ZH�SHUIRUPHG�RXU�H[SHULPHQWV�XVLQJ�&'��GHSOHWHG�

3%0&�WR�HOLPLQDWH�DQ\�LQÀXHQ]D�VSHFL¿F�&'���7�FHOO�GHSHQGHQW�1.�FHOO�UHVSRQVHV��

7KLV�LQWUDFHOOXODU�VWDLQLQJ�ÀRZ�F\WRPHWU\�EDVHG�DVVD\�KDV�EHHQ�RSWLPL]HG�LQ�WKH�-RVW�

ODE�WR�PHDVXUH�YLUXV�VSHFL¿F�1.�FHOO�UHVSRQVHV�

While CD107a expression remained similar to that at baseline on NK cells left unstim-

ulated or stimulated with H1N1 PR8 or K562 cells, there was a clear trend towards 

increased NK cell degranulation in response to rHA H1N1 at about one month post-

¿UVW�DQG�VHFRQG�YDFFLQDWLRQ��39�OD�39�OD��Figure 4A and B). When considering raw 

data, it appeared clearly that the observed increase in CD107a was driven by 3 out of 

WKH���VXEMHFWV�DQDO\]HG�ZKR�SUHVHQWHG�GHWHFWDEOH�SRVW�YDFFLQDWLRQ�UHVSRQVH��Figure 

4B���)RU�WKRVH���UHVSRQGHUV��&'���D�LV�VLJQL¿FDQWO\�LQFUHDVHG�LQ�UHVSRQVH�WR�WKH�UH-

FRPELQDQW�+$�SURWHLQ����GD\V�DIWHU�WKH�¿UVW�)OX0LVW�YDFFLQDWLRQ��(QKDQFHG�&'���D�

XSUHJXODWLRQ�FRXOG�QRW�EH�GHWHFWHG�LQ�SHULSKHUDO�EORRG�1.�FHOOV���GD\V�SRVW�¿UVW�DQG�

VHFRQG�YDFFLQDWLRQ��39�H�39�H���SRVVLEO\�UHÀHFWLQJ�WKH�WHPSRUDU\�UHFUXLWPHQW�RI�1.�

FHOOV�ZLWK�DFWLYLW\�DJDLQVW�LQÀXHQ]D�DW�WKH�VLWH�RI�LQIHFWLRQ��L�H��UHVSLUDWRU\�WUDFW���,)1�Ȗ�

RU�71)�Į�SURGXFWLRQ�E\�1.�FHOOV�GLG�QRW�FKDQJH�VLJQL¿FDQWO\�RYHU�WLPH��Figure 4C-F). 

7KXV��1.�FHOOV�IURP�VXEMHFWV�LPPXQL]HG�DJDLQVW�LQÀXHQ]D�UHYHDOHG�HOHYDWHG�&'���D�

H[SUHVVLRQ�OHYHOV�GXULQJ�UH�H[SRVXUH�WR�DQWLJHQV�GHULYHG�IURP�LQÀXHQ]D�VWUDLQV�VLPLODU�

WR�WKRVH�LQFOXGHG�LQ�WKH�YDFFLQH��1.�FHOOV�FR�FXOWXUHG�ZLWK�OLYH�RU�LQDFWLYDWHG�LQÀXHQ-

]D�VWUDLQV�WKDW�ZHUH�QRW�LQFOXGHG�LQ�WKH�YDFFLQH�GLG�QRW�VKRZ�DXJPHQWHG�UHVSRQVHV�

post-vaccination.
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������+LJKHU�3URSRUWLRQV�RI��%���1.�&HOOV�)ROORZLQJ�,PPXQL]DWLRQ�ZLWK�)OX0LVW

%DVHG�RQ�SUHYLRXV�UHVXOWV�E\�'U��-RVW¶V�ODERUDWRU\�VKRZLQJ�H[SDQVLRQ�RI�D�VXEVHW�RI

NK cells expressing high levels of 2B4 (2B4bright) and low levels of NKp46 (NKp46low) 

IROORZLQJ�LQWUDPXVFXODU�YDFFLQDWLRQ�ZLWK�LQDFWLYDWHG�WULYDOHQW�LQÀXHQ]D�YDFFLQHV�������

we were interested to see whether the expansion of a subpopulation of NK cells with 

similar features is associated with enhanced NK cell degranulation against recombi-

nant HA in volunteers receiving FluMist vaccine (Figure 4A and B���:H�¿UVW�TXDQWL¿HG�

proportions of 2B4+ NK cells as well as percentages of 2B4brightNKp46low and 2B4dim 

NKp46bright NK cells in unstimulated samples from each of the 7 individuals, comparing 

pre- and post-vaccination (Figure 5A���:H�REVHUYHG�D�VLJQL¿FDQW�LQFUHDVH�LQ�SURSRU-

WLRQV�RI��%���1.�FHOOV�RQH�PRQWK�SRVW�¿UVW�YDFFLQDWLRQ��39�OD��FRPSDUHG�WR�EDVHOLQH�

(BL) (p = 0.03), whereas 2B4+ NK cells did not show any sign of expansion 5 days 

SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ��SRVVLEO\�UHÀHFWLQJ�HDUO\�UHFUXLWPHQW�RI�1.�FHOOV�DW�

the site of infection (Figure 5B).

3HUFHQWDJHV�RI�1.�FHOOV�VXEVHWV�VWLPXODWHG�ZLWK�UHFRPELQDQW�+$�+�1��RU�OLYH�+�1��35��YLUXV�LQ���LQ-
GLYLGXDOV� LPPXQL]HG�ZLWK�)OX0LVW��8QVWLPXODWHG�3%0&�DQG�.����FHOOV�VHUYHG�DV�QHJDWLYH�DQG�SRVLWLYH�
FRQWURO��UHVSHFWLYHO\��+RUL]RQWDO�OLQHV�LQGLFDWH�WKH�PHGLDQ�SHUFHQWDJHV��'RWV��VTXDUHV�DQG�WULDQJOHV�VKRZ�
VLQJOH�LQGLYLGXDO�UHVXOWV�IRU�WKH�UHVSHFWLYH�FRQGLWLRQV��6DPSOHV�IURP�DOO���VXEMHFWV�ZHUH�QRW�DYDLODEOH�IRU�
DOO�WLPH�SRLQWV��A.�3HUFHQWDJHV�RI�&'���D�H[SUHVVLRQ�RQ�1.�FHOOV�VWLPXODWHG�ZLWK�HLWKHU�U+$�+�1��RU�OLYH�
+�1��35��YLUXV��&'���D�XSUHJXODWLRQ�ZDV�H[DPLQHG�XVLQJ�IROG�FKDQJHV�FRPSDULQJ�3%0&�DSSUR[LPDWHO\�
��GD\V��39�H�39�H��DQG����GD\V��39�OD�39�OD��DIWHU�HDFK�YDFFLQDWLRQ�WR�EDVHOLQH��%/���B. 3HUFHQWDJHV�RI�
&'���D�H[SUHVVLRQ�RQ�1.�FHOOV�VWLPXODWHG�ZLWK�U+$�+�1��DQG�XQVWLPXODWHG�1.�FHOOV�FRPSDUHG�WR�EDVHOLQH�
XVLQJ�UDZ�GDWD�DSSUR[LPDWHO\���GD\V�DQG����GD\V�DIWHU�WKH�¿UVW�YDFFLQDWLRQ����VXEMHFWV�PDUNHG�DV�)/80�����
)/80����DQG�)/80����VKRZHG�VLJQL¿FDQW�UHVXOWV��C.�3HUFHQWDJHV�RI�,)1Ȗ�H[SUHVVLRQ�RQ�1.�FHOOV�VWLP-
XODWHG�ZLWK�HLWKHU�U+$�+�1��RU�OLYH�+�1��35��YLUXV��,)1Ȗ�H[SUHVVLRQ�ZDV�DQDO\VHG�XVLQJ�IROG�FKDQJHV�
FRPSDULQJ�3%0&�DSSUR[LPDWHO\���GD\V��39�H�39�H��DQG����GD\V��39�OD�39�OD��DIWHU�HDFK�YDFFLQDWLRQ�WR�
EDVHOLQH��%/���D.�3HUFHQWDJHV�RI�,)1Ȗ�H[SUHVVLRQ�RQ�1.�FHOOV�VWLPXODWHG�ZLWK�U+$�+�1��DQG�XQVWLPXODWHG�
1.�FHOOV�FRPSDUHG�WR�EDVHOLQH�XVLQJ�UDZ�GDWD�DSSUR[LPDWHO\���GD\V�DQG����GD\V�DIWHU�WKH�¿UVW�YDFFLQDWLRQ��
E.�3HUFHQWDJHV�RI�71)Į�H[SUHVVLRQ�RQ�1.�FHOOV�VWLPXODWHG�ZLWK�HLWKHU�U+$�+�1��RU�OLYH�+�1��35��YLUXV��
,)1Ȗ�H[SUHVVLRQ�ZDV�DQDO\VHG�XVLQJ�IROG�FKDQJHV�FRPSDULQJ�3%0&�DSSUR[LPDWHO\���GD\V��39�H�39�H��
DQG����GD\V��39�OD�39�OD��DIWHU�HDFK�YDFFLQDWLRQ�WR�EDVHOLQH��%/���F.�3HUFHQWDJHV�RI�71)Į�H[SUHVVLRQ�RQ�
1.�FHOOV�VWLPXODWHG�ZLWK�U+$�+�1��DQG�XQVWLPXODWHG�1.�FHOOV�FRPSDUHG�WR�EDVHOLQH�XVLQJ�UDZ�GDWD�DSSUR[-
LPDWHO\���GD\V�DQG����GD\V�DIWHU�WKH�¿UVW�YDFFLQDWLRQ��

)LJXUH����6HULDO�LPPXQL]DWLRQ�ZLWK�)OX0LVW�VSHFL¿FDOO\�HQKDQFHV�1.�FHOO�UHVSRQVHV�WR�
a recombinant H1N1 HA that closely matches one of the vaccine strains



43

)XUWKHUPRUH��ZH� FRXOG� QRW� GHWHFW� VLJQL¿FDQW� ORQJLWXGLQDO� FKDQJHV� LQ� SURSRUWLRQV� RI�

2B4brightNKp46low or 2B4dimNKp46bright NK cell subsets after vaccinations (PV1e/PV-

1la and PV2e/PV2la) compared to baseline (Figure 5C). However, percentages of 

2B4brightNKp46low�1.�FHOOV�WHQGHG�WR�EH�KLJKHU�RQH�PRQWK�SRVW�¿UVW�DQG�VHFRQG�YDF-

cination (PV1la/PV2la) compared to NK cells at baseline or 5 days post- vaccination 

�39�H�39�H���SDUWLFXODUO\�LQ���RXW�RI���YDFFLQHHV��7KH�PHDQ�ÀXRUHVFHQFH�LQWHQVLW\�RI�

�%��RU�1.S���RQ�1.�FHOOV�GLG�QRW�VLJQL¿FDQWO\�FKDQJH�IRU�DQ\�RI�WKH�WLPH�SRLQWV�

(Figure 5D).

 50 

any sign of expansion 5 days post-first and second vaccination, possibly reflecting 

early recruitment of NK cells at the site of infection (Figure 5B).  

Furthermore, we could not detect significant longitudinal changes in proportions of 

2B4brightNKp46low or 2B4dimNKp46bright NK cell subsets after vaccinations (PV1e/PV1la 

and PV2e/PV2la) compared to baseline (Figure 5C). However, percentages of 

2B4brightNKp46low NK cells tended to be higher one month post-first and second 

vaccination (PV1la/PV2la) compared to NK cells at baseline or 5 days post-

vaccination (PV1e/PV2e), particularly in 4 out of 7 vaccinees.  The mean 

fluorescence intensity of 2B4 or NKp46 on NK cells did not significantly change for 

any of the time points (Figure 5D). 
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3HUFHQWDJHV�RI�1.�FHOO�VXEVHWV�H[SUHVVLQJ�HLWKHU�KLJK�OHYHOV�RI��%����%�bright��DQG�ORZ�OHYHOV�RI�1.S����1.-
p46ORZ��RU�ORZ�OHYHOV�RI��%����%�GLP��DQG�KLJK�OHYHOV�RI�1.S����1.S��bright��LQ�WKH�SHULSKHUDO�EORRG�RI���KHDOWK\�
VXEMHFWV�LPPQXQL]HG�ZLWK�)OX0LVW��8QVWLPXODWHG�3%0&�ZHUH�HYDOXDWHG�DW���GD\V��39�H�39�H��DQG�RQH�
PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�DQG�FRPSDUHG�WR�EDVHOLQH��%/���3HUFHQWDJHV�VKRZ�
WKH�SRUWLRQ�RI�WKH�UHVSHFWLYH�VXEVHWV�FRPSDUHG�WR�WKH�WRWDO�RI�DOO�1.�FHOOV��\�D[LV���+RUL]RQWDO�OLQHV�LQGLFDWH�WKH�
PHGLDQ�SHUFHQWDJHV��'RWV�UHSUHVHQW�HDFK�LQGLYLGXDO�UHVXOW�IRU�WKH�UHVSHFWLYH�VXEVHW�DQG�WLPH�SRLQW��[�D[LV��
A��1.�FHOO�SKHQRW\SH�ZDV�DVVHVVHG�XVLQJ�)ORZ-R�VRIWZDUH�JDWLQJ�IRU�WKH�VSHFL¿F�VXEVHWV�RI��%�bright

1.S��ORZ�DQG��%�GLP1.S��bright B��3HUFHQWDJHV�RI��%���1.�FHOOV�IURP�XQVWLPXODWHG�3%0&�DW���GD\V��39�H�
39�H��DQG�RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�C��3HUFHQWDJHV�RI��%�bright1.S��ORZ 
DQG��%�GLP1.S��bright�1.�FHOOV�IURP�XQVWLPXODWHG�3%0&�DW���GD\V��39�H�39�H��DQG�RQH�PRQWK��39�OD�39-
�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRPSDUHG�WR�EDVHOLQH�D��0HDQ�ÀXRUHVFHQFH�LQWHQVLW\��0),��RI��%���
DQG�1.S����1.�FHOOV�IRU�WKH�GLIIHUHQW�WLPH�SRLQWV�

Figure 5. Expansion of 2B4+ NK cells post-vaccination
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3.2.3 2B4brightNKp46low NK Cells Mediate Enhanced Responses 

���������DJDLQVW�U+$�+�1��)ROORZLQJ�)OX0LVW�,PPXQL]DWLRQ

In order to compare the function of the 2B4brightNKp46low and the 2B4dimNKp46bright NK 

FHOOV��ZH�DVVHVVHG�XSUHJXODWLRQ�RI�&'���D��,)1�Ȗ�DQG�71)�Į�RQ�WKRVH�VXEVHWV�LQ�UH-

VSRQVH�WR�+�1��35���U+$�+�1��DQG�.�����$OWKRXJK�ZH�FRXOG�QRW�GHWHFW�D�VLJQL¿FDQW�

expansion of the 2B4brightNKp46low NK cell subsets in the peripheral blood, CD107a 

upregulation by 2B4brightNKp46low NK cells was increased compared to that of 2B4dim

NKp46bright�1.�FHOOV�DW����GD\V�SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ��39�OD�39�D��LQ�UH-

sponse to rHA H1N1 (Figure 6A and B). Proportions of CD107a+ 2B4brightNKp46low NK 

cells were approximately 2-times higher in response to the rHA H1N1 protein 33 days 

SRVW�¿UVW�YDFFLQDWLRQ�FRPSDUHG�WR�XQVWLPXODWHG�1.�FHOOV��)ROG�FKDQJHV�IRU�&'���D�

expression in 2B4brightNKp46low NK cells 33 days post-second vaccination were elevat-

HG�DQG�RQO\�VOLJKWO\�ORZHU�FRPSDUHG�WR�WKH�UHVXOWV�IRU�RQH�PRQWK�SRVW�¿UVW�YDFFLQDWLRQ�

(Figure 6B). Responses from 2B4dimNKp46bright NK cells or either subset to H1N1 PR8 

or K562 did not differ from baseline over time (Figure S6.1 - S6.3, appendix). NK cells 

VWLPXODWHG�ZLWK�U+$�+�1��IURP�HLWKHU�VXEVHW�GLG�QRW�VKRZ�HQKDQFHG�,)1�Ȗ�H[SUHVVLRQ�

at any of the time points. Thus, the 2B4brightNKp46low NK cell subset expressed higher 

&'���D�OHYHOV�XSRQ�UHVWLPXODWLRQ�ZLWK�UHFRPELQDQW�LQÀXHQ]D�+$����GD\V�DIWHU�WKH�¿UVW�

DQG�VHFRQG�LPPXQL]DWLRQ��39�OD�39�OD��FRPSDUHG�WR�EDVHOLQH�
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������,PPXQL]DWLRQ�ZLWK�)OX0LVW�(QKDQFHV�,QÀXHQ]D�6SHFL¿F�.LOOLQJ�E\�
���������1.�&HOOV�LQ�6XEMHFWV�:KR�+DYH�%HHQ�3UHYLRXVO\�([SRVHG�WR�,QÀXHQ]D

,Q�RUGHU� WR�FRQ¿UP� WKDW� LQWUDQDVDO� LQÀXHQ]D�YDFFLQDWLRQ�ZLWK� OLYH�DWWHQXDWHG�YLUXVHV�

HQKDQFHV�WKH�DELOLW\�RI�1.�FHOOV�WR�VSHFL¿FDOO\�UHFRJQL]H�DQG�HOLPLQDWH�LQÀXHQ]D��SUH-

senting target cells, we used an alternative assay developed in the Jost laboratory 

WR�PHDVXUH�YLUXV�VSHFL¿F�1.�FHOO�F\WRWR[LF�DFWLYLW\��7R�GR�VR��ZH�FRPSDUHG�1.�FHOO�

PHGLDWHG�NLOOLQJ�RI�DXWRORJRXV�LPPRUWDOL]HG�%�FHOOV�SXOVHG�ZLWK�DQ�LQÀXHQ]D�SHSWLGH�

SRRO�SULRU�WR�DQG���PRQWKV�IROORZLQJ�WKH�VHFRQG�)OX0LVW�LPPXQL]DWLRQ��:H�FRXOG�VKRZ�

DQ�RYHUDOO���IROG�LQFUHDVH�LQ�LQÀXHQ]D�VSHFL¿F�NLOOLQJ�E\�1.�FHOOV�IURP�LQGLYLGXDOV�ZKR�

UHSRUWHG�SUHYLRXV�LQÀXHQ]D�YDFFLQDWLRQ��OHVV�WKDQ���\HDUV�SULRU�WR�)OX0LVW�LPPXQL]D-

tion) or infection, with one subject displaying similar responses pre- and post-FluMist 

vaccination (Figure 7). In contrast, FluMist vaccination did not boost NK cell-mediated 

NLOOLQJ�RI�WDUJHW�FHOOV�SUHVHQWLQJ�LQÀXHQ]D�LQ�LQGLYLGXDOV�ZKR�KDG�QHYHU�EHHQ�YDFFLQDW-

ed, nor that of K562 cells or target cells loaded with yellow fever peptide pool, which we 

used as positive and negative controls, respectively. To conclude, these data suggest 

WKDW�LQÀXHQ]D�H[SRVXUH�PLJKW�OHDG�WR�WKH�GHYHORSPHQW�RI�LQÀXHQ]D�VSHFL¿F�1.�FHOOV�

that can persist for at least a year and display recall responses upon re-exposure to 

LQÀXHQ]D��$OWHUQDWLYHO\��LW�PLJKW�EH�WKDW��LQGHSHQGHQWO\�RI�WKHLU�LQÀXHQ]D�KLVWRU\��RQO\�

KDOI�RI�WKH�YDFFLQDWHG�VXEMHFWV�PRXQWHG�LQÀXHQ]D�VSHFL¿F�1.�FHOO�UHVSRQVHV�WKDW�DUH�

detectable in the blood. 

3HUFHQWDJHV�RI�&'���D�DQG�,)1�Ȗ�H[SUHVVLRQ�RQ�1.�FHOOV�H[SUHVVLQJ�KLJK�OHYHOV�RI��%����%�bright��DQG�ORZ�
OHYHOV�RI�1.S����1.S��ORZ��RU�ORZ�OHYHOV�RI��%����%�GLP��DQG�KLJK�OHYHOV�RI�1.S����1.S��bright��VWLPXODWHG�
ZLWK�UHFRPELQDQW�+$�+�1��LQ���LQGLYLGXDOV�LPPXQL]HG�ZLWK�)OX0LVW��%DUV�UHSUHVHQW�PHGLDQ�SHUFHQWDJHV��
3%0&�ZHUH�HYDOXDWHG�DW���GD\V��39�H�39�H��DQG�RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQD-
WLRQ�DQG�FRPSDUHG�WR�EDVHOLQH��%/���3HUFHQWDJHV�VKRZ�WKH�SRUWLRQ�RI�WKH�UHVSHFWLYH�VXEVHWV�FRPSDUHG�WR�
WKH�WRWDO�RI�DOO�1.�FHOOV��\��D[LV���+RUL]RQWDO�OLQHV�LQGLFDWH�WKH�PHGLDQ�SHUFHQWDJHV��'RWV�UHSUHVHQW�HDFK�LQGL-
YLGXDO�UHVXOW�IRU�WKH�UHVSHFWLYH�VXEVHW�DQG�WLPH�SRLQW��[�D[LV���6DPSOHV�IURP�DOO���VXEMHFWV�ZHUH�QRW�DYDLODEOH�
IRU�DOO�WLPH�SRLQWV��A��3HUFHQWDJHV�RI�&'���D�H[SUHVVLRQ�RQ�1.�FHOOV�IURP�XQVWLPXODWHG�3%0&�DW���GD\V�
�39�H�39�H��DQG�RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRPSDUHG�WR�EDVHOLQH��B��3HU-
FHQWDJHV�RI�&'���D�H[SUHVVLRQ�RQ�1.�FHOOV�IURP�3%0&�VWLPXODWHG�ZLWK�U+$�+�1��DW���GD\V��39�H�39�H��
DQG�RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRPSDUHG�WR�EDVHOLQH��C.�3HUFHQWDJHV�RI�
,)1�Ȗ�H[SUHVVLRQ�RQ�1.�FHOOV�IURP�3%0&�VWLPXODWHG�ZLWK�U+$�+�1��DW���GD\V��39�H�39�H��DQG�RQH�PRQWK�
�39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRPSDUHG�WR�EDVHOLQH�

Figure 6. 2B4brightNKp46low NK cell subset mediates enhanced responses to 
U+$�+�1��IROORZLQJ�VHULDO�LPPXQL]DWLRQ�ZLWK�)OX0LVW
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��VXEMHFWV�LPPXQL]HG�ZLWK�)OX0LVW��&\WRWR[LF�IXQFWLRQ�RI�1.�FHOOV�ZDV�DVVHVVHG�XVLQJ�D�&$0�NLOOLQJ�DVVD\�
EHIRUH��%/��DQG���PRQWKV�SRVW�VHFRQG�YDFFLQDWLRQ��39���<HOORZ�IHYHU�YDFFLQDWLRQ�KLVWRU\�LV�QRW�NQRZQ��7KH�
EOXH�GRWV�KLJKOLJKW�WKH�IRXU�VXEMHFWV��)/80�����)/80�����)/80�����)/80�����WKDW�ZHUH�H[SRVHG�WR�
LQÀXHQ]D�SULRU�WR�WKLV�VWXG\�

)LJXUH� ��� (QKDQFHG� 1.� FHOO�PHGLDWHG� LQIOXHQ]D�VSHFLILF� NLOOLQJ� LQ� YDFFLQHHV�
ZLWK�SUHYLRXV�H[SRVXUH�WR�LQIOXHQ]D
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Prior studies presented accumulating evidence on murine NK cells that mediate true 

DQWLJHQ�VSHFL¿F�UHFDOO�UHVSRQVHV�DQG�RQ�LPPXQL]HG�UKHVXV�PDFDTXHV�WKDW�DUH�DEOH�

to display immunological recall responses for at least a period of 5 years(14, 184). 

Subsets of human NK cells exhibit adaptive features following CMV infection (68, 70, 

�������������DQG�H[SRVXUH�WR�VSHFL¿F�FRPELQDWLRQV�RI�F\WRNLQHV����������,Q�DGGLWLRQ��

DFFXPXODWLQJ�GDWD�VXJJHVW�KXPDQ�1.�FHOOV�FDQ�PHGLDWH�YLUXV�VSHFL¿F�UHFDOO�UHVSRQV-

HV��������������������������1RWDEO\��WKH�WHDP�OHG�E\�3DXVW�GHPRQVWUDWHG�9=9�VSHFL¿F�

memory NK cell responses in VZV-experienced human volunteers as well as vacci-

QDWLRQ�GHSHQGHQW��DQWLJHQ�VSHFL¿F�KXPDQ�1.�FHOO� UHFDOO� UHVSRQVHV� WR�+,9�HQFRGHG�

HQYHORSH�SURWHLQ�LQ�KXPDQL]HG�PLFH������)XUWKHUPRUH��:DQJ�HW�DO��MXVW�QRZ�UHYHDOHG�

WKH�LPSRUWDQFH�RI�WKH�:17�WUDQVFULSWLRQ�IDFWRU�7&)��LQ�WKH�IRUPLQJ�RI�D�VSHFL¿F�1.�FHOO�

memory subtype in humans, which is also found to be crucial in the formation of mem-

RU\�7�FHOOV������,QWHUHVWLQJO\��+,9���VSHFL¿F�F\WRNLQHV�ZHUH�DEOH�WR�UHSURGXFH�WKLV�1.�

FHOO�PHPRU\�VXEW\SH��&RUURERUDWLQJ�WKHVH�¿QGLQJV��ZRUN�E\�-RVW�DQG�5HHYHV�UHFHQWO\�

presented at several international HIV conferences showed that human memory NK 

cells can be induced by HIV and HIV vaccines(186, 187).

2XU�GDWD� EXLOG� RQ� WKHVH�SULRU� VWXGLHV� DQG�ZKLOH�ZH� FRXOG� QRW� ¿QG�DQ\�HYLGHQFH�RI�

+,9�VSHFL¿F�1.�FHOOV�LQ�+(61�LQGLYLGXDOV��RXU�UHVXOWV�VWURQJO\�VXJJHVW�LQÀXHQ]D��VSH-

FL¿F�1.�FHOO�UHVSRQVHV�LQ�KXPDQ�YROXQWHHUV�WKDW�UHFHLYHG�)OX0LVW��DQ�LQWUDQDVDO�OLYH�

DWWHQXDWHG� LQÀXHQ]D�YDFFLQH��$IWHU� LPPXQL]DWLRQ�ZLWK�)OX0LVW��ZH�GHWHFWHG�GHJUDQ-

ulation responses by peripheral blood NK cells, and more particular by the 2B4bright 

NKp46low�1.�FHOO�VXEVHW��DJDLQVW�D�UHFRPELQDQW�+$�+�1��LQÀXHQ]D�SURWHLQ�WKDW�FORVHO\�

matches the H1N1 vaccine strain (Figure 4A and B��� ,Q�DGGLWLRQ�� LQÀXHQ]D�VSHFL¿F�

NLOOLQJ�E\�1.�FHOOV�ZDV�LQFUHDVHG�SRVW�)OX0LVW�YDFFLQDWLRQ�LQ�LQGLYLGXDOV�WKDW�KDG�EHHQ�

SUHYLRXVO\�H[SRVHG�WR�LQÀXHQ]D��Figure 7).
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����$QWLJHQ�6SHFL¿F�1.�&HOOV�LQ�+,9

Based on preliminary results obtained in the Jost lab supporting the existence of an-

WLJHQ�VSHFL¿F�1.�FHOOV�DJDLQVW�WKH�+,9�SURWHLQ�*DJ��Figure 2), we started exploring 

LI�+,9�VSHFL¿F�UHVSRQVHV�PLJKW�EH�DVVRFLDWHG�ZLWK�WKH�FRQWURO�IURP�+,9�DFTXLVLWLRQ�LQ�

D�FRKRUW�RI�+(61�LQGLYLGXDOV��:H�WHVWHG�WKH�K\SRWKHVLV�WKDW�+,9��VSHFL¿F�1.�FHOO�UH-

sponses would be stronger in HESN than in healthy individuals, and partly responsible 

for protection against infection with HIV. Former studies on highly exposed seronega-

WLYH�VXEMHFWV�SULPDULO\�SUHVHQWHG�GDWD�RQ�WKH�H[SDQVLRQ�RI�VSHFL¿F�1.�FHOO�SKHQRW\SHV�

and augmented NK cell cytotoxicity as well as natural resistance to HIV (116, 189-193), 

ZKHUHDV�WKHUH�DUH�WR�RXU�NQRZOHGJH�QR�SXEOLVKHG�VWXGLHV�HYDOXDWLQJ�+,9�VSHFL¿F�1.�

FHOO�UHVSRQVHV�LQ�+(61��8VLQJ�DQ�DQWLJHQ��VSHFL¿F�1.�FHOO�NLOOLQJ�DVVD\��ZH�GHWHFWHG�

EDFNJURXQG� OHYHOV� RI�1.� FHOO�PHGLDWHG� NLOOLQJ� RI�(QY�SXOVHG� WDUJHW� FHOOV� ������� E\�

1.�FHOOV�IURP�+(61�VXEMHFWV��VLPLODU�WR�(QY�VSHFL¿F�NLOOLQJ�E\�1.�FHOOV�IURP�ORZ�ULVN�

HIV-negative controls.

2QH�OLPLWDWLRQ�RI�WKHVH�H[SHULPHQWV�LV�WKDW�ZKLOH�QRQ�VSHFL¿F�O\VLV�ZDV�DVVHVVHG�E\�

PHDVXULQJ�NLOOLQJ�RI�XQSXOVHG�WDUJHW�FHOOV��ZH�GLG�QRW�WHVW�1.�FHOO�NLOOLQJ�RI�WDUJHW�FHOOV�

SXOVHG�ZLWK�DQ�LUUHOHYDQW�SHSWLGH�SRRO�DV�QHJDWLYH�FRQWURO��9LUXV�VSHFL¿F�1.�FHOO�NLOOLQJ�

DVVD\V�FXUUHQWO\�SHUIRUPHG�LQ�WKH�-RVW�ODE�LQFOXGH�NLOOLQJ�RI�FRQWURO�WDUJHW�FHOOV�SXOVHG�

with peptides derived from a human protein (self-peptides). NK cells are considered 

UHDFWLYH�DJDLQVW�D�VSHFL¿F�YLUDO�DQWLJHQ�ZKHQ�WKH\�PHGLDWH�VSHFL¿F�NLOOLQJ�DERYH�]HUR�

DIWHU�VXEWUDFWLQJ�QRQ�VSHFL¿F�NLOOLQJ�DQG�DW�OHDVW�WZLFH�DERYH�VSHFL¿F�NLOOLQJ�RI�VHOI�SHS-

WLGHV�SXOVHG�FRQWURO�WDUJHW��,QWHUHVWLQJO\��NLOOLQJ�DFWLYLW\�DJDLQVW�VHOI��SHSWLGHV�W\SLFDOO\�

ranges between 0% and 10%, suggesting that any response under 10%, as the ones 

ZH�REVHUYHG�DJDLQVW�+,9�(QY�LQ�RXU�+(61�DQG�ORZ�ULVN�+,9��QHJDWLYH�FRKRUWV�LV�QRW�

VSHFL¿F�DQG�UHÀHFW�EDFNJURXQG�UHVSRQVHV�

Another limitation of this study is that we only had access to peripheral blood NK cells. 

:KLOH�ZH�FDQ�GHWHFW�+,9�*DJ�VSHFL¿F�SHULSKHUDO�EORRG�1.�FHOO�UHVSRQVHV�LQ�D�FRKRUW�

of chronically HIV-infected subjects (Figure 2), this study focused on subjects that 

were highly exposed to the virus but not chronically infected, and it is therefore possi-

ble that exposure to HIV antigens is restricted in magnitude and location in HESN, with 

only few viruses reaching mucosal barriers of the gastrointestinal tract and being avail-

able to activate potential tissue resident NK cells. One can speculate that a restricted 
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QXPEHU�RI�+,9�VSHFL¿F�PHPRU\�1.�FHOOV�PLJKW�UHVLGH�LQ�WKH�*,�WUDFW�DQG�RQO\�H[SDQG�

and circulate in the peripheral blood upon productive HIV infection and high virus titers. 

Alternatively, the liver and potentially the spleen have been proposed as homing sites 

for memory NK cells in mice and NHP. Thus, it would be interesting to see whether 

DVVD\V�XVLQJ�1.�FHOOV�LVRODWHG�IURP�WKRVH�WLVVXHV�FDQ�GHWHFW�+,9�VSHFL¿F�PHPRU\�1.�

cell responses in HESN. However, such experiments would be challenging, as access 

to such tissues in healthy individuals is restricted for obvious ethical reasons.

)LQDOO\��LW�KDV�EHHQ�HYDOXDWHG�WKDW���������RI�+(61�VXEMHFWV�ODFN�GHWHFWDEOH�7�FHOO�

UHVSRQVHV� WR�+,9������ ������ DQG� WKDW� LQ� WKRVH� LQGLYLGXDOV� GLVSOD\LQJ�+,9�VSHFL¿F�7�

FHOO�UHVSRQVHV��WKH�EUHDGWK�DQG�PDJQLWXGH�DUH�VLJQL¿FDQWO\�ORZHU�WKDQ�LQ�SHRSOH�OLY-

ing with HIV(202, 203). We can speculate that the proportion of individuals displaying 

+,9�VSHFL¿F�1.�FHOO�UHVSRQVHV��DV�ZHOO�DV�WKH�IUHTXHQF\�RI�WKHLU�FLUFXODWLQJ�+,9�VSHFLI-

ic NK cells, which are already low among HIV-infected patients, are even lower among 

+(61��7KHUHIRUH��LW�LV�OLNHO\�WKDW�D�ODUJHU�FRKRUW�PLJKW�EH�UHTXLUHG�WR�GHWHFW�+,9�VSHFLI-

ic NK cell responses in HESN.

)XUWKHU�LQYHVWLJDWLRQV�DUH�ZDUUDQWHG�WR�GHWHUPLQH�WKH�SRWHQWLDO�UROH�RI�+,9�VSHFL¿F�1.�

cells in HESN. In consideration of the current literature, the goal is to include more 

study subjects and test NK cell activity against additional peptide pools (i.e. peptide 

pools derived from human proteins or other HIV antigens), which might provide us with 

data showing representative differences between HESN and healthy controls in either 

peripheral blood or tissues.

����$QWLJHQ�6SHFL¿F�1.�&HOOV�LQ�,QÀXHQ]D

,Q�SDUDOOHO�WR�WKH�+(61�FRKRUW��,�KDG�DFFHVV�WR�VDPSOHV�IURP�D�XQLTXH�FRKRUW�RI�LQGL-

YLGXDOV�ZKR�UHFHLYHG�FRQVHFXWLYH�LQWUDQDVDO� LPPXQL]DWLRQV�ZLWK�WKH�)OX0LVW�YDFFLQH�

WR�H[SORUH�1.�FHOO� UHFDOO� UHVSRQVHV� WR� LQÀXHQ]D��:H� IRXQG� WKDW�VHULDO� LPPXQL]DWLRQ�

VSHFL¿FDOO\�HQKDQFHG�GHJUDQXODWLRQ�UHVSRQVHV�WR�WKH�U+$�+�1��SURWHLQ�DSSUR[LPDWH-

O\����GD\V�DIWHU� ¿UVW�DQG�VHFRQG�YDFFLQDWLRQ� �39�OD�39�OD���)XUWKHUPRUH�� LQ�DFFRU-

dance with previous reports by the Jost lab(172), we detected higher proportions of 

�%���1.�FHOOV�LQ�WKH�EORRG�IROORZLQJ�LPPXQL]DWLRQ�ZLWK�)OX0LVW��,QWHUHVWLQJO\��LW�ZDV�WKH�

2B4brightNKp46low NK cell subset that seem to mediate these enhanced degranulation 

responses against rHA H1N1 following vaccination. However, although the 2B4bright 
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NKp46low NK cell subset mediated enhanced responses against rHA H1N1 following 

YDFFLQDWLRQ�LW�GLG�QRW�VLJQL¿FDQWO\�H[SDQG�LQ�WKH�SHULSKHUDO�EORRG�RYHU�WLPH��)LQDOO\��ZH�

ZHUH� LQWHUHVWHG� WR�VHH�ZKHWKHU� WKH�RYHUDOO�1.�FHOO� UHVSRQVH�DJDLQVW� LQÀXHQ]D�ZDV�

VSHFL¿FDOO\�GLUHFWHG�DJDLQVW�WKH�YLUXV�LQ�WKLV�FRKRUW��2XU�UHVXOWV�UHYHDOHG�DQ�LQFUHDVH�LQ�

1.�FHOO�PHGLDWHG�F\WRO\VLV�RI�LQÀXHQ]D��SXOVHG�%�/&/�WZR�PRQWKV�SRVW�VHFRQG�YDFFL-

QDWLRQ�LQ�D�VXEVHW�RI�YDFFLQHHV�VKRZLQJ�LQÀXHQ]D�VSHFL¿F�1.�FHOO�UHVSRQVHV�

Our analysis revealed vaccination-associated changes in NK cell surface expression 

with the upregulation of 2B4 and downregulation of NKp46 (Figure 5B���¿QGLQJV�WKDW�

DUH�LQ�OLQH�ZLWK�SUHYLRXV�UHSRUWV�E\�'U��-RVW¶V�ODE��������7KH�DFWLYDWLQJ�1.S���UHFHS-

WRU�KDV�WKH�DELOLW\�WR�LQWHUDFW�GLUHFWO\�ZLWK�WKH�LQÀXHQ]D�DQWLJHQ�+$�DQG�LV�LQYROYHG�LQ�

F\WRO\VLV�RI�LQÀXHQ]D�LQIHFWHG�FHOOV����������������7KH�FR�DFWLYDWLQJ�UHFHSWRU��%��FDQ�

DOVR�ELQG�LQÀXHQ]D�+$�DQG�FR�VWLPXODWHV�1.S���PHGLDWHG�F\WRWR[LFLW\�DJDLQVW�LQÀXHQ-

]D�����������7KHUHIRUH��HQKDQFHG�&'���D�XSUHJXODWLRQ�DJDLQVW�U+$�SRVW�YDFFLQDWLRQ�

PLJKW�PDLQO\�UHÀHFW�WKH�DELOLW\�RI�WKRVH�WZR�1.�FHOO�UHFHSWRUV�WR�ELQG�+$�DQG�DFWLYDWH�

NK cells. Experiments to compare the function of 2B4brightNKp46low NK cells against 

RWKHU�LQÀXHQ]D�DQWLJHQV�DV�ZHOO�DV�DJDLQVW�OLYH�$�%ULVEDQH���������+�1���YLUXV�SUH��

DQG�SRVW�YDFFLQDWLRQ�DUH�UHTXLUHG�WR�HYDOXDWH�WKH�IXOO�SRWHQWLDO�RI�WKLV�1.�FHOO�VXEVHW�

We performed all our ICS assays on CD3-depleted PBMC to prevent NK cell stimu-

ODWLRQ�E\�,/���SURGXFHG�E\�LQÀXHQ]D�VSHFL¿F�7�FHOOV�DQG�WR�KDYH�D�EHWWHU�VHQVH�RI�1.�

FHOO�UHVSRQVHV�WKDW�DUH�PHGLDWHG�E\�D�SRWHQWLDO�GLUHFW�UHFRJQLWLRQ�RI�LQÀXHQ]D�HSLWRSHV��

7KXV��LW�LV�XQOLNHO\�WKDW�WKH�REVHUYHG�IXQFWLRQ�RI��%�brightNKp46low NK cells is mediated 

by IL-2. Further investigations to assess whether the observed T cell help-independent 

UHVSRQVHV�E\�1.�FHOOV�FRXOG�EH�WULJJHUHG�E\�F\WRNLQHV�OLNH�SUHYLRXVO\�VXJJHVWHG�������

RU�GHSHQG�RQ�LQQDWH�F\WRNLQHV�RU�RQ�LQÀXHQ]D�VSHFL¿F�DQWLERGLHV��ZKLFK�ZHUH�QRW�H[-

cluded from our assay, are warranted.

Generally, NK cell activation leads to a downregulation of activating NK cell recep-

WRUV� WR�SUHYHQW�FHOO�GHDWK�� ,Q�FRQVHTXHQFH��HQKDQFHG�SRVW�YDFFLQDWLRQ�DFWLYDWLRQ�RI�

2B4brightNKp46low� 1.� FHOOV� DJDLQVW� U+$� OLNHO\� UHÀHFWV� LQWHUQDOL]DWLRQ� RI� WKH� UHFHSWRU�

resuting from successful recognition of rHA and triggering of NK cell cytotoxicity by 

1.S���������,QWHUQDOL]DWLRQ�RI�1.S���XSRQ�OLJDWLRQ�RI�+$�PLJKW�DOVR�UHÀHFW�D�PHFKD-

QLVP�RI�WKH�LQÀXHQ]D�YLUXV�WR�LQIHFW�WKH�FHOO�LWVHOI�������������%��GLG�QRW�IDGH�IURP�WKH�

NK cell surface, which might be owed to the fact that it mostly served as a co-signaling 
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receptor for NKp46 rather than triggering cytotoxicity itself. 2B4brightNKp46low peripheral 

EORRG�1.�FHOOV�GLG�QRW�VKRZ�HOHYDWHG�UHVSRQVHV�ULJKW�DIWHU�WKH�LPPXQL]DWLRQ����GD\V�

SRVW�YDFFLQDWLRQ���ZKLFK�PLJKW�UHÀHFW�D�WHPSRUDU\�UHFUXLWPHQW�RI�WKH�1.�FHOO�VXEVHW�DW�

the site of infection (i.e. the respiratory tract) or to lymphoid organs (i.e. lymph nodes, 

VSOHHQ��DQG�WKHUHIRUH�FDQ¶W�EH�VHHQ�LQ�WKH�KXPDQ�EORRG���GD\V�SRVW�YDFFLQDWLRQ��)XU-

WKHUPRUH�� LW�ZRXOG�EH� LQWHUHVWLQJ� WR� VHH�ZKHWKHU�EXON�KHSDWLF� RU� VSOHQLF�DV�ZHOO� DV�

2B4brightNKp46low� 1.� FHOOV� LQ� WKHVH� RUJDQV�ZRXOG� VKRZ� VLJQL¿FDQW� LQÀXHQ]D�VSHFL¿F�

responses, since it has been shown in animals that memory NK cells are mostly re-

VLGLQJ�LQ�WKHVH�WLVVXHV���������+RZHYHU��OLNH�PHQWLRQHG�EHIRUH��VXFK�H[SHULPHQWV�DUH�

challenging due to limited access to those tissues in healthy individuals. On top, differ-

ent organs within the human body home different NK cell subpopulations with distinct 

SKHQRW\SHV�DQG�IXQFWLRQV��ZKLFK�PLJKW�VNHZ�H[SHULPHQWDO�UHVXOWV�

,QWHUHVWLQJO\��HQKDQFHG�DQWLJHQ�VSHFL¿F�1.�FHOO�NLOOLQJ�ZDV�REVHUYHG�LQ�VXEMHFWV�SUHYL-

RXVO\�H[SRVHG�WR�LQÀXHQ]D��)/80�����)/80�����)/80������HLWKHU�E\�YDFFLQDWLRQ�RU�

LQIHFWLRQ��EXW�QRW�LQ�LQÀXHQ]D�QDwYH�VXEMHFWV�YDFFLQDWHG�WZLFH�ZLWK�)OX0LVW�VXJJHVWLQJ�

WKDW�)OX0LVW�PLJKW�QRW�DOORZ�HI¿FLHQW�JHQHUDWLRQ�RI�LQÀXHQ]D��VSHFL¿F�1.�FHOO�PHPRU\��

,W�LV�SRVVLEOH�WKDW�WKH�SULRU�1.�FHOO�H[SRVXUH�WR�LQÀXHQ]D�PLJKW�KDYH�DOUHDG\�OHG�WR�DQ�

DOWHUDWLRQ�RI�1.�FHOOV��6LQFH� WKH�DQWLJHQ�VSHFL¿F� UHVSRQVH�ZDV�GLUHFWHG�DJDLQVW� WKH�

UHFRPELQDQW�+$�+�1���LW�ZRXOG�EH�LQWHUHVWLQJ�WR�NQRZ�ZKHWKHU�WKH�LQÀXHQ]D�YDFFLQH�

that FLUM002 and possibly also FLUM004 received contained a similar strain to the 

RQH�LQ�)OX0LVW�RU�WKH�UHFRPELQDQW� LQÀXHQ]D�+$�SURWHLQ��$�%ULVEDQH���������+�1����

used in the assay. Subject FLUM004 could not reproduce her vaccination record, sub-

ject FLUM002 reported to have been vaccinated once in 2007. According to the World 

+HDOWK�2UJDQL]DWLRQ��WKH�LQÀXHQ]D�+�1��VWUDLQ�XVHG�LQ�WKH�WULYDOHQW�YDFFLQH�LQ������

�����ZDV�WKH�$�1HZ�&DOHGRQLD��������+�1���OLNH�YLUXV�������,Q������������LW�ZDV�WKH�

$�6RORPRQ� ,VODQGV�������� �+�1���OLNH�YLUXV� WKDW�ZDV�XVHG� IRU� WKH�YDFFLQH� IRUPXOD-

tion(207). The A/New Caledonia/20/99 (H1N1) strain showed a 98%-similarity and the 

A/Solomon Islands/3/2006 (H1N1) a 99%-similarity to the A/Brisbane/59/2007 (H1N1) 

strain, that was used in the assay which itself is 99% similar to the H1N1 strain used 

LQ�)OX0LVW��1&%,�%/$67����*LYHQ�WKH�VLPLODULW\�RI�WKHVH�VWUDLQV��LW�LV�SRVVLEOH�WKDW�WKH�

SULRU�H[SRVXUH�OHG�WR�DQ�DOWHUDWLRQ�RI�1.�FHOOV�WR�UHVSRQG�LQ�DQ�DQWLJHQ�VSHFL¿F�PDQQHU�

to the rHA H1N1 strain that is similar to the strain contained in FluMist. In this context, 
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LW�ZRXOG�EH�LQWHUHVWLQJ�WR�VHH�ZKHWKHU�1.�FHOOV�IURP�UHVSRQGHUV�DUH�FDSDEOH�RI�NLOOLQJ�

WDUJHW�FHOOV�SXOVHG�ZLWK�DQWLJHQV�IURP�KHWHURVXEW\SLF�VWUDLQV�OLNH�+�1���LQFOXGLQJ�WKH�

RQHV�WKDW�DUH�QRW�SDUW�RI�LQÀXHQ]D�YDFFLQHV��L�H��+�1���+�1���

Similarly, it is also possible that the timing we used was not optimal. The subjects were 

vaccinated two or three times at intervals of one month, expecting an increased NK cell 

response after each vaccination. NK cell responses 5 days post-vaccination did not 

show any augmented NK cell activation, assuming that NK cells were still homed at the 

VLWH�RI�LQIHFWLRQ��7UXH�DQWLJHQ�VSHFL¿F�UHVSRQVHV�ZHUH�GHWHFWHG����GD\V�SRVW�VHFRQG�

vaccination, indicating that either the process around the formation of antigen-speci-

¿FLW\�PLJKW�WDNH�ORQJHU�WKDQ�SUHYLRXVO\�DVVXPHG�RU�WKDW�DQWLJHQ��VSHFL¿F�1.�FHOOV�FDQ�

only be seen in the blood by that time. Since only the subjects previously exposed to 

LQÀXHQ]D�VKRZHG�HQKDQFHG�DQWLJHQ�VSHFL¿F�LPPXQH�UHVSRQVHV��LW�ZRXOG�EH�LQWHUHVW-

ing to see whether an expanded vaccination panel (i.e. 3-5 vaccinations) with broader 

time intervals would lead to increasing NK cell responses over time. Studies on T- and 

B-cell maturation after vaccination have shown that the optimal interval between the 

¿UVW�LPPXQL]DWLRQ�DQG�WKH�IROORZLQJ�ERRVWHU�VKRW�VKRXOG�WDNH�DW�OHDVW�����PRQWKV������

������$GGLWLRQDOO\�� ODWHU�EORRG�GUDZV��!���GD\V��PLJKW�DOVR�UHYHDO�HQKDQFHG�1.�FHOO�

responses in subjects that have never been exposed before.

A confounding factor to any NK cell vaccination study could be the high rates of CMV 

LQIHFWLRQV�LQ�KXPDQV�VNHZLQJ�WKH�1.�FHOO�UHSHUWRLUH��,W�KDV�EHHQ�VKRZQ�WKDW�VXEMHFWV�

EHLQJ�LQIHFWHG�ZLWK�&09�VKRZHG�ORZHU�1.�FHOO�,)1�Ȗ�SURGXFWLRQ�SRVW�YDFFLQDWLRQ�FRP-

pared to control group(210). These dampened NK cell responses were primarily seen 

in the CD56dim&'���1.*�&��1.�FHOO� VXEVHW�� ,QWHUHVWLQJO\��1.�FHOO� ,)1�Ȗ� UHVSRQV-

es in HCMV+ subjects were enhanced after vaccination when being stimulated with 

F\WRNLQHV� OLNH�,/����DQG�,/����������6LQFH�WKH�VWXGLHG�SRSXODWLRQ� LV�RXJKW� WR�KDYH�D�

HCMV seroprevalence of about 60%, enhanced responses by the 2B4brightNKp46low 

1.�FHOO�VXEVHW�PLJKW�EH�OLQNHG�WR�F\WRNLQH�VWLPXODWLRQ�RU�WR�FR��H[SUHVVLRQ�RI�RWKHU�NH\�

receptors, including CD2 and NKG2C with the latter being associated with individuals 

seropositive for CMV(48-50, 52). The role of this NK cell subset has to be further in-

YHVWLJDWHG��HVSHFLDOO\����GD\V�SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�DQG�LI�RWKHU�UHFHSWRUV�

RU�IDFWRUV��L�H��&09��F\WRNLQHV��UHVKDSLQJ�WKH�1.�FHOO�UHSHUWRLUH�SOD\�D�ELJJHU�UROH�LQ�

the grand picture.
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While NK cells showed responses against the recombinant HA H1N1 there was no re-

VSRQVH�LQ�SUHVHQFH�RI�OLYH�+�1��LQÀXHQ]D�YLUXV��,W�LV�YHU\�SRVVLEOH��WKDW�WKH�VSHFL¿FLW\�

RI�1.�FHOOV�LV�OLPLWHG�WR�D�FHUWDLQ�QXPEHU�RI�LQÀXHQ]D�VWUDLQV��:H�XVHG�D�OLYH�YLUXV�ODE�

strain adapted to mice, which all subjects of the study cohort have never been exposed 

WR��,I�LQÀXHQ]D�VSHFL¿F�1.�FHOOV�PHGLDWH�WKH�REVHUYHG�1.�FHOO�UHVSRQVHV�DJDLQVW�U+$�

+�1���LW�VXJJHVWV�WKDW�WKHVH�FHOOV�PLJKW�KDYH�OLPLWHG�FURVV��UHDFWLYLW\�WR�RWKHU�LQÀXHQ]D�

strains.

Although we obtained data on NK cells that showed elevated responses towards rHA 

+�1��DIWHU� LPPXQL]DWLRQ�ZLWK�)OX0LVW�DQG� LQÀXHQ]D�VSHFL¿F� NLOOLQJ�E\�1.�FHOOV� WZR�

PRQWKV�SRVW�VHFRQG�YDFFLQDWLRQ��QRQH�RI�WKH�GDWD�UHDFKHG�VWDWLVWLFDO�VLJQL¿FDQFH��7KLV�

LV�OLNHO\�D�FRQVHTXHQFH�RI�WKH�VPDOO�VL]H�RI�RXU�FRKRUW��)XWXUH�H[SHULPHQWV�EDVHG�RQ�

the current data with bigger subject pools and a greater assortment of blood samples 

DUH�ZDUUDQWHG�WR�FRQ¿UP�WKRVH�UHVXOWV��$OVR��D�WKRURXJK�FKDUDFWHUL]DWLRQ�RI� LVRODWHG�

and clonally expanded 2B4brightNKp46low NK cells will give precious insights into the role 

RI�WKLV�VXESRSXODWLRQ�LQ�LQÀXHQ]D�YDFFLQDWLRQ�

The Jost laboratory has now pursued those investigations and could isolate and ex-

SDQG� VLQJOH� LQÀXHQ]D�VSHFL¿F� 1.� FHOOV� GLVSOD\LQJ� KHWHURVXEW\SLF� F\WRWR[LF� DFWLYLW\�

DJDLQVW� LQÀXHQ]D�QXFOHRSURWHLQ��7KHVH�QHZ�GDWD�VXJJHVW� WKDW� LQÀXHQ]D�VSHFL¿F�1.�

FHOOV� WKDW� UHFRJQL]H� FRQVHUYHG� LQÀXHQ]D� DQWLJHQV� IURP� VHURORJLFDOO\� GLVWLQFW� VWUDLQV�

exist in humans and have the potential to be harnessed in future vaccine strategies.



&RQFOXVLRQ5
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2YHUDOO�� RXU� ¿QGLQJV� VKRZ�HQKDQFHG�1.�FHOO� UHVSRQVHV�DJDLQVW� D� UHFRPELQDQW�+$�

H1N1 protein by the 2B4brightNKp46low�1.� FHOO� VXEVHW� DIWHU� VHULDO� LPPXQL]DWLRQ�ZLWK�

)OX0LVW�DV�ZHOO�DV�LQÀXHQ]D�VSHFL¿F�1.�FHOO�UHVSRQVHV�WZR�PRQWKV�SRVW�YDFFLQDWLRQ�LQ�

KXPDQV��/RQJ�OLYHG�1.�FHOOV�ZLWK�VWURQJ�DQWLYLUDO�DFWLYLW\�DJDLQVW�LQÀXHQ]D�PLJKW�UHS-

UHVHQW�D�SRWHQWLDO�HIIHFWRU�FHOO�SRSXODWLRQ�WKDW�LV�DEOH�WR�UHFRJQL]H�EURDGHU�DQG�PRUH�

FRQVHUYHG�UHJLRQV�RI�LQÀXHQ]D�WKDQ�WKRVH�WDUJHWHG�E\�7�DQG�%�FHOOV��3UHYLRXV�VWXGLHV�

on NK cells in humans have revealed adaptive characteristics in presence of CMV and 

GLIIHUHQW�F\WRNLQHV������������������������������DQG�HYHQ�DQWLJHQ�VSHFL¿F�1.�FHOOV�KDYH�

been described(13, 48-52, 99). Just recently, two reports have been released pre-

VHQWLQJ�GDWD�RQ�DQWLJHQ�VSHFL¿F�KXPDQ�1.�FHOOV�DIWHU�YDFFLQDWLRQ�ZLWK�+,9�����������

KRZHYHU�YDFFLQDWLRQ�LQGXFHG�LQÀXHQ]D�VSHFL¿F�1.�FHOOV�UHVSRQVHV�KDYH�QRW�EHHQ�H[-

plored so far.

'HVSLWH� WKH� OLPLWDWLRQV�RI�RXU�VWXG\��RXU� UHVXOWV�VXJJHVW�DQWLJHQ�VSHFL¿F�1.�FHOO� UH-

VSRQVHV�WULJJHUHG�E\�LQÀXHQ]D�YDFFLQDWLRQ��$OWKRXJK�VHDVRQDO�LQÀXHQ]D�YDFFLQDWLRQV�

DOUHDG\�H[LVW��LQÀXHQ]D�LV�VWLOO�D�GLVHDVH�WKDW�FDXVHV�VHYHUH�LOOQHVV�HVSHFLDOO\�WR�HOGHU-

O\�DQG�QHRQDWHV�GXH�WR� OLPLWHG�YDFFLQH�HI¿FDF\�DJDLQVW� LQÀXHQ]D�VWUDLQV�WKDW�GR�QRW�

PDWFK�WKH�YDFFLQH������������%HLQJ�DEOH�WR�HOLFLW�DQWLJHQ�VSHFL¿F�PHPRU\�1.�FHOOV�E\�

YDFFLQDWLRQ�FRXOG�VLJQL¿FDQWO\�FRQWULEXWH�WR�LQFUHDVLQJ�WKH�HI¿FDF\�RI�IXWXUH�XQLYHUVDO�

LQÀXHQ]D�YDFFLQH�KDUQHVVLQJ�WKH�IXOO�IRUFH�RI�WKH�LPPXQH�V\VWHP�



=XVDPPHQIDVVXQJ6
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8QVHUH�(UJHEQLVVH�]HLJHQ�JHVWHLJHUWH�1.�=HOO�$QWZRUWHQ�DXI�HLQ�UHNRPELQDQWHV�+$�

+�1��3URWHLQ�GXUFK�GLH�VSH]LDOLVLHUWH��%�brightNKp46low NK Zelle nach Mehrfachimp-

IXQJ� PLW� )OX0LVW�� (EHQVR� ]HLJWHQ� �%�brightNKp46low� 1.� =HOOHQ� ,QÀXHQ]D�VSH]L¿VFKH�

Immunantworten im Menschen 2 Monate post-Immunisierung. Langlebige NK Zellen 

PLW�VWDUNHU�DQWLYLUDOHU�$NWLYLWlW�JHJHQ�,QÀXHQ]D�VWHOOHQ�HLQH�P|JOLFKH�HIIHNWLYH�=HOOOLQLH�

GDU��ZHOFKH�IlKLJ�LVW��LP�9HUJOHLFK�]X�7�XQG�%�=HOOHQ�,QÀXHQ]D�VSH]L¿VFKH�5HJLRQHQ�

LQ�HLQHP�EUHLWHUHQ�6SHNWUXP�]X�HUNHQQHQ�XQG�HOLPLQLHUHQ��9RUDQJHJDQJHQH�1.�=HOO�

6WXGLHQ� LP�0HQVFKHQ�]HLJWHQ�DGDSWLYH�&KDUDNWHULVWLND� LQ�*HJHQZDUW�YRQ�&09�XQG�

XQWHUVFKLHGOLFKHQ�=\WRNLQHQ� ������������������������������XQG�VRJDU�$QWLJHQ�VSH]L-

¿VFKH�1.�=HOOHQ�ZXUGHQ�EHVFKULHEHQ� ����� ������� �����9RU�.XU]HP�ZXUGHQ� LQ� ]ZHL�

%HULFKWHQ�'DWHQ��EHU�$QWLJHQ�VSH]L¿VFKH�1.�=HOOHQ�LQ�0HQVFKHQ�QDFK�,PSIXQJ�PLW�

+,9�YHU|IIHQWOLFKW������������MHGRFK�IHKOHQ�QRFK�MHJOLFKH�%HULFKWH��EHU�,QÀXHQ]D�VSH-

]L¿VFKH��=HOOHQ�GXUFK�9DN]LQDWLRQ�

7URW]�GHU�/LPLWDWLRQHQ�LQ�XQVHUHU�6WXGLH�]HLJHQ�ZLU�$QWLJHQ�VSH]L¿VFKH�1.�=HOO�$QW-

ZRUWHQ�� GLH� GXUFK� 0HKUIDFKLPSIXQJHQ� PLW� ,QÀXHQ]D� LQGX]LHUW� ZXUGHQ�� 2EZRKO� GLH�

VDLVRQDOH� ,QÀXHQ]D�,PSIXQJ�VFKRQ�H[LVWLHUW��EHUHLWHW�GDV� ,QÀXHQ]D�9LUXV�EHL�bOWHUHQ�

VRZLH�1HXJHERUHQHQ� DXIJUXQG� IHKOHQGHU� ,PSIVWRIIHI¿]LHQ]�ZHLWHUKLQ� EHVRUJQLVHUUH-

JHQGH�.UDQNKHLWVYHUOlXIH�������������GLH�RIW�DXI�HLQHP�0LVPDWFK�GHU�,QÀXHQ]DVWUlQJH�

LQ�GHU�,PSIXQJ�EDVLHUW��$QWLJHQ�VSH]L¿VFKH�*HGlFKWQLV�1.�=HOOHQ��GLH�GXUFK�9DN]LQDWL-

RQ�LQGX]LHUW�ZHUGHQ��N|QQWHQ�GLH�(I¿]LHQ]�HLQHU�,QÀXHQ]D�,PSIXQJ�VLJQL¿NDQW�VWHLJHUQ�

XQG�VRPLW�GLH�YROOH�.UDIW�GHV�,PPXQV\VWHPV�QXW]EDU�PDFKHQ�
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3HUFHQWDJHV�RI�&'����H[SUHVVLRQ�RQ�1.�FHOOV�H[SUHVVLQJ�KLJK�OHYHOV�RI��%����%�bright��DQG�ORZ�OHYHOV�RI�
1.S����1.S��ORZ��RU�ORZ�OHYHOV�RI��%����%�GLP��DQG�KLJK�OHYHOV�RI�1.S����1.S��bright��VWLPXODWHG�ZLWK�+�1��
35��DQG�.����LQ���LQGLYLGXDOV�LPPXQL]HG�ZLWK�)OX0LVW��%DUV�UHSUHVHQW�PHGLDQ�SHUFHQWDJHV��3%0&�ZHUH�
HYDOXDWHG�DW���GD\V� �39�H�39�H��DQG�RQH�PRQWK� �39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�DQG�
FRPSDUHG�WR�EDVHOLQH��%/���3HUFHQWDJHV�VKRZ�WKH�SRUWLRQ�RI�WKH�UHVSHFWLYH�VXEVHWV�FRPSDUHG�WR�WKH�WRWDO�RI�
DOO�1.�FHOOV��\�D[LV���+RUL]RQWDO�OLQHV�LQGLFDWH�WKH�PHGLDQ�SHUFHQWDJHV��'RWV�UHSUHVHQW�HDFK�LQGLYLGXDO�UHVXOW�
IRU�WKH�UHVSHFWLYH�VXEVHW�DQG�WLPH�SRLQW��[��D[LV���6DPSOHV�IURP�DOO���VXEMHFWV�ZHUH�QRW�DYDLODEOH�IRU�DOO�WLPH�
SRLQWV��A. 3HUFHQWDJHV�RI�&'���D�H[SUHVVLRQ�RQ�1.�FHOOV�IURP�3%0&�VWLPXODWHG�ZLWK�+�1��35��DW���GD\V�
�39�H�39�H��DQG�RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRPSDUHG�WR�EDVHOLQH��
B.�3HUFHQWDJHV�RI�&'���D�H[SUHVVLRQ�RQ�1.�FHOOV�IURP�3%0&�VWLPXODWHG�ZLWK�.����FHOOV�VHUYLQJ�DV�SRV-
LWLYH�FRQWURO�DW���GD\V��39�H�39�H��DQG�RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRP-
SDUHG�WR�EDVHOLQH�

Supplementary Figure S6.1. Percentages of CD107a expression on NK cells 
expressing 2B4 and NKp46 stimulated with H1N1 PR8 and K562

A.

B.
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3HUFHQWDJHV�RI�,)1Ȗ�H[SUHVVLRQ�RQ�1.�FHOOV�H[SUHVVLQJ�KLJK�OHYHOV�RI��%����%�bright��DQG�ORZ�OHYHOV�RI�1.S���
�1.S��ORZ��RU�ORZ�OHYHOV�RI��%����%�GLP��DQG�KLJK�OHYHOV�RI�1.S����1.S��bright��XQVWLPXODWHG�DQG�VWLPXODWHG�
ZLWK�+�1��35���.����LQ���LQGLYLGXDOV�LPPXQL]HG�ZLWK�)OX0LVW��%DUV�UHSUHVHQW�PHGLDQ�SHUFHQWDJHV��3%0&�
ZHUH�HYDOXDWHG�DW���GD\V��39�H�39�H��DQG�RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�DQG�
FRPSDUHG�WR�EDVHOLQH��%/���3HUFHQWDJHV�VKRZ�WKH�SRUWLRQ�RI�WKH�UHVSHFWLYH�VXEVHWV�FRPSDUHG�WR�WKH�WRWDO�RI�
DOO�1.�FHOOV��\�D[LV���+RUL]RQWDO�OLQHV�LQGLFDWH�WKH�PHGLDQ�SHUFHQWDJHV��'RWV�UHSUHVHQW�HDFK�LQGLYLGXDO�UHVXOW�
IRU�WKH�UHVSHFWLYH�VXEVHW�DQG�WLPH�SRLQW��[��D[LV���6DPSOHV�IURP�DOO���VXEMHFWV�ZHUH�QRW�DYDLODEOH�IRU�DOO�WLPH�
SRLQWV��A.�3HUFHQWDJHV�RI�,)1Ȗ�H[SUHVVLRQ�RQ�1.�FHOOV�IURP�XQVWLPXODWHG�3%0&�DW���GD\V��39�H�39�H��
DQG�RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRPSDUHG�WR�EDVHOLQH��B.�3HUFHQWDJHV�RI�
,)1Ȗ�H[SUHVVLRQ�RQ�1.�FHOOV�IURP�3%0&�VWLPXODWHG�ZLWK�+�1��35��DW���GD\V��39�H�39�H��DQG�RQH�PRQWK�
�39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRPSDUHG�WR�EDVHOLQH��C.�3HUFHQWDJHV�RI�,)1Ȗ�H[SUHVVLRQ�
RQ�1.�FHOOV�IURP�3%0&�VWLPXODWHG�ZLWK�.����FHOOV�VHUYLQJ�DV�SRVLWLYH�FRQWURO�DW���GD\V��39�H�39�H��DQG�
RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRPSDUHG�WR�EDVHOLQH�

6XSSOHPHQWDU\�)LJXUH�6�����3HUFHQWDJHV�RI� ,)1Ȗ�H[SUHVVLRQ�RQ�1.�FHOOV�H[-
pressing 2B4 and NKp46 unstimulated and stimulated with H1N1 PR8 and K562
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3HUFHQWDJHV�RI�71)Į�H[SUHVVLRQ�RQ�1.�FHOOV�H[SUHVVLQJ�KLJK� OHYHOV�RI��%����%�bright��DQG� ORZ�OHYHOV�RI�
1.S����1.S��ORZ��RU�ORZ�OHYHOV�RI��%����%�GLP��DQG�KLJK�OHYHOV�RI�1.S����1.S��bright��XQVWLPXODWHG�DQG�VWLP-
XODWHG�ZLWK�U+$�+�1���+�1��35��DQG�.����LQ���LQGLYLGXDOV�LPPXQL]HG�ZLWK�)OX0LVW��%DUV�UHSUHVHQW�PHGLDQ�
SHUFHQWDJHV��3%0&�ZHUH�HYDOXDWHG�DW���GD\V��39�H�39�H��DQG�RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�
VHFRQG�YDFFLQDWLRQ�DQG�FRPSDUHG�WR�EDVHOLQH��%/���3HUFHQWDJHV�VKRZ�WKH�SRUWLRQ�RI�WKH�UHVSHFWLYH�VXEVHWV�
FRPSDUHG�WR�WKH�WRWDO�RI�DOO�1.�FHOOV��\�D[LV���+RUL]RQWDO�OLQHV�LQGLFDWH�WKH�PHGLDQ�SHUFHQWDJHV��'RWV�UHSUH-
VHQW�HDFK�LQGLYLGXDO�UHVXOW�IRU�WKH�UHVSHFWLYH�VXEVHW�DQG�WLPH�SRLQW��[�D[LV���6DPSOHV�IURP�DOO���VXEMHFWV�ZHUH�
QRW�DYDLODEOH�IRU�DOO�WLPH�SRLQWV��A.�3HUFHQWDJHV�RI�71)Į�H[SUHVVLRQ�RQ�1.�FHOOV�IURP�XQVWLPXODWHG�3%0&�DW�
��GD\V��39�H�39�H��DQG�RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRPSDUHG�WR�EDVHOLQH��
B.�3HUFHQWDJHV�RI�71)Į�H[SUHVVLRQ�RQ�1.�FHOOV�IURP�3%0&�VWLPXODWHG�ZLWK�U+$�+�1��DW���GD\V��39�H�
39�H��DQG�RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRPSDUHG�WR�EDVHOLQH��C.�3HUFHQW-
DJHV�RI�71)Į�H[SUHVVLRQ�RQ�1.�FHOOV�IURP�3%0&�VWLPXODWHG�ZLWK�+�1��35��DW���GD\V��39�H�39�H��DQG�
RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRPSDUHG�WR�EDVHOLQH��D.�3HUFHQWDJHV�RI�71)Į�
H[SUHVVLRQ�RQ�1.�FHOOV�IURP�3%0&�VWLPXODWHG�ZLWK�.����FHOOV�VHUYLQJ�DV�SRVLWLYH�FRQWURO�DW���GD\V��39�H�
39�H��DQG�RQH�PRQWK��39�OD�39�OD��SRVW�¿UVW�DQG�VHFRQG�YDFFLQDWLRQ�FRPSDUHG�WR�EDVHOLQH�

6XSSOHPHQWDU\�)LJXUH�6�����3HUFHQWDJHV�RI�71)Į�H[SUHVVLRQ�RQ�1.�FHOOV�H[-
pressing 2B4 and NKp46 unstimulated and stimulated with rHA H1N1, H1N1 
PR8 and K562

A.

A.

&�

B.

'�



XII

%LURQ�&$��0RUH�WKLQJV�LQ�KHDYHQ�DQG�HDUWK��GH¿QLQJ�LQQDWH�DQG�DGDSWLYH�LPPXQLW\��1DW�
,PPXQRO���������������������
&RRSHU�0$��7RGG�$��)HKQLJHU��0LFKDHO�$��&DOLJLXUL��7KH�ELRORJ\�RI�KXPDQ�QDWXUDO�NLOO-
HU�FHOO�VXEVHWV��,PPXQRORJ\���������������
9LYLHU�(��6RSKLH�8JROLQL��1DWXUDO�NLOOHU�FHOOV��IURP�EDVLF�UHVHDUFK�WR�WUHDWPHQWV��)URQWLHUV�
LQ�LPPXQRORJ\������������
9LYLHU�(��'DYLG�+��5DXOHW��$OHVVDQGUR�0RUHWWD��0LFKDHO�$��&DOLJLXUL��/DXUHQFH�=LWYRJHO��
/HZLV�/��/DQLHU��:D\QH�0��<RNR\DPD��6RSKLH�8JROLQL��,QQDWH�RU�DGDSWLYH�LPPXQLW\"�7KH�
H[DPSOH�RI�QDWXUDO�NLOOHU�FHOOV��6FLHQFH��1HZ�<RUN��1<�����������������������
2¶/HDU\�-��0DKPRXG�*RRGDU]L��'DQLHOOH�/�'UD\WRQ��8OULFK�+�YRQ�$QGULDQ��7�FHOO��DQG�
%� FHOO�LQGHSHQGHQW� DGDSWLYH� LPPXQLW\� PHGLDWHG� E\� QDWXUDO� NLOOHU� FHOOV�� 1DW� ,PPXQRO��
�����������������
3DXVW� 6�� +DUYLQGHU� 6� *LOO�� %DR�=KRQJ�:DQJ�� 0LFKDHO� 3� )O\QQ�� (�$VKOH\�0RVHPDQ��
%DOLPNL]� 6HQPDQ�� 0DULDQ� 6]F]HSDQLN�� $PDOLR� 7HOHQWL�� 3KLOLS� :� $VNHQDVH�� 5LFKDUG�
:�&RPSDQV�� 8OULFK� +� YRQ�$QGULDQ�� &ULWLFDO� UROH� IRU� WKH� FKHPRNLQH� UHFHSWRU� &;&5��
LQ� 1.� FHOO�PHGLDWHG� DQWLJHQ�VSHFL¿F� PHPRU\� RI� KDSWHQV� DQG� YLUXVHV�� 1DW� ,PPXQRO��
��������������������
0DMHZVND�6]F]HSDQLN�0��3DXVW�6��YRQ�$QGULDQ�8+��$VNHQDVH�3:��6]F]HSDQLN�0��1DWX-
UDO�NLOOHU�FHOO�PHGLDWHG�FRQWDFW�VHQVLWLYLW\�GHYHORSV�UDSLGO\�DQG�GHSHQGV�RQ�LQWHUIHURQ�DO-
SKD��LQWHUIHURQ�JDPPD�DQG�LQWHUOHXNLQ�����,PPXQRORJ\���������������������
3HQJ�+��-LDQJ�;��&KHQ�<��6RMND�'.��:HL�+��*DR�;��HW�DO��/LYHU�UHVLGHQW�1.�FHOOV�FRQIHU�
DGDSWLYH�LPPXQLW\�LQ�VNLQ�FRQWDFW�LQÀDPPDWLRQ��-�&OLQ�,QYHVW����������������������
.LHOF]HZVND�$��3\]LN�0��6XQ�7��.UPSRWLF�$��/RGRHQ�0%��0XQNV�0:��HW�DO��/\��3�UHF-
RJQLWLRQ�RI� F\WRPHJDORYLUXV�LQIHFWHG�FHOOV�H[SUHVVLQJ�+��'N�DQG�&09��HQFRGHG�P���
FRUUHODWHV�ZLWK�WKH�1.�FHOO�DQWLYLUDO�UHVSRQVH��-�([S�0HG���������������������
6FDO]R�$$��0DQ]XU�0��)RUEHV�&$��%URZQ�0*��6KHOODP�*5��1.�JHQH�FRPSOH[�KDSORW\SH�
YDULDELOLW\�DQG�KRVW�UHVLVWDQFH�DOOHOHV�WR�PXULQH�F\WRPHJDORYLUXV�LQ�ZLOG�PRXVH�SRSXOD-
WLRQV��,PPXQRO�&HOO�%LRO�������������������
6XQ�-&��%HLONH�-1��/DQLHU�//��$GDSWLYH�LPPXQH�IHDWXUHV�RI�QDWXUDO�NLOOHU�FHOOV��1DWXUH��
����������������������
9HQNDWDVXEUDPDQLDQ�6��&KHHNDWOD�6��3DLGLSDOO\�3��7ULSDWKL�'��:HOFK�(��7YLQQHUHLP�$5��
HW�DO��,/����GHSHQGHQW�H[SDQVLRQ�RI�PHPRU\�OLNH�1.�FHOOV�HQKDQFHV�SURWHFWLYH�LPPXQH�
UHVSRQVHV�DJDLQVW�0\FREDFWHULXP�WXEHUFXORVLV��0XFRVDO�,PPXQRO���������������������
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45.
6FKOXPV�+��&LFKRFNL�)��7HVL�%��7KHRUHOO�-��%H]LDW�9��+ROPHV�7'��HW�DO��&\WRPHJDORYLUXV�
LQIHFWLRQ�GULYHV�DGDSWLYH�HSLJHQHWLF�GLYHUVL¿FDWLRQ�RI�1.�FHOOV�ZLWK�DOWHUHG�VLJQDOLQJ�DQG�
HIIHFWRU�IXQFWLRQ��,PPXQLW\��������������������
%H]LDW�9��/LX�//��0DOPEHUJ�-$��,YDUVVRQ�0$��6RKOEHUJ�(��%MRUNOXQG�$7��HW�DO��1.�FHOO�UH-
VSRQVHV�WR�F\WRPHJDORYLUXV�LQIHFWLRQ�OHDG�WR�VWDEOH�LPSULQWV�LQ�WKH�KXPDQ�.,5�UHSHUWRLUH�
DQG�LQYROYH�DFWLYDWLQJ�.,5V��%ORRG�����������������������
/XHWNH�(YHUVORK�0��+DPPHU�4��'XUHN�3��1RUGVWURP�.��*DVSDURQL�*��3LQN�0��HW�DO��+X-
PDQ�F\WRPHJDORYLUXV�GULYHV�HSLJHQHWLF�LPSULQWLQJ�RI�WKH�,)1*�ORFXV�LQ�1.*�&KL�QDWXUDO�
NLOOHU�FHOOV��3/R6�3DWKRJ��������������H��������
/HH�-��=KDQJ�7��+ZDQJ�,��.LP�$��1LWVFKNH�/��.LP�0��HW�DO��(SLJHQHWLF�PRGL¿FDWLRQ�DQG�
DQWLERG\�GHSHQGHQW�H[SDQVLRQ�RI�PHPRU\�OLNH�1.�FHOOV� LQ�KXPDQ�F\WRPHJDORYLUXV�LQ-
IHFWHG�LQGLYLGXDOV��,PPXQLW\��������������������
=KDQJ�7��6FRWW�-0��+ZDQJ�,��.LP�6��&XWWLQJ�HGJH��DQWLERG\�GHSHQGHQW�PHPRU\�OLNH�1.�
FHOOV�GLVWLQJXLVKHG�E\�)F5JDPPD�GH¿FLHQF\��-�,PPXQRO���������������������
0XQWDVHOO�$��3XSXOHNX�$��&LVQHURV�(��9HUD�$��0RUDUX�0��9LOFKHV�&��HW�DO��5HODWLRQVKLS�RI�
1.*�&�&RS\�1XPEHU�ZLWK�WKH�'LVWULEXWLRQ�RI�'LVWLQFW�&\WRPHJDORYLUXV�,QGXFHG�$GDS-
WLYH�1.�&HOO�6XEVHWV��-�,PPXQRO�����������������������
&HUZHQND�$��/DQLHU�//��1DWXUDO�NLOOHU�FHOO�PHPRU\�LQ�LQIHFWLRQ��LQÀDPPDWLRQ�DQG�FDQFHU��
1DW�5HY�,PPXQRO��������������������
.LP�.+��<X�+7��+ZDQJ� ,��3DUN�6��3DUN�6+��.LP�6��HW�DO��3KHQRW\SLF�DQG�)XQFWLRQDO�
$QDO\VLV�RI�+XPDQ�1.�&HOO�6XESRSXODWLRQV�$FFRUGLQJ�WR�WKH�([SUHVVLRQ�RI�)FHSVLORQ5,-
JDPPD�DQG�1.*�&��)URQWLHUV�LQ�LPPXQRORJ\���������������
0HJDQ�$��&RRSHU�-0(��3HWHU�$��.H\HO��/LSLQJ�<DQJ��-DYLHU�$��&DUUHUR��:D\QH�0��<R-
NR\DPD��&\WRNLQH�LQGXFHG�PHPRU\�OLNH�QDWXUDO�NLOOHU�FHOOV��31$6���������������������
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&RRSHU�0$��<RNR\DPD�:0��0HPRU\�OLNH�UHVSRQVHV�RI�QDWXUDO�NLOOHU�FHOOV��,PPXQRO�5HY��
��������������������
5RPHH�5��6FKQHLGHU�6(��/HRQJ�-:��&KDVH�-0��.HSSHO�&5��6XOOLYDQ�53��HW�DO��&\WRNLQH�
DFWLYDWLRQ�LQGXFHV�KXPDQ�PHPRU\�OLNH�1.�FHOOV��%ORRG�����������������������
/HRQJ�-:��&KDVH�-0��5RPHH�5��6FKQHLGHU�6(��6XOOLYDQ�53��&RRSHU�0$��HW�DO��3UH-
DFWLYDWLRQ�ZLWK�,/�����,/�����DQG�,/����LQGXFHV�&'���DQG�D�IXQFWLRQDO�KLJK��DI¿QLW\�,/���
UHFHSWRU�RQ�KXPDQ�F\WRNLQH�LQGXFHG�PHPRU\�OLNH�QDWXUDO�NLOOHU�FHOOV��%LRO�%ORRG�0DUURZ�
7UDQVSODQW��������������������
:DJQHU� -$�� %HUULHQ�(OOLRWW�00��5RVDULR�0�� /HRQJ� -:�� -HZHOO� %$�� 6FKDSSH� 7�� HW� DO��
&\WRNLQH�,QGXFHG�0HPRU\�/LNH�'LIIHUHQWLDWLRQ�(QKDQFHV�8QOLFHQVHG�1DWXUDO�.LOOHU�&HOO�
$QWLOHXNHPLD�DQG�)FJDPPD5,,,D�7ULJJHUHG�5HVSRQVHV��%LRO�%ORRG�0DUURZ�7UDQVSODQW��
�������������������
(ZHQ�(0��3DKO�-+:��0LOOHU�0��:DW]O�&��&HUZHQND�$��.,5�GRZQUHJXODWLRQ�E\�,/����������
XQOHDVKHV�KXPDQ�1.�FHOOV�IURP�.,5�+/$�,�LQKLELWLRQ�DQG�HQKDQFHV�NLOOLQJ�RI�WXPRU�FHOOV��
(XU�-�,PPXQRO��������������������
*KRIUDQL� -�� /XFDU�2��'XJDQ�+��5HHYHV�5.�� -RVW�6��6HPDSKRULQ��$�PRGXODWHV� F\WR-
NLQH�LQGXFHG� PHPRU\�OLNH� UHVSRQVHV� E\� KXPDQ� QDWXUDO� NLOOHU� FHOOV�� (XU� -� ,PPXQRO��
�������������������
5L]ZDQ�5RPHH�05��0HOLVVD�0�� %HUULHQ�(OOLRWW�� -XOLD�$��:DJQHU��� %UHD�$�� -HZHOO� 76��
-HIIUH\�:��/HRQJ��6DUD�$EGHO�/DWLI��6WHSKDQLH�(��6FKQHLGHU��6DUDK�:LOOH\�&&1��/L\DQJ�
<X��6WHSKHQ�7��2K��<L�6KDQ�/HH��$UHQG�0XOGHU��)UDQV�&ODDV��0HJDQ�$��&RRSHU��7RGG�$��
)HKQLJHU��&\WRNLQH�LQGXFHG�PHPRU\�OLNH�QDWXUDO�NLOOHU�FHOOV�H[KLELW�HQKDQFHG�UHVSRQVHV�
DJDLQVW�P\HORLG�OHXNHPLD��6FLHQFH�7UDQVODWLRQDO�0HGLFLQH������������������UD����
'DYLG�-XQJ�):$��8QUDYHOLQJ�9�'�-�5HFRPELQDWLRQ��,QVLJKWV�LQWR�*HQH�5HJXODWLRQ��&HOO��
������������±����
:DQJ� %�� )HOLFLDQL� &�� )UHHG� ,�� &DL� 4�� 6DXGHU� '1�� ,QVLJKWV� LQWR� PROHFXODU� PHFKD-
QLVPV� RI� FRQWDFW� K\SHUVHQVLWLYLW\� JDLQHG� IURP� JHQH� NQRFNRXW� VWXGLHV�� -� /HXNRF�%LRO��
������������������
$VNHQDVH�3:���<HV�7�FHOOV��EXW�WKUHH�GLIIHUHQW�7�FHOOV��DE��JG�DQG�1.�7�FHOOV���DQG�DOVR�
%���FHOOV�PHGLDWH�FRQWDFW�VHQVLWLYLW\��&OLQ�([S�,PPXQRO������������������
-DPLHVRQ�$0��,VQDUG�3��'RUIPDQ�-5��&ROHV�0&��5DXOHW�'+��7XUQRYHU�DQG�3UROLIHUDWLRQ�
RI�1.�&HOOV�LQ�6WHDG\�6WDWH�DQG�/\PSKRSHQLF�&RQGLWLRQV��7KH�-RXUQDO�RI�,PPXQRORJ\��
�������������������
/L�7��:DQJ�-��:DQJ�<��&KHQ�<��:HL�+��6XQ�5��HW�DO��5HVSLUDWRU\�,QÀXHQ]D�9LUXV�,QIHFWLRQ�
,QGXFHV�0HPRU\�OLNH�/LYHU�1.�&HOOV�LQ�0LFH��-�,PPXQRO����������������������
*LOODUG�*2��%LYDV�%HQLWD�0��+RYDY�$+��*UDQGSUH�/(��3DQDV�0:��6HDPDQ�06��HW�DO��
7K\���1.� >FRUUHFWHG@� FHOOV� IURP�YDFFLQLD� YLUXV�SULPHG�PLFH�FRQIHU�SURWHFWLRQ�DJDLQVW�
YDFFLQLD� YLUXV� FKDOOHQJH� LQ� WKH� DEVHQFH� RI� DGDSWLYH� O\PSKRF\WHV�� 3/R6� 3DWKRJ��
����������H��������
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XIX

9DQ�GHQ�%RRUQ�-*��-DNREV�&��+DJHQ�&��5HQQ�0��/XLWHQ�50��0HOLHI�&-��HW�DO��,QÀDP-
PDVRPH�'HSHQGHQW�,QGXFWLRQ�RI�$GDSWLYH�1.�&HOO�0HPRU\��,PPXQLW\������������������
21.
1L� -�� 0LOOHU� 0�� 6WRMDQRYLF� $�� *DUEL� 1�� &HUZHQND� $�� 6XVWDLQHG� HIIHFWRU� IXQF-
WLRQ� RI� ,/����������SUHDFWLYDWHG� 1.� FHOOV� DJDLQVW� HVWDEOLVKHG� WXPRUV�� -� ([S� 0HG��
���������������������
8SSHQGDKO�/'��)HOLFHV�0��%HQG]LFN�/��5\DQ�&��.RGDO�%��+LQGHUOLH�3��HW�DO��&\WRNLQH�LQ-
GXFHG�PHPRU\�OLNH�QDWXUDO�NLOOHU�FHOOV�KDYH�HQKDQFHG�IXQFWLRQ��SUROLIHUDWLRQ��DQG�LQ�YLYR�
H[SDQVLRQ�DJDLQVW�RYDULDQ�FDQFHU�FHOOV��*\QHFRORJLF�RQFRORJ\���������������������
1DVVLPD�)RGLO�&RUQX�6�+/��6LPRQ�%HODQJHU��$QGUHZ�3��0DNULJLDQQLV��&KULVWLQH�$��%LURQ��
5��0DUN�%XOOHU��6LOYLD�0��9LGDO��/\��K�'H¿FLHQW�&��%/���0LFH��$�1HZ�0RXVH�&\WRPHJD-
ORYLUXV��6XVFHSWLEOH�0RGHO�5HPDLQV�5HVLVWDQW�WR�8QUHODWHG�3DWKRJHQV�&RQWUROOHG�E\�WKH�
1.�*HQH�&RPSOH[��-�,PPXQRO�������
-LDQJ�;��&KHQ�<��3HQJ�+��7LDQ�=��0HPRU\�1.�FHOOV��ZK\�GR�WKH\�UHVLGH�LQ�WKH�OLYHU"�&HOO�
0RO�,PPXQRO���������������������
0DQLFNDP�&�� 6KDK�69��1RKDUD� -�� )HUUDUL�*��5HHYHV�5.��0RQNH\LQJ�$URXQG��8VLQJ�
1RQ�KXPDQ�3ULPDWH�0RGHOV�WR�6WXG\�1.�&HOO�%LRORJ\�LQ�+,9�,QIHFWLRQV��)URQWLHUV�LQ�LP-
PXQRORJ\���������������
7RQJ�/��$VVHQPDFKHU�0��=DQNHU�.6��-DKQ�3��9LUXV�VSHFL¿F�SHSWLGH�GHSHQGHQW�1.�FHOO�
F\WRWR[LFLW\��,QÀDPPDWLRQ�	�DOOHUJ\�GUXJ�WDUJHWV���������������������
$XUHOLD�-XG�0.��&KULVWRSK�%HUJHU��&ODXGLQH�*\VLQ��'DYLG�1DGDO��$QQD�/�QHPDQQ��7RQ-
VLOODU�&'��bright1.*�$��1.�FHOOV�UHVWULFW�SULPDU\�(SVWHLQ�%DUU�YLUXV�LQIHFWLRQ�LQ�%�FHOOV�YLD�
,)1�Ȗ��2QFRWDUJHW���������
*UpJRLUH�-HDQQHWD�&%D��1RpPLH�*DUGLROD��-RRQVRR�.DQJE��-RHUJ�+XHOVNHQF��:HUQHU�
+HOG��(VVHQWLDO�UROH�RI�WKH�:QW�SDWKZD\�HIIHFWRU�7FI���IRU�WKH�HVWDEOLVKPHQW�RI�IXQFWLRQDO�
&'��7�FHOO�PHPRU\��31$6���������������
*RRGLHU�05��5RGULJXH]�*DODQ�$��/XVD�&��1LHOVHQ�&0��'DUERH�$��0ROGRYHDQX�$/��HW�
DO��,QÀXHQ]D�9DFFLQDWLRQ�*HQHUDWHV�&\WRNLQH�,QGXFHG�0HPRU\�OLNH�1.�&HOOV��,PSDFW�RI�
+XPDQ�&\WRPHJDORYLUXV�,QIHFWLRQ��-�,PPXQRO���������������������
:DJVWDIIH�+5��3LFNHULQJ�+��+RXJKWRQ�-��0RRQH\�-3��:ROI�$6��3UHYDWW�1��HW�DO��,QÀXHQ]D�
9DFFLQDWLRQ�3ULPHV�+XPDQ�0\HORLG�&HOO�&\WRNLQH�6HFUHWLRQ�DQG�1.�&HOO�)XQFWLRQ�� -�
,PPXQRO����������������������
'HOOD�&KLHVD�0��)DOFR�0��3RGHVWD�0��/RFDWHOOL�)��0RUHWWD�/��)UDVVRQL�)��HW�DO��3KHQRW\SLF�
DQG� IXQFWLRQDO�KHWHURJHQHLW\�RI�KXPDQ�1.�FHOOV�GHYHORSLQJ�DIWHU�XPELOLFDO�FRUG�EORRG�
WUDQVSODQWDWLRQ��D�UROH�IRU�KXPDQ�F\WRPHJDORYLUXV"�%ORRG����������������������
%MRUNVWURP�1.��/LQGJUHQ�7��6WROW]�0��)DXULDW�&��%UDXQ�0��(YDQGHU�0��HW�DO��5DSLG�H[-
SDQVLRQ�DQG�ORQJ�WHUP�SHUVLVWHQFH�RI�HOHYDWHG�1.�FHOO�QXPEHUV�LQ�KXPDQV�LQIHFWHG�ZLWK�
KDQWDYLUXV��-�([S�0HG��������������������
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XX

%UXQHWWD�(��)RJOL�0��9DUFKHWWD�6��%R]]R�/��+XGVSHWK�./��0DUFHQDUR�(��HW�DO��&KURQLF�
+,9���YLUHPLD�UHYHUVHV�1.*�$�1.*�&�UDWLR�RQ�QDWXUDO�NLOOHU�FHOOV�LQ�SDWLHQWV�ZLWK�KXPDQ�
F\WRPHJDORYLUXV�FR�LQIHFWLRQ��$,'6�������������������
+HDWOH\�6/��3LHWUD�*��/LQ�-��:LGMDMD�-0��+DUSXU�&0��/HVWHU�6��HW�DO��3RO\PRUSKLVP�LQ�
KXPDQ� F\WRPHJDORYLUXV� 8/��� LPSDFWV� RQ� UHFRJQLWLRQ� RI� KXPDQ� OHXNRF\WH� DQWLJHQ�(�
�+/$�(��E\�QDWXUDO�NLOOHU�FHOOV��-�%LRO�&KHP������������������������
5ROOH�$��0H\HU�0��&DOGHUD]]R�6��-DJHU�'��0RPEXUJ�)��'LVWLQFW�+/$�(�3HSWLGH�&RP-
SOH[HV� 0RGLI\� $QWLERG\�'ULYHQ� (IIHFWRU� )XQFWLRQV� RI� $GDSWLYH� 1.� &HOOV�� &HOO� 5HS��
�������������������H��
2K�-6��$OL�$.��.LP�6��&RUVL�'-��&RRSHU�&/��/HH�6+��1.�FHOOV�ODFNLQJ�)FHSVLORQ5,JDP-
PD�DUH�DVVRFLDWHG�ZLWK�UHGXFHG�OLYHU�GDPDJH�LQ�FKURQLF�KHSDWLWLV�&�YLUXV�LQIHFWLRQ��(XU�
-�,PPXQRO��������������������
=KRX�-��$PUDQ�)6��.UDPVNL�0��$QJHORYLFK�7$��(OOLRWW�-��+HDUSV�$&��HW�DO��$Q�1.�&HOO�
3RSXODWLRQ�/DFNLQJ�)F5JDPPD�,V�([SDQGHG�LQ�&KURQLFDOO\�,QIHFWHG�+,9�3DWLHQWV��-�,P-
PXQRO�����������������������
+ROPHV� 7'�� %U\FHVRQ� <7�� 1DWXUDO� NLOOHU� FHOO� PHPRU\� LQ� FRQWH[W�� 6HPLQ� ,PPXQRO��
������������������
(VSDU]D�-��$�EULHI�KLVWRU\�RI�WKH�JOREDO�HIIRUW�WR�GHYHORS�D�SUHYHQWLYH�+,9�YDFFLQH��9DF-
FLQH����������������������
81$,'6��*OREDO�$LGV�8SGDWH������81$,'6�5HSRUW������������
0DUWLQ�03��*DR�;��/HH�-+��1HOVRQ�*:��'HWHOV�5��*RHGHUW�--��HW�DO��(SLVWDWLF
LQWHUDFWLRQ�EHWZHHQ�.,5�'6��DQG�+/$�%�GHOD\V�WKH�SURJUHVVLRQ�WR�$,'6��1DW�*HQHW��
������������������
$OWHU�*��0DUWLQ�03��7HLJHQ�1��&DUU�:+��6XVFRYLFK�7-��6FKQHLGHZLQG�$��HW�DO��'LIIHUHQWLDO�
QDWXUDO�NLOOHU�FHOO�PHGLDWHG�LQKLELWLRQ�RI�+,9���UHSOLFDWLRQ�EDVHG�RQ�GLVWLQFW�.,5�+/$�VXE-
W\SHV��-�([S�0HG�����������������������
0DUWLQ�03��4L�<��*DR�;��<DPDGD�(��0DUWLQ�-1��3HUH\UD�)��HW�DO�� ,QQDWH�SDUWQHUVKLS�RI�
+/$�%�DQG�.,5�'/��VXEW\SHV�DJDLQVW�+,9����1DW�*HQHW��������������������
%RXOHW�6��.OH\PDQ�0��.LP�-<��.DP\D�3��6KDUD¿�6��6LPLF�1��HW�DO��$�FRPELQHG�JHQRW\SH�
RI�.,5�'/��KLJK�H[SUHVVLQJ�DOOHOHV�DQG�+/$�%
���LV�DVVRFLDWHG�ZLWK�D�UHGXFHG�ULVN�RI�
+,9�LQIHFWLRQ��$,'6����������������������
3HODN�.��1HHG�$&��)HOOD\�-��6KLDQQD�.9��)HQJ�6��8UEDQ�7-��HW�DO��&RS\�QXPEHU�YDULDWLRQ�
RI�.,5�JHQHV�LQÀXHQFHV�+,9���FRQWURO��3/R6�%LRO�������������H��������
3DUVRQV�06��%RXOHW�6��6RQJ�5��%UXQHDX�-��6KRXNU\�1+��5RXW\�-3��HW�DO��0LQG�WKH�JDS��
ODFN�RI�DVVRFLDWLRQ�EHWZHHQ�.,5�'/�
����+/$�%Z��LQGXFHG�QDWXUDO�NLOOHU�FHOO�IXQFWLRQ�
DQG�SURWHFWLRQ�IURP�+,9�LQIHFWLRQ��-�,QIHFW�'LV�����������6XSSO���6��������
$OWHU�*��+HFNHUPDQ�'��6FKQHLGHZLQG�$��)DGGD�/��.DGLH�&0��&DUOVRQ�-0��HW�DO��+,9���
DGDSWDWLRQ�WR�1.�FHOO�PHGLDWHG�LPPXQH�SUHVVXUH��1DWXUH������������������������
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&RKHQ�*%��*DQGKL�57��'DYLV�'0��0DQGHOERLP�2��&KHQ�%.��6WURPLQJHU�-/��HW�DO��7KH�
VHOHFWLYH�GRZQUHJXODWLRQ�RI�FODVV�,�PDMRU�KLVWRFRPSDWLELOLW\�FRPSOH[�SURWHLQV�E\�+,9���
SURWHFWV�+,9�LQIHFWHG�FHOOV�IURP�1.�FHOOV��,PPXQLW\��������������������
/LHEHUPDQQ�-��$QDWRP\�RI�D�PXUGHU��KRZ�F\WRWR[LF�7�FHOOV�DQG�1.�FHOOV�DUH�DFWLYDWHG��
GHYHORS��DQG�HOLPLQDWH�WKHLU�WDUJHWV��,PPXQRO�5HY���������������
/RFK� 6�� 7DPSH� 5�� 9LUDO� HYDVLRQ� RI� WKH� 0+&� FODVV� ,� DQWLJHQ�SURFHVVLQJ� PDFKLQHU\��
3ÀXJHUV�$UFKLY���(XURSHDQ�MRXUQDO�RI�SK\VLRORJ\����������������������
.RFK�-��7DPSH�5��7KH�PDFURPROHFXODU�SHSWLGH�ORDGLQJ�FRPSOH[�LQ�0+&�FODVV�,�GHSHQ-
GHQW�DQWLJHQ�SUHVHQWDWLRQ��&HOO�0RO�/LIH�6FL��������������������
6FKZDUW]�2��0DUHFKDO�9��/H�*DOO�6��/HPRQQLHU�)��+HDUG�-0��(QGRF\WRVLV�RI�PDMRU�KLV-
WRFRPSDWLELOLW\�FRPSOH[�FODVV�,�PROHFXOHV�LV�LQGXFHG�E\�WKH�+,9���1HI�SURWHLQ��1DW�0HG��
�����������������
/H�*DOO�6��%XVH\QH�)��7URFKD�$��:DONHU�%'��+HDUG�-0��6FKZDUW]�2��'LVWLQFW�WUDI¿FNLQJ�
SDWKZD\V�PHGLDWH�1HI�LQGXFHG�DQG�FODWKULQ�GHSHQGHQW�PDMRU�KLVWRFRPSDWLELOLW\�FRPSOH[�
FODVV�,�GRZQ�UHJXODWLRQ��-�9LURO����������������������
%RQDSDUWH� 0,�� %DUNHU� (�� .LOOLQJ� RI� KXPDQ� LPPXQRGH¿FLHQF\� YLUXV�LQIHFWHG� SULPDU\�
7�FHOO� EODVWV�E\�DXWRORJRXV�QDWXUDO� NLOOHU� FHOOV� LV� GHSHQGHQW� RQ� WKH�DELOLW\� RI� WKH� YLUXV�
WR� DOWHU� WKH� H[SUHVVLRQ� RI�PDMRU� KLVWRFRPSDWLELOLW\� FRPSOH[� FODVV� ,�PROHFXOHV�� %ORRG��
��������������������
&HUERQL�&��1HUL�)��&DVDUWHOOL�1��=LQJRQL�$��&RVPDQ�'��5RVVL�3��HW�DO��+XPDQ�LPPXQRGH-
¿FLHQF\�YLUXV���1HI�SURWHLQ�GRZQPRGXODWHV�WKH�OLJDQGV�RI�WKH�DFWLYDWLQJ�UHFHSWRU�1.*�'�
DQG�LQKLELWV�QDWXUDO�NLOOHU�FHOO�PHGLDWHG�F\WRWR[LFLW\��-�*HQ�9LURO����������3W�����������
$QGUH�3��%UXQHW�&��*XLD�6��*DOODLV�+��6DPSRO�-��9LYLHU�(��HW�DO��'LIIHUHQWLDO�UHJXODWLRQ�RI�
NLOOHU�FHOO�,J�OLNH�UHFHSWRUV�DQG�&'���OHFWLQ�OLNH�GLPHUV�RQ�1.�DQG�7�O\PSKRF\WHV�IURP�
+,9���LQIHFWHG�LQGLYLGXDOV��(XU�-�,PPXQRO����������������������
*DOLDQL�0'��$JXDGR�(��7DUD]RQD�5��5RPHUR�3��0ROLQD�,��6DQWDPDULD�0��HW�DO��([SUHVVLRQ�
RI�NLOOHU�LQKLELWRU\�UHFHSWRUV�RQ�F\WRWR[LF�FHOOV�IURP�+,9���LQIHFWHG�LQGLYLGXDOV��&OLQ�([S�
,PPXQRO��������������������
'H�0DULD�$��)RJOL�0��&RVWD�3��0XUGDFD�*��3XSSR�)��0DYLOLR�'��HW�DO��7KH�LPSDLUHG�1.�
FHOO�F\WRO\WLF�IXQFWLRQ�LQ�YLUHPLF�+,9���LQIHFWLRQ�LV�DVVRFLDWHG�ZLWK�D�UHGXFHG�VXUIDFH�H[-
SUHVVLRQ�RI�QDWXUDO�F\WRWR[LFLW\�UHFHSWRUV��1.S����1.S���DQG�1.S�����(XU�-�,PPXQRO��
������������������
6FXOO\�(��$OWHU�*��1.�&HOOV�LQ�+,9�'LVHDVH��&XUU�+,9�$,'6�5HS�������������������
-HQQHV�:��9HUKH\GHQ�6��0HUWHQV�-:��&DPDUD�0��6H\GL�0��'LH\H�71��HW�DO��,QKLELWRU\�
.,5�+/$�LQFRPSDWLELOLW\�EHWZHHQ�VH[XDO�SDUWQHUV�FRQIHUV�SURWHFWLRQ�DJDLQVW�+,9���WUDQV-
PLVVLRQ��%ORRG����������������������
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9HURQ�5DPVXUDQ�91��$PLU�+RURZLW]��<LQJ�4L��0DXUHHQ�3��0DUWLQ��<XNR�<XNL��;LDRMLDQJ�
*DR��9LFWRULD�:DONHU�6SHUOLQJ��*UHJRU\�4��'HO�3UHWH�'.6��-HIIUH\�'��/LIVRQ��-DFTXHV�
)HOOD\��6WHYHQ�*��'HHNV�-10��-DPHV�-��*RHGHUW��6WHYHQ�0��:ROLQVN\��1HOVRQ�/��0LFKDHO�
*'.��6XVDQ�%XFKELQGHU��'DYLG�+DDV��7KXPEL�1GXQJ¶X��3KLOLS�*RXOGHU��3HWHU�3DUKDP��
%UXFH�'��:DONHU��-RQDWKDQ�0��&DUOVRQ��0DU\�&DUULQJWRQ��(OHYDWHG�+/$�$�H[SUHVVLRQ�
LPSDLUV�+,9�FRQWURO�WKURXJK�LQKLELWLRQ�RI�1.*�$�H[SUHVVLQJ�FHOOV��6FLHQFH��1HZ�<RUN��
1<������������������
+HQV�-��-HQQHV�:��.HVWHQV�/��7KH�UROH�RI�1.�FHOOV�LQ�+,9���SURWHFWLRQ��DXWRORJRXV��DOOR-
JHQHLF�RU�ERWK"�$,'6�5HV�7KHU�������������
'RPHQLFR�0DYLOLR�*/��-DQHW�%HQMDPLQ��'LDQD�.LP��'HDQ�)ROOPDQ��(PDQXHOD�0DUFHQ-
DUR��0��$QJHOLQH�2¶6KHD�$.��&ROLQ�.RYDFV��$OHVVDQGUR�0RUHWWD��$QWKRQ\�6��)DXFL��&KDU-
DFWHUL]DWLRQ�RI�&'����&'����QDWXUDO�NLOOHU��1.��FHOOV��$�KLJKO\�G\VIXQFWLRQDO�1.�VXEVHW�
H[SDQGHG�LQ�+,9�LQIHFWHG�YLUHPLF�LQGLYLGXDOV��31$6����������������������
0ROIHWWD�5��4XDWULQL�/��6DQWRQL�$��3DROLQL�5��5HJXODWLRQ�RI�1.*�'�'HSHQGHQW�1.�&HOO�
)XQFWLRQV��7KH�<LQ�DQG�WKH�<DQJ�RI�5HFHSWRU�(QGRF\WRVLV��,QW�-�0RO�6FL�������������
2UJDQL]DWLRQ�:+2��,QÀXHQ]D��VHDVRQDO�������>'DWH�$FFHVVHG��0D\����������$YDLODEOH�
IURP��KWWSV���ZZZ�ZKR�LQW�QHZV�URRP�IDFW�VKHHWV�GHWDLO�LQÀXHQ]D���VHDVRQDO�@�
$PHULFDQ�/XQJ�$VVRFLDWLRQ��7UHQGV�LQ�3QHXPRQLD�DQG�,QÀXHQ]D�0RUELGLW\�DQG�0RUWDOLW\�
�����>'DWH�$FFHVVHG��1RYHPEHU����������$YDLODEOH�IURP�
KWWSV���ZZZ�OXQJ�RUJ�JHWPHGLD���I���E���IG���F���D����ED�I����EG�G�SL�WUHQG�� UH-
SRUW�SGI�SGI@
'RKHUW\�3&��7XUQHU�6-��:HEE\�5*��7KRPDV�3*��,QÀXHQ]D�DQG�WKH�FKDOOHQJH�IRU�LPPX-
QRORJ\��1DW�,PPXQRO�������������������
'RKHUW\� 3&�� 7RSKDP�'-�� 7ULSS�5$��&DUGLQ�5'��%URRNV� -:��6WHYHQVRQ�3*��(IIHFWRU�
&'���DQG�&'���7�FHOO�PHFKDQLVPV�LQ�WKH�FRQWURO�RI�UHVSLUDWRU\�YLUXV�LQIHFWLRQV��,PPXQRO�
5HY������������������
3DXO�*��7KRPDV�5.��'LDQH�-��+XOVH�3RVW��3HWHU�&��'RKHUW\��&HOO�PHGLDWHG�3URWHFWLRQ�LQ�
,QÀXHQ]D�,QIHFWLRQ��(PHUJLQJ�,QIHFW�'LV�������������
$FKGRXW�+��$UQRQ�7,��0DUNHO�*��*RQHQ�*URVV�7��.DW]�*��/LHEHUPDQ�1��HW�DO��(QKDQFHG�
5HFRJQLWLRQ�RI�+XPDQ�1.�5HFHSWRUV�$IWHU�,QÀXHQ]D�9LUXV�,QIHFWLRQ��7KH�-RXUQDO�RI�,P-
PXQRORJ\���������������������
$UQRQ�7,��$FKGRXW�+��/LHEHUPDQ�1��*D]LW�5��*RQHQ�*URVV�7��.DW]�*��HW�DO��7KH�PHFK-
DQLVPV�FRQWUROOLQJ�WKH�UHFRJQLWLRQ�RI� WXPRU��DQG�YLUXV�LQIHFWHG�FHOOV�E\�1.S����%ORRG��
�������������������
'UDJKL�0��3DVKLQH�$��6DQMDQZDOD�%��*HQG]HNKDG]H�.��&DQWRQL�&��&RVPDQ�'��HW�DO��
1.S���DQG�1.*�'�5HFRJQLWLRQ�RI� ,QIHFWHG�'HQGULWLF�&HOOV� ,V�1HFHVVDU\� IRU�1.�&HOO�
$FWLYDWLRQ�LQ�WKH�+XPDQ�5HVSRQVH�WR�,QÀXHQ]D�,QIHFWLRQ��7KH�-RXUQDO�RI�,PPXQRORJ\��
��������������������
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XXIII

'X�1��=KRX�-��/LQ�;��=KDQJ�<��<DQJ�;��:DQJ�<��HW�DO��'LIIHUHQWLDO�DFWLYDWLRQ�RI�1.�FHOOV�
E\�LQÀXHQ]D�$�SVHXGRW\SH�+�1��DQG������DQG������SDQGHPLF�+�1��YLUXVHV��-�9LURO��
��������������������
(QQLV� )$��0HDJHU�$�� %HDUH�$6��4L�<+��5LOH\�'�� 6FKZDU]�*�� HW� DO�� ,QWHUIHURQ� LQGXF-
WLRQ� DQG� LQFUHDVHG� QDWXUDO� NLOOHU�FHOO� DFWLYLW\� LQ� LQÀXHQ]D� LQIHFWLRQV� LQ� PDQ�� /DQFHW��
�������������������
*D]LW�5��*UXGD�5��(OERLP�0��$UQRQ�7,��.DW]�*��$FKGRXW�+��HW�DO��/HWKDO�LQÀXHQ]D�LQIHFWLRQ�
LQ�WKH�DEVHQFH�RI�WKH�QDWXUDO�NLOOHU�FHOO�UHFHSWRU�JHQH�1FU���1DW�,PPXQRO����������������
23.
*XR�+��.XPDU�3��0RUDQ�70��*DUFLD�6DVWUH�$��=KRX�<��0DODUNDQQDQ�6��7KH� IXQFWLRQ-
DO� LPSDLUPHQW�RI�QDWXUDO�NLOOHU�FHOOV�GXULQJ� LQÀXHQ]D�YLUXV� LQIHFWLRQ�� ,PPXQRO�&HOO�%LRO��
������������������
+R�-:��+HUVKNRYLW]�2��3HLULV�0��=LOND�$��%DU�,ODQ�$��1DO�%��HW�DO��+��W\SH�LQÀXHQ]D�YLUXV�
KHPDJJOXWLQLQ�LV�IXQFWLRQDOO\�UHFRJQL]HG�E\�WKH�QDWXUDO�NLOOHU�DFWLYDWLQJ�UHFHSWRU�1.S����
-�9LURO���������������������
.RV�)-��(QJOHPDQ�(*��5ROH�RI�QDWXUDO�NLOOHU�FHOOV�LQ�WKH�JHQHUDWLRQ�RI�LQÀXHQ]D�YLUXV�VSH-
FL¿F�F\WRWR[LF�7�FHOOV��&HOO�,PPXQRO������������������
/LX�%��0RUL�,��+RVVDLQ�0-��'RQJ�/��7DNHGD�.��.LPXUD�<��,QWHUOHXNLQ����LPSURYHV�WKH�HDUO\�
GHIHQFH�V\VWHP�DJDLQVW�LQÀXHQ]D�YLUXV�LQIHFWLRQ�E\�DXJPHQWLQJ�QDWXUDO�NLOOHU�FHOO�PHGL-
DWHG�F\WRWR[LFLW\��-�*HQ�9LURO����������3W����������
2ZHQ�5(��<DPDGD�(��7KRPSVRQ�&,��3KLOOLSVRQ�/-��7KRPSVRQ�&��7D\ORU�(��HW�DO��$OWHU-
DWLRQV�LQ�UHFHSWRU�ELQGLQJ�SURSHUWLHV�RI�UHFHQW�KXPDQ�LQÀXHQ]D�+�1��YLUXVHV�DUH�DVVR-
FLDWHG�ZLWK�UHGXFHG�QDWXUDO�NLOOHU�FHOO�O\VLV�RI�LQIHFWHG�FHOOV��-�9LURO����������������������
6LUHQ�-��6DUHQHYD�7��3LUKRQHQ�-��6WUHQJHOO�0��9HFNPDQ�9��-XONXQHQ�,��HW�DO��&\WRNLQH�DQG�
FRQWDFW�GHSHQGHQW�DFWLYDWLRQ�RI�QDWXUDO�NLOOHU�FHOOV�E\�LQÀXHQ]D�$�RU�6HQGDL�YLUXV�LQIHFWHG�
PDFURSKDJHV��-�*HQ�9LURO����������3W������������
6WHLQ�6WUHLOHLQ�-��%HQQHWW�0��0DQQ�'��.XPDU�9��1DWXUDO�NLOOHU�FHOOV�LQ�PRXVH�OXQJ��VXUIDFH�
SKHQRW\SH��WDUJHW�SUHIHUHQFH��DQG�UHVSRQVH�WR�ORFDO�LQÀXHQ]D�YLUXV�LQIHFWLRQ��-�,PPXQRO��
���������������������
6WHLQ�6WUHLOHLQ�-��*XIIHH�-�� ,Q�YLYR� WUHDWPHQW�RI�PLFH�DQG�KDPVWHUV�ZLWK�DQWLERGLHV� WR�
DVLDOR�*0��LQFUHDVHV�PRUELGLW\�DQG�PRUWDOLW\�WR�SXOPRQDU\�LQÀXHQ]D�LQIHFWLRQ��-�,PPX-
QRO����������������������
6WHLQ�6WUHLOHLQ�-��*XIIHH�-��)DQ�:��/RFDOO\�DQG�V\VWHPLFDOO\�GHULYHG�QDWXUDO�NLOOHU�FHOOV�
SDUWLFLSDWH�LQ�GHIHQVH�DJDLQVW�LQWUDQDVDOO\�LQRFXODWHG�LQÀXHQ]D�YLUXV��5HJLRQDO�LPPXQRO-
RJ\������������������
0DUTXDUGW�1��.HNDODLQHQ�(��&KHQ�3��.YHGDUDLWH�(��:LOVRQ�-1��,YDUVVRQ�0$��HW�DO��+X-
PDQ�OXQJ�QDWXUDO�NLOOHU�FHOOV�DUH�SUHGRPLQDQWO\�FRPSULVHG�RI�KLJKO\�GLIIHUHQWLDWHG�K\SR-
IXQFWLRQDO�&'�����&'���GLP��FHOOV��-�$OOHUJ\�&OLQ�,PPXQRO����������������������H��
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*UDFH�(��&RRSHU�.2��6DOLP� ,��.KDNRR��7RP�0��$��:LONLQVRQ��.DUO�-��6WDSOHV��+XPDQ�
&'��D��OXQJ�QDWXUDO�NLOOHU�FHOO�F\WRWR[LFLW\�LQ�UHVSRQVH�WR�LQÀXHQ]D�$�YLUXV��)URQWLHUV�LQ�
LPPXQRORJ\���������
+H�;6��+ROPHV�7+��=KDQJ�&��0DKPRRG�.��.HPEOH�*:��/HZLV�'%��HW�DO��&HOOXODU�LP-
PXQH�UHVSRQVHV�LQ�FKLOGUHQ�DQG�DGXOWV�UHFHLYLQJ�LQDFWLYDWHG�RU�OLYH�DWWHQXDWHG�LQÀXHQ]D�
YDFFLQHV��-�9LURO�����������������������
/RQJ�%5��0LFKDHOVVRQ�-��/RR�&3��%DOODQ�:0��9X�%$��+HFKW�)0��HW�DO��(OHYDWHG�IUHTXHQ-
F\�RI�JDPPD�LQWHUIHURQ�SURGXFLQJ�1.�FHOOV�LQ�KHDOWK\�DGXOWV�YDFFLQDWHG�DJDLQVW�LQÀXHQ]D�
YLUXV��&OLQLFDO�DQG�YDFFLQH�LPPXQRORJ\���&9,��������������������
'RX�<��)X�%��6XQ�5��/L�:��+X�:��7LDQ�=��HW�DO��,QÀXHQ]D�YDFFLQH�LQGXFHV�LQWUDFHOOXODU�
LPPXQH�PHPRU\�RI�KXPDQ�1.�FHOOV��3/R6�2QH�������������H���������
'HQQH\�/��$LWNHQ�&��/L�&.��:LOVRQ�'DYLHV�(��.RN�:/��&OHOODQG�&��HW�DO��5HGXFWLRQ�RI�
QDWXUDO�NLOOHU�EXW�QRW�HIIHFWRU�&'��7�O\PSKRF\WHV�LQ�WKUHH�FRQVHFXWLYH�FDVHV�RI�VHYHUH�
OHWKDO�+�1�����LQÀXHQ]D�$�YLUXV�LQIHFWLRQ��3/R6�2QH������������H������
$KOHQVWLHO�*��0DUWLQ�03��*DR�;��&DUULQJWRQ�0��5HKHUPDQQ�%��'LVWLQFW�.,5�+/$�FRP-
SRXQG�JHQRW\SHV�DIIHFW�WKH�NLQHWLFV�RI�KXPDQ�DQWLYLUDO�QDWXUDO�NLOOHU�FHOO�UHVSRQVHV��-�&OLQ�
,QYHVW����������������������
/D�'��&]DUQHFNL�&��(O�*DEDODZ\�+��.XPDU�$��0H\HUV�$)��%DVWLHQ�1��HW�DO��(QULFKPHQW�RI�
YDULDWLRQV�LQ�.,5�'/��6��DQG�.,5�'/��/��DPRQJ�+�1�����,&8�SDWLHQWV��DQ�H[SORUDWRU\�
VWXG\��3/R6�2QH�������������H������
$UDQGD�5RPR� 6�� *DUFLD�6HSXOYHGD� &$�� &RPDV�*DUFLD� $�� /RYDWR�6DODV� )�� 6DOJD-
GR�%XVWDPDQWH�0��*RPH]�*RPH]�$��HW�DO��.LOOHU�FHOO�LPPXQRJOREXOLQ�OLNH�UHFHSWRUV��.,5��
LQ�VHYHUH�$��+�1��������LQÀXHQ]D�LQIHFWLRQV��,PPXQRJHQHWLFV��������������������
7KLHUU\�:DO]HU�0%��-XOLH�&KDL[��1LFRODV�)XVHUL��/LRQHO�&KDVVRQ��6FRWW�+��5REELQV��6H-
EDVWLHQ� -DHJHU� 3$�� /DXUHQW� *DXWKLHU�� /DXUHQW� 'DQLHO�� .DULQH� &KHPLQ�� <DQQLV�0RUHO��
0DUF�'DORG�-,��0LFKHO�3LHUUHV��$OHVVDQGUR�0RUHWWD��)UDQFRLV�5RPDJQH��(ULF�9LYLHU��,GHQ-
WL¿FDWLRQ��DFWLYDWLRQ��DQG�VHOHFWLYH�LQ�YLYR�DEODWLRQ�RI�PRXVH�1.�FHOOV�YLD�1.S����31$6��
�����������������±��
$FKGRXW�+��0HQLQJKHU�7��+LUVK�6��*ODVQHU�$��%DU�2Q�<��*XU�&��HW�DO��.LOOLQJ�RI�DYLDQ�DQG�
VZLQH�LQÀXHQ]D�YLUXV�E\�QDWXUDO�NLOOHU�FHOOV��-�9LURO�����������������������
%DU�2Q�<��*ODVQHU�$��0HQLQJKHU�7��$FKGRXW�+��*XU�&��/DQNU\�'��HW�DO��1HXUDPLQLGDVH�PH-
GLDWHG��1.S���GHSHQGHQW� LPPXQH�HYDVLRQ�PHFKDQLVP�RI� LQÀXHQ]D�YLUXVHV��&HOO�5HS��
������������������
0DR�+��7X�:��4LQ�*��/DZ�+.��6LD�6)��&KDQ�3/��HW�DO��,QÀXHQ]D�YLUXV�GLUHFWO\�LQIHFWV�KX-
PDQ�QDWXUDO�NLOOHU�FHOOV�DQG�LQGXFHV�FHOO�DSRSWRVLV��-�9LURO����������������������
%DODML�0DQLFDVVDP\�60��$ODQ�%HOLFKD�9LOODQXHYD��*LXVHSSH�3LVDQHOOL��%DOL�3XOHQGUDQ��
$GROIR�*DUFtD�6DVWUH��$QDO\VLV�RI� LQ�YLYR�G\QDPLFV�RI� LQÀXHQ]D�YLUXV� LQIHFWLRQ� LQ�PLFH�
XVLQJ�D�*)3�UHSRUWHU�YLUXV��31$6��������������������±��
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XXV

/L�-��/L�+��0DR�+��<X�0��<DQJ�)��)HQJ�7��HW�DO�� ,PSDLUHG�1.�FHOO�DQWLYLUDO�F\WRNLQH�UH-
VSRQVH�DJDLQVW�LQÀXHQ]D�YLUXV�LQ�VPDOO�IRU�JHVWDWLRQDO�DJH�QHRQDWHV��&HOO�0RO�,PPXQRO��
������������������
-RVW�6��5HDUGRQ�-��3HWHUVRQ�(��3RROH�'��%RVFK�5��$OWHU�*��HW�DO��([SDQVLRQ�RI��%���
QDWXUDO�NLOOHU��1.��FHOOV�DQG�GHFUHDVH�LQ�1.S����1.�FHOOV�LQ�UHVSRQVH�WR�LQÀXHQ]D��,P-
PXQRORJ\���������������������
3DOPHU�&'��7RPDVVLOOL�-��6LULJQDQR�0��5RPHUR�7HMHGD�0��$UQROG�.%��&KH�'��HW�DO��(Q-
KDQFHG� LPPXQH�DFWLYDWLRQ� OLQNHG� WR� HQGRWR[HPLD� LQ�+,9��� VHURQHJDWLYH�060��$,'6��
�������������������
3DOPHU�&'��5RPHUR�7HMHGD�0��6LULJQDQR�0��6KDUPD�6��$OOHQ�70��$OWIHOG�0��HW�DO��1DWX-
UDOO\�2FFXUULQJ�6XEFOLQLFDO�(QGRWR[HPLD�LQ�+XPDQV�$OWHUV�$GDSWLYH�DQG�,QQDWH�,PPXQH�
)XQFWLRQV�WKURXJK�5HGXFHG�0$3.�DQG�,QFUHDVHG�67$7��3KRVSKRU\ODWLRQ��-�,PPXQRO��
�������������������
/R]]LR�&%��/R]]LR�%%��&\WRWR[LFLW\�RI�D�IDFWRU�LVRODWHG�IURP�KXPDQ�VSOHHQ��-�1DWO�&DQFHU�
,QVW�������������������
(YD�.OHLQ�+%�%��+DYD�1HXPDQQ��3HWHU�5DOSK��-HVSHU�=HXWKHQ��$DURQ�3ROOLDFN��)DUNDV�
9DQN\��3URSHUWLHV�RI� WKH�.����&HOO�/LQH��GHULYHG� IURP�D�3DWLHQW�ZLWK�&KURQLF�0\OHRLG�
/HXNHPLD��,QW�-�&DQFHU�������
-RVW�6�� 7RPH]VNR�3-��5DQGV�.�� 7RWK� ,�� /LFKWHUIHOG�0��*DQGKL�57�� HW� DO��&'���7�FHOO�
KHOS� HQKDQFHV� 1.� FHOO� IXQFWLRQ� IROORZLQJ� WKHUDSHXWLF� +,9��� YDFFLQDWLRQ�� -� 9LURO��
��������������������
+RURZLW]�$��+DIDOOD�-&��.LQJ�(��/XVLQJX�-��'HNNHU�'��/HDFK�$��HW�DO��$QWLJHQ��VSHFL¿F�,/���
VHFUHWLRQ� FRUUHODWHV�ZLWK�1.�FHOO� UHVSRQVHV�DIWHU� LPPXQL]DWLRQ�RI�7DQ]DQLDQ� FKLOGUHQ�
ZLWK�WKH�576�6�$6���PDODULD�YDFFLQH��-�,PPXQRO�����������������������
:KLWH�0-��1LHOVHQ�&0��0F*UHJRU�5+&��5LOH\�(0��*RRGLHU�05��'LIIHUHQWLDO�DFWLYDWLRQ�
RI�&'���GH¿QHG�QDWXUDO�NLOOHU�FHOO�VXEVHWV�GXULQJ�UHFDOO�UHVSRQVHV�WR�YDFFLQH�DQWLJHQV��
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