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Zusammenfassung 

 I 

Zusammenfassung (Deutsch) 
 
Natürliche Killer (NK)-Zellen erwerben bei der Zell-Lizensierung durch das Binden entsprechender 
Liganden an selbstspezifische inhibitorische Rezeptoren funktionale Kompetenz. NK-Zellen, die keine 
solchen Rezeptoren exprimieren, werden hyporesponsiv. Die intrazellulären Mechanismen sowie die 
Unterschiede zwischen lizensierten und nichtlizensierten Zellen sind weitgehend unbekannt. Kürzlich 
wurde gezeigt, dass die Expression von Granzym (gr) B, eines der wichtigsten NK Zell-Effektormole-
küle, auf Proteinebene in lizensierten NK Zellen höher ist als in nichtlizensierten. Das humane grH ist 
grB in Sequenz und Struktur sehr ähnlich, aber weniger erforscht. Daher wurde eine potenzielle Korre-
lation zwischen NK Zell-Lizensierung und grH-Expression gesucht und eine Analyse der Expressions-
muster und Funktionen von grH durchgeführt. In vorläufigen Experimenten sahen die Arbeitsgruppen 
von Prof. Dr. M. Uhrberg, Düsseldorf, und Prof. Dr. L. Walter, Göttingen, dass die Expression von 
GZMH (Genname von grH), aber nicht von anderen Granzymen, insbesondere GZMB, auf der mRNA-
Ebene in lizensierten NK-Zellen höher war als in nichtlizensierten. Die vorgelegte Studie bestätigt durch 
Vielfarbdurchflusszytometrie diese Korrelation auf der Proteinebene. Sie ist im Hinblick auf mehrere 
verschiedene Paare inhibitorischer Rezeptoren (vor allem Killer-Cell Immunoglobulin-Like Receptors 
(KIRs)) und ihrer Liganden (vor allem humanes Leukozyten-Antigen (HLA)-C) statistisch so hochsig-
nifikant, dass die Verwendung von grH-Expression für die Erstellung eines neuen zeit- und entwick-
lungsorientierten Modells der NK Zell-Lizensierung, ebenso als Marker dafür, vorgeschlagen wird. Eine 
Korrelation zwischen NK Zell-Lizensierung und grB-Expression auf der Proteinebene war weniger 
deutlich und für grA oder grK nicht vorhanden. Sowohl grH- als auch grB-Expression korrelierten au-
ßerdem positiv mit der NK Zell-Reife. GrH-Expression korrelierte negativ mit der Expression von 
KLRG1, eines in NK Zell-Adhäsion involvierten inhibitorischen Rezeptors, und es wird gezeigt, dass 
der Lizensierungsstatus einer NK Zelle aus grH-Positivität, CD57-Positivität und KLRG1-Negativität 
vorhergesagt werden kann. Außerdem wurde die Expression (Proteinebene) von grH und grB in Lym-
phozyten untersucht und verglichen. In Ruhe war sie sehr ähnlich; am höchsten in NK Zellen, dann in 
absteigender Folge in NK-ähnlichen T Zellen, CD8+ T Zellen, CD4+ T Zellen und nicht-NK/nicht-T 
Lymphozyten. Insgesamt war die Expression von grB höher als von grH, auch in den untersuchten NK 
Zell-Subtypen, bis auf adaptive NK Zellen von Spendern, die eine Cytomegalovirus-assoziierte Expan-
sion des NK Zell-Rezeptors NKG2C aufweisen; hier war die Expression von grH mindestens gleich der 
von grB. Nach NK Zell-Stimulation war die Expression von grH und grB jedoch unterschiedlich. Sti-
mulation durch Interleukin (IL)-2 und/oder IL-15, oder IL-15 und den anti-CD20 monoklonalen Anti-
körper (mAb) Rituximab, oder durch K562 Targetzellen, führte zu einer drastischen Reduktion der Ex-
pression von grH, aber nicht grB. Außerdem zeigten sich nach Stimulation mit K562 Targetzellen An-
stiege in der Expression von CD107a, Interferon-g und Tumornekrosefaktor-a als erhöht in grH– ver-
glichen mit grH+ NK Zellen (lizensiert sowie nichtlizensiert), wohingegen keine Differenz zwischen 
grB– und grB+ Zellen bestand. ‚GrH Erschöpfung‘, in der nach NK Zell-Stimulierung grH ausgeschüttet, 
jedoch wegen verringerter Transkription nicht nachproduziert wird, könnte ein potenzieller Mechanis-
mus für diese Phänomene sein. Ferner wurde die bislang vorgeschlagene mögliche zytotoxische Rolle 
von grH hier nicht bestätigt. Es gab keinen Unterschied in der Lyse von Targetzellen zwischen grH-
überexprimierenden NK-92 Zellen und Kontrollen. Jedoch korrelierte die Expression von grH positiv 
mit der des antiapoptotischen BCL-2 in primären NK Zellen, was eine mögliche Funktion von grH im 
Überleben der es exprimierenden Zellen zeigt. Erstaunlicherweise war der häufig verwendete anti-grB 
mAb GB11 nicht grB-spezifisch, sondern kreuzreaktiv mit grH in grH-überexprimierenden K562 Zel-
len. Hinsichtlich der starken Korrelation zwischen Lizensierungsstatus und der Transkription 
von GZMH im Gegensatz zu GZMB, sowie der fehlenden Unterscheidung zwischen grB und grH durch 
den häufig verwendeten anti-grB mAb, muss die Rolle von Granzymen im Lizensierungsprozess neu 
definiert werden. Zusammenfassend zeigt diese Studie, dass grH-Expression positiv mit NK Zell-Li-
zensierung korreliert; so stark, dass sie die Basis eines neuartigen zeit- und entwicklungsorientierten 
Modells dieses Prozesses bilden kann. Die zuvor gezeigte Korrelation zwischen NK Zell-Lizensierung 
und grB-Expression wird infrage gestellt. Überdies wird statt einer zytotoxischen Rolle von grH, die 
hier nicht bestätigt werden konnte, eine Rolle des Proteins im Überleben der es exprimierenden Zellen 
suggeriert. Eine Reduktion in der Expression von grH, jedoch nicht von grB, wurde nach Stimulierung 
beobachtet und auf grH Erschöpfung zurückgeführt. Somit wird hier eine potenzielle regulatorische und 
nicht hauptsächlich zytotoxische Rolle des grH vorgeschlagen; die Verringerung in grH-Expression 
nach NK Zell-Stimulierung könnte dazu beitragen, NK Zell-Autoreaktivität zu vermeiden. 
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Summary (English) 
 
Natural Killer (NK)-cell education is a process by which functional competence is acquired through 
engagement of self-specific inhibitory receptors, those cells that lack self-specific inhibitory receptors 
becoming hyporesponsive. It is well known that this process occurs, but the intracellular mechanisms, 
as well as phenotypic differences between educated and uneducated NK cells, remain largely elusive. 
Recently, granzyme (gr) B, one of the crucial effector molecules of NK cells, was shown to be more 
highly expressed, at the protein level, in licensed than unlicensed cells. Another human granzyme, grH, 
shares considerable sequence and structural identity with grB but is far less well-studied. Therefore, a 
link between the crucial NK-cell education and grH expression was sought, and an analysis of grH 
expression patterns and its function was conducted.  
In preliminary experiments Prof. Dr M. Uhrberg’s group, Düsseldorf, in cooperation with Prof. Dr L. 
Walter’s group, Göttingen, found that mRNA levels of GZMH (gene name of grH), but not of other 
granzymes, including GZMB, were higher in licensed than unlicensed NK cells. The present study now 
confirms this correlation at the protein level using multicolour flow cytometry. The correlation is highly 
statistically significant for several different inhibitory receptor (mainly killer-cell immunoglobulin-like 
receptors (KIRs)) / ligand (mainly human leukocyte antigen (HLA)-C) pairs, and so strong that use of 
grH expression to formulate a novel temporal and developmental model of NK-cell licensing, and also 
as a marker of the process, is proposed. A correlation between NK-cell licensing and grB expression at 
the protein level was less clear, and none was found for grA or grK. Both grH and grB expression also 
positively correlated with NK-cell maturity. GrH expression negatively correlated with KLRG1, an 
inhibitory receptor involved in NK-cell adhesion, and an NK cell’s licensing status is shown to be 
predictable from grH-positivity, CD57-positivity and KLRG1-negativity. 
GrH and grB protein expression by lymphocytes was also examined and compared. It was found to be 
very similar at rest, highest in NK cells, then in descending order in NK-like T cells, CD8+ T cells, CD4+ 
T cells and non-NK/non-T lymphocytes. Overall, expression of grB was higher than of grH, including 
in all NK-cell subtypes tested, except for adaptive NK cells from donors with a cytomegalovirus-
associated expansion of the NK-cell receptor NKG2C, in which grH levels were at least equal to grB’s.  
Upon NK-cell stimulation, grH and grB expression were different, however. Stimulation with 
interleukin (IL)-2 and/or IL-15, or IL-15 and the anti-CD20 monoclonal antibody (mAb) rituximab, or 
with K562 target cells, led to drastic reductions in grH but not grB levels. Furthermore, following 
stimulation with K562 cells, increases in expression of CD107a, interferon-g and tumour necrosis factor-
a, were higher in grH– than grH+ NK cells (both licensed and unlicensed), while no difference was 
observed between grB– and grB+ cells. ‘GrH exhaustion’, where grH is excreted upon NK-cell 
stimulation but, due to reduced transcription, is not replenished, could be a possible mechanism for these 
phenomena. 
The previously suggested putative cytotoxic role of grH could not be confirmed here. There was no 
difference in target-cell lysis between grH-overexpressing NK-92 cells and controls. However, primary 
NK-cell grH expression positively correlated with that of the anti-apoptotic BCL-2, possibly implicating 
grH in host-cell survival.  
Notably, the commonly used anti-grB mAb GB11 was shown to be non-specific for grB, cross-reacting 
with grH in grH-overexpressing K562 cells.  
Considering that in contrast to GZMB, transcription of GZMH strongly correlated with licensing status, 
and considering that the commonly used anti-grB mAb did not distinguish between grB and grH, the 
role of granzymes in the licensing process has to be redefined. 
In sum, this study shows grH expression to be positively correlated with NK-cell licensing, strongly 
enough so to form the basis of a new temporal and developmental model of the process. In contrast, the 
previously shown correlation between grB and NK-cell licensing is challenged. Furthermore, instead of 
a possible cytotoxic role of grH, which could not be confirmed here, a role of grH in host-cell survival 
is suggested. Moreover, a decrease in grH expression upon stimulation was observed, which stands in 
contrast to the steady or even increased grB expression and may be due to grH exhaustion. Thus, the 
author proposes a potential regulatory rather than a mainly cytotoxic role of grH, the decrease in grH 
expression upon NK-cell stimulation possibly helping to prevent NK-cell autoreactivity.   
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Abbreviations 
 
Recognised Abbreviations 
 
ADCC Antibody-dependent cell-

mediated cytotoxicity 
AF Alexa Fluor 
Alpha MEM Alpha Minimum Essential 

Medium 
ANOVA Analysis of variance 
APC Allophycocyanin 
APC/Cy7 Allophycocyanin-Cyanine 7 
Aqua dest. Distilled water 
BCL-2 B-cell lymphoma 2 
Bid BH3-interacting domain 

death agonist 
BLAST® Basic local alignment search 

tool 
bp Base pair(s) 
BSA Bovine serum albumin 
BV Brilliant Violet 
CBMC(s) Cord-blood mononuclear 

cell(s) 
CCL CC-chemokine ligand 
CD Cluster of differentiation 
cDNA Complementary DNA 
CMV Cytomegalovirus 
HCMV Human cytomegalovirus 
MCMV Murine cytomegalovirus 
DAP10, and 

DAP12 

DNAX-activating protein 10, 
and 12 

DMEM Dulbecco’s Modified Eagle 
Medium 

DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
DNAM-1 DNAX-accessory molecule-1 
dNTP Deoxynucleoside 

triphosphate 
DPBS Dulbecco’s Phosphate-

Buffered Saline 
ds Double-stranded 
DSMZ German Collection of 

Microorganisms and Cell 
Cultures GmbH 

E. coli Escherichia coli 

EDTA Ethylenediamine tetraacetic 
acid 

eg Exempli gratia (for example) 

EGFP Enhanced green fluorescent 
protein 

FACS Fluorescence-activated cell 
sorting 

FBS Foetal bovine serum 
Fig. Figure 
FITC Fluorescein isocyanate 
FVD Fixable viability dye 
GZM Granzyme (gene) 
H2O Water 
HIV Human immunodeficiency 

virus 
HLA Human leukocyte antigen 
HPLC High-performance liquid 

chromatography 
ICAD Inhibitor of caspase-activated 

DNase 
ie Id est (that is) 
IFN Interferon 
Ig Immunoglobulin 
IL Interleukin 
IMDM Iscove’s Modified 

Dulbecco’s Medium 
ITAM Immunoreceptor tyrosine-

based activation motif 
ITIM Immunoreceptor tyrosine-

based inhibitory motif 
ITZ Institute of Transplantation 

Diagnostics and Cell 
Therapeutics 

kb Kilobase(s) 
KIR Killer-cell immunoglobulin-

like receptor 
KLRG1 Killer-cell lectin-like 

receptor G1 
LAK cells Lymphokine-activated killer 

cells 
LB Lennox broth 
LFA-1 Lymphocyte function-

associated antigen 1 
M-MLV Moloney murine leukaemia 

virus 
mAb Monoclonal antibody 
MFI Mean fluorescence intensity 
MHC Major histocompatibility 

complex 
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MIC MHC class I polypeptide-
related sequence 

mRNA Messenger RNA 
n Number of samples/sample 

size 
NCBI National Center for 

Biotechnology Information 
NCR Natural cytotoxicity receptor 
NK cells Natural killer cells 
ns Non-significant 
ORF Open reading frame 
PBMC(s) Peripheral-blood 

mononuclear cell(s) 
PC5.5 Phycoerythrin-Cyanine 5.5 
PCR Polymerase chain reaction 
PE Phycoerythrin 
PE/Cy5 Phycoerythrin-Cyanine 5 
PE/Cy7 Phycoerythrin-Cyanine 7 
PEI Polyethylenimine 
PI Propidium iodide 
PS Phosphatidylserine 
RM Repeated measures 
RNA Ribonucleic acid 
RNA-Seq RNA deep sequencing 
RNasin Ribonuclease inhibitor 
RPMI Roswell Park Memorial 

Institute 
S.O.C. Super optimal broth with 

catabolite repression 
SEM Standard error of the mean 
SFFV Spleen focus forming virus 
SHP Src homology region 2 

domain-containing 
phosphatase 

Smac/ 

DIABLO 

Second mitochondria-derived 
activator of caspase/direct 
inhibitor of apoptosis-
binding protein with low pI 

ss Single-stranded 
SSP Sequence-specific primers 
SV40 Simian virus 40 
TBE Buffer Tris/Borate/EDTA Buffer 
TE Buffer Tris/EDTA Buffer 
Tm Melting temperature 
TNF Tumour necrosis factor 
UKD University Hospital 

Düsseldorf 
ULBP UL16-binding protein 
vs Versus 

XCL X-C motif chemokine ligand 

Customised Abbreviations 
 
CB Cord blood 
DN Double-negative (inhibitory KIR 

and NKG2A-negative) 
dp Double-positive (positive for 

two inhibitory receptor types) 
gr Granzyme (protein) 
h.-i. Heat-inactivated 
Lic Licensed 
MC(s) Mononuclear cell(s) 
PB Peripheral blood 
s.-f. Sterile-filtered 
sp Single-positive (positive for a 

single inhibitory receptor type) 
tp Triple-positive (positive for 

three inhibitory receptor types) 
Unlic Unlicensed 
 

Units and Symbols 
 
& Ampersand 
# Number 
% Percent 
°C Degrees Celsius 
×g Times gravity (unit of relative 

centrifugal force) 
∞ Infinity 
∼ Approximately 
=	 Equals 
≙ Corresponds to 
< Less than 
> Greater than 
≥ Greater than or equal to 
nm Nanometre(s) 
µm Micrometre(s) 
mm Millimetre(s) 
cm Centimetre(s) 
ng Nanogram(s) 
µg Microgram(s) 
mg Milligram(s) 
g Gram(s) 
µl Microlitre(s) 
ml Millilitre(s) 
l Litre 
pmol Picomole(s) 
µM Micromolar 
mM Millimolar 
M Molar (moles/l) 
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mA Milliampere 
min Minute(s) 
h Hour(s) 
rpm Revolutions per minute 
RT Room temperature 
U Unit(s) 

IU International units 
TU Transduction units 
V Volt(s) 
v/v Volume/volume 
w/v Weight/volume 
µF µFarad(s) 
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1 Introduction 
 
This study shows that expression of granzyme (gr) H strongly positively correlates with natural killer 

(NK)-cell education, the crucial process by which NK-cell functional competence is acquired through 

engagement of self-specific inhibitory receptors. Given our – as yet – incomplete grasp of the 

mechanisms of NK-cell education, this finding is highly significant, particularly in light of the 

importance of granzymes as some of the main effector molecules of NK cells. To gain a better 

understanding of grH and its relevance, this study also conducts a more detailed examination of grH 

expression patterns and functions. 

 

This introduction first gives a general overview of NK cells, their responses and development, and then 

of the main receptor families NK cells express, to provide the appropriate background before an outline 

of NK-cell education itself is given. An overview of the role of granzymes in NK-cell biology, with a 

focus on grH, follows. Finally, the aims of this thesis are stated. 

 
 

1.1 Natural Killer Cells – an Overview 
 
NK cells were originally identified because of their notable lack of T and B-cell markers and their ability 

to recognise and kill tumour cells without prior sensitisation (1),(2),(3). NK cells constitute ∼5-15% of 
circulating lymphocytes in healthy individuals (4), and are also found in tissues including the bone 

marrow, spleen, lymph nodes, liver and lung (5). Defined most simply by surface expression of CD56 

and lack of CD3, an invariant complex associated with the T-cell receptor (6),(7), NK cells are a crucial 

cytotoxic mediator and therefore a critical component of the immune defence against virus-infected and 

tumour cells. For instance, the importance of NK cells in early antiviral defences was demonstrated, 

amongst others, by Bukowski et al., who showed that mice, a species that represents a good model for 

the study of human NK-cell function, develop decreased or increased resistance against murine 

cytomegalovirus (MCMV) following NK-cell depletion and adoptive transfer respectively (8). Mouse 

studies also provided early evidence for the essential role of NK cells in anti-tumour immunity, showing 

that tumour cells injected into mice that had been subjected to antibody-mediated NK-cell depletion 

displayed enhanced growth and metastasis than when injected into non-pre-treated mice (9). Human 

studies, too, have illustrated the immense importance of NK cells in human health and disease. For 

example, in an 11-year follow-up study of a Japanese cohort, Imai et al. showed that reduced peripheral-

blood natural cytotoxicity was associated with higher general cancer risk (10). 

NK cells have also been remarkably found to be important for eutherian mammalian placentation 

(11),(12): uterine NK cells have been shown to be crucial for the remodelling of maternal uterine spiral 

arteries for adequate placental blood supply (13), and protection from pregnancy disorders like 

preeclampsia, which are due to failure of normal placentation, has been correlated with particular uterine 

NK-cell receptor/ligand pairs (14). 

 

Upon activation, NK cells display a variety of responses. These include target-cell cytotoxicity, 

particularly via the secretion of perforin and granzymes (7),(15), but also via expression of death ligands 

like Fas ligand (FasL) and TNF-related apoptosis-inducing ligand (TRAIL), and via secreted and 

membrane-bound cytokines (16),(17). The responses also include immunomodulation through secretion 
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of pro-inflammatory cytokines like tumour necrosis factor (TNF)-a and interferon (IFN)-g 
(18),(19),(20),(21), anti-inflammatory cytokines such as interleukin (IL)-10 (22), and chemokines (23). 

 

Although they were once assigned mainly to the innate immune system, evidence implicating NK cells 

as crucial modulators and even drivers of the adaptive immune response is mounting. For instance, 

through release of the chemokines CC-chemokine ligand (CCL) 5, X-C motif chemokine ligand (XCL) 

1 and XCL2, NK cells have been shown to recruit dendritic cells to solid tumours, which increases the 

potential for antigen presentation to, and regulation of, T cells and therefore anti-tumour responses (23). 

Furthermore, depletion and adoptive transfer experiments in mice have shown IFN-g secreted by NK 
cells recruited to lymph nodes to be necessary for polarisation of early T-cell responses (21). 

Importantly, NK cells expressing the stimulatory receptor CD94/NKG2C have been shown to expand 

following human CMV (HCMV) infection and to develop a mature phenotype with adaptive, memory-

like functionality (24),(25),(26),(27),(28). 

 
 

1.2 NK-Cell Development 
 
In order to be able to appreciate the different subpopulations of NK cells, a brief description of NK-cell 

development, including NK-cell receptor acquisition, is necessary. 

NK cells can be subdivided into two basic populations based on the intensity of CD56 expression: 

CD56-high-expressing CD56bright NK cells (residing mainly in lymphoid tissue) and CD56-low-

expressing CD56dim NK cells (found mainly in peripheral blood) (6),(29). NK cells are thought to arise, 

in several stages, from CD34+ haematopoietic stem cells, the more mature CD56dim NK cells arising 

from the less mature CD56bright NK cells (Fig. 1), as reviewed by, among others, Lorenzo Moretta in 

2010 and Yu et al. in 2013 (30),(31). Several factors influence this process. For example, the cytokine 

IL-15, which is used in this study to stimulate NK cells, has been shown to be critical in the 

differentiation of NK cells from CD34+ bipotential T/NK-cell progenitor cells (32), later aiding survival 

of peripheral NK cells (33), as well as in the induction of their effector functions (34). 

 

The appearance of surface expression of the heterodimer of CD94 and the lectin-like NKG2A receptor 

coincides with high expression of CD56 (35). Most CD56dim NK cells continue to express 

CD94/NKG2A, though it is often lost eventually (36). Distinguishing features of CD56dim NK cells 

include expression of the Fc receptor CD16 (FcgRIII), as it is expressed by only a small proportion of 
CD56bright NK cells (37),(38), the appearance of surface expression of killer-cell immunoglobulin-like 

receptors (KIRs), as well as maturation of and increased abundance of cytolytic granules (35),(39). Fully 

mature, terminally differentiated NK cells can be identified by the marker CD57 (36),(40). 

NK-cell development in general, and receptor acquisition in particular, follow a tightly regulated path. 

CD94/NKG2A-single-positivity is thought to be acquired first, followed by the appearance of activating 

receptors, and co-expression of inhibitory KIRs; KIR-single-positivity eventually occurs by subsequent 

loss of CD94/NKG2A (30),(36),(41),(42),(43).  

 

Fig. 1 shows a schematic representation of NK-cell development from haematopoietic stem cells. 
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Fig. 1: Schematic representation of NK-cell development from 
haematopoietic stem cells. Reprinted (simplified) from Trends in 
Immunology. 34(12), Yu J, Freud AG, Caligiuri MA: Location and 
cellular stages of natural killer cell development, 573-582, 2013, 
with permission from Elsevier (31). CD = cluster of differentiation, 
KIR = killer-cell immunoglobulin-like receptor, + = present, – = 
absent, ? = pathway and expression patterns not clear, dim = low 
expression, hi and bright = high expression. 
 

 

 

CD56dim and CD56bright NK cells differ in their effector functions and responses to stimulation. While 

CD56bright NK cells have been ascribed a more prominent role in the response to and production of 

cytokines, CD56dim NK cells have been found to be more responsive to target-cell than cytokine-induced 

stimulation, with a larger role in target-cell cytotoxicity (44),(45),(46). Only more recently, CD56dim 

NK cells have been shown to also be very capable cytokine producers (47),(48). 

 

An important example of a cytokine that acts differentially on CD56bright and CD56dim NK-cell function 

and development is IL-2. It is also used in this study. Via its heterotrimeric receptor, which shares two 

subunits with the IL-15 receptor (49), IL-2 has been shown to induce brisk proliferative responses in 

CD56bright NK cells and enhanced effector functions in CD56dim NK cells (34),(50). Interestingly, 

activation-induced cell death, a process important in negative selection of NK cells, also relies on IL-2, 

this time in concert with activating signals through receptors like CD16 and CD44 (51),(52),(53).  

 
 

1.3 NK-Cell Receptors 
 
Following the brief overview of NK-cell responses and NK-cell development, it is important to discuss 

the role of NK-cell receptors. Not only do these receptors determine to what challenges an NK cell can 

respond, but they are also crucial for defining an NK cell’s education status, as explained in section 1.4. 

 

1.3.1 NK-Cell Receptors and Means of NK-Cell Activation – an Overview 
 
NK cells express a variety of germline-encoded cell-surface receptors, the downstream signals of which 

are integrated to fine-tune any given NK cell’s response to an immunological challenge (54),(55). Unlike 

T-cell responses, NK-cell responses are not major histocompatibility complex (MHC)-restricted, an NK 

cell’s activation being mainly independent of the presentation of peptide by self-MHC (56). NK cells 

express both activating and inhibitory receptors, which are classified into several different families. 

Haematopoietic 
stem cell

Stages 1 and 2 Stage 4
CD56bright

Stage 5
CD56dim

Stage 3

CD34+ CD34+

CD94–
CD16–

CD34–

CD94–
CD16–

CD34–

CD94hi
CD16–

CD34–

CD94+/–
CD16+

KIR+/–

?
Stage 6 (?)
Memory NK

NKG2C?
CD57?



Introduction 

 4 

In the healthy state, recognition particularly of MHC class I by inhibitory NK-cell receptors, especially 

by inhibitory KIRs (classical MHC class I) and by CD94/NKG2A (non-classical MHC class I) (see 

below for more detail) leads to NK-cell inhibition. This allows NK cells to monitor and be inhibited by 

the presence of ‘self’ (ie MHC class I). When MHC class I is downregulated, like in virus-infected or 

tumour cells, the inhibitory signal disappears and, in the presence of activating signals, leads to NK-cell 

activation and often destruction of target cells: the classical missing-self response (57),(58) (Fig. 2). 

 

Activating NK-cell receptors, on the other hand, recognise a wider variety of signals (Fig. 2). These 

include ‘induced self’-ligands, which are brought about by cellular stress, like the distant MHC class I 

relatives MHC class I polypeptide-related sequence (MIC) A and MICB, which are bound by the 

prominent NK-cell activating receptor NKG2D (59). Activating signals also include non-self ligands 

expressed  by infected cells, an example being influenzaviral haemagglutinins, which are recognised by 

the activating natural cytotoxicity receptors (NCRs) NKp46 and NKp44 (60),(61). Somewhat less 

prominent is recognition of conserved microbial products like viral RNA and DNA, which provide non-

self ligands for Toll-like receptors, which are also expressed by NK cells to some extent (62),(63). 

Importantly, through expression of the Fc receptor CD16, NK cells are able to recognise antibodies, 

which can lead to antibody-dependent cell-mediated cytotoxicity (ADCC) against antibody-coated 

target cells (37). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2: Overview of the main ways of NK-cell activation. Reprinted with permission from Springer Nature 
Customer Service Centre GmbH: Springer Nature, Nature Reviews Cancer: NK cells and cancer: you can teach 
innate cells new tricks, Morvan MG, Lanier LL, 2015 (64) https://www.nature.com/articles/nrc.2015.5, accessed 
07/09/2019. ADCC = antibody-dependent cell-mediated cytotoxicity, MHC = major histocompatibility complex. 

 
It is important to now describe some of the NK-cell receptor families, particularly KIRs, in more detail. 
 

1.3.2 KIRs 
 
The KIR family of receptors, which, as mentioned above, recognise classical MHC class I antigens (or 

human leukocyte antigens (HLA)) (65),(66), are some of the most important human NK-cell receptors 

and are crucial for NK-cell education (46). 

Nature Reviews | Cancer

a  Healthy cells b  Missing self

c  Induced self-ligands d  ADCC

Inhibitory
receptor

NK
cell

No lysis

Healthy
cell

MHC 
class I

Activating
receptor

Stimulatory
ligand

MHC class I-
deficient 
tumour cell

Tumour cell

+

–

+

–

Lysis

Lysis

+

–

+
+

+

–

Lysis

+
+

Stressed or 
damaged cell

Antibody Tumour
antigens

CD16

Lytic 
granules

Natural cytotoxicity 
receptors
(NCRs). A family of activating 
receptors expressed by NK 
cells and some innate 
lymphoid cells that recognize 
various, mostly ill-defined, 
ligands. The three members of 
this family in humans are 
NKp46 (encoded by NCR1), 
NKp44 (encoded by NCR2) 
and NKp30 (encoded by 
NCR3). Mice possess only 
a functional Ncr1 gene and 
not orthologues of NKp30 
or NKp44.

γδ T cells
A subset of T cells that express 
a distinct T cell receptor (TCR) 
composed of one γ-chain and 
one δ-chain, instead of the  
α- and β-chains that comprise 
the TCR on the majority of 
T cells. Like natural killer cells, 
they are considered to be a 
bridge between innate and 
adaptive immunity.

NK cells use inhibitory receptors to prevent the 
killing of healthy cells, whereas they need strong acti-
vating signals to initiate an immune response against 
infected cells or tumour cells (FIG. 1b,c). NK cells possess 
numerous receptors that can trigger their effector func-
tions when they are engaged alone or in combination14. 
NKG2D (also known as CD314 and KLRK1), the natural 
cytotoxicity receptors (NCRs), DNAM1 (also known as 
CD226) and CD16 are the best-characterized activat-
ing NK cell receptors implicated in immune responses 
against cancer. NKG2D is a particularly important and 
well-studied receptor, which is expressed by all NK cells, 
as well as by CD8+ T cells and γδ T cells15. This type II 
transmembrane- anchored protein has unique proper-
ties, which include binding to an extensive array of lig-
ands. In humans, NKG2D ligands (NKG2DLs) are MHC 
class I polypeptide-related sequence A (MICA), MICB, 
retinoic acid early transcript 1E protein (RAET1E), 
RAET1G, RAET1H, RAET1I, RAET1L and RAET1N 
(also known as ULBP1–ULBP6), whereas in mice its 
ligands are the RAE1 family (α, β, γ, δ and ε), the histo-
compatibility antigen 60 (H60) family (H60a, H60b 
and H60c) and mouse UL16-binding protein-like tran-
script 1 (MULT1)16,17. These ligands are not present 
on the cell surface of most healthy tissues, but can be 
expressed on rapidly proliferating cells, infected cells, 
transformed cells and tumour cells17. Regulation of the 
NKG2DLs is a very complex process that can involve 
transcriptional, translational and post-translational con-
trol, and there are no general rules that apply for the 
induction and expression of the different NKG2DLs in 

different cell types or tumours16,17. Some viruses and 
tumour cells have developed escape mechanisms to 
circumvent NKG2D-mediated immunosurveillance, 
for example, by ligand shedding, intracellular retention 
of ligands and induction of ligands on neighbouring 
bystander cells, which demonstrates the importance of 
this interaction during immune responses16,17.

NCRs are another family of activating receptors that 
were discovered on NK cells in the 1990s, and include 
three receptors: NKp30 (also known as NCR3 and 
CD337), NKp44 (also known as NCR2 and CD336) 
and NKp46 (also known as NCR1 and CD335)18. NKp30 
(REF. 19) and NKp46 (REF. 20) transmit their activating sig-
nal by associating with the immunoreceptor tyrosine- 
based activation motif (ITAM)-bearing adaptor protein 
CD3ζ, and the high-affinity IgE receptor-γ (FcεRIγ), 
whereas NKp44 associates with DAP12 (also known as 
TYROBP)21. NKp46 and NKp30 are expressed consti-
tutively on NK cells, but NKp44 is expressed only after 
activation of NK cells. NKp46 is highly conserved among 
species including in mice22, whereas NKp30 and NKp44 
are not present in inbred mice23, which limits the ability 
to probe their in vivo function. A wide variety of NCR 
ligands have been reported, including ligands encoded 
by genes from viruses, bacteria and parasites; however, 
most of these are not well defined18 (TABLE I). Although as 
yet not characterized, NCR ligands have been detected 
on many tumour cells and some healthy tissues18.

DNAM1 is an activating receptor expressed by NK 
cells, subsets of T cells and myeloid cells24. Its ligands 
are CD112 (also known as PVRL2 and nectin 2) and 

Figure 1 | Schematic representation of physiological NK cell functions. a | A balance of signals delivered by activating 
and inhibitory receptors regulates the recognition of healthy cells by natural killer (NK) cells. b | Tumour cells that 
dQYnTeIWNCte OCLQT JiUtQcQORCtiDiNit[ cQORNeZ 
/*%� cNCUU|+ OQNecWNeU CTe detected CU nOiUUinI UeNHo Cnd CTe N[Ued D[ 0- 
cells. c | Tumour cells can overexpress induced stress ligands recognized by activating NK cell receptors, which override 
the inhibitory signals and elicit target cell lysis. d | Tumour antigen-specific antibodies bind to CD16 and elicit 
antibody-dependent NK cell-mediated cytotoxicity.
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1.3.2.1 Nomenclature and Structure 
 
The KIR family comprises both inhibitory and activating transmembrane receptors that are expressed 

by NK cells and a subset of T cells (67),(68),(69). Most NK cells have been found to express between 

zero and two different self-HLA class I-specific KIRs (70). HLA proteins are critical in immune 

responses due to their presentation of processed peptide antigen to T cells and their function as NK-cell 

ligands (71). There are two main classes of HLA, HLA class I and HLA class II, with several classical 

(HLA-A, B and C (class I) and HLA-DR, DP and DQ (class II)) and non-classical subclasses (72),(71). 

Unlike HLA class II molecules, which are a complex of class II a and b chains, the a chains of classical 

HLA class I molecules complex with the protein b2-microglobulin (72).  
 

14 or, if one considers KIR2DL5A and KIR2DL5B to be distinct, 15 KIR genes and two pseudogenes 

(the latter denoted by the letter ‘P’), have been identified in 15 distinct KIR loci within the leukocyte 

receptor complex on chromosome 19q13.4 (73).  

KIRs are classified according to the length of their cytosolic tail, a short (S) tail signifying an activating 

receptor and a long (L) tail signifying an inhibitory one (67),(68). KIR2DL4 is an exception, the type of 

response (activating or inhibitory) being context-dependent (74). Furthermore, each KIR possesses 

either two or three immunoglobulin (Ig)-like domains, conferring the terminology of KIR2D or KIR3D 

respectively (67),(68). Like most inhibitory NK-cell receptors, the cytoplasmic portions of inhibitory 

KIRs contain one or two immunoreceptor tyrosine-based inhibitory motifs (ITIMs) (74),(75). These 

recruit protein tyrosine phosphatases that then transduce the inhibitory response via recruitment of the 

phosphatases Src homology region 2 domain-containing phosphatase (SHP)-1 and SHP-2 (74),(75). In 

contrast, the activating response by KIRs depends on their association with the transmembrane adaptor 

protein DAP12, which contains an immunoreceptor tyrosine-based activation motif (ITAM), and which 

is necessary for signal transduction (76). Fig. 3 shows a schematic representation of the structure of 

KIRs. 

 
 
Fig. 3:  
Schematic representation 
of the structure of KIRs. 
Ig-like = immunoglobulin-
like, ITAM = immuno-
receptor tyrosine-based 
activation motif, ITIM = 
immunoreceptor tyrosine-
based inhibitory motif. 
Author’s illustration. 
 
 
 

1.3.2.2 KIR Haplotypes 
 
KIR genes are in linkage disequilibrium with one another, leading to their organisation into haplotypes 

(77). The KIRs display an extraordinary degree of diversity, owing mainly to their polygenicity, variable 

gene content, extensive polymorphism, and stochastic combinatorial expression (74),(77),(78),(79). 

Their ligands’ genes, the HLA genes, are also organised into haplotypes, and are the most polymorphic 

human genes identified so far (72). Thus, through the extraordinary degree of KIR diversity in 

KIR3DL KIR2DL KIR3DS KIR2DS

Plasma membrane

ITIM DAP12
with ITAM

Ig-like
domains

Cytosol

Extracellular space
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conjunction with the vastly polymorphic nature of their HLA class I ligands, as well as the independent 

segregation of KIR and HLA genes (which reside on different chromosomes), highly diverse, almost 

person-unique, receptor-ligand repertoires are achieved (74),(77),(80).  

 

Two groups of KIR haplotypes have been identified within the human population based on gene content: 

group A and group B haplotypes (77). Group A haplotypes have been associated with some protection 

from viral infections such as hepatitis C virus (81), while group B haplotypes have been associated with 

a lower risk of disorders of pregnancy like preeclampsia (14), indicating that an evolutionary equilibrium 

exists between the two haplotype groups (82). 

 

Both haplotype groups contain the framework genes KIR3DL3, KIR3DP1, KIR2DL4 and KIR3DL2 (83), 

with two variable regions in between. Encoding seven genes and two pseudogenes, the more common 

group A haplotypes have a lower and less variable gene content, as well as less copy number variation, 

than group B haplotypes, but display more allele combinations (77),(78),(84). Group A haplotypes 

encode mainly inhibitory KIRs, the most important being KIR2DL3, KIR2DL1 and KIR3DL1, and only 

one activating receptor, KIR2DS4, in addition to containing the framework gene KIR2DL4 (77). 

KIR2DS4 is frequently non-functional, owing to a 22-nucleotide deletion (85).  Group B haplotypes can 

encompass those genes present in group A haplotypes, but contain additional activating receptor genes 

(77) and group B haplotype-unique inhibitory KIR genes: KIR2DL5, KIR2DS1, KIR2DS2, KIR2DS3, 

KIR2DS5, as well as KIR2DL2 and KIR3DS1, alleles of KIR3DL3 and KIR3DL1 respectively (78). Fig. 

4 gives a schematic representation of a group A and a representative group B KIR haplotype. Table 1 

shows some common KIR genotypes and the haplotypes to which they correspond. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Schematic representation of a group A and a representative group B KIR haplotype. Pseudogenes are 
not included. Reprinted from J Leukoc Biol. 90(4), Chazara O, Xiong S, Moffett A: Maternal KIR and fetal HLA-
C: a fine balance, 703-16, 2011 (86), with permission. 
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Table 1: Common KIR genotypes and the haplotypes to which they correspond. Table adapted by permission 
from Springer Nature Customer Service Centre GmbH: Springer Nature, Immunogenetics: Definition of gene 
content for nine common group B haplotypes of the Caucasoid population: KIR haplotypes contain between seven 
and eleven KIR genes, Uhrberg M, Parham P, Wernet P, 2002 (87)  
(https://link.springer.com/article/10.1007%2Fs00251-002-0463-7, accessed 08/08/2019). 
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S3
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2D
S5
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S1
 

AA 1 ❊  ❊ ❊  ❊ ❊ ❊    ❊   
Bx 2 ❊ ❊ ❊ ❊  ❊ ❊ ❊  ❊  ❊   
Bx 3 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊   
Bx 4 ❊  ❊ ❊ ❊ ❊ ❊ ❊ ❊   ❊ ❊ ❊ 
Bx 5 ❊ ❊  ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊   
Bx 6 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ 
Bx 7 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊ 
Bx 8 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊  ❊   
Bx 9 ❊ ❊  ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ 
Bx 10  ❊  ❊  ❊ ❊ ❊  ❊  ❊   
Bx 11 ❊  ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊ ❊  ❊ 
Bx 12 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊ 
Bx 13 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊  ❊ 
Bx 14 ❊  ❊ ❊ ❊ ❊ ❊ ❊ ❊   ❊  ❊ 
Bx 15 ❊ ❊ ❊ ❊  ❊ ❊ ❊    ❊   
Bx 16  ❊ ❊ ❊  ❊ ❊ ❊  ❊  ❊   
Bx 17 ❊ ❊  ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊ 
Bx 18 ❊ ❊  ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊ 
Bx 19 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊   
Bx 20 ❊  ❊ ❊  ❊ ❊ ❊ ❊   ❊   
Bx 21 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊   ❊ ❊ 
Bx 22 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊   
Bx 23  ❊  ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊ 
Bx 24 ❊ ❊  ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊ ❊ ❊ 
Bx 25 ❊ ❊  ❊ ❊  ❊ ❊ ❊ ❊ ❊  ❊ ❊ 
Bx 26 ❊  ❊ ❊ ❊ ❊ ❊ ❊ ❊   ❊ ❊  
Bx 27 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊ ❊  
Bx 28 ❊ ❊  ❊ ❊ ❊ ❊ ❊  ❊  ❊   
Bx 29 ❊  ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊  ❊ 
Bx 30 ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊ ❊ ❊  ❊ ❊ 
Bx 31 ❊  ❊ ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊   
Bx 32 ❊ ❊  ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊ ❊  
Bx 33  ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊   
Bx 34 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊ ❊  
Bx 35 ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊ ❊ ❊   ❊ 
Bx 36 ❊  ❊ ❊ ❊ ❊ ❊ ❊    ❊   
Bx 37 ❊  ❊ ❊ ❊ ❊ ❊ ❊   ❊ ❊   
Bx 38 ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊ 
Bx 39 ❊ ❊ ❊ ❊  ❊ ❊ ❊ ❊ ❊ ❊  ❊  
Bx 40  ❊ ❊ ❊  ❊ ❊ ❊ ❊ ❊  ❊   

A/A = homozygous for group A haplotypes. Bx = either hetero- or homozygous for group B haplotypes. Grey = 
KIR gene present, white = KIR gene absent.  
 
1.3.2.3 KIR Ligands 
 
Ligands have been identified for many but not all KIRs (Table 2), the most important being the classical 

HLA class I antigens mentioned above. Epitopes on all three classical HLA class I molecules HLA-A, 

B and C can be recognised by KIRs (71), however, the dominant HLA class I molecule in shaping NK-

cell responses is HLA-C (88),(89). HLA-C alleles are divided into two main groups, the HLA-C1 and 

HLA-C2 allotypes, originally distinguished based on differential recognition of target cells by NK cells 

now known to express KIRs with different HLA-C specificities (77),(88),(90),(91). The two allotypes 

result from amino acid dimorphisms at positions 77 and 80 of the a1 domain of HLA-C, HLA-C1 having 
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a serine residue at position 77 and an asparagine at position 80, and HLA-C2 having an asparagine at 

position 77 and a lysine at position 80 (88),(90),(91). 

 
Table 2: The KIRs and their known ligands. 
KIR Ligand References 
KIR2DL1 HLA-C2 (92),(93),(94),(95) 
KIR2DL2 HLA-C1, HLA-C2 (weaker though functionally relevant 

avidity) 
(70),(92),(93),(94),(95), 
(96) 

KIR2DL3 HLA-C1, (HLA-C2 Cw*0501, Cw*0202 and Cw*0401 
(weaker interactions; functional relevance not clear)) 

(70),(92),(93),(94),(95), 
(96)  

KIR2DL4 HLA-G? (97),(98),(99) 
KIR2DL5A   
KIR2DL5B   
KIR2DS1 HLA-C2 (100),(101) 
KIR2DS2 HLA-C1 (peptide-dependent), HLA-A11 (102),(103)  
KIR2DS3   
KIR2DS4 HLA-C1, HLA-C2, some HLA-A11 epitopes (104) 
KIR2DS5 Some HLA-C2 epitopes (105) 
KIR3DL1 HLA-Bw4 on HLA-A and HLA-B (106) 
KIR3DL2 HLA-A3/-11 (107),(108) 
KIR3DL3   
KIR3DS1 Open conformers of HLA-F (non-b2-microglobulin- or 

peptide-bound) 
(109) 

? = ligand not definitively confirmed, blank = no ligand identified to date. 
 

1.3.3 The CD94/NKG2 Family of Receptors 
 
The lectin-like NKG2 transmembrane receptors expressed by NK cells and a subset of T cells represent, 

arguably, the most important family of both inhibitory and activating NK-cell receptors besides KIRs 

(110). Hence, a description of this family is warranted, particularly since CD94/NKG2A has also been 

shown to be involved in NK-cell education (111),(112). 

 

Unlike the genes encoding KIRs, the genes encoding the NKG2 family lie within the natural killer 

complex on chromosome 12p13.1 (113). 

 

The inhibitory NKG2A and the stimulatory NKG2C, complexed with CD94, bind to the non-classical 

HLA class I HLA-E expressed by target cells in complex with peptides derived from the signal sequence 

of other class I MHC molecules, making NKG2 receptors another crucial mechanism for monitoring of 

HLA class I expression by NK cells (114),(115). After inhibitory KIRs, NKG2A/CD94 actually 

represents the main inhibitory receptor important for shaping NK-cell receptor repertoires (82),(115). 

NKG2D, a prominent stimulatory receptor, does not associate with CD94, instead forming a 

homodimer, and binds the stress-induced ligands MICA and MICB, as well as UL16-binding protein 

(ULBP)1, 2, 3 and 4 (59),(116),(117),(118).  

 

As alluded to in section 1.1, NK cells expressing CD94/NKG2C have been shown to expand following 

HCMV infection and to develop a mature, self-specific KIR+NKG2A–NKG2C+CD57+ phenotype with 

adaptive, memory-like functionality (24),(25),(26),(27),(28),(119). These cells are highly effective 

killers of HCMV-infected cells through ADCC, but are less responsive to cytokines (120),(121). Their 

memory-like functionality has been demonstrated after their transplantation from HCMV-seropositive 
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donors to HCMV-seropositive recipients, where they exhibited more expansion and cytokine production 

than after transplantation to HCMV-seronegative recipients (27). 

 

Structurally, the cytoplasmic domain of NKG2A harbours two ITIMs, similar to inhibitory KIRs (110). 

CD94/NKG2C, on the other hand, like activating KIRs, associates with the ITAM-containing DAP12 

(110),(122). NKG2D associates with the adaptor protein DAP10 instead, which, instead of an ITAM, 

harbours a YINM motif, which recruits different kinases for transduction of an activating response than 

ITAMs do (116),(123).  

 

The roles of the less well-studied family members, NKG2B, a stemless splice variant of NKG2A, as 

well as NKG2E, NKG2F and NKG2H are less clear (115),(124),(125),(126),(127),(128). 

 

1.3.4 Natural Cytotoxicity Receptors and Immunoglobulin-Like Transcripts 
 
A further important class of NK-cell receptors are the NCRs. They comprise activating receptors 

expressed mainly by NK cells that trigger NK cell-mediated cytolysis upon ligation, the key ones being 

NKp46, NKp44 and NKp30 (129). NKp46, one of the main NK-cell activating receptors (130), and 

NKp44 have been shown to recognise, for example, influenzaviral haemagglutinins (60),(61), as 

mentioned above, while NKp30 binds, among others, the tumour cell-surface antigen B7-H6 (131).  

 

Another class of NK-cell receptors that recognise HLA are the immunoglobulin-like transcripts (ILTs). 

An example thereof is the inhibitory receptor ILT2 (LILRB1), which recognises the non-classical HLA 

class I HLA-G, predominantly expressed by extravillous trophoblast in the placenta, and which may 

therefore be one of the factors influencing human placentation (132),(133). 

 
 

1.4 NK-Cell Education 
 
Having given an overview of NK cells, including their responses, development and receptors, NK-cell 

education can now finally be introduced. An outline of classical education is given first, followed by a 

brief mention of non-classical NK-cell education, then an outline of what is known regarding phenotypic 

differences between educated and non-educated NK cells, then a description of the different models of 

the process that have been proposed, and finally the clinical relevance of NK-cell education. 

 

1.4.1 (Classical) NK-Cell Education – an Overview 
 
NK-cell education is a process by which NK cells acquire enhanced cytotoxic and cytokine-producing 

competence in a quantitative manner dependent on engagement of self-MHC class I-specific inhibitory 

receptors, KIRs in humans (Ly49 in mice) and CD94/NKG2A, by self-MHC class I 

(46),(134),(111),(112) (see Table 2 for a list of KIRs and their ligands). NK cells that lack self-MHC 

class I-specific inhibitory receptors, even when fully mature, remain ‘uneducated’ or ‘unlicensed’ and 

become hyporesponsive (134),(46). In terms of terminology, ‘classical education’ or ‘licensing’ refers 

to education via a self-specific inhibitory KIR and classical self-MHC class I (135), and is addressed in 

the most detail here.  



Introduction 

 10 

Studies from as early as the 1990s have described a lack of cytotoxic activity against HLA class I-null 

K562 target cells by NK cells from donors with MHC class I deficiency (136),(137), which was later 

attributed to these NK cells being unlicensed. Licensed NK cells, on the other hand, have enhanced 

functional potential, particularly in the missing-self response. For instance, Yawata et al. demonstrated 

in 2008 that NK cells expressing a host-MHC-specific inhibitory KIR showed increased degranulation 

and IFN-g production in response to MHC class I-deficient 721.221 target cells, when compared to NK 
cells that expressed only non-host-specific inhibitory KIRs (112).  

Educated NK cells have also been shown to display a survival advantage compared with uneducated 

NK cells. Felices et al. demonstrated in 2014 that serum starvation led to preferential death of 

uneducated rather than educated NK cells and that withdrawal of IL-15 led to upregulation of pro-

apoptotic molecules like Bim and Fas within uneducated but not educated NK cells (53).  

 

In addition to enhancing functional responsiveness of licensed NK cells, education ensures NK-cell self-

tolerance. NK cells that do not express any self-specific inhibitory receptors are prevented from 

attacking self-cells by becoming hyporesponsive, while those that do express self-specific inhibitory 

receptors are inhibited from attacking self-cells through engagement of these cells’ self-MHC class I. 

 

Fig. 5 shows a schematic representation of classical NK-cell education. 

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Schematic representation of classical NK-cell education. NK-cell education relies on engagement of 
self-specific inhibitory receptors, mainly KIRs, by their cognate ligands. Author’s illustration.  
 
Despite the hyporesponsiveness of unlicensed NK cells particularly in the missing-self setting, 

unlicensed NK cells are not functionally incompetent. For instance, they have been shown to display 

enhanced effector functions in response to cytokines and in inflammatory microenvironments, including 

some infections like Listeria and MCMV in mice (134),(138),(139), which suggests that NK-cell 

education is a dynamic process and that the strict distinction between licensed and unlicensed cells may 

only apply in steady-state conditions. A study by Elliott et al. in 2010, in which unlicensed murine NK 
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cells from an MHC class I-deficient environment became licensed upon transfer to an MHC class I-

sufficient host, further supports this notion (140).  

 

The process of education is postulated to begin during NK-cell development, enhanced proliferation 

having been shown in bone marrow-derived NK cells that express a self-MHC class I-specific inhibitory 

receptor compared with those that do not (134). 

 

1.4.2 NK-Cell Education by Non-Classical MHC 
 
Licensing, or classical education, depends on the recognition of classical HLA class I by KIRs, as 

indicated above. However, evidence is mounting that inhibitory receptors for non-classical MHC 

molecules also contribute. Crucially, CD94/NKG2A, via recognition of HLA-E, has been implicated in 

human NK-cell education, and education via CD94/NKG2A has been shown to be able to compensate 

whenever there is lack of KIR-mediated licensing (111),(112),(141),(142). 

 

1.4.3 Comparative Analyses of Licensed vs Unlicensed NK Cells 
 
So far, comparative analyses of licensed versus (vs) unlicensed NK cells, particularly in humans, have 

yielded limited results, including regarding phenotypic differences. One of the few examples of 

phenotypic differences between licensed and unlicensed NK cells is the higher expression of the 

adhesion molecule and activating receptor DNAX Accessory Molecule (DNAM)-1 by educated 

compared with uneducated NK cells (143). DNAM-1, together with LFA-1, a protein important in 

granule polarisation, has been postulated to be important for the augmented degranulation responses 

observed in educated compared with uneducated NK cells (143). 

 

Notably, grB, one of the main cytotoxic mediators expressed by NK cells, has been highlighted in a 

recent study comparing licensed and unlicensed NK cells (144). In this study, Goodridge et al. 

demonstrate a positive correlation between NK-cell licensing and grB expression, showing 

accumulation of grB in educated NK cells in a transcription-independent manner. They also implicate 

restructuring of the endolysosomal compartment, which may also provide an explanation for the 

heightened degranulative and cytotoxic potential of licensed NK cells. 

 

DNAM-1 and grB represent some of the few examples of molecules found to be differentially expressed 

between educated and uneducated NK cells, but the precise intracellular mechanism of NK-cell 

licensing remains elusive. Nonetheless, several models have been proposed to attempt an explanation: 

the ‘arming/stimulatory licensing’, ‘disarming/inhibitory licensing’, ‘rheostat/tuning’ and ‘confining’, 

as well as the ‘cis-interaction’ and ‘trans-interaction’ models.  

 

1.4.4 NK-Cell Education – Different Models 
 
1.4.4.1 The Arming/Stimulatory Licensing and Disarming/Inhibitory Licensing Models 
 
The arming model suggests that from the pool of unresponsive NK cells only those that express a self-

specific inhibitory receptor become responsive/armed, while those that do not express one remain 

hyporesponsive (145). In this model, downstream signalling from an inhibitory receptor is, by itself, 
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sufficient for an NK cell to be licensed and for functional potential to be induced, as evidenced by 

abolition of licensing when such a receptor’s ITIM is mutated (134). The disarming model, on the other 

hand, suggests that cells that were potentially responsive lose function; tonic, unopposed activation via 

stimulatory NK receptors leading to the hyporesponsiveness observed in unlicensed NK cells (145). 

Evidence supporting the disarming model comes mainly from murine studies that have observed NK-

cell tolerance patterns after transplantation of mixtures of cells expressing cell-surface MHC and cells 

not expressing cell-surface MHC into irradiated mice (146),(147). 

 

1.4.4.2 The Rheostat/Tuning Model 
 
The rheostat model states that NK-cell education is not a ‘yes-or-no’ phenomenon, but that it occurs in 

a quantitative manner, depending on the level of inhibitory input a given NK cell receives, both based 

on the strength of inhibitory receptor:ligand binding and the number of self-specific inhibitory receptors 

the NK cell expresses (141),(148),(149). According to this model, which was developed from mouse 

studies, more inhibitory input results in a higher level of functionality, exemplified by increased 

degranulation and IFN-g production in experimental settings (148). The rheostat model provides a 
possible means of reconciling the arming and disarming models, suggesting that NK-cell responsiveness 

is ‘tuned up’ or ‘tuned down’, as put by Brodin et al. in 2009, depending on the net inhibitory input 

received during development and also during states of immune system activation (148). 

 

1.4.4.3 The Confining Model 
 
Not a separate model per se, the confining model focuses on the localisation of activating and inhibitory 

receptors with regard to the cell-surface membrane and the cytoskeleton, suggesting a spatial aspect to 

NK-cell education (135). Educated and hyporesponsive NK cells appear to display different receptor 

dynamics. In hyporesponsive NK cells, activating receptors have been shown to be confined to the NK 

cell’s actin meshwork and to demonstrate slower diffusion rates, while inhibitory receptors are less 

confined (150),(151). In educated NK cells, on the other hand, activating receptors, located within cell-

surface membrane lipid rafts that are advantageous for signalling, have been shown to display faster 

diffusion rates, while inhibitory receptors are more restricted, implying an enhanced functional 

responsiveness (150),(151).  

 

1.4.4.4 The Cis-Interaction and Trans-Interaction Models 
 
Also not a separate model per se, the cis-interaction/trans-interaction models attempt to address the 

mechanistic issue of whether educating receptor-ligand interactions occur between an inhibitory NK-

cell receptor on one NK cell and its ligand on another cell (trans), whether they occur on the same cell 

(cis) or whether both types of interaction are important (152). Chalifour et al. show that NK cells in 

transgenic mice expressing a variant of the MHC class I-specific inhibitory receptor Ly49A that can 

only be inhibited by MHC class I in trans but that cannot engage MHC class I in cis are not educated 

(153). Conversely, Elliott et al. demonstrate that NK cells from MHC class I-deficient mice become 

licensed when adoptively transferred into MHC class I-sufficient recipients, indicating that a trans 

interaction is sufficient for education (140). Though seemingly inconsistent, these disparate results could 

be interpreted as indicating that both mechanisms play a role in NK-cell education, possibly in a context-

dependent manner. In fact, Boudreau et al. have shown in adoptive transfer experiments of human NK 
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cells in transgenic mice that both mechanisms appear to play a role in the education of KIR+ NK cells 

(154). They postulate that cis-interactions may have more of a role in maintaining education while trans-

interactions may be more important in increasing NK-cell reactivity (154). 
 

1.4.5 NK-Cell Education – Clinical Relevance 
 
The importance of NK-cell education for NK-cell functionality is evident. However, the real relevance 

of understanding this process better lies in its potential utilisation for translational medicine. Several 

studies, including in mice, have hinted at the differential importance of licensed and unlicensed NK cells 

in various disease settings, but more studies are required to access the full potential of the process, 

particularly in the move from murine models to human diseases.  

 

For example, Tay et al. described in 1995 that NK cells from mice with defective MHC class I 

expression, so hyporesponsive NK cells in the education model, were still able to mount effective 

antiviral responses, possibly through cytokine release (155), and Fernandez et al. showed in 2005 that 

murine NK cells not expressing self-MHC class I-specific inhibitory receptors became hyporesponsive 

to stimulation with MHC-reduced target cells but not to infection with Listeria (138). Educated human 

NK cells, on the other hand, have been shown to demonstrate greater activation than unlicensed cells in 

response to anti-HIV-1 antibodies in vitro (156). 

Educated and uneducated NK cells may thus play differential roles in the control of viral infections, 

suggesting that exploitation of these differences may be beneficial in the development of antiviral 

therapies.  

 

NK-cell education also plays a role in anti-tumour responses. For instance, in the classical missing-self 

response, licensed NK cells recognise and kill tumour cells that have downregulated self-MHC class I 

(57). However, artificial augmentation of unlicensed NK cells in particular has proven beneficial in an 

anti-tumour response where the classical missing-self response was ineffective: Tarek et al. showed in 

2012 that neuroblastoma-cell lines that had not downregulated HLA class I were preferentially killed 

by unlicensed NK cells after pre-treatment with an antibody that induced ADCC, the so-called ‘missing 

KIR ligand’ benefit (157).  

 

Studies like those discussed above help to highlight the critical importance of gaining a broader 

understanding of the mechanisms that underlie NK-cell licensing, as this can inform approaches of how 

best to utilise NK cells clinically and therapeutically, particularly in anti-tumour and antiviral therapies. 

Finding and studying phenotypic differences between educated and uneducated cells, like the study of 

grH here, provide important steps towards this goal. 

 

 

 

Having described NK-cell education, the discussion now turns to granzymes and grH in particular, since 

grH, in the context of NK-cell education, is the focus of this study. 
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1.5 Granzymes 
 

1.5.1 Overview and Functions 
 
Granzymes, granule-associated enzymes (158), are serine proteases that are found mainly in the cytolytic 

granules of cytotoxic lymphocytes and that are highly conserved between different species (159),(160). 

They are critical for NK-cell function, being some of their main cytotoxic mediators (161),(162). To a 

large extent, granzymes rely on the pore-forming protein perforin for delivery into target cells 

(163),(164),(165) (Fig. 6). GrA and grB are stored as zymogens (pro-proteins) that need to be cleaved 

prior to activation, in order to prevent death of the cells carrying them (166),(167). Perforin activity, on 

the other hand, appears to be dependent on calcium and a neutral pH, perforin being non-toxic to its host 

cell due to the acidic pH within secretory lysosomes, as well as due to additional inhibition by C-terminal 

glycosylation (168),(169),(170). 

 

 

 

 
 
 
 
 
Fig. 6: Schematic representation of granzyme delivery into target cells. After target-cell recognition by the 
NK cell and trafficking of its cytotoxic granules to the immunological synapse, the granules fuse with the 
presynaptic membrane and release their contents. Then, perforin forms a pore in the postsynaptic membrane, 
allowing, for instance, granzymes to diffuse into the target cell and induce apoptosis. Adapted (simplified) by 
permission from Springer Nature Customer Service Centre GmbH: Nature Reviews Immunology: Perforin and 
granzymes: function, dysfunction and human pathology, Voskoboinik I, Whisstock JC, Trapani JA, 2015 (from 
Fig. 1d) (162) https://www.nature.com/articles/nri3839, accessed 09/09/2019. 
 

Of the five human granzymes A, B, H, K and M, grB and grA are the best studied. As reviewed by, 

among others, Susanto et al. (161) and Voskoboinik et al. (162), the canonical role of granzymes in 

target-cell cytotoxicity has actually only been demonstrated uncontroversially for grB and grA. GrB has 

been shown to induce rapid target-cell apoptosis, predominantly via cleavage of BH3-interacting 

domain death agonist (Bid), which in turn leads to mitochondrial disruption; rather than via direct 

activation of caspases; and the process is inhibitable by B-cell lymphoma 2 (BCL-2) (171). GrA, on the 

other hand, has been shown to induce athetosis, a non-apoptotic form of cell death (161),(162). As an 

‘asp-ase’, grB has been shown to preferentially cleave after aspartic acid or glutamic acid residues (172), 

while grA, a tryptase, preferentially cleaves after arginine or lysine residues (173),(174). 

Although grH (see section 1.5.4), grK and grM have also been described to have cytotoxic functions, 

the results have been more contentious (161),(162).  

In addition to their cytotoxic functions, different roles of granzymes are emerging, including 

immunomodulatory, extracellular matrix remodelling and direct antiviral ones. For example, grA has 

been shown to induce proinflammatory cytokine release from target cells (175), grB and grA have been 

implicated in causing detachment of target cells from surrounding structures (176),(177), and, among 

other direct antiviral actions, grH has been shown to inhibit hepatitis B virus replication by directly 

cleaving the hepatitis B virus protein HBx (178).  
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1.5.2 Granzyme Expression by Lymphocytes 
 
Granzymes are predominantly found in cytotoxic lymphocytes. Among NK cells, resting mature NK 

cells have been shown to constitutively express grA, grB, grH and grM – though, perhaps surprisingly, 

grB expression has occasionally been described as being very low to undetectable – while grK is 

restricted to the CD56bright NK-cell subset (179),(180),(181),(182). Circulating CD8+ T cells, on the other 

hand, express grB and grA to a lower extent than NK cells do, levels in their CD4+ counterparts being 

even lower (179). GrH, too, has been demonstrated to be expressed by resting CD8+ and CD4+ T cells, 

also to a lower extent than by NK cells, but, in contrast to grB, its expression by these cells has been 

shown to be poorly inducible by IL-2 or phytohaemagglutinin (182),(183). Expression of grK by T cells 

has also been demonstrated, the extent varying between the precise type of T cell, while grM expression 

by T cells has been shown to be inducible only after prolonged culture (180),(181),(184). 

 

1.5.3 Genomic Organisation of Granzymes and Comparison between GrB and GrH 
 
The five human granzymes have considerable structural and functional overlap with the ten murine 

granzymes A, B, C, D, E, F, G, M, K and N, and both families are grouped into three clusters on separate 

chromosomes (160),(161),(185),(186) (GZM = granzyme gene): 

- Granzyme A cluster 

o Humans, chromosome 5: GZMA and K 
o Mice, chromosome 13: GZMA and K 

- Granzyme B cluster 

o Humans, chromosome 14: GZMB and H 
o Mice, chromosome 14: GZMB, C, D, E, F, G and N 

- Granzyme M cluster 

o Humans, chromosome 19: GZMM 
o Mice, chromosome 10: GZMM 

This inter-species comparison is important as all human granzymes, with the notable exception of grH, 

have murine orthologues (187). GrH shares 71% amino acid identity with human grB and 55% with 

human cathepsin G, another serine protease encoded by a gene that resides on chromosome 14 (187). 

The GZMH gene is postulated to have arisen from interlocus recombination between the ancestral 

GZMB and H genes and to have diverged from CTSG (the cathepsin G gene) ∼21 million years ago, 
before mammalian radiation, while the rodent lineage diverged from the primate lineage before 

granzymes C-G had evolved (187). On the one hand, this indicates that human grH is unlikely to have 

evolved from rodent granzymes C-G. On the other hand, however, this also indicates that grH, having 

evolved relatively recently, must have an important role; one that is unlikely to overlap entirely with 

that of grB and one that is worth studying. Fig. 7 shows an alignment of the open reading frames (ORFs) 

of GZMH and GZMB transcript variants 1 (other transcript variants arise as a result of alternative 

splicing) to give an indication of the sequence similarity between the two genes (188).  
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Fig. 7: Alignment of the ORFs of GZMH and B transcript variants 1. The ORFs from start codon ATG to stop 
codon TAA of transcript variants 1 were taken from published sequences (accession numbers NM_033423.4 and 
NM_004131.5 for GZMH and GZMB respectively) (188) and aligned using the software ApE.  
 
1.5.4 The Putative Cytotoxic Role of GrH 
 
Given the considerable sequence and structural identity between grH and grB, as well as the presumed 

evolutionary origin of grH, it is not surprising that grH, like grB, has been postulated to have a cytotoxic 

role. Indeed, in studies by Fellows et al. (189), Hou et al. (190) and Ewen et al. (191), recombinant grH 

has been shown to induce target-cell apoptosis. Furthermore, as a further pointer towards a direct 

cytotoxic action of grH, Wang et al. showed target-cell apoptosis to be inhibitable by the physiological 

inhibitor of grH SERPINB1 (183). GrH’s enzymatic activity has been shown to be chymotrypsin-like 

(chymase), preferring hydrophobic amino acid residues like phenylalanine or tyrosine (192).  

The described putative cytotoxicity induced by grH, like that induced by grB and grA (193),(194), 

appears to rely on the simultaneous delivery of pore-forming agents: in the absence of perforin, grH has 

been shown to be internalised by Jurkat cells into endosome-like vesicles without causing target-cell 

death (192).  

Importantly, despite Fellows et al. (189), Hou et al. (190) and Ewen et al. (191) and Wang et al. (183) 

providing reasonably robust evidence that recombinant grH induces target-cell death, whole-cell 

approaches to confirm this finding on a more physiological level are somewhat lacking. Furthermore, 

the cited studies produce differential results regarding the underlying mechanism of grH-induced 

apoptosis (see section 4.8.1.1 for more detail). Our understanding of the function of grH therefore 

remains rudimentary, highlighting the urgent need for further investigation of grH and its function, 

particularly through the use of more physiological means of examining the protein. 

 

Having provided overviews of NK cells and NK-cell education, as well as of granzymes in general and 

grH in particular, the next section lays out the specific aims of this thesis, offering a rationale behind the 

examination of grH in this study and the attempt to link it to NK-cell licensing.  

THU SEP 05, 2019 23:27 CESTDNA FROM 1 TO 741TODNA(1) FROM 1 TO 744 
(|):623 (#):78 ( ):83 (.):0  
 
               *         *         *           *          *         *         *         *         *        
    1 ATGCAGCCATTCCTCCTCCTGTTGGCCTTTCTTCTGAC--CCCTGGGGCTG-GGACAGAGGAGATCATCGGGGGCCATGAGGCCAAGCCCCACTCCCGCC 97     
      |||||#|||#||||#||#|||#|||||||#||#||| |  ||| #||||#| #| |||#|||||||||||||||#|||||||||||||||||||||||||        
    1 ATGCAACCAATCCTGCTTCTGCTGGCCTTCCTCCTG-CTGCCC-AGGGCAGATG-CAGGGGAGATCATCGGGGGACATGAGGCCAAGCCCCACTCCCGCC 97     
               *         *         *          *          *          *         *         *         *        
        *         *           *         *              *         *         *           *         *         
   98 CCTACATGGCCTT-TGTTCAGT-TTCTGCAAGAGA--AG-AGTC-G-GAAGAGGTGTGGCGGCATCCTAG-TGA-GAAAGGACTTTGTGCTGACAGCTGC 188    
      |||||||||| || |#|| | | #||||   | ||  || |||| # |||||||||#||#|||#|||| | | | ||#|#|||||#||||||||||||||        
   98 CCTACATGGC-TTATCTT-A-TGATCTG---G-GATCAGAAGTCTCTGAAGAGGTGCGGTGGCTTCCT-GAT-ACGAGACGACTTCGTGCTGACAGCTGC 188    
        *          *           *             *         *         *          *          *         *         
       *         *         *         *         *         *         *         *         *         *         
  189 TCACTGCCAGGGAAGCTCCATAAATGTCACCTTGGGGGCCCACAATATCAAGGAACAGGAGCGGACCCAGCAGTTTATCCCTGTGAAAAGACCCATCCCC 288    
      ||||||###||||||||||||||||||||||||||||||||||||||||||#||||||||||#|||||||||||||||||||||||||||||||||||||        
  189 TCACTGTTGGGGAAGCTCCATAAATGTCACCTTGGGGGCCCACAATATCAAAGAACAGGAGCCGACCCAGCAGTTTATCCCTGTGAAAAGACCCATCCCC 288    
       *         *         *         *         *         *         *         *         *         *         
       *         *         *         *         *         *         *         *         *         *         
  289 CATCCAGCCTATAATCCTAAGAACTTCTCCAACGACATCATGCTACTGCAGCTGGAGAGAAAGGCCAAGTGGACCACAGCTGTGCGGCCTCTCAGGCTAC 388    
      |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||#||||||#||||||||#|||#||||||||||        
  289 CATCCAGCCTATAATCCTAAGAACTTCTCCAACGACATCATGCTACTGCAGCTGGAGAGAAAGGCCAAGCGGACCAGAGCTGTGCAGCCCCTCAGGCTAC 388    
       *         *         *         *         *         *         *         *         *         *         
       *         *         *         *          *          *           *             *         *         * 
  389 CTAGCAGCAAGGCCCAGGTGAAGCCAGGGCAG-CTGTGCAGTGTGGCTGGCT-GGGG-TTA-TGTCTCAAT-G-A-G-CACTTTAGCAACCACACTGCAG 480    
      ||||||#||||||||||||||||||||||||| | #|||||||||||#|||| |||| ##| #|#|#|##| | | # ||| |#| | | ||||||#||#        
  389 CTAGCAACAAGGCCCAGGTGAAGCCAGGGCAGAC-ATGCAGTGTGGCCGGCTGGGGGCAGACGGCCCCCCTGGGAAAACAC-TCA-C-A-CACACTACAA 483    
       *         *         *         *          *         *         *         *          *            *    
               *         *           *         *              *         *           *          *         * 
  481 GAAGTGTTGCTGACAGTGCAG-AAGGACT-GCCAGTGTGAACGTCT--CTT-C-C-ATGGCAATTACAG-CAG-AGCCACTGAGATT-TGTGTGGGGGAT 570    
      ||#|||##|#||||||||||| || || | |##||||#|||  |||  ||| | | || # | |||| | ||| | |||#|||| || ||#||||||||#        
  484 GAGGTGAAGATGACAGTGCAGGAA-GA-TCGAAAGTGCGAA--TCTGACTTACGCCAT-T-A-TTAC-GACAGTA-CCATTGAG-TTGTGCGTGGGGGAC 573    
            *         *           *         *           *            *          *           *         *    
                  *           *         *         *          *         *         *         *         *     
  571 CCA-A-A-GAAGACACAGAC--CGGTTTCAAGGGGGACTCCGGGGGGCCC-CTCGTGTGTAAGGACGTAGCCCAAGGTATTCTCTCCTATGGAAAC-AAA 663    
      ||| | | #|| | | ||||  | #||| |||||||||| |#||#||||| ||#||||||||##|#||#|||||#||#|||#|||||||||| | | |||        
  574 CCAGAGATTAA-A-A-AGACTTC-CTTT-AAGGGGGACT-CTGGAGGCCCTCTTGTGTGTAACAAGGTGGCCCAGGGCATTGTCTCCTATGG-A-CGAAA 665    
            *            *           *          *         *         *         *         *          *       
            *           *         *         *           *          *         *          * 
  664 AAAGGGACA--CCTCCAGGAGTCTACATCAAGGTCTCACA-CTTCCTG-CC-CTGGATAAAGAGAACAATGAAGCGCCT-CTAA 741    
      #||#|| ||  ||||||#|||#||#||#|||#|||||| | |||  || #| |||||||||||#|||#|||||#|| || ||||        
  666 CAATGG-CATGCCTCCACGAGCCTGCACCAAAGTCTCA-AGCTT--TGTACACTGGATAAAGAAAACCATGAAACG-CTACTAA 744    
          *          *         *         *            *         *         *          * 
 
 
 

GZMH

GZMB
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1.6 Aims of this Thesis 
 
Before expounding upon the aims of this thesis, it is important to provide the rationale behind examining 

grH in the context of NK-cell education, as well as its expression patterns and its functions. Any steps 

towards creating a more complete understanding of NK-cell licensing are important, given the 

significance of this process for NK-cell biology and, ultimately, for the clinical utilisation of NK cells, 

thus making NK-cell education a valuable and valid subject to study. GrH was chosen as the focus of 

this investigation due to its high degree of sequence and structural identity with grB, which has already 

been linked with NK-cell education. In light of the crucial role of granzymes in NK-cell function, this 

suggested link between NK-cell licensing and grB expression is a powerful one and an investigation 

into whether other granzymes play a role in this critical process is needed. In light of the aforementioned 

high degree of sequence and structural identity between grB and grH, grH is a likely candidate to also 

be implicated in NK-cell licensing. Given the limited knowledge available regarding grH and its 

function, as well as the potential for further study of NK-cell education, an examination of the possible 

role of grH in NK-cell licensing was the logical and critical next step. 

 

Preliminary experiments performed by Prof. Dr M. Uhrberg’s group, Institute of Transplantation 

Diagnostics and Cell Therapeutics (ITZ), University Hospital Düsseldorf, Germany, in cooperation with 

Prof. Dr L. Walter’s group, Primate Genetics Laboratory, German Primate Center, Göttingen, Germany, 

showed that, indeed, mRNA levels of GZMH, but not of other granzymes, including GZMB, were higher 

in licensed than unlicensed NK cells. The main aim of the present study was to confirm and then to 

robustly establish this putative link between NK-cell education and grH expression at the protein level 

using different inhibitory receptors to determine education status. GrB was aimed to be examined for 

comparison, and reasons for any potential discrepancies with the literature were aimed to be explored 

experimentally. An effective antibody to stain for grH first needed to be found to be able to establish an 

optimised staining protocol for flow cytometry. In view of the limited evidence regarding grH 

expression patterns in general, these were aimed to be examined among different populations of 

lymphocytes, prior to establishing the link between education and grH protein expression. Furthermore, 

given the more mature status of KIR-expressing NK cells (which include licensed NK cells) compared 

with receptor-negative NK cells, this study also set out to examine grH expression by NK cells of 

different maturities and stages of development. These phenotypic analyses were aimed to be 

supplemented by examination of potential correlations between expression of grH and other proteins 

potentially correlated with NK-cell licensing.  

Since most of the published studies have used recombinant grH for examination of the function of grH, 

the present study aimed to use more physiological whole-cell approaches for examination of its function, 

particularly using primary NK cells. These were to be stimulated via target cells and soluble mediators, 

or their survival examined when starving them of important cell-culture components such as serum.  

Moreover, due to the need for cell fixation and permeabilisation prior to staining for the intracellular 

grH protein, it is not currently possible to perform functional studies on primary NK cells sorted, eg via 

fluorescence-activated cell sorting (FACS), based on grH-positivity or negativity. Therefore, a further 

goal was to overexpress grH in cells that hardly express it, to create a clean system for its study.  

 

Ultimately, it is the author’s intention that this study contribute to our common understanding both of 

specific properties of grH as well as of the mechanisms of NK-cell education. 
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2 Materials and Methods 
 
2.1 Materials 
 

2.1.1 Dyes Used for Flow Cytometry 
 
Table 3: Antibodies. 
Antibody Target Fluorochrome Clone Isotype Company Catalogue # 

BCL-2 PE 100 IgG1 BioLegend 658707 
CD3 BV785TM OKT3 IgG2a BioLegend 317330 

BV605TM UCHT1 IgG1 BioLegend 300460 
APC/Cy7 UCHT1 IgG1 BioLegend 300426 
PE/Cy5 UCHT1 IgG1 BioLegend 300410 
PE/Cy7 UCHT1 IgG1 BioLegend 300420 
FITC UCHT1 IgG1 BioLegend 300406 

CD8a AlexaFluor®700 HIT8a IgG1 BioLegend 300920 
CD11c FITC 3.9 IgG1 BioLegend 301604 
CD16 FITC 3G8 IgG1 BioLegend 302006 
CD56 PE/DazzleTM594 HCD56 IgG1 BioLegend 318348 

APC/Cy7 HCD56 IgG1 BioLegend 318332 
PE HCD56 IgG1 BioLegend 318306 
PE/Cy7 HCD56 IgG1 BioLegend 318318 

CD57 Pacific Blue TM HCD57 IgM BioLegend 322316 
CD62L PE/Cy7 DREG-56 IgG1 BioLegend 304822 
CD107a BV785TM H4A3 IgG1 BioLegend 328644 

APC/Cy7 H4A3 IgG1 BioLegend 328630 
KIR2DL1 
(CD158a) 

FITC 143211 IgG1 R&D Systems FAB1844F 
APC 143211 IgG1 R&D Systems FAB1844A 

KIR2DL1/S1 
(CD158a,h) 

VioBlue 11PB6 IgG1 Miltenyi Biotec 130-095-233 

KIR2DL1/S1/S3/S5 
(CD158a,h,g) 

FITC HP-MA4 IgG2b BioLegend 339504 

KIR2DL2/L3/S2 
(CD158b1,b2,j) 

PC5.5 GL183 IgG1 Beckman Coulter A66900 
PE DX27 IgG2a BioLegend 312606 
FITC DX27 IgG2a BioLegend 312604 
PE/Cy7 DX27 IgG2a BioLegend 312610 

KIR3DL1 
(CD158e1) 

PE/Cy7 DX9 IgG1 BioLegend 312720 
AlexaFluor®700 DX9 IgG1 BioLegend 312712 

NKG2A (CD159a) PE Z199 IgG2b Beckman Coulter IM3291U 
APC Z199 IgG2b Beckman Coulter A60797 
PC7 Z199 IgG2b Beckman Coulter B10246 

NKG2C (CD159c) PE 134591 IgG1 R&D Systems FAB138P 
APC 134591 IgG1 R&D Systems FAB138A 

DNAM-1 (CD226) PE 11A8 IgG1 BioLegend 338306 
Granzyme A FITC CB9 IgG1 BioLegend 507204 
Granzyme B 
 

Pacific BlueTM GB11 IgG1 BioLegend 515408 
PE GB11 IgG1 BD 

PharmingenTM 
561142 

Granzyme H Biotinylated (no 
fluorochrome) 

Polyclonal Goat 
IgG 

R&D Systems BAF1377 

Unconjugated 3G10F4 IgG2a Sino Biological 10348-MM02 
Granzyme K PE 24C3 IgG1 ImmunoTools 21144054 
IFN-g PE/Cy7 B27 IgG1 BioLegend 506518 
KLRG1 APC/FireTM750 SA231A2 IgG2a BioLegend 367718 
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TNF-a APC/Cy7 MAb11 IgG1 BioLegend 502944 
PE/DazzleTM594 MAb11 IgG1 BioLegend 502946 

Biotin VioGreen Bio3-18E7 IgG1 Miltenyi Biotec 130-097-022 
VioGreen Bio3-18E7 IgG1 Miltenyi Biotec 130-113-297 

Isotype: mouse, unless otherwise stated. 
 
Table 4: Non-antibody dyes. 
Substance Fluorochrome Company Catalogue # 
Streptavidin APC/Cy7 BioLegend 405208 
Annexin V FITC BioLegend 640906 
eBioscienceTM Fixable Viability Dye eFluorTM 780 eFluorTM 780 InvitrogenTM 65-0865-14 
Propidium Iodide Solution / BioLegend 421301 
Tag-it VioletTM Proliferation and Cell Tracking 
Dye 

/ BioLegend 425101 

 

2.1.2 Cell Culture 
 
Table 5: Reagents used in cell culture. 
Substance Company 

RPMI-1640 (+ 25 mM Hepes, + L-Glutamine), (s.-f.) Lonza 
Dulbecco’s Modified Eagle Medium (DMEM) (1x) High Glucose (+ 4.5 g/L 
D-Glucose, L-Glutamine, + Pyruvate) 

Gibco 

DMEM (1x) + GlutaMAXTM-I (+ 4.5 g/L D-Glucose, + Pyruvate) Gibco 
Alpha Minimum Essential Medium (MEM) without L-Glutamine (s.-f.) Lonza 
Iscove’s Modified Dulbecco’s Medium (IMDM) (s.-f.) SIGMA® 
Dulbecco’s Phosphate-Buffered Saline (DPBS) (1x) (no Calcium Chloride, 
no Magnesium Chloride) 

Gibco 

Foetal Bovine Serum (FBS) (s.-f.) Gibco 
Foetal Bovine Serum, (FBS) (h.-i.) Gibco 
Human Serum, from human male AB plasma, USA origin (s.-f.) SIGMA® 
Horse Serum (s.-f.) Gibco 
Albumin Fraction V, protease-free (BSA) ROTH 
Penicillin Streptomycin (10,000 U/ml Penicillin, 10,000 µg/ml 
Streptomycin), sterile 

Gibco 

Gentamicin Reagent Solution (50 mg/ml) Gibco 
L-Glutamine 200 mM 100×, sterile Gibco 
PROLEUKIN® S (IL-2) (Aldesleukin), 1.1 mg (18×106 IU)/ml NOVARTIS 
Human IL-15, premium grade, 50 µg/ml Miltenyi Biotec 
Rituximab (MabThera®), stock: 10 mg/ml Roche 
s.-f. = sterile-filtered, h.-i. = heat-inactivated 
 

Composition of the Main Cell-Culture Media Used and of Staining Buffer 
 
Standard Medium 

RPMI-1640 
10% (v/v) FBS (s.-f.) 
100 U/ml penicillin 
100 µg/ml streptomycin 
(Standard medium forms the basis of 
several other media used here). 
 
NK-Cell Medium 

Standard medium 
5% (v/v) human serum (s.-f.) 
+/– 1000 U/ml IL-2 (as stated in the text) 

NK-92 Medium 

Alpha MEM 
12.5% (v/v) FBS (s.-f.) 
12.5% (v/v) horse serum (s.-f.) 
2 mM L-Glutamine 
200 U/ml IL-2 
 
K562 Medium 

DMEM (1x) high glucose 
10% (v/v) FBS (s.-f.) 
50 µg/ml gentamicin reagent solution 
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HEK293T and HT1080 Medium 

DMEM (1x) + GlutaMAXTM-I 
10% (v/v) FBS (h.-i.) 
100 U/ml penicillin 
100 µg/ml streptomycin 
 
2nd HEK293T Medium 

IMDM 
10% (v/v) FBS (h.-i.) 
100 U/ml penicillin 
100 µg/ml streptomycin 
2 mM L-Glutamine 
 

Cryopreservation Medium 

Standard medium 
45% (v/v) FBS (s.-f.) 
10% (v/v) DMSO 
 
Staining Buffer 

DPBS 
0.5% (w/v) BSA 
2mM EDTA (pH 8.0) 
 
 

 

2.1.3 Other Reagents 
 
Table 6: Other reagents. 
Substance Company 

Biocoll Separating Solution, Density 1.077 g/ml Biochrom 
Lysis Buffer pH 7,4 (Isotonic Ammonium Chloride Solution) Central Pharmacy, University 

Hospital Düsseldorf (UKD), 
Germany 

Dimethyl Sulfoxide (DMSO) ChemCruz® 
Brefeldin A Solution (1,000×), diluted to 1x in PBS prior to use BioLegend 
Monensin Solution (1,000×), diluted to 1x in PBS prior to use BioLegend 
Fixation Buffer (contains 4% paraformaldehyde) BioLegend 
Intracellular Staining Perm Wash Buffer (10×), diluted to 1x in Aqua 
ad iniectabilia prior to use 

BioLegend 

Trypan Blue Solution SIGMA® 
TRIzol® Reagent Ambion® 
Annexin V Binding Buffer BioLegend 
RetroNectin® (Recombinant Human Fibronectin Fragment) TaKaRa 
Protamine phosphate, 1 µg/µl SIGMA® 
Polyethylenimine, branched (PEI) SIGMA® 
VersaComp Antibody Capture Bead Kit, 1×107 particles/ml Beckman Coulter 
Ethylenediamine Tetraacetic Acid (EDTA) Disodium Salt Dihydrate ROTH 
Distilled Water (Aqua dest.) Central Pharmacy, UKD 
Ampuwa® Spüllösung 1000 ml Plastipur Aqua ad iniectabilia  Fresenius Kabi 
Trypsin – EDTA Solution 1x, sterile SIGMA® 
 

2.1.4 Reagents Used for Molecular Biology 
 
Table 7: Restriction enzymes and other enzymes. 
Enzyme Company Catalogue # 

XhoI 10 U/µl Thermo ScientificTM ER0691 
XhoI 10 U/µl InvitrogenTM 15231012 
EcoRI 10 U/µl InvitrogenTM 15202-021 
Calf Intestinal Alkaline Phosphatase 1 U/µl InvitrogenTM 18009-027 
T4 DNA Ligase 1 U/µl Thermo ScientificTM EL0016 
50× Advantage® 2 Polymerase Mix Clontech S1798 
HotStarTaq® DNA Polymerase 5 U/µl QIAGEN 1007837 
M-MLV Reverse Transcriptase 200 U/µl Promega M170A 
PacI 10 U/µl New England BioLabs® R0547S 
MluI 10 U/µl InvitrogenTM 15432016 
ClaI 10 U/µl InvitrogenTM 15416050 
RNase-free DNase Set QIAGEN 79254 
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Table 8: Other reagents. 
Substance Company 

Deoxynucleoside triphosphate (dNTP) mixture, 10 mM PEQLAB 
Oligo(dT)15 Primers, 500 µg/ml Promega 
Rnasin® Plus Rnase Inhibitor, 40 U/µl Promega 
PerfectTM 100 bp DNA Ladder, 125 µg (0.125 µg/µl) EURX® 
PerfectTM Plus 1 kb DNA Ladder, 100 µg (0.1 µg/µl) EURX® 
UltraPureTM Agarose, electrophoresis grade InvitrogenTM 
Roti®-Phenol/Chloroform/Isoamyl Alcohol ROTH 
Nuclease-Free Water QIAGEN 
TRIS PUFFERAN® ≥99.3%, Buffer Grade ROTH 
Boric Acid ≥99.8%, p.a., ACS, ISO ROTH 
2-Mercaptoethanol 50 mM Gibco 
Ethidium Bromide Solution 1% (10 mg/ml) ROTH 
Ethanol ≥99.5% ROTH 
Ethanol ≥70% VWRTM 
Sodium Chloride (NaCl) ROTH 
Glycerol, for molecular biology, minimum 99% SIGMA® 
Xylene Cyanol FF SIGMA® 
Bromophenol Blue SIGMA® 
S.O.C. Medium InvitrogenTM 
LB Broth Base (Lennox L Broth Base) (for preparation add 20.0 g to 
1000 ml distilled water, autoclave at 121°C for 15 minutes) 

InvitrogenTM 

LB Agar (Lennox L Agar) (for preparation add 32.0 g to 1000 ml 
distilled water, autoclave at 121°C for 15 minutes) 

InvitrogenTM 

Ampicillin Sodium Salt SIGMA® 
 

Composition of Buffers and Loading Dye 
 
TBE Buffer (10×) 
107.8 g tris-pufferan 
55.0 g boric acid 
8.2 g EDTA 
To 1000 ml: Aqua dest. 
(Diluted to 1x in Aqua dest. prior to use.) 
 
TE Buffer 

Aqua dest. 
10 mM tris-pufferan 
1 mM EDTA 

Loading Dye 

1 spatula tip of xylene cyanol FF 
1 spatula tip of bromophenol blue 
15 ml glycerol 
35 ml Aqua dest. 
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2.1.5 Cells Used 
 
2.1.5.1 Primary Cells and Ethical Clearance 
 
Human peripheral-blood mononuclear cells (PBMCs) were isolated (section 2.2.1) from whole blood of 

healthy volunteers or from buffy coats, by-products of whole-blood donations that were kindly provided 

by the blood donation centre at the ITZ (head of department: Dr J. Fischer). Human cord-blood 

mononuclear cells (CBMCs) were isolated from cord blood, kindly provided by the José Carreras Cord 

Blood Bank at the ITZ (head of department: Prof. Dr G. Kögler). Frozen PBMCs from donors who 

harbour an NKG2C expansion, defined as ≥9.25% of CD56dim NK cells being NKG2C+ according to 

Manser et al., 2019 (119), were kindly provided by Dr A. Manser at the ITZ. NK cells expanded from 

PBMCs according to a protocol published by Fujisaki et al. in 2009 (195) were kindly provided by Dr 

M. Hejazi at the ITZ. 

Written consent had been obtained from the donors prior to blood or cord blood donation in accordance 

with the Declaration of Helsinki, and this study was approved by the ethics committee of the faculty of 

medicine at the Heinrich Heine University (HHU) Düsseldorf, Germany (study reference 6155R). 

 

2.1.5.2 Cell Lines 
 
Table 9: Cell lines. 
Cell Line Description Source 

K562 HLA class I-deficient chronic myeloid leukaemia 
suspension-cell line from a 52-year-old woman in 
blast crisis, which, inducing the missing-self 
response, acts as a good NK-cell target 
(196),(197). 

Kind gift from Prof. Dr C. Watzl, 
Leibniz Research Centre for the 
Working Environment and 
Human Factors, Dortmund, 
Germany 

NK-92 Cytotoxic suspension NK-cell line from a 50-
year-old man with large granular lymphocytic 
non-Hodgkin lymphoma (peripheral blood) (198). 

Kind gift from Prof. Dr T. Tonn, 
Experimental Transfusion 
Medicine, Dresden, Germany 

HEK293T Highly transfectable adherent cell line from 
human embryonic kidney cells, transformed with 
adenovirus type 5 DNA fragments. Allows, due to 
stable expression of the simian virus 40 (SV40) 
large T antigen, replication of retroviral vectors 
carrying the SV40 origin of replication. 
(199),(200),(201). 

German Collection of 
Microorganisms and Cell 
Cultures GmbH (DSMZ), 
Braunschweig, Germany 

HT1080 Adherent fibrosarcoma-cell line from a 35-year-
old man (202). 

DSMZ 

 

2.1.5.3 Bacterial Strains 
 
Table 10: Bacterial strains. Escherichia (E.) coli One ShotTM TOP10 chemically competent cells were kindly 
provided by Prof. Dr H. Hanenberg and Dr C. Wiek at the Department of Otorhinolaryngology, Head and Neck 
Surgery, HHU Düsseldorf, Germany, and E. coli SURE electrocompetent cells were kindly provided by Dr HI 
Trompeter, ITZ. 
Type Strain Genotype Company 

Chemically 
competent E. 
coli 

One 
ShotTM 
TOP10 

F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 
Δ lacX74 recA1 araD139 Δ(araleu)7697 galU galK rpsL 
(StrR) endA1 nupG 

InvitrogenTM 

Electro-
competent E. 
coli 

SURE e14-(McrA-) Δ(mcrCB-hsdSMR-mrr)171 endA1 gyrA96 
thi-1 supE44 relA1 lac recB recJ sbcC umuC::Tn5 (Kanr) 
uvrC [F´ proAB lacIqZΔM15 Tn10 (Tetr)] 

StratageneTM 
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2.1.6 Primers Used in but not Designed within this Study 
 
Table 11: Primers for HLA-C1/C2 typing. Kindly provided by Ms N. Scherenschlich, ITZ. 
Primer Sequence 5’ to 3’ Tm Ref. 

Forward (NK2) GTTGTAGTAGCCGCGCAGG 59 (203) 
Forward (NK1) GTTGTAGTAGCCGCGCAGT 58 (203) 
Reverse CGCCGCGAGTCCRAGAGG 60 (203) 
Ref. = reference. Tm = calculated primer melting temperature in °C. 
 
 
Table 12: Primers for KIR typing. Kindly provided by Ms N. Scherenschlich, ITZ. 
KIR Forward Primer (5’ to 3’) Tm Reverse Primer (5’ to 3’) Tm Ref. 
KIR2DL1 ACTCACTCCCCCTATCAG

G 
56 AGGGCCCAGAGGAAAGTCA 59 (87) 

KIR2DL1   AGGGCCCAGAGGAAAGTT 57 (87) 
KIR2DL2 CCATGATGGGGTCTCCAA

A 
55 GCCCTGCAGAGAACCTACA 58 (77) 

KIR2DL3 CCTTCATCGCTGGTGCTG  57 CAGGAGACAACTTTGGATCA 53 (77) 
KIR2DL5 TGCCTCGAGGAGGACAT  56 GGTCTGACCACTCATAGGGT 57 (20

4) 
KIR3LD1 TACAAAGAAGACAGAATC

CACA 
53 TAGGTCCCTGCAAGGGCAA 60 (87) 

KIR3DL1 TCCCATCTTCCATGGCAG
AT 

57   (87) 

KIR3DL2 CGGTCCCTTGATGCCTGT 58 GACCACACGCAGGGCAG 59 (77) 
KIR2DS1 TCTCCATCAGTCGCATGA

A/G 
55 AGGGCCCAGAGGAAAGTT 57 (77) 

KIR2DS2 TGCACAGAGAGGGGAAG
TA 

56 CACGCTCTCTCCTGCCAA 58 (77) 

KIR2DS3 TCACTCCCCCTATCAGTTT 53 GCATCTGTAGGTTCCTCCT 54 (87) 
KIR2DS4 CTGGCCCTCCCAGGTCA 60 GGAATGTTCCGTTGATGC 52 (87) 
KIR2DS5 AGAGAGGGGACGTTTAAC

C 
53 TCCGTGGGTGGCAGGGT 63 (87) 

KIR3DS1 GGCAGAATATTCCAGGAG
G 

53 AGGGGTCCTTAGAGATCCA 55 (87) 

Ref. = reference. Tm = calculated primer melting temperature in °C. 
 
 
Table 13: Primers for sequencing the inserts of vectors p2CL6I2EGwo and p2CL7IPcowo. Kindly provided 
by Prof. Dr H. Hanenberg and Dr C. Wiek at the Department of Otorhinolaryngology, Head and Neck Surgery, 
HHU Düsseldorf, Germany. 
Primer Sequence 5’ to 3’ Tm 
Forward GGACCTGAAATGACCCTGCG 59 
Reverse CTAGGAATGCTCGTCAAGAAG 54 
Tm = calculated primer melting temperature in °C. 
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2.1.7 Vectors 
 
Lentiviral vectors, helper plasmids, and the design template for shRNA construction were kindly 

provided by Prof. Dr H. Hanenberg and Dr C. Wiek, 

Department of Otorhinolaryngology, Head and Neck 

Surgery, HHU Düsseldorf. 

 

 

 
 
 
 
 

 
 

 
 
 
 
 

 
 
 
 
 
 
Fig. 8: Vector and helper plasmid maps.  Maps were created 
using SnapGene®. Relevant restriction sites (XhoI, EcoRI, 
MluI, ClaI, PacI) are indicated. AmpR = ampicillin resistance 
(b-lactamase), bGH = bovine growth hormone, CAP = E. coli 
catabolite activator protein, CMV = cytomegalovirus, 
cPPT/CTS = central polypurine tract and central termination 
sequence of HIV-1, EGFP = enhanced green fluorescent 
protein, EM7 = synthetic bacterial promoter, f1 ori = f1 
bacteriophage origin of replication, Factor Xa site = Factor Xa 
recognition and cleavage site, H1 promoter = human H1 RNA 
promoter, HIV-1 = human immunodeficiency virus-1, HIV-1 
gag = HIV-1 structural protein, HIV-1 pol = HIV-1 DNA 
polymerase, HIV-1 Ψ = HIV-1 packaging signal, IRES = 
internal ribosome entry site, ISS = immunostimulatory 
sequence from the AmpR gene, lac promoter and operator = 
part of the lac operon, loxP =locus of X-over P1, LTR = HIV-
1 long terminal repeat, NES = HIV nuclear export signal, ori = 
high-copy-number origin of replication, poly(A) signal = polyadenylation signal, PuroR = puromycin resistance, 
RRE = HIV-1 Rev response element, SFFV U3 = spleen focus forming virus U3, SV40 ori = SV40 origin of 
replication, T7 promoter: promoter from bacteriophage T7 RNA polymerase, WPRE = woodchuck hepatitis 
virus posttranscriptional regulatory element, wpro = modified WPRE. 
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Fig. 9: shRNA design template. N = generic nucleotide, nt = nucleotides, MluI and ClaI = restriction enzymes. 
 

2.1.8 Commercially Available Kits 
 
Table 14: Commercially available kits. 
Purpose Kit Company 

RNA extraction from thawed PBMCs RNeasy® Mini Kit QIAGEN 
RNA extraction from fixed PBMCs RecoverAllTM Total Nucleic Acid 

Isolation Kit 
Ambion® 

DNA extraction from blood QIAamp® DNA Blood Mini Kit QIAGEN 
Minipreparation NucleoSpin® Plasmid MACHEREY-NAGEL 
Maxipreparation NucleoBond® Xtra Midi / Maxi MACHEREY-NAGEL 
Antibody Conjugation R-Phycoeryhthrin Conjugation Kit abcam 
 

2.1.9 Plastic- and Glassware 
 
Table 15: Plastic- and glassware. 
Item Company 

Microcentrifuge tubes: SafeSeal reaction tube with lid, 2 ml, 1.5 ml, 0.5 ml SARSTEDT 
Conical centrifuge tubes: 15 ml and 50 ml, screw cap SARSTEDT 
5 ml polypropylene round-bottom flow-cytometry tube, non-sterile SARSTEDT 
5 ml polypropylene round-bottom flow-cytometry tube, with lid, sterile CORNING 
CRYO.S, 2 ml, PP, round bottom freezing tubes Greiner Bio-One 
Cell-culture plates with lid, flat bottom, non-treated, sterile: 6-, 12- and 24-well CytoOne® 
Cell-culture plates with lid, flat bottom, tissue culture-treated, sterile: 6-well CytoOne® 
CELLSTAR® 96-well cell-culture plate with lid, U-bottom, sterile Greiner Bio-One 
Tissue-culture flasks for suspension cells, canted neck, filter cap, sterile: growth 
area 25 cm2 and 75 cm2 

SARSTEDT 

Cell-culture dish, 100 x 20 mm Eppendorf 
Petri dish, 94 x 16 mm, with vents, sterile Greiner Bio-One 
Petri dish, PS, 35 x 10 mm, with vents, sterile Greiner Bio-One 
InjektTM Solo Cone Syringe 10 ml, sterile B. BRAUN 
CellTrics® 30 µm, sterile filter Sysmex 
Filtropur S 0.45 µm syringe filter SARSTEDT 
QIAshredder spin columns for homogenisation of cell lysates QIAGEN 
Tear-A-WayTM 96/12 PCR plate, 0.2 ml/well 4titude® 
Clear heat seal for PCR plates 4titude® 
2 mm electroporation cuvettes PEQLAB 
 
 
 
 
 
 
 
 
 
 
 

MluI          19 nt shRNA (sense)   Loop           19 nt shRNA (antisense)    Stop           ClaI 
CGCGTCCCCNNNNNNNNNNNNNNNNNNNTTCAAGAGANNNNNNNNNNNNNNNNNNNTTTTTGGAAAT 
          AGGGGNNNNNNNNNNNNNNNNNNNAAGTTCTCTNNNNNNNNNNNNNNNNNNNAAAAACCTTTAGC  

        ↑↑ Start shRNA 
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2.1.10 Devices and Software 
 
Table 16: Devices. 
Device and Model Company 

Flow cytometer: CytoFLEX Beckman Coulter Inc., USA 
Cell Sorter: MoFloTM XDP Beckman Coulter Inc., USA 
Centrifuge Rotina 46 R Andreas Hettich GmbH & Co. KG, Germany 
Centrifuge 5415 D Eppendorf AG, Germany 
Centrifuge 5417 R Eppendorf AG, Germany 
CO2 incubator: APT.lineTM Series CB BINDER GmbH, Germany 
Standard incubator: Series B BINDER GmbH, Germany 
Workbench: Safe 2020 Thermo ScientificTM by Thermo Fisher Scientific, USA 
Workbench: MSC 12 Jouan SA by Thermo Fisher Scientific, USA 
Fume cupboard: Always Safe Vinitex Laboratoriuminrichtingen BV, The Netherlands 
Shaking block heater: Thermomixer 
comfort 

Eppendorf AG, Germany 

Water bath: 1003 GFL Gesellschaft für Labortechnik mbH, Germany 
Microscope: Wilovert S Helmut Hund GmbH, Germany 
Shaking incubator: 3020 GFL Gesellschaft für Labortechnik mbH, Germany 
Flat Bed Shaker: Certomat® MO B. BRAUN Melsungen AG, Germany 
Incubation Hood: Certomat® H B. BRAUN Melsungen AG, Germany 
Vortex mixer: Reax top Heidolph Instruments GmbH & Co. KG, Germany 
Spectrophotometer: NanoDropTM 2000 Thermo ScientificTM by Thermo Fisher Scientific, USA 
Electrophoresis power supply: 
PowerPacTM 300 

BIO-RAD Laboratories, Inc., USA 

Gel-electrophoresis chamber and UV-
transmissible gel trays: PerfectBlueTM 
horizontal midi and maxi gel systems 

PEQLAB Biotechnologie GmbH, now VWRTM 
International, USA 

Gel imaging (UV): Quantum ST4 Vilber Lourmat Deutschland GmbH, Germany 
Precision balance: 440-47 KERN & SOHN GmbH, Germany 
Electroporator: Gene Pulser® II 
Electroporation System 

BIO-RAD Laboratories, Inc., USA 

Automated haematology analyser: 
CELL-DYN Ruby 

Abbott, Abbott Park, USA 

Thermal cycler: GeneAmp® PCR 
System 9700 

Applied Biosystems by Thermo Fisher Scientific, USA 

pH meter: HI 9321 Hanna Instruments Deutschland GmbH, Germany 
PCR-plate heat sealer: 4titude heat sealer 4titude® Limited, United Kingdom 
Cell-Counting Chamber: Neubauer 
improved counting chamber 

Paul Marienfeld GmbH & Co. KG, Germany 

 
Table 17: Software. 
Category Programme Company/ Creator 

Flow-cytometry data acquisition CytExpert 2.2 Beckman Coulter 
Flow-cytometry data analysis Kaluza Analysis Software 2.1 Beckman Coulter 
Cell sorting Summit 5.2 Beckman Coulter 
Tabulation of data Excel for Mac Version 16.27 Microsoft 
Graphical representation and 
statistical analysis 

Prism 8 for macOS GraphPad Software 

Plasmid editing ApE– A plasmid Editor v2.0.53c M. Wayne Davis 
Plasmid editing SnapGene® Version 5.1.0 GSL Biotech LLC 
Sequence comparison BLAST® National Library of Medicine 
v = version. 
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2.2 Methods 
 
Unless otherwise stated, washing cells with DPBS, cell-culture medium, staining buffer or 1x Perm 

Wash Buffer involved filling up the tube containing the cells with the fluid at hand, centrifuging it at 

380×g for 10 minutes (min) with brake at 4°C, discarding the supernatant and resuspending the cells in 

in the appropriate fluid. Pelleting, unless otherwise stated, involved the same centrifugation settings. 

 

2.2.1 Isolation of Mononuclear Cells 
 
Isolation of mononuclear cells (MCs) from peripheral blood (PB) or cord blood (CB) was performed 

via density gradient centrifugation using a separating solution with a density of 1.077 g/ml. Erythrocytes 

and granulocytes have a higher buoyant density than MCs, which in turn have a higher density than 

plasma and platelets. Thus, when blood is layered onto the separating solution and centrifuged, 

erythrocytes and granulocytes form a sediment at the bottom of the tube, while MCs remain in a distinct 

layer at the interphase between the separating solution and plasma, from which they are harvested (205). 

 

Isolation of PBMCs or CBMCs was performed no later than 24 hours (h) after blood collection. After 

blood collection, an automated full blood count was first performed using a CELL-DYN Ruby device 

to ensure that the blood components were within the normal range (using the device’s reference ranges). 

The samples were then diluted 1:1 with sterile DPBS, 35 ml of this were carefully layered onto 15 ml 

of Biocoll Separating Solution in a 50 ml screw-cap conical centrifuge tube and centrifuged (870×g, 20 

min, no brake, 21°C). The MCs were then carefully removed from the interphase layer and washed with 

DPBS. The cell pellet was then resuspended in 20 ml of cold (4°C) isotonic ammonium chloride solution 

and incubated for 10 min at room temperature (RT) to induce erythrolysis in case of sample impurity. 

The MCs were then washed twice with DPBS and resuspended in the appropriate fluid, either for 

immediate further use or for cryopreservation. Prior to the last wash step, the cells were counted 

manually using a counting chamber (see below) or automatically using a CELL-DYN Ruby device. 

 

2.2.2 Counting Cells Using a Counting Chamber 
 
20 µl of a cell suspension mixed with 20 µl of trypan blue solution were applied to a Neubauer counting 

chamber (depth: 0.1 mm, area: 1 mm2 per large square). The number of live (not stained blue) and/or 

dead (stained blue, as trypan blue can only enter cells that have lost their membrane integrity (206)) 

cells was counted and the concentration of the original cell suspension determined as follows:  

%&'()'*+,*-&'	(#	&0	%)112 31⁄ ) 	= 	 #	#$	%&''(	%#)*+&,
#	#$	-./0&	12)./&(	×	45')+5#* 	× 10

6. 
 

The factor 104 is used to obtain the volume of interest (1 ml) from the volume per large square (0.1 µl). # = Number. 

 

2.2.3 Cryopreservation of Cells 
 
To prevent the formation of damaging crystals within cells during freezing, cells were frozen in dimethyl 

sulfoxide (DMSO)-containing medium, keeping the time taken to complete the freezing process (as well 

as later the thawing process) to a minimum due to toxicity of DMSO at RT (207). After pelleting, cells 

were resuspended in cold (4°C) cryopreservation medium without DMSO at a maximum concentration 

of 1×107 cells/ml. 500 µl aliquots of the cell suspensions were transferred to 2 ml freezing tubes to each 
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of which 500 µl of cryopreservation medium supplemented with 20% (v/v) DMSO had been added, to 

make a final concentration of 10% (v/v) DMSO. The tubes were placed on ice, immediately transferred 

to -80°C for initial freezing and eventually moved to -196°C (liquid nitrogen) for long-term storage. 

 

2.2.4 Thawing Cells 
 
Cell-containing freezing tubes were briefly warmed in a 37°C water bath, just enough for the cell clump 

to detach from the walls and bottom of the tubes. The clumps were then quickly transferred to 15 ml 

screw cap conical centrifuge tubes containing ≥10 ml of pre-warmed cell-culture medium, staining 

buffer or DPBS, depending on the protocol that was to follow, and pelleted at 21°C. The cell pellet was 

washed again with and resuspended in the appropriate fluid at the appropriate concentration. 

 

2.2.5 Culture of Cell Lines 
 
Cell lines were cultured in the appropriate medium (section 2.1.2) at 37°C, 5% CO2. K562 and NK-92 

cells were cultured in non-treated cell-culture plates or tissue-culture flasks for suspension cells, 

depending on cell numbers to allow for target concentrations of 3×105/ml (K562) and 2-2.5×105/ml (NK-

92), unless otherwise stated, and fed, through the addition of fresh medium, twice or three times a week.  

 

2.2.6 Flow Cytometry and Fluorescence-Activated Cell Sorting 
 
2.2.6.1 Principles 
 
Flow cytometers analyse light emitted by cells or particles after their excitation by a laser (208). Fluid-

suspended, fluorescently labelled cells are passed through a laser beam in a single-cell stream. The 

specific wavelengths of light emitted by the label after excitation, as well as the visible light scattered 

by the cells passing through the beam are measured (208). Forward scatter (FSC) correlates with cell 

size and side scatter (SSC) with cell granularity (208). Thus, specific labelling allows examination of 

particular cell characteristics. Most frequently, fluorochrome-conjugated antibodies are used for 

labelling because of their specificity for a particular target. Other labels include fluorescent reporter 

genes transduced into cells, cell-tracking dyes, dead cell markers like propidium iodide (PI) that bind to 

DNA after loss of membrane integrity, or annexin V that binds to phosphatidylserine (PS) (209). 

Fluorescence-activated cell sorting (FACS) operates on a similar principle, but instead of merely being 

analysed, cells can be physically separated according to their optical properties (208). Based on their 

fluorescence, individual cells are manoeuvred into single droplets to which a positive or negative charge 

is applied (208). This charge allows droplets to be deflected and sorted into collection tubes (208). 

 
2.2.6.2 Cell Staining 
 
Antibodies already conjugated with fluorochromes or biotin were used. The exception was the 

unconjugated anti-grH monoclonal antibody (mAb) clone 3G10F4 by Sino Biological, which was 

conjugated manually with phycoerythrin (PE) using the R-Phycoerythrin Conjugation Kit by abcam 

according to the manufacturer’s instructions. Success of the conjugation was tested using the 

VersaComp Antibody Capture Bead Kit by Beckman Coulter according to the manufacturer’s 

instructions. The selection of a suitable anti-grH antibody is demonstrated in section 3.4. 
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2.2.6.2.1 Cell Surface Staining 

 
Prior to staining, cells were washed with staining buffer or cell-culture medium, the BSA and FBS these 

fluids contain reducing non-specific antibody binding, and EDTA in staining buffer reducing cell 

clumping, EDTA being a metal ion chelator (particularly of Ca2+) (210). After resuspension in 100 µl 

staining buffer or culture medium, 0.1-1×106 cells were transferred to 5 ml flow-cytometry tubes. Within 

one experiment, either staining buffer or culture medium was used for all samples to ensure consistency. 

Fluorochrome-conjugated antibodies specific for the cell-surface antigens of interest were then added 

and incubated for 20 min at 4°C. The samples were then washed with DPBS, resuspended in 100 µl 

DPBS and either analysed immediately using Beckman Coulter’s CytoFLEX flow cytometer, or stained 

intracellularly first. As soon as fluorochrome-conjugated antibodies had been added, the samples were 

protected from light, especially UV light, to prevent photobleaching. 

 

2.2.6.2.2 Intracellular Staining 

 
After cell-surface staining (or after washing cells once with DPBS if no cell-surface staining was carried 

out), cells were resuspended in 250 µl Fixation Buffer (which contains 4% paraformaldehyde), and 

incubated at 4°C for 20 min. Then, they were washed with 1x Perm Wash Buffer to permeabilise cells. 

For direct staining, fluorochrome-conjugated antibodies specific for intracellular targets (in this study: 

grH, grB, grA, grK, IFN-g, TNF-a and BCL-2) were then added and incubated for 30 min at 4°C. The 
samples were again washed with 1x Perm Wash Buffer, then with DPBS and analysed using multicolour 

flow cytometry. Indirect staining for grH was performed as follows: after the first wash with 1x Perm 

Wash Buffer, biotinylated anti-grH antibody was added in addition to all other antibodies used and 

incubated for 30 min at 4°C. The samples were then washed again with 1x Perm Wash Buffer. Anti-

biotin-VioGreen or streptavidin-APC/Cy7 was then added and incubated for 30 min at 4°C. The samples 

were washed again with 1x Perm Wash Buffer and then with DPBS, prior to flow cytometrical analysis. 

Antibodies specific for other intracellular antigens were able to be added at the same time as the primary 

biotinylated anti-grH antibody, yielding sufficiently clear signals (data not shown). 

 

2.2.7 Functional Assays 
 
2.2.7.1 Soluble Mediator-Induced NK-Cell Stimulation 
 
The impact of soluble mediator-induced NK-cell stimulation on grH and grB expression was examined. 

PBMCs from donors with no known NKG2C expansion were cultured in medium supplemented with 

IL-2 and IL-15. PBMCs from donors with a known NKG2C expansion were cultured in medium with 

IL-15 and the anti-CD20 mAb rituximab, to induce ADCC in adaptive NKG2C+ NK cells, due to their 

poor response to cytokines alone. To this end, thawed or freshly isolated PBMCs were resuspended in 

NK-cell medium supplemented with either 1000 U/ml IL-2 or 10 ng/ml IL-15 or both, or with 1 µg/ml 

Rituximab and 10 ng/ml IL-15, or with nothing at all, at cell concentrations of 0.5-1×106/ml (day 0), 

aliquots of 0.5-1×106 cells having been stained and analysed using flow cytometry. The cell suspensions 

were incubated in non-treated 24-well plates at 37°C, 5% CO2, for 7 days. Depending on cell density, 

150-500 µl of fresh medium supplemented with the appropriate soluble mediators were added on days 

2 and 4. The cells were again stained and analysed on days 1, 3 and 7. 
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2.2.7.2 Degranulation and Cytokine-Production Assay 
 
Target cell-induced activation is a common way to study NK-cell function. In this context, cell-surface 

membrane CD107a expression is used as a marker of NK-cell activation and degranulation (211),(212). 

CD107a lines the luminal surface of cytolytic granule membranes in resting NK and other cytotoxic 

cells; thus, upon NK-cell activation and fusion of cytolytic granules with the plasma membrane, CD107a 

becomes exposed and detectable at the cell surface (211),(212). 

 

Here, PBMCs (= effector cells) were thawed and resuspended in NK-cell medium without IL-2 at a 

concentration of 1×106/ml, and, to aid recovery from the freezing/thawing process, cultured overnight 

(16 h) at 37°C, 5% CO2, in a non-treated 6-well plate. After overnight culture, the PBMCs were 

harvested, washed with DPBS (790×g, 7 min, brake, 21°C) and resuspended in NK-cell medium without 

IL-2 at a concentration of 1×107/ml. At the same time, K562 target cells were counted and the required 

volume to achieve an effector:target ratio of 10:1 was washed with DPBS (790×g, 7 min, brake, 21°C) 

and also resuspended in NK-cell medium without IL-2 at a concentration of 1×107/ml. 

The PBMCs and K562 cells were transferred to a U-bottom 96-well plate at an effector:target ratio of 

10:1, using 1×106 effector cells and 1×105 target cells per well. 1×106 effector cells only were placed 

into a control well for determination of spontaneous degranulation and cytokine production. All wells 

were filled up to 200 µl using NK-cell medium without IL-2. Fluorochrome-conjugated anti-CD107a 

antibody was then added to each well, after which the plate was protected from light. It was then gently 

centrifuged (55×g, 3 min, brake, 21°C) to maximise cell-to-cell contact. The cells were incubated for an 

initial 15 min at 37°C, 5% CO2, at which point monensin and brefeldin A were added to all wells, 

including to the no target controls. Monensin and brefeldin A, being intracellular transport inhibitors, 

lead to cytokine accumulation within cytokine-producing cells, thus facilitating their staining 

(213),(214),(215). The cells were then incubated for a further 4 h 45 min, after which they were 

transferred to individual 5 ml flow-cytometry tubes, stained using fluorochrome-conjugated antibodies, 

including intracellular staining for TNF-a and IFN-g, and analysed flow cytometrically. 
 
Fig. 10: Schematic representation of the 
degranulation and cytokine-production 
assay. Blue ovoids: PBMCs, orange ovoids: 
K562 target cells. Author’s illustration. 
 
 
 
 

The specific change, ie the change due to co-incubation with target cells, in the percentage of effector 

cells positive for CD107a, IFN-g or TNF-a, was calculated as follows: 

9:)(-0-(	%ℎ,'<)	(%	points)
= %	D,+E)+7F00)(*&+	%)11285+9	:./0&+ −	%	D,+E)+7F00)(*&+	%)112;#	:./0&+ 

 

The same assay was also performed with transduced NK-92 cells. Since these cells were already in long-

term cell culture, the assay was commenced on day 1 of the protocol described above, omitting the 

overnight culture step. Furthermore, effector:target ratios of 1:1, 0.2:1 and 0.1:1 were employed, using 

5×105, 2×105 and 1×105 effector cells respectively. 
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2.2.7.3 Cytotoxicity Assay 
 
Another way of studying NK-cell function is to look at the killing of target cells pre-labelled with a cell-

tracking dye. Cell-tracking dyes generally require intracellular processing to become fluorescent, and 

therefore stain live cells (216). The dye used here was Tag-it VioletTM (BioLegend), which, unlike the 

more commonly used carboxyfluorescein succinimidyl ester, is compatible in flow cytometrical analysis 

with fluorescent molecules detected by the fluorescein isocyanate (FITC) channel, like enhanced green 

fluorescent protein (EGFP) (216),(217),(218),(219). After the assay, dead target cells are additionally 

stained with a dead cell marker such as PI, which binds to DNA of cells that have lost their membrane 

integrity, and which therefore stains dead cells (220). Those cells that are tracking dye+/PI+ (so Tag-it 

VioletTM+/PI+ here) are presumed to have died during the assay. 

 

The following protocol was adapted from the official Tag-it VioletTM (BioLegend) protocol (217). K562 

target cells were counted, the required volume taken out of culture, pelleted at 21°C, resuspended in the 

5 µM Tag-it VioletTM working solution at a concentration of 1×107/ml, and incubated for 20 min at 

37°C, protected from light. Then, they were washed with K562 medium at 21°C, resuspended in pre-

warmed NK-92 medium at a concentration of 1×107/ml and incubated at RT for 10 min. NK-92 effector 

cells were also counted, the required volume taken out of culture, pelleted at 21°C, and resuspended in 

pre-warmed NK-92 medium at a concentration of 1×107/ml. The NK-92 and Tag-it VioletTM-labelled 

K562 cells were transferred to a U-bottom 96-well plate at effector:target ratios of 10:1, 5:1, 1:1 and 

0.2:1, using 5×105, 5×105, 3×105 and 1×105 effector cells respectively. 3×105 Tag-it VioletTM-labelled 

K562 cells were placed into a separate well without any effector cells for determination of spontaneous 

lysis. 3×105 unlabelled K562 cells were also placed into a separate well, also without any effector cells, 

to aid later identification of Tag-it VioletTM-positive cells flow cytometrically (data not shown). All 

wells were then filled up to 200 µl using NK-92 medium. The cells were incubated at 37°C, 5% CO2, 

for 5 h. Afterwards, the cells were harvested, transferred to 5 ml flow-cytometry tubes, washed with 

staining buffer at 21°C, and resuspended in 100 µl staining buffer. Then, PI was added to each sample, 

incubated at 4°C for 2 min, and the samples were immediately analysed using flow cytometry. As 

described above, target cells that were Tag-it VioletTM+/PI+ were taken to have died in the assay.  

Specific lysis (death) of target cells, ie due to effector cells, was calculated as follows: 

9:)(-0-(	HI2-2	(%	points) = HI2-2	J-*ℎ	F00)(*&+	(%) − 	HI2-2	J-*ℎ&K*	F00)(*&+	(%) 
 

2.2.7.4 Serum-Starvation Assay and Apoptosis 
 
Survival and apoptosis of NK cells, as another functional indicator, can be measured flow cytometrically 

by staining cells with annexin V and dead cell markers, including fixable viability dyes, which 

irreversibly bind dead cells. Annexin V+/dead cell marker– cells are considered to be early apoptotic, 

while annexin V+/dead cell marker+ are considered late apoptotic (209) (see also section 3.11.2)). 

 

For induction of apoptosis in PBMCs a serum-starvation assay was performed. On day 0, thawed 

PBMCs were resuspended in FBS-containing standard medium at a concentration of 1×106/ml. They 

were transferred to a non-treated 6-well plate and cultured overnight (16 h) at 37°C, 5% CO2, to aid 

recovery from the freezing/thawing process, an aliquot of 1×106 of the cells having been stained and 

analysed flow cytometrically. On day 1, the cells were counted, washed twice with DPBS, and 

resuspended either in standard medium without FBS (ie RPMI-1640 with 100 U/ml penicillin and 100 
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µg/ml streptomycin), or in FBS-containing standard medium as a control, both at a concentration of 

1×106/ml, placed into non-treated 6-well plates and cultured at 37°C, 5% CO2, for a further two days, 

an aliquot of 1×106 cells having again been stained and analysed. The cells were stained and analysed 

again on days 2 and 3. Staining was performed as follows: after cell-surface staining (section 2.2.6.2.1), 

the cells were resuspended in 1 ml DPBS. Then, 1 µl of eBioscienceTM Fixable Viability Dye eFluorTM 

780 was added to each sample, the samples vortexed immediately, and incubated at 4°C for 30 min. The 

samples were then washed twice with staining buffer and resuspended in 100 µl Annexin V Binding 

Buffer. Then, 5 µl of FITC-Annexin V were added to each sample and incubated for 15 min at RT. The 

samples were then washed once with 1 ml Annexin V binding buffer and once with 2 ml DPBS, after 

which intracellular staining (section 2.2.6.2.2) followed. All staining was performed protected from 

light. To ensure the staining protocol worked, it was tested prior to the serum-starvation assay on thawed 

PBMC samples that were either stained straight after thawing or, as a positive control, had been heated 

to 65°C for 1 min to induce cell death (data not shown). 

 

2.2.7.5 NK-Cell Expansion and GrH Expression 
 
NK cells expanded according to a protocol by Fujisaki et al. (195) were kindly provided by Dr M. Hejazi 

at the ITZ and examined by this study’s author for grH (and grB) expression (flow cytometric analysis 

after staining) to see whether expression changed with NK-cell expansion. In brief, NK cells isolated 

from PBMCs had been expanded by her for 7-14 days using K562 target cells transduced with 

membrane-bound versions of IL-15 and 4-1BB ligand, the latter being a molecule mainly expressed by 

antigen-presenting cells for co-stimulation of T cells (221). The cells were provided before and after 

expansion for staining. 

 

2.2.8 Nucleic Acid Purification and cDNA Generation 
 
2.2.8.1 DNA Purification from Blood 
 
DNA was purified from blood by means of the QIAamp® DNA Blood Mini Kit by QIAGEN using spin 

technology according to the manufacturer’s instructions. Samples were eluted in 200 µl elution buffer 

at the end and stored at -20°C until further use. 

 

2.2.8.2 RNA Purification from Thawed PBMCs 
 
Total RNA was purified from thawed PBMCs by means of the RNeasy® Mini Kit by QIAGEN using 

spin technology according to the manufacturer’s instructions. Cell lysates were always homogenised 

using QIAshredder spin columns by QIAGEN and the optional DNase digestion was always performed. 

Samples were eluted in 50 µl RNase-free water at the end. The RNA concentration was measured 

spectrophotometrically, and the samples were stored at -20°C until further use. 

 

DNA and RNA concentrations and purity were measured using the NanoDropTM 2000 

spectrophotometer. Ratios of absorbance at 260 nm and 280 nm (260/280) of ∼1.8 for DNA and ∼2.0 
for RNA were considered reasonably pure. 
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2.2.8.3 RNA Purification from Fixed and Permeabilised PBMCs 
 
RNA purification from fixed and permeabilised PBMCs was attempted using the RNA isolation 

protocol from MARIS: Method for Analyzing RNA following Intracellular Sorting by Hrvatin et al. 

(222), including the use of the RecoverAllTM Total Nucleic Acid Isolation Kit by Ambion®. To test 

whether the RNA purification had worked, cDNA was synthesised from the extracted RNA as described 

in section 2.2.8.4, and the presence or absence of KIR2DL2 and KIR2DL3, one of which would 

definitely be expressed, was examined as described in section 2.2.10.3. Neither KIR yielded a band on 

gel electrophoresis, however, so this method of RNA extraction was abandoned. 

 

2.2.8.4 cDNA Synthesis 
 
Complementary DNA (cDNA) was synthesised from RNA using Moloney Murine Leukaemia Virus 

(M-MLV) reverse transcriptase and oligo(dT) primers.  

The following were added to a sterile, RNase-free, 0.5 ml microcentrifuge tube, incubated at 70°C for 

5 min to melt secondary structures within the RNA templates, then placed onto ice immediately: 

Oligo(dT)15 Primers (500 µg/ml) 0.5 µg 
RNA 2 µg 
Nuclease-free H2O to 12.5 µl 
 

Then, the following were added and incubated at 42°C for 60 min and at 70°C for 10 min: 

M-MLV Reverse Transcriptase 5x Buffer 4 µl 
dNTP mixture, 10 mM 2 µl 
RNasin® Plus RNase Inhibitor, 40 U/µl 0.5 µl 
M-MLV Reverse Transcriptase 1 µl 
 
cDNA concentration was measured spectrophotometrically, and the samples stored at -20°C until further 

use. 

 

2.2.9 Agarose Gel Electrophoresis 
 
Agarose gel electrophoresis was used to distinguish DNA fragments based on size and charge. Agarose 

added to 1x Tris/Borate/EDTA (TBE) buffer at the appropriate percentage (w/v) (as stated in the relevant 

sections) was boiled until dissolved and stained with 30 µg ethidium bromide per 100 ml 1x TBE buffer 

for visualisation of DNA. After solidification of the gel and transfer to a TBE buffer-filled 

electrophoresis chamber, 40-200 ng DNA, 2 µl loading dye and Tris/EDTA (TE) buffer to 10 µl were 

carefully loaded into wells within the gel. Unless otherwise stated, the loading dye contained both xylene 

cyanol and bromophenol blue. Depending on the expected size of the DNA fragment, either a 100-base 

pair (bp) or a 1-kilobase (kb) DNA ladder was used as a size marker. A 90-180 mA current was then 

applied to the chamber applied for 30-120 min, after which a UV photograph was taken of the gel. 

 

2.2.10 HLA and KIR Typing 
 
2.2.10.1 PCR-SSP-Based HLA-C Typing 
 
To determine whether a donor expressed HLA-C1, HLA-C2 or both, HLA-C1/C2 typing was performed 

by means of a polymerase chain reaction (PCR) using sequence-specific primers (SSP). PCRs are used 

to exponentially amplify a target DNA sequence. In brief, a sample containing a DNA template is heated 
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to denature the double-stranded DNA. It is then cooled to allow specific primers to anneal to the 5’ ends 

of the target sequence on the sense and antisense strands, allowing a thermostable DNA polymerase (eg 

Taq polymerase from the thermophilic bacterium Thermus aquaticus) to replicate the target sequence. 

Through repetition of these steps the newly synthesised DNA also becomes a template, eventually 

leading to exponential amplification of the target DNA fragment. (223) 

The SSPs used here differ with regard to a single base at their 3’ end to distinguish between HLA-C1 

and C2, not aligning with the template and not allowing amplification thereof unless the correct base is 

present. The presence or absence of an amplified product is tested electrophoretically, here using a 2% 

(w/v) agarose gel, loading dye containing xylene cyanol only, and a 100 bp DNA ladder as a size marker. 

The template used here was DNA isolated from blood (section 2.2.8.1). Reactions were set up in 0.2 ml 

PCR wells, using primers as published by Frohn et.al., 1998 (203) (see also Table 11), as follows: 

DNA template 40-50 ng 
dNTP mixture 10 mM 1 µl 
Forward primer 10 µM 1 µl 
Reverse primer NK1 or NK2 10 µl 1 µl 
HotStarTaq® DNA Polymerase 5 U/µl 0.125 µl 
10× PCR Buffer 2.5 µl 
Nuclease-free H2O to 25 µl 
 
The PCR plate was then placed in a thermocycler using the PCR programme shown in Fig. 11. 

 
 
 
 
 
 
 
 
 
Fig. 11: The PCR programme used for HLA-C1/C2 typing. Adapted from Journal of Immunological Methods, 
218, Frohn C, Schlenke P, Ebel B, Dannenberg C, Bein G, Kirchner H: DNA typing for natural killer cell inhibiting 
HLA-Cq groups NK1 and NK2 by PCR-SSP, 155-160, with permission from Elsevier (203). 
 

2.2.10.2 HLA-Bw4/-Bw6 Typing 
 
HLA-Bw4/-Bw6 typing on DNA isolated as described in section 2.2.8.1 was kindly performed by Dr J. 

Enczmann and colleagues at the HLA laboratory at the ITZ. In brief, using the Luminex® 100 System, 

target DNA was amplified by them using biotinylated group-specific primers for a given HLA locus. 

The DNA was then denatured to allow hybridisation to complementary DNA bound to labelled detection 

microbeads, which were analysed flow cytometrically (224). 

 

2.2.10.3 KIR Typing 
 
KIR typing by means of a PCR-SSP-based method, using DNA purified as described in section 2.2.8.1, 

was kindly performed by Dr A. Manser and Ms N. Scherenschlich at the ITZ. Primers were used as 

published by Uhrberg et al., 1997 (77), Vilches et al., 2000 (204), and Uhrberg et al., 2002 (87) (also 

see Table 12). For electrophoretic visualisation of the PCR products, 1-1.5% (w/v) agarose gels and a 

loading dye containing bromophenol blue only were used. 
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2.2.11 GrH and grB Overexpression and Preparation for Knockdown of grH and grB 
 
To overexpress a protein in a cell of interest, the open reading frame (ORF) of a particular gene can be 

cloned into a lentiviral, ie retroviral, vector system. After transduction of the cell of interest, stable, long-

term expression of the foreign gene is achieved through lentiviral integration into the host-cell genome 

(225). Conversely, to knock down a gene of interest, DNA sequences that encode short hairpin RNA 

(shRNA) directed against this gene can be cloned into the vector, shRNA being able to induce gene 

silencing in mammalian cells in a sequence-specific manner (226).  

 

Thus, for modulation of grH and grB expression in cells of interest, GZMH- and GZMB ORFs amplified 

from cDNA, as well as DNA encoding shRNA directed against GZMH and GZMB, were separately 

cloned into vectors. The overexpression vectors used here were p2CL6I2EGwo (7419 bp), and 

p2CL7IPcowo (7292 bp). They contain an internal ribosome entry site (IRES), which allows the 

simultaneous translation of a gene of interest and a reporter or selection gene from a single transcript 

(227),(228),(229),(230): p2CL6I2EGwo encodes EGFP and p2CL7IPcowo encodes puromycin 

resistance. The expression of viral genes in both vectors is controlled by a CMV promoter, while gene 

expression via the IRES is controlled by a spleen focus forming virus U3 (SFFV U3) promoter.  

 

The knockdown vector used here was pCL2Egw.THPC (9067 bp). Viral proteins in this vector are also 

under the control of a CMV promoter and the vector also encodes EGFP controlled by an SFFV U3 

promoter. However, an IRES is not required. The human H1 promoter controls shRNA transcription 

here, which directs RNA polymerase III necessary for shRNA expression (231),(226).  

 

All three vectors encode an ampicillin resistance gene to help select for plasmid-containing bacteria 

on/in ampicillin-containing agar/-medium after transformation of bacteria. 

 

2.2.11.1 Vector Preparation 
 
The inserts of interest were directionally cloned into the vectors by means of digestion by restriction 

endonucleases and subsequent ligation of the sticky ends. For this, sticky ends first had to be generated 

in the vectors. 

 

2.2.11.1.1 Restriction Enzyme Digestion 

 
XhoI and EcoRI were chosen for digestion of p2CL6I2EGwo and p2CL7IPcowo, which both contain 

one XhoI restriction site upstream of two EcoRI sites. The XhoI and EcoRI digestions were performed 

in separate steps: first XhoI digestion, confirming the success gel electrophoretically on a 0.4% (w/v) 

agarose gel with a 1 kb DNA ladder size marker (data not shown), then purification and precipitation 

(see section 2.2.11.1.2) with resuspension of the samples in 30 µl TE buffer, then EcoRI digestion and, 

again, purification and precipitation, with resuspension in 265 µl TE buffer.  

pCL2Egw.THPC contains a PacI restriction site between an MluI- and a ClaI restriction site. ClaI and 

MluI were chosen for vector and insert digestion and the resulting loss of the PacI restriction site was 

used to confirm the presence of an insert. The ClaI and MluI digestions were performed in a single step, 

followed by purification and precipitation and resuspension in 50 µl TE buffer.  

The digestion reactions were performed in 1.5 ml microcentrifuge tubes at 37°C for ≥1.5 h, as follows: 
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Table 18: Stepwise XhoI- and EcoRI digestion of 
p2CL6I2EGwo and p2CL7IPcowo: 
 XhoI  EcoRI  

Vector  12 µg 12 µg 
XhoI 10 U/µl 3.6 µl  
EcoRI 10 U/µl  3.6 µl 
10× Buffer R  5 µl  
10× REACT® 3 Buffer  5 µl 
Nuclease-free H2O to 50 µl to 50 µl 

Table 19: Combined MluI- and ClaI digestion of 
pCL2Egw.THPC: 
Vector (2 µg/µl) 5 µl 
ClaI 10 U/µl 4 µl 
MluI 10 U/µl 4 µl 
10× REACT® 3 Buffer 10 µl 
Nuclease-free H2O 81 µl 
 

  

2.2.11.1.2 Purification – Using Phenol/Chloroform/Isoamyl Alcohol Extraction – and Precipitation 

 
For purification and precipitation of the vectors after digestion, 1 volume of phenol/chloroform/isoamyl 

alcohol was added to each sample, mixed vigorously and centrifuged (15700×g, 10 min, brake, RT). 

Then, the upper aqueous phase was carefully transferred to a new 1.5 ml microcentrifuge tube. Then, a 

1/20 volume of 5 M (moles/l) NaCl and 3 volumes of ≥99.5% ethanol were added, mixed thoroughly 

and left to rest at RT for 10 min for precipitation of the DNA. Then, the samples were again centrifuged 

(15700×g, 10 min, brake RT) and the supernatant discarded. 3 volumes of 70% ethanol were added, the 

samples gently swirled to mix, and centrifuged (15700×g, 5 min, brake RT). The supernatant was 

carefully discarded, and the previous step repeated with 3 volumes of ≥99.5% ethanol. After discarding 

the supernatant, the DNA pellets were carefully dried on a heat block at 68°C. The pellets were then 

dissolved in the appropriate volumes of TE buffer at 68°C and then frozen at -20°C until further use. 

 

2.2.11.1.3 Dephosphorylation 
 
Next, the 5’ ends of the digested vectors were dephosphorylated.  

The following reagents were added to a 1.5 ml microcentrifuge tube and incubated at 37°C for 45 min: 

Vector (50-200 ng/µl) 1 µg 
Calf Intestinal Alkaline Phosphatase 1 U/µl 1 µl 
10× Dephosphorylation Buffer 3 µl 
Nuclease-free H2O to 30 µl 
 
After dephosphorylation, the vectors were purified and precipitated as described in section 2.2.11.1.2, 

dissolved in TE buffer to achieve a concentration of 200 ng/µl (overexpression vectors) or 500 ng/µl 

(knockdown vector) and stored at -20°C until ligation with the inserts (see section 2.2.11.3). 

 

2.2.11.2 Insert Preparation 
 
2.2.11.2.1 GZMH and GZMB Insert Preparation for Overexpression 
 
2.2.11.2.1.1 Primer Design 
 
For insert generation, total RNA was first extracted from a PBMC sample, as described in section 

2.2.8.2. From this, cDNA was synthesised as described in section 2.2.8.4, and primers were designed to 

specifically amplify the sequence from start codon ATG to stop codon TAA of the GZMH and GZMB 

coding sequences, ie the GZMH and B ORFs (Table 20) using cDNA as a template. The primers 

contained restriction enzyme sites (XhoI and EcoRI) for directional cloning of the ORFs into the vectors. 

Furthermore, part of the Kozak consensus sequence was included for more efficient translation (232), 

and so-called ‘on-end’ bases were added to the 5’ ends of the primers to increase the efficiency of later 
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digestion of the PCR products. Primer lengths were adjusted to keep the melting temperatures (Tm), as 

calculated by the software ApE, roughly consistent between the different primers. The published coding 

sequence of GZMH transcript variant 1 (accession number: NM_033423.4) and GZMB transcript variant 

1 (accession number NM_004131.5), both of which encode the full-length protein (unlike other 

available transcript variants), were used as reference sequences (188). The GZMH ORF has a length of 

741 bp and the GZMB ORF a length of 744 bp. Using the National Center for Biotechnology Information 

(NCBI) software BLAST®, specificity of the primers was confirmed. 

 
Table 20: GZMH- and GZMB-specific primers. 
Primer Restriction Enzyme  Sequence (5’ to 3’) Tm 

GZMH Forward 
Primer 

XhoI ctggcacctcgaggccgccATGCAGCCATTCCT
CCTCCTGTTGGCCTTTCTTCTG 

71°C 

GZMH Reverse 
Primer 

EcoRI ctgaacgaattcTTAGAGGCGCTTCATTGTT
CTCTTTATCCAGGGC 

66°C 

GZMB Forward 
Primer 

XhoI ctggcacctcgaggccgccATGCAACCAATCCT
GCTTCTGCTGGCCTTCC 

70°C 

GZMB Reverse 
Primer 

EcoRI ctgaacgaattcTTAGTAGCGTTTCATGGTTT
TCTTTATCCAGTGTACAAAGC 

65°C 

Template-specific sequence: capitalised; restriction sites: green; Kozak sequence: purple; on-end bases: italicised. 
Tm = melting temperature of the template-specific sequences of the primers. 
 

The primers, as well as the shRNA oligonucleotides in section 2.2.11.2.2, were ordered as high-

performance liquid chromatography (HPLC)-purified products (biomers.net GmbH, Germany). Upon 

receipt, the primers were reconstituted in TE buffer at a concentration of 10 pmol/µl (= 10 µM). 

 

2.2.11.2.1.2 PCR-Mediated Amplification of GZMH and B ORFs 
 
The proofreading Advantage® 2 Polymerase Mix (Clontech) was used for PCR-mediated amplification 

of the GZMH and B ORFS. The reagents were added to 0.2 ml PCR wells as follows: 

cDNA Template (250 ng/µl) 0.5 µl 
dNTP mixture, 10 mM 1 µl 
Forward Primer, 10 µM 1 µl 
Reverse Primer, 10 µM 1 µl 
50× Advantage 2 Polymerase Mix 1 µl 
10× Advantage 2 PCR Buffer 5 µl 
Nuclease-Free H2O 40.5 µl 
 
The PCR programme used is shown in Fig. 12. It was adapted from the manufacturer’s protocol based 

on the calculated primer melting temperatures depicted in Table 20. 

 

 

 

 

 

 

 

 
 
Fig. 12: The PCR programme used for GZMH and B ORF amplification. 
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Success of the PCR was confirmed by means of gel electrophoresis using a 1% (w/v) agarose gel and a 

1 kb DNA ladder as a size marker (Fig. 13). Including the XhoI and EcoRI restriction sites as well as 

the Kozak consensus sequence and on-end bases, the final PCR products had expected lengths of 772 

bp (GZMH) and 775 bp (GZMB).  

 

Fig. 13: Gel electrophoresis of GZMH- and -B ORF PCR 
products. Size markers are indicated. 
 

 

The PCR products (from now on termed ‘inserts’) were 

purified and precipitated as described in section 2.2.11.1.2, 

and dissolved in 50 µl TE buffer. The DNA concentration 

was estimated electrophoretically, using a 0.5% (w/v) 

agarose gel and a 1 kb DNA ladder as a size marker and 

concentration reference (data not shown), prior to 

restriction enzyme-mediated digestion. The inserts were 

frozen at -20°C until further use. 

 

2.2.11.2.1.3 Restriction Enzyme-Mediated Digestion of the Inserts 
 
The inserts were then digested as follows (within a 1.5 ml microcentrifuge tube) to match the vectors: 

 
Table 21: XhoI and EcoRI digestion of GZMH and GZMB inserts. 
Insert ∼8 ng/µl 40 µl 
XhoI 10 U/µl 3 µl 
EcoRI 10 U/µl 3 µl 
10× REACT® 2 Buffer 7 µl 
Nuclease-free H2O 17 µl 
 
The digestion was carried out overnight (16 h) at 37°C. The inserts were then purified and precipitated 

as described in 2.2.11.1.2; dissolving them in 10 µl of TE buffer at the end to make a concentration of 

∼32 ng/µl, as per the amount used for digestion. They were then frozen at -20°C until further use. 
 

2.2.11.2.2 GZMH and B shRNA Insert Preparation for Knockdown – Oligonucleotide Design and Annealing 
 
shRNA oligonucleotides were designed based on the design template shown in Fig. 9, using the target 

sequence of published or commercially available shRNAs that target the coding sequence of GZMH and 

GZMB, and to include a 5’ phosphate group. A sense and an antisense strand were designed, the 

annealing of which resulted in the generation of the sticky ends (MluI and ClaI) appropriate for 

directional cloning into the vector. The final oligonucleotides are shown in Table 22. 

 
After receipt, the ordered oligonucleotides were reconstituted in TE buffer to 100 pmol/µl (∼2 µg/µl). 
Then, they were annealed: 10 µl of each sense oligonucleotide and 10 µl of the respective antisense 

oligonucleotide were added to 80 µl of TE buffer in a 1.5 ml microcentrifuge tube, placed on a 95°C 

heat block for 5 min and then left to slowly cool to RT. The annealed oligonucleotides are henceforth 

referred to as ‘inserts’. The final concentrations after annealing were ∼400 ng/µl per insert. 
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Table 22: The sequences of the final GZMH and GZMB shRNAs. 
GZM 
target 

shRNA name shRNA sequence (5’ to 3’) (as DNA) Name of 
published 
shRNA 

Ref. 

H GZMH_6819_
Sense 

cgcgtccccGGCATCCTAGTGAGAAAGGACTttcaa
gagaAGTCCTTTCTCACTAGGATGCCtttttggaaat 

TRCN000
0006819 

(2
33
) 
(S
IG
M
A
®
) 

GZMH_6819_
AntiSense 

cgatttccaaaaaGGCATCCTAGTGAGAAAGGACTt
ctcttgaaAGTCCTTTCTCACTAGGATGCCgggga 

TRCN000
0006819 

GZMH_6820_
Sense 

cgcgtccccGGTTATGTCTCAATGAGCACTTttcaa
gagaAAGTGCTCATTGAGACATAACCtttttggaaat 

TRCN000
0006820 

GZMH_6820_
AntiSense 

cgatttccaaaaaGGTTATGTCTCAATGAGCACTTtc
tcttgaaAAGTGCTCATTGAGACATAACCgggga 

TRCN000
0006820 

GZMH_35611
1_Sense 

cgcgtccccACGTCTCTTCCATGGCAATTACttcaag
agaGTAATTGCCATGGAAGAGACGTtttttggaaat 

TRCN000
0356111 

GZMH_35611
1_AntiSense 

cgatttccaaaaaACGTCTCTTCCATGGCAATTACtct
cttgaaGTAATTGCCATGGAAGAGACGTgggga 

TRCN000
0356111 

B GZMB_6445_
Sense 

cgcgtccccCGAATCTGACTTACGCCATTAttcaaga
gaTAATGGCGTAAGTCAGATTCGtttttggaaat 

TRCN000
0006445 

(2
34
),
 

(2
35
) 

GZMB_6445_
AntiSense 

cgatttccaaaaaCGAATCTGACTTACGCCATTAtctc
ttgaaTAATGGCGTAAGTCAGATTCGgggga 

TRCN000
0006445 

shRNA-encoding sequence: capitalised; loop: purple; stop signal: orange; the bases that will make up the sticky 
ends: green for MluI and red for ClaI; sequences derived from published shRNAs: underlined. Ref. = Reference. 
 

2.2.11.3 Vector and Insert Ligation 
 
Ligation of vectors and inserts for both overexpression and knockdown vectors was performed overnight 

(16 h) at 16°C using 1 µl of T4 DNA Ligase (1 U/µl) and 0.5 µl of 10× T4 DNA Ligase Buffer in a total 

reaction volume of 5 µl. The amounts and volumes of the vectors and inserts, however, differed– 

- GrH and grB overexpression: for optimum ligation efficiency and to account for inefficiently 

digested inserts, a stoichiometric ratio of 1:5 (vector:insert) was applied; thus 100 ng vector (∼100 
ng/µl) and 50 ng insert (∼30 ng/µl) were used. 

- GZMH and GZMB knockdown: for optimum ligation efficiency, a stoichiometric ratio of 1:2 

(vector:insert) was applied; for ease of handling, 200 ng vector (∼140 ng/µl) and 4 ng insert (∼400 
ng/µl, diluted to 4 ng/µl using nuclease-free H2O) were used. 

A ligation control using nuclease-free H2O instead of an insert was included for each vector. 

After ligation, the plasmid samples were stored at -20°C until transformation of chemically competent 

cells. The grH and grB overexpression plasmids are henceforth referred to as p2CL6I2EGwo×GZMH, 

p2CL6I2EGwo×GZMB, p2CL7IPcowo×GZMH and p2CL7IPcowo×GZMB. 

 

2.2.11.4 Transformation of Bacteria, Mini- and Maxipreparation 
 
2.2.11.4.1 Transformation of Chemically Competent Cells Prior to Minipreparation 

 
Amplification of the plasmids, for both overexpression and knockdown, was achieved through bacterial 

transformation and replication via minipreparation. First, chemically competent cells needed to be 

transformed. For this, aliquots of One Shot® TOP10 Competent Cells (E. coli) were thawed on ice. 

Then, 2.5 µl of each ligation reaction as well as 2.5 µl of the no insert ligation control were separately 

added to individual 40 µl aliquots of the cell suspensions and incubated on ice for 20 min. A 42°C heat 

shock was then applied for exactly 45 seconds, after which the samples were placed on ice immediately. 

250 µl of pre-warmed S.O.C. medium was then added and incubated for 45 min on a shaking block 
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heater at 37°C, 600 revolutions per minute (rpm). Each sample was then spread onto separate, labelled 

sterile petri dishes (94-mm diameter) containing LB agar supplemented with 100 µg/ml ampicillin (LB-

amp) and incubated at 37°C overnight (16 h). As expected, there was far less colony growth from 

bacteria transformed with the ligation control than from bacteria with the vector/insert samples. 

 

2.2.11.4.2 Minipreparation for Plasmid DNA Purification 

 
After overnight incubation, sterile petri dishes (35-mm diameter) containing ∼2.5 ml of LB-amp 
medium were inoculated with individual bacterial colonies and again incubated overnight (16 h) at 37°C, 

110 rpm. For the overexpression plasmids, 12 dishes were inoculated per vector/insert combination, and 

for the knockdown plasmids, 6 dishes were inoculated per vector/insert combination. The next day, the 

bacterial suspensions were transferred to 2 ml microcentrifuge tubes. Plasmid DNA was purified using 

the NucleoSpin® Plasmid kit by MACHEREY-NAGEL, according to the manufacturer’s protocol, with 

the following modifications: after initial cell harvest, the bacterial suspensions were centrifuged for 1 

min at 6000×g, the optional washing step with buffer AW was omitted, and DNA was eluted in 50 µl 

TE buffer. DNA concentration and purity were measured spectrophotometrically. 

 

2.2.11.4.3 Test Digestion and Sequencing 
 
To reveal which vectors contained the correct inserts, a test digestion on aliquots of the samples from 

section 2.2.11.4.2 was performed. For p2CL6I2EGwo×GZMH, p2CL6I2EGwo×GZMB, p2CL7IPcowo 

×GZMH and p2CL7IPcowo×GZMB, a double digestion with XhoI and EcoRI was done. For the knock-

down plasmids (including an undigested vector without insert as a positive control), digestion using PacI 

was performed, loss of the PacI site confirming presence of an insert, and an MluI digestion to confirm 

that there were no multiple inserts. The digestions were performed at 37°C for 1.5-2 h, as follows:
Table 23: Test digestion of overexpression plasmids. 
Plasmid DNA 200-500 ng (2 µl) 
XhoI 10 U/µl 0.3 µl 
EcoRI 10 U/µl 0.3 µl 
10× REACT® 2 Buffer 1 µl  
Nuclease-Free H2O 6.4 µl 

 

Table 24: Test digestion of knockdown plasmids 
using PacI: 
Plasmid or Vector DNA 100-150 ng (0.5 µl) 
PacI 10 U/µl 0.1 µl 
10× NEBuffer 1 1 µl  
Nuclease-Free H2O 8.4 µl 
 

Table 25: Test digestion of knockdown plasmids 
using MluI:   
Plasmid or Vector DNA 1.2-1.8 µg (6 µl) 
MluI 10 U/µl 0.3 µl 
10× REACT® 3 Buffer 1 µl  
Nuclease-Free H2O 2.7 µl 
 
 
 
 
 
 
 

The results were visualised electrophoretically on 0.8% (w/v) (overexpression) and 0.4% (w/v) 

(knockdown) agarose gels using a 1 kb DNA ladder as a size marker (data not shown). 

Of those overexpression plasmids that contained inserts of the correct length (seven of 

p2CL6I2EGwo×GZMH, five of p2CL6I2EGwo×GZMB, five of p2CL7IPcowo×GZMH and nine of 

p2CL7IPcowo×GZMB), aliquots of five per vector (p2CL6I2EGwo and p2CL7IPcowo) / insert (GZMH 

and GZMB) combination were sent for Sanger sequencing (236) at Microsynth AG, Switzerland.  The 

primers used for sequencing are shown in Table 13. Of those, the inserts of two of 

p2CL6I2EGwo×GZMH and one of p2CL7IPcowo×GZMH had the correct sequence when compared to 

the ORF of GZMH transcript variant 1. No GZMB inserts had the correct sequence, but the inserts of 

four of p2CL6I2EGwo×GZMB and three of p2CL7IPcowo×GZMB had the near-correct sequence when 
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compared to the ORF of GZMB transcript variant 1: all GZMB inserts had CAA at codon 48 instead of 

CGA (the latter being found in the sequence of GZMB transcript variant 1 with accession number 

NM_004131.5), which results in an amino acid change from arginine (R) to glutamine (Q). All clones, 

including the above-named and those with multiple other errors contained this change. Since, however, 

this change has been described in the literature and has been shown to result in a functional protein 

(237),(238),(239) (see section 4.4 for more detail), one of the clones with the otherwise correct sequence 

was chosen for overexpression of grB. Thus, one of each combination that contained the correct or near-

correct insert sequence was chosen for maxipreparation. 

For the knockdown vector + insert samples, one of each vector/shRNA combination (pCL2Egw.THPC 

×GZMH_6819_Sense/Antisense, pCL2Egw.THPC×GZMH_6820_Sense/Antisense, pCL2Egw.THPC 

×GZMH_356111_Sense/Antisense and pCL2Egw.THPC×GZMB_6445_Sense/Antisense) of those not 

cut by PacI and not containing multiple inserts was chosen for maxipreparation.  

The samples from section 2.2.11.4.2 that had been selected based on test digestion and sequencing in 

this section were stored at -20°C until electroporation. 

 

2.2.11.4.4 Electroporation Prior to Maxipreparation 

 
Maxipreparation was performed to generate sufficient amounts of pure plasmid DNA for transfection 

of cells. First, electrocompetent E. coli were transformed by electroporation. For this, 40 µl aliquots of 

electrocompetent E. coli SURE cells were thawed on ice. 0.5 µl of the chosen plasmid samples were 

added to individual 40 µl aliquots of the bacterial suspensions, carefully mixed and transferred to pre-

cooled sterile 2 mm cuvettes. Electroporation was performed on the Gene Pulser® II Electroporation 

System (BIO-RAD) using the following settings: 2500 V, 200 Ohms, 25 µF. The bacteria were then 

immediately added to 1 ml ampicillin-free LB medium in a 1.5 ml microcentrifuge tube and incubated 

at 37°C for 30 min to allow for expression of ampicillin resistance (b-lactamase) in transfected E. coli.  
 

2.2.11.4.5 Maxipreparation 

 
For maxipreparation, individual flasks containing 200 ml LB-amp medium were inoculated with 10 µl 

of each of the bacterial suspensions from 2.2.11.4.4 and incubated overnight (16 h) at 37°C, 250 rpm. 

The bacterial suspensions were then used for maxipreparation by means of the NucleoBond® Xtra Maxi 

kit (MACHEREY-NAGEL), according to the manufacturer’s instructions. The resulting DNA pellet 

was dissolved in 500 µl TE buffer at 68°C. After cooling, DNA concentrations and purity were measured 

spectrophotometrically. A test digestion was performed on an aliquot of each sample to ensure that 

inserts of the correct length and thus, with very high probability, the correct inserts, were still present. 

The remainder of each sample was frozen at -20°C until transfection.  

The digestion reactions were performed in 1.5 ml microcentrifuge tubes at 37°C for ≥1.5 h, as follows: 

Table 26: Test digestion of overexpression 
plasmids with inserts. 
Plasmid DNA 2 µg/µl 2 µg 
XhoI 10 U/µl 0.5 µl 
EcoRI 10 U/µl 0.5 µl 
10× REACT® 2 Buffer 1 µl  
Nuclease-Free H2O 7.5 µl 

Table 27: Test digestion of knockdown plasmids 
with inserts. 
Plasmid DNA 1.5-3 µg/µl 3 µg 
MluI 10 U/µl 0.5 µl 
ClaI 10 U/µl 0.5 µl 
10× REACT® 3 Buffer 1 µl  
Nuclease-Free H2O to 10 µl 

Gel electrophoresis, using a 0.6% (w/v) agarose gel for the overexpression vectors with a 1 kb DNA 

ladder as a size marker (Fig. 14a) and a 1.5% (w/v) agarose gel for the knockdown vector with 1 kb and 
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100 bp DNA ladders as size markers (data not shown), confirmed that the final vectors still contained 

inserts of the correct length. The digested inserts, which also contained sticky ends from restriction 

enzyme digestion, had expected lengths of 753 bp (GZMH), 756 bp (GZMB) and 73 bp (shRNA). 

Schematic representations of the final vectors containing the inserts are shown in Fig. 14b-d, and 

schematic representations of the cloning sites in Fig. 14e-f. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Fig. 14: Gel electrophoresis of the products of test digestion of insert-containing overexpression vectors after 
maxipreparation, and maps and schematic representations of insert-containing vectors. a: gel 
electrophoresis of p2CL6I2EGwo×GZMH or GZMB and p2CL7IPcowo×GZMH or GZMB after test digestion. 
Size markers are indicated, as well as which bands correspond to the vectors and which to the inserts. b, c and d: 
maps of p2CL6I2EGwo×GZMH or GZMB (b), p2CL7IPcowo×GZMH or GZMB (c) and pCL2EGw.THPC 
×shRNA (d), with inserts indicated in turquoise. ‘GZM’ = both GZMH and GZMB, shRNA = all four shRNAs 
listed in Table 22. The restriction sites used for cloning (EcoRI and XhoI (b and c) and MluI and ClaI (d)) are 
indicated. Abbreviations: see Fig. 8. Maps were created using SnapGene®. e and f: schematic representation of 
the inserts (enclosed in red) within the overexpression (e) and knockdown (f) vectors. e: XhoI and EcoRI sites are 
indicated, as is the Kozak consensus sequence. The ORF is represented by the generic nucleotide N. f: MluI and 
ClaI sites are indicated. See Fig. 9 and Table 22 for what ‘shRNA + added bases’ means. 
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3’ Vector G A G C T C c g g c g g N N N … N N N C T T A A G Vector 5’ 
 
 
5’ C T C G A G g c c g c c N N N…N N N G A A T T C 3’ 
3’ G A G C T C c g g c g g N N N…N N N C T T A A G 5’ 
 

e p2CL6I2EGwo x GZMH or GZMB and p2CL7I2Pcowo x GZMH or GZMB
Vector-Insert-MluCla 
 
 

         MluI Site           ClaI Site 
5’ Vector A C G C G T s h R N A A T C G A T Vector 3’ 
3’ Vector T G C G C A s h R N A T A G C T A Vector 5’ 
 

        MluI Site              ClaI Site 
5’ Vector A C G C G T shRNA + added bases A T C G A T Vector 3’ 
3’ Vector T G C G C A shRNA + added bases T A G C T A Vector 5’ 
 

    MluI Site    Kozak Sequence         ORF           ClaI Site 
5’ Vector A C G C G T I n s e r t N N N … N N N A T C G A T Vector 3’ 
3’ Vector T G C G C A g g g g N N N N N … N N N T A G C T A Vector 5’ 
 
 

f pCL2EGw.THPC x shRNA
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2.2.11.5 Transduction of Cell Lines and Primary NK Cells 
 
Although inserts (GZMH and GZMB ORFs or shRNA) were cloned into all three vectors, only the 

overexpression vector p2CL6I2EGwo was used for infectious viral particle production and cell 

transduction in the end, the other two being kept for future use. p2CL7IPcowo and pCL2Egw.THPC are 

thus not referred to again. p2CL6I2EGwo, a replication-defective human immunodeficiency virus 

(HIV)-1-based vector, requires helper plasmids for progeny production as a measure of increasing 

biosafety. pCD/NL-BH, which encodes genes necessary for virus packaging (225), was used for this 

purpose. Furthermore, p2CL6I2EGwo was pseudotyped (provided with foreign viral envelope proteins) 

using phCMV-RD114/TR, a plasmid that contains a modified version of the feline endogenous 

retrovirus envelope glycoprotein (240). During initial trials in this study, vesicular stomatitis virus 

glycoprotein (pczVSV-G) (241) and a modified version of gibbon ape leukaemia virus glycoprotein 

(pcoGaLVTM) (242) were also used for pseudotyping, but they yielded much lower cell transduction 

efficiencies than phCMV-RD114/TR (maps and data not shown) and are thus not referred to again. 

 

2.2.11.5.1 Transfection of HEK293T Cells and Virus Harvest 
 
The highly transfectable adherent cell line HEK293T was used for the production of infectious viral 

particles for eventual transduction of cells of interest. On the day before transfection, 6×106 HEK293T 

cells were seeded onto cell-culture dishes (10-cm diameter). On the day of transfection, 6 µg of 

p2CL6I2EGwo×GZMH, p2CL6I2EGwo×GZMB or p2CL6I2EGwo without insert (‘empty vector’), 6 

µg of pCD/NL-BH and 6 µg of phCMV-RD114/TR were pre-incubated for 20 min at RT with 45 µg of 

polyethylenimine (PEI) transfection reagent in a total of 2 ml cell-culture medium (DMEM (1×) + 

GlutaMAXTM-I) without any supplemented serum or antibiotics. After pre-incubation, the plasmid and 

PEI-containing medium was added to the HEK293T cells, from which the old medium had been 

removed and replaced with 4 ml of DMEM (1×) + GlutaMAXTM-I supplemented with additives such 

that overall, the HEK293T medium contained 10% (v/v) h.-i. FBS, 100 U/ml penicillin and 100 µg/ml 

streptomycin. After overnight incubation at 37°C, 5% CO2, all cell-culture medium was carefully 

removed from the HEK293T cells and replaced with 10 ml of IMDM supplemented with 10% (v/v) h.-

i. FBS, 100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine. 

 

2.2.11.5.2 Virus Harvest and Transduction of the Cells of Interest 
 
After a further 24 h of incubation at 37°C, 5% CO2, the virus supernatant was harvested and filtered 

using a 0.45 µm filter to remove any cells that had been inadvertently harvested. It was either transferred 

straight to freezing tubes for storage at -80°C prior to transduction of cell lines, or concentrated (centri-

fugation at 10,000×g, 1 h 45 min, brake, 4°C, then resuspension in 200 µl of the appropriate cell-culture 

medium) prior to transfer to freezing tubes for storage at -80°C before transduction of primary cells. For 

transduction, the virus supernatant was completely thawed at RT and utilised without any further steps. 

 

2.2.11.5.2.1 HT1080 Titre 
 
Transduction of HT1080 cells was performed to determine the titre of the infectious viral particles. For 

this, 3.5×104 HT1080 cells were seeded into each well of a tissue culture-treated 6-well plate in 2 ml of 

DMEM (1x) + GlutaMAXTM-I supplemented with 10% (v/v) h.-i. FBS, 100 U/ml penicillin and 100 

µg/ml streptomycin, and incubated overnight (16 h) at 37°C, 5% CO2. Then, serial dilutions (100, 10–1, 
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10–2, 10–3, 10–4, 10–5) of thawed, unconcentrated virus supernatant were made in the above-described 

medium and 1 ml of each dilution was added to a correspondingly labelled well of HT1080 cells. A 

medium-only control was included. 10 µg/ml protamine phosphate were then added to each well to 

increase transduction efficiency. The cells were incubated at 37°C, 5% CO2, for 72 h, carefully removing 

the medium and replacing it with 3 ml of fresh medium after the initial 24 h.  

To harvest the HT1080 cells, the medium was completely removed, and the wells were rinsed with 500 

µl sterile DPBS. After removal of the DPBS, 250 µl Trypsin-EDTA were added to each well and 

incubated (37°C, 5% CO2) until the cells had detached. The reaction was quenched using 250 µl of the 

above-described medium, and the cell suspensions were transferred to 5 ml flow-cytometry tubes. They 

were washed twice with DPBS (307×g, 10 min, brake, 21°C) to remove any residual virus supernatant 

and to change their biosafety level from 2 to 1. After resuspension in 500 µl DPBS with 0.5 µl propidium 

iodide, EGFP expression was analysed flow cytometrically. The results were used to calculate the 

number of transduction units (TU)/ml according to the following equation, the final TU/ml being 

calculated as a mean of the TU/ml from the linear part of the vector dose-response curve (243),(244): 

LM/31	 = OK3P)+&0	%)112	M2)Q	 ×	
%	&0	%)112	FRST7

100%
	× U-1K*-&' 

 
The HT1080 titres yielded numbers of TU/ml with similar orders of magnitude for the unconcentrated 

virus supernatants of p2CL6I2EGwo×GZMH, p2CL6I2EGwo×GZMB and of the empty vector (TU/ml: 

3.58×104, 3.54×104 and 4.16×104 respectively) (data not shown). The supernatants were thus expected 

to produce similar transduction efficiencies, so the same volumes of virus supernatant of each sample 

were used for cell transduction. 

 

2.2.11.5.2.2 Transduction of Cell Lines (NK-92 and K562) 
 
To aid co-localisation of cells and viral particles and thus enhance transduction efficiencies, non-treated 

6 or 12-well plates were coated for at least 2 h at 37°C (or overnight at 4°C) with 1.5 ml (6-well plates) 

or 1 ml (12-well plates) of 10 µg/ml of recombinant fibronectin fragment (RetroNectin®) in DPBS. Just 

prior to transduction, the excess RetroNectin® was removed and the wells rinsed with 1 ml of the 

appropriate cell-culture medium (NK-92 or K562 medium). Then, 1.5 ml of thawed, unconcentrated 

virus supernatant, 2-5×105 cells, 10 µg/ml protamine phosphate and a volume of the appropriate cell-

culture medium to make a total of 2 ml were added to each well, using 12-well plates when only 

transducing 2×105 cells (NK-92) and 6-well plates when transducing 5×105 cells (K562). A no virus-

control was also included. The plates were swirled gently to mix, incubated at 37°C, 5% CO2, for 72 h, 

carefully adding 4 ml (6-well plate) or 2 ml (12-well plate) of fresh medium of the appropriate kind to 

each well after the initial 24 h. After the 72 h, the cells were harvested, counted and washed twice with 

DPBS (307×g, 10 min, brake, 21°C) to remove any residual virus supernatant and to change their 

biosafety level from 2 to 1. The cells were then resuspended and placed into cell culture at 37°C, 5% 

CO2, as described in section 2.2.5. To quantify the success of the transduction, aliquots of the cells were 

analysed for EGFP expression using flow cytometry without any further staining. Staining for grH and 

grB and subsequent flow cytometrical analysis were also performed. 

 

2.2.11.5.2.3 Transduction of Primary Cells 
 
Primary NK cells expanded by Dr M. Hejazi (ITZ) according to Fujisaki et al.’s protocol (195) (also 

see section 2.2.7.5) were kindly provided by her for transduction by this study’s author. For transduction, 
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non-treated 6-well plates were coated with RetroNectin®, as described in section 2.2.11.5.2.2. Then, 

0.5 ml of thawed, concentrated virus supernatant, 5×105 expanded primary NK cells, 10 µg/ml 

protamine phosphate and NK-cell medium with IL-2 to make a total volume of 2.5 ml were added to 

each well. A no virus-control was also included. The plates were swirled gently to mix, incubated at 

37°C, 5% CO2 for 72 h, carefully adding 3 ml of fresh NK medium to each well after the initial 24 h.  

After the 72 h, the cells were harvested and washed as described in section 2.2.11.5.2.2. They were then 

resuspended NK-cell medium with IL-2 at a concentration of 5×105 cells/ml and taken into cell culture 

at 37°C, 5% CO2 in non-treated cell-culture plates or suspension cell-culture bottles, depending on cell 

numbers. Transduction success was evaluated and staining for grH and grB performed as for the 

transduced cell lines. The transduced primary cells were discarded after flow cytometrical analysis. 

 

2.2.11.5.3 Sorting of Transduced Cell Lines 
 
Once steady growth of the transduced cell lines had been established, EGFP+ cells were enriched through 

FACS. The cells were first counted, pelleted at 21°C, resuspended at a maximum of 5×107/ml in 300 µl 

of the appropriate cell-culture medium, and transferred to sterile 5 ml flow-cytometry tubes via a 30 µm 

sterile filter. Using Beckman Coulter’s MoFloTM XDP cell sorter they were sorted, kindly performed by 

Dipl. Ing. K. Raba at the ITZ, into new sterile 5 ml flow-cytometry tubes that had been coated with the 

appropriate cell-culture medium overnight. After sorting, only EGFP+ cells were kept, washed with 

DPBS at 21°C, resuspended and placed into cell culture at 37°C, 5% CO2, as described in 2.2.5. 

 

2.2.11.5.4 Determination of Daily Growth Rate and Adjusted Number of Dead Cells 

 
The transduced NK-92 cells were placed into prolonged cell culture, counted and fed twice or three 

times a week, as described in section 2.2.5. A counting chamber was used to count both live and dead 

cells. The daily growth rate on a particular day was calculated using the following equation: 

!"#$%ℎ	()%*	#+	,)-	-	 = 	
/#%)0	1234*"	#5	678*	9*00:	#+	,)-	-
/#%)0	1234*"	#5	678*	9*00:	#+	,)-	;

(,)-	- − ,)-	;)  

 

The number of cells that had died between counting events, adjusted for growth rate, (# Dead) was 

calculated using the following equation: 

#	,*)@	 = /#%)0	1234*"	#5	,*)@	9*00:	#+	,)-	-	 − /#%)0	1234*"	#5	,*)@	9*00:	#+	,)-	;
,)70-	!"#$%ℎ	()%*	#+	,)-	-  

 

Serial flow cytometrical measurements, to assess the stability of EGFP expression, were also performed. 

 

2.2.11.5.5 IL-2 Withdrawal Assay 

 
In order to assess whether overexpression of grH provides NK-92 cells with a survival advantage, 

EGFP+ grH or empty vector-transduced NK-92 cells were thawed and placed into culture with NK-92 

medium at a concentration of 1×106/ml. On day 1 post-thawing, they were counted and fed to a 

concentration of 5×105/ml. On day 3 post-thawing, they were counted, split into two equal-sized 

populations per sample: one population was fed to a concentration of 2×105/ml with ‘standard’ NK-92 

medium containing IL-2, while the other population was fed to the same concentration with NK-92 

medium without IL-2. On day 7, the cells were counted again, and were fed to a concentration of 

2×105/ml using medium with or without IL-2, as before. On day 10, they were counted one final time. 

The daily growth rate and adjusted number of cells that had died were calculated for each day. 
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2.2.11.5.6 RNA Deep Sequencing (RNA-Seq) 
 
In order to establish the transcriptomes of transduced NK-92 cells, the cells were prepared as follows: 

1.25×105 each of non-transduced and EGFP+ transduced NK-92 cells that had been enriched by means 

of FACS were pelleted, resuspended in 320 µl TRIzol® Reagent and transferred to a 2 ml freezing tube. 

The samples were then immediately frozen at -80°C prior to RNA-Seq. This is also the approach used 

by Prof. Dr M. Uhrberg’s group at the ITZ to prepare licensed, unlicensed and adaptive peripheral blood 

NK cells, as well as NK cells expanded according to Fujisaki et al.’s protocol, for RNA-Seq, to all of 

which this study refers (see sections 3.1, 3.7 and 3.9.2.2). RNA-Seq itself was kindly performed by Prof. 

Dr L. Walter’s group at the Primate Genetics Laboratory: in brief, after extraction of total RNA via 

phase separation using TRIzol® Reagent and chloroform, RNA was reverse transcribed and cDNA 

libraries were established, indexed and sequenced using the HiSeq 4000 System by Illumina. Sequence 

reads were demultiplexed, mapped to the human reference genome GRCh38 (245) using the STAR 

software (246), and read counts for individual genes calculated using the featureCounts package (247). 

Normalised count values for each gene were calculated using the DESeq2 package (248). 

 

2.2.12 Statistics 
 
Statistical analysis was performed using the software Prism 8 for macOS by GraphPad.  

When comparing two groups, a paired t test was used when the groups were matched, and an unpaired 

t test when they were not. When comparing three or more matched groups, a repeated measures (RM) 

one-way analysis of variance (ANOVA) or, if any values were missing, a mixed-effects analysis, was 

used (an ordinary one-way ANOVA for three or more unmatched groups was not necessary in this 

study). When comparing two or more matched groups that were affected by two variables, a RM two-

way ANOVA was used. One and two-way ANOVAs as well as mixed-effects analyses were followed 

by multiple comparisons tests: Tukey’s test when comparing the mean of every sample to the mean of 

every other sample, and Sidak’s test when comparing selected pairs of sample means.  

p values were defined as follows: p ≥ 0.05 ≙ not significant (ns), p < 0.05 ≙ * (significant), p < 0.01 ≙	
** (very significant), p < 0.001 ≙ *** (extremely significant), p < 0.0001 ≙ **** (extremely 
significant). 

 

2.2.13 General Statements 
 
In this manuscript, a superscripted ‘+’ indicates positivity and a superscripted ‘–’ negativity. When 

specific values are stated, a data set mean is referred to or, if the sample size (n) was 1, the single value 

is referred to, including for flow cytometry plots. Whenever a sample is stated to have been stained for 

certain proteins, this was followed by flow cytometrical analysis. Furthermore, unless otherwise stated, 

‘expression of a protein of interest’ is used in this report as shorthand for the percentage of a particular 

cell population that is positive for that protein. Finally, only inhibitory KIRs and CD94/NKG2A 

(henceforth referred to as NKG2A) are examined as inducers of education, so the terms education and 

licensing are used interchangeably here, licensing being restricted to MHC-dependent education. 

 

Unless explicitly stated otherwise, all experimental steps and analyses were performed by this study’s 

author. 
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3 Results 
 
3.1 NK-Cell Licensing and GZMH mRNA Levels – Transcriptome Data 
 
In preliminary experiments, Prof. Dr M. Uhrberg’s group at the ITZ and Prof. Dr L. Walter’s group at 

the Primate Genetics Laboratory in Göttingen established transcriptomes of licensed and unlicensed NK 

cells. In brief, human PB CD56dim NK cells were sorted into licensed and unlicensed groups via FACS 

based on expression of KIRs and NKG2A, and these cells’ transcriptomes established through RNA-

Seq. The raw data was kindly provided to and then analysed as below by this study’s author. Licensed 

NK cells were defined as expressing a self-HLA class I-specific inhibitory KIR (KIR2DL3 in HLA-

C1/C1 donors or KIR2DL1 in HLA-C2/C2 donors) but no other KIRs or NKG2A (‘KIRLic’) or 

expressing NKG2A but no KIRs (‘NKG2A sp’ (single-positive)), while unlicensed ones were defined 

as expressing a non-self-HLA class I-specific inhibitory KIR but no other inhibitory KIR or NKG2A 

(‘KIRUnlic’) or neither a self-specific inhibitory KIR nor NGK2A (‘DN’ (double-negative)) NK cells.  

The data revealed that of the granzymes, grH was the only one of which there were significantly more 

transcripts in licensed than unlicensed NK cells, regardless of whether licensing had occurred via a KIR 

(KIRLic) or NKG2A (NKG2A sp) and regardless of whether the licensed cells were compared to KIRUnlic 

or DN cells (mean number in DN: 845, NKG2A sp: 1561, KIRLic: 1863, KIRUnlic: 950) (Fig. 15). On the 

other hand, and consistent with Goodridge et al. (144), there were no significant differences for GZMB, 

despite the high degree of sequence homology between the GZMH and GZMB genes. For GZMA, though 

there were significantly more transcripts in KIRLic (mean: 2502) than KIRUnlic (mean: 2243) cells, the 

difference was much smaller than for GZMH, and there were no significant differences between KIRLic 

and DN cells, or NKG2A sp and KIRUnlic or DN cells. Furthermore, the repeated measures (RM) one-

way analysis of variance (ANOVA) showed no overall significance for GZMA, while it did for GZMH. 

Finally, the number of GZMK transcripts was highest in NKG2A sp NK cells (significantly so) but did 

not show a predilection for licensed cells per se. For GZMM there were also no significant differences. 

 

 

 

 

 
 

 

 

 
Fig. 15: There are significantly more transcripts of GZMH but not of GZMA, B, K or M in licensed than 
unlicensed NK cells. Transcriptome establishment and abbreviations: see text. DN and KIRUnlic = unlicensed, 
NKG2A sp and KIRLic = licensed. n = 6. Significance testing was performed using a RM one-way ANOVA for 
each GZM followed by Tukey’s test. For clarity, only (but all) significant results of Tukey’s test are displayed. 
Overall significance levels of the ANOVAs: GZMA: ns, GZMB: ns, GZMH: **, GZMK: ***, GZMM: ns. 
 
These data establish a likely link between NK-cell licensing and GZMH mRNA levels, a questionable 

link for GZMA, and no link for GZMB, GZMK or GZMM. Given the tremendous importance of NK-cell 

licensing for NK-cell biology, as well as the sparse knowledge available on grH, a deeper investigation 

of this likely link between NK-cell licensing and grH expression is essential, especially at the protein 

level, as well of grH function and expression patterns more generally, setting the stage for this study. 
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3.2 Donor Characteristics 
 
Peripheral and cord blood was used to study expression of grH by NK cells. Table 28 shows the donor 

characteristics, particularly with regard to KIR genotype (for reference, see Table 1 and Table 29) and 

HLA-C1/C2 and HLA-Bw4/Bw6 status, as determined by KIR, HLA-C1/C2 and HLA-Bw4/Bw6-

typing. Table 29 shows additional KIR genotypes that did not match those cited in Table 1. 
 

Table 28: Characteristics of blood donors.
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PB1 A/A 1 C1/C1 1   
PB2 Bx 4 C1/C1 0   
PB3 A/A 1 C1/C1 0   
PB4 A/A 1 C1/C1 0   
PB5 Bx 34 C1/C1 2   
PB6 A/A 1 C1/C1 1   
PB7 Bx 4 C1/C1 1   
PB8 Bx *42 C1/C1 1   
PB9 Bx 12 C1/C1 1   
PB10 A/A 1 C1/C1 0   
PB11 Bx *41 C1/C1 1   
PB12 A/A 1 C1/C1     
PB13 A/A 1 C1/C1     
PB14 A/A 1 C1/C1     
PB15 A/A 1 C1/C1     
PB16 A/A 1 C1/C1     
PB17 A/A 1 C1/C1     
PB18 A/A 1 C1/C1   
PB19 A/A 1 C1/C1   
PB20 Bx *46 C1/C2 3   
PB21 A/A 1 C1/C2 2   
PB22 Bx *43 C1/C2 0   
PB23 Bx 2 C1/C2 3   
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PB24 A/A 1 C1/C2 1   
PB25 A/A 1 C1/C2     
PB26 A/A 1 C1/C2     
PB27 A/A 1 C2/C2 1   
PB28 A/A 1 C2/C2 3 Yes 
PB29 A/A 1 C2/C2     
PB30 Bx 2 C2/C2     
PB31 Bx 2 C2/C2     
PB32 A/A 1 C2/C2     
PB33 Bx 2 C2/C2   
PB34 

   
  Yes 

PB35 
   

  Yes 
PB36 Bx 4 

 
    

PB39   C1/C1   
PB40   C1/C2   
PB41   C1/C1  Yes 
CB1 Bx 4 C1/C1     
CB2 Bx *42 C1/C1     
CB3 Bx *44 C1/C1     
CB4 A/A 1 C1/C1     
CB4 Bx 5 C1/C2   
CB6 Bx *45 C1/C2   

PB = peripheral-blood donor, CB = cord-blood donor, # = number, Bw4 = HLA-Bw4, blank = unknown.  
 
Table 29: Additional KIR genotypes found in the donors in this study. Naming of KIR genotypes was arbitrary.  
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L1
 

3D
L2
 

3D
L3
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S1
 

2D
S2
 

2D
S3
 

2D
S4
 

2D
S5
 

3D
S1
 

Bx *41 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊  ❊ 
Bx *42 ❊  ❊ ❊ ❊  ❊ ❊ ❊    ❊ ❊ 
Bx *43 ❊ ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊  ❊ ❊ ❊ 
Bx *44 ❊ ❊  ❊  ❊ ❊ ❊  ❊  ❊   
Bx *45               
Bx *46 ❊  ❊ ❊ ❊ ❊ ❊ ❊ ❊  ❊ ❊ ❊ ❊ 

Bx = either hetero- or homozygous for group B haplotypes. Grey = KIR gene present, white = KIR gene absent.  
 
 

3.3 General Gating Strategy  
 
Since flow cytometry was one of the main methods used in this study, an overview of the general gating 

strategy employed is provided (Fig. 16). After staining of PBMCs and flow cytometrical data 

acquisition, compensation to correct for spectral overlap of fluorochromes was performed manually 
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using Beckman Coulter’s Kaluza Analysis Software. Lymphocytes within PBMCs or CBMCs were 

identified based on forward scatter (size) and side scatter (granularity). Cells counted individually by 

the flow cytometer (singlets) were focused on, excluding doublets by their larger area but similar height 

compared with singlets. NK cells were identified by CD56-positivity and CD3-negativity, and CD56dim 

and CD56bright NK cells could be distinguished. Gating on further markers was performed using clearly 

negative populations as a guide and keeping gates as consistent as possible between different samples. 

For ease of reading, the ‘Lymphocytes/Singlets’ gate is henceforth referred to as ‘Lymphocytes’.  

 

 
 
 
 
 
 
 

Fig. 16: Representative flow cytometry plots to show gating of antibody-labelled PBMCs. A gate was first set 
on lymphocytes (a), then singlets (b), then NK cells (CD56+CD3–) (c), dividing them (d) into CD56dim (bottom 
gate) and CD56bright (top gate) where appropriate. FSC = forward scatter, SSC = side scatter, A = area, H = height. 
 
 

3.4 GrH Antibody Selection 
 
For staining of grH for flow cytometry, a suitable antibody first needed to be found (Fig. 17), since flow 

cytometry data for grH expression was not readily available in the literature, with no information on 

anti-grH antibodies used in flow cytometry. So, thawed PBMCs were stained for CD56 and CD3, and 

different methods of staining for grH (or grB for comparison) were tested. First, the anti-grH monoclonal 

antibody (mAb) clone 3G10F4 (Sino Biological), conjugated manually with phycoerythrin (PE), was 

tested. It yielded no acceptable distinguishability between positive and negative populations (Fig. 17a) 

despite successful conjugation, as had been confirmed through staining of antibody capture beads (data 

not shown). A biotinylated polyclonal anti-grH antibody (R&D Systems) for primary and anti-biotin-

VioGreen (Miltenyi Biotec) for secondary staining produced far superior results (Fig. 17b). Secondary 

staining using anti-biotin-VioGreen also led to far better distinguishability between positive and 

negative populations than using streptavidin-APC/Cy7, the latter yielding a signal too strong for signal 

compensation to be possible (Fig. 17c). Staining for grH using the biotinylated antibody and anti-biotin 

yielded population morphologies similar to those observed when staining for grB using the anti-grB 

mAb GB11 (Fig. 17d), which provided an internal control of the plausibility of the staining method.  

 

 

 

 
 
Fig. 17: Representative flow cytometry plots to show superiority of using biotinylated polyclonal anti-grH 
with secondary anti-biotin-VioGreen for grH staining compared with other methods; grB staining is shown 
for comparison. Staining and flow cytometrical analysis were performed as described in the text. GrH+ and grH– 
(a-c) and grB+ and grB– (d) populations within lymphocytes were identified. a: PE-conjugated mAb. b: polyclonal 
anti-grH + anti-biotin-VioGreen. c: polyclonal anti-grH + streptavidin-APC/Cy7. d: anti-grB mAb. 
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Of note, Miltenyi Biotec assure that their anti-biotin antibodies do not bind to free biotin in cell-culture 

media (249), ensuring specificity. 

Next, an optimum grH staining protocol, described in section 2.2.6.2.2, was established. In brief, adding 

the secondary antibody only after the primary antibody had been incubated for 30 minutes and washed, 

was far superior to adding the primary and secondary antibodies simultaneously or adding the secondary 

antibody 15 minutes after the primary antibody without a wash step in between (data not shown).  

 

As grH and grB are structurally very similar, determination of the specificity of the anti-grH antibody 

with regard to grB was important. For this purpose, grH and grB-staining of NK cells was compared 

(Fig. 18). For staining of grB, the anti-grB mAb clone GB11 was again used, and is throughout this 

study. As expected, there was a large degree of overlap between cells positive for grH and for grB, 

which was most likely due to expression of both granzymes by NK cells but may have been due to lack 

of antibody specificity. A population negative for grH but positive for grB could be observed however, 

indicating that most of this overlap came from expression of both granzymes by the same cell population 

rather than lack of specificity of the anti-grH antibody. The anti-grH 

antibody, despite being polyclonal, was thus deemed satisfactory. 

 

Fig. 18: Representative flow cytometry plot confirming specificity of 
anti-grH with regard to grB. Thawed PBMCs stained for CD56, CD3, grH 
and grB were analysed flow cytometrically. NK cells are shown. The square 
gate shows a grH–grB+ population within NK cells. 
 
 

3.5 GrH and GrB Expression by Lymphocytes 
 
Before attempting to confirm the mRNA data displayed in Fig. 15, it was important to first examine grH 

expression by different lymphocyte subtypes, both from PB and from CB.  

 

3.5.1 GrH and GrB Expression by NK Cells, NK-Like T Cells, T Cells and Non-NK/Non-T Cells 
 
So far, studies assessing grH expression by different cell types have focused mainly on western blotting 

and PCR-based analyses (183),(189),(190),(191),(192), whole-cell flow cytometry-based approaches 

somewhat lacking, except for one brief mention of flow cytometrical examination of peripheral-blood 

NK-cell grH expression (178). Having established an effective staining protocol for grH (section 3.4), 

this study therefore employed flow cytometry to examine grH expression by different lymphocyte 

subtypes and compared it with grB. For this purpose, thawed PBMCs were stained for CD56, CD3, CD8 

and grH or grB. Within lymphocytes, grH or grB expression by NK cells (CD56+CD3–), NK-like T cells 

(CD56+CD3+), CD8+ cytotoxic T cells (CD56–CD3+CD8+), CD4+ T cells (here: CD56–CD3+CD8–), and 

non-NK/non-T lymphocytes (CD56–CD3–) (eg B cells) was examined. As Fig. 19 shows, CD56 was the 

main factor in determining grH and grB expression, higher grH and grB expression being observed when 

CD56 was present in a lymphocyte. Both grH and grB expression were highest in NK cells (grH+: 76.8%, 

grB+: 89.6%), significantly higher than in the other main cytotoxic lymphocyte type CD8+ T cells (grH+: 

30.5%, grB+: 36.1%). The second highest expression was observed in NK-like T cells (grH+: 56.7%, 

grB+: 69.6%), though the differences in grH expression between NK-like T cells and both NK cells and 

CD8+ T cells lacked statistical significance. GrH and grB expression by NK cells, NK-like T cells and 

CD8+ T cells was significantly higher than by both CD4+ T cells (grH+: 9.39%, grB+: 16.7%) and CD56–
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CD3– lymphocytes (grH+: 9.49%, grB+: 12.4%), showing that both granzymes are predominantly found 

in cytotoxic lymphocytes. GrB expression overall appeared to be higher than grH expression. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Fig. 19: GrH expression is higher in cytotoxic than non-cytotoxic lymphocytes, and, of those, significantly 
higher in NK cells than CD8+ T cells. Thawed PBMCs were stained and analysed as described in the text. The 
percentage of NK cells (CD56+CD3–), NK-like T cells (CD56+CD3+), CD8+ T cells (CD56–CD3+CD8+), CD4+ T 
cells (CD56–CD3+CD8–), and non-NK/non-T lymphocytes (CD56–CD3–) that were grH+ (a) or grB+ (b) was 
determined. n = 9. Bars represent the data set means and the standard error or the mean (SEM). For significance 
testing a RM one-way ANOVA was used for both plots, followed by Tukey’s test, of which, for clarity, only (but 
all) significant results are displayed. The overall level of significance of the ANOVAs was **** for both plots. 
 

3.5.2 GrH and GrB Expression by CD56dim and CD56bright NK Cells 
 
Next, grH expression by NK cells was looked at in more detail by comparing CD56dim with CD56bright 

NK cells, examining grB for comparison. Thawed PBMCs were stained for CD56, CD3, grH and grB, 

and grH and grB expression by CD56dim and CD56bright NK cells was analysed. As Fig. 20a shows, grH 

expression by CD56dim NK cells (80.5%) was significantly higher than by CD56bright NK cells (11.4%), 

showing that grH is almost exclusively expressed by the more mature CD56dim subtype. A similar result 

was observed for grB (92.0% (dim) vs 28.3% (bright)) (Fig. 20b). Direct comparison of grH and grB 

revealed that CD56dim NK-cell expression of grB (92.0%) was significantly higher than of grH (80.5%) 

(Fig. 20c). Of note, the transcriptome data described in section 3.1 showed that GZMH mRNA levels 

were higher in CD56dim than CD56bright NK cells (data not shown), corroborating the findings here. 

 
 
 
 
 
 

 
 
 
 
Fig. 20: GrH expression by CD56dim NK cells is significantly higher than by CD56bright NK cells. Thawed 
PBMCs were stained and analysed as described in the text. a and b: the percentage of CD56dim vs CD56bright NK 
cells that are grH+ (a) or grB+ (b). c: the percentage of CD56dim NK cells that are grH+ vs grB+. n = 11. For 
significance testing, a paired t test was used for each plot. 
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3.5.3 GrH Expression by PB and CB-Derived CD56dim NK Cells 
 
Having compared grH expression by PB-derived CD56dim and CD56bright NK cells, grH expression by 

CD56dim and CD56bright NK cells derived from PB were compared with those from CB, given the lower 

maturity of CB than PB-derived NK cells. Thawed PBMCs and CBMCs were stained for CD56, CD3 

and grH or grB, and grH or grB expression by CD56dim and CD56bright NK cells was analysed. 

Interestingly, grH expression by PB-derived CD56dim NK cells (80.5%) was significantly higher than 

by CB-derived CD56dim NK cells (63.3%) (Fig. 21a). GrH expression by CD56bright NK cells was not 

significantly different between PB and CB (11.4% (PB) vs 8.84% (CB)) (Fig. 21b). GrB expression by 

PB-derived CD56dim NK cells (92.0%) was also significantly higher than by CB-derived CD56dim NK 

cells (68.9%) (Fig. 21c). These results lend weight to the assumption of a lower maturity of CB-derived 

NK cells compared with PB-derived NK cells, possibly associated with a lower effector potential. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21: GrH expression is significantly higher in PB than CB-derived CD56dim NK cells. Thawed PBMCs 
and CBMCs were stained and analysed as described in the text. GrH expression as a percentage of CD56dim (a) 
and CD56bright (b) PB and CB-derived NK cells positive for it is shown, as well as grB expression by CD56dim NK 
cells (c). n (PB) = 11, n (CB, grH) = 6. n (CB, grB) = 5. Individual data points with data set means (horizontal 
bars) are shown. Significance testing was performed using an unpaired t test for each plot.  
 
 
 

3.6 NK-Cell Education and GrH Expression; GrB for Comparison 
 
As suggested by the transcriptome data that led to this closer examination of grH in the context of NK-

cell education, GZMH, but not GZMB, mRNA levels are higher in licensed than unlicensed NK cells. 

The confirmation of this link at the protein level forms a crucial pillar of this study and, having analysed 

grH expression by different lymphocyte and NK-cell subtypes, can finally be addressed. 

 

3.6.1 Staining Strategy and Receptor-Based Definition of NK-Cell Populations 
 
PBMC samples were categorised based on their donors’ KIR genotypes and HLA-C1/C2 (henceforth 

referred to as C1/C2) as well as HLA-Bw4 (henceforth referred to as Bw4) statuses (Table 28), to be 

able to identify licensed and unlicensed NK cells and examine these for grH expression. Since 

KIR2DL3, KIR2DL1 and KIR3DL1 (henceforth referred to as 2DL3, 2DL1 and 3DL1 respectively) are 

the main inhibitory KIRs encoded by group A KIR haplotypes, and since CD94/NKG2A (henceforth 

referred to as NKG2A) is a ubiquitously expressed, crucial inhibitory NK-cell receptor also involved in 

NK-cell education, these receptors were chosen to enable a reliable determination of education status. 
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As described in section 1.4, interaction between an NK-cell inhibitory receptor and its cognate self-

ligand, mainly self-HLA class I, leads to NK-cell licensing. The receptor-ligand pairs of interest here 

are thus 2DL3-C1, 2DL1-C2, 3DL1-Bw4 and NKG2A-HLA-E. Therefore, for example, 2DL3+ NK 

cells are licensed in C1/C1 donors but not in C2/C2 donors, while it is the other way around for 2DL1+ 

NK cells. Inhibitory KIR–/NKG2A– (‘double-negative’, DN) NK cells were considered to be unlicensed, 

regardless of C1/C2/Bw4 status. 

For the cleanest possible analyses, single receptor type-positive (sp) NK cells were examined, but 

populations positive for two (dp) or three receptors (tp) were also analysed for comparison. Due to the 

lower number of KIRs on group A KIR haplotypes compared with group B haplotypes, which permits 

simultaneous staining of nearly all KIRs expressed, samples from group A KIR haplotype-homozygous 

donors were used wherever possible. A further reason for preferentially choosing such samples was that 

the antibodies used to stain for 2DL3, clones GL183 and DX27, also recognise 2DL2 and 2DS2, which 

are not expressed by group A/A KIR haplotype donors and thus cannot be stained for. However, to obtain 

larger sample sizes, donors expressing one or two group B haplotypes were also included occasionally. 

Therefore, to analyse granzyme expression by licensed and unlicensed NK cells, thawed PBMCs were 

stained for CD56, CD3, 2DL2/3/S2, 2DL1, 3DL1, NKG2A and grH or grB and analysed using flow 

cytometry. Receptor-positive populations within CD56dim NK cells were identified to define DN, sp, dp 

and tp NK-cell populations, which were in turn analysed for granzyme-positivity. 

 

3.6.2 Correlation between NK-Cell Licensing and GrH Expression 
 
As Fig. 22, Fig. 23 and Fig. 24 show, NK-cell licensing strongly correlated with higher expression, at 

the protein level, of grH, confirming the transcriptome data displayed in Fig. 15.  

In samples from group A/A KIR haplotype (KIR genotype 1) donors, grH expression by licensed CD56dim 

NK was significantly higher than by unlicensed NK cells. This was the case for samples with all three 

C1/C2 statuses (C1/C1: Fig. 22c-e, C1/C2: Fig. 22f-h and C2/C2: Fig. 22i-k), when comparing self-

specific with non-self-specific inhibitory KIR sp NK cells, but also when comparing the former with 

DN cells (which are unlicensed in all three C1/C2 statuses)– 

- C1/C1, licensed 2DL3 sp vs unlicensed 2DL1 sp vs DN, grH+: 85.9% vs 61.5% vs 57.5%  

- C1/C2, licensed 2DL3 sp vs licensed 2DL1 sp vs DN, grH+: 80.0% vs 89.8% vs 49.6% 

- C2/C2, licensed 2DL1 sp vs unlicensed 2DL3 sp vs DN, grH+: 90.1% vs 57.8% vs 49.1%  

 

There was no significant difference in grH expression between non-self-specific inhibitory KIR sp and 

DN cells. Furthermore, the difference in grH expression between 2DL3 sp and 2DL1 sp NK cells in 

C1/C2 donors was also non-significant, but, notably, grH expression by 2DL1 sp NK cells among these 

samples was somewhat higher than by 2DL3 sp NK cells, possibly indicating a role for differences in 

the strength of inhibitory receptor:ligand interactions. 

 

To aid visualisation of the data just described, representative flow cytometry plots (Fig. 22a and b) are 

also shown. They not only give a visual depiction of the higher percentage of licensed compared with 

unlicensed NK cells that are grH+, but they also show that licensed grH+ NK cells were more positive 

for grH, ie expressed higher levels of it per cell, than unlicensed grH+ NK cells, as demonstrated by a 

higher grH mean fluorescence intensity (MFI). Though the MFI data for the other samples included in 

the analyses are not shown, they displayed the same trend, which was in line with the percentage data. 
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Fig. 22: NK-cell licensing via C1 and C2-specific KIRs correlates strongly and highly significantly with grH 
expression. Thawed PBMCs from group A/A KIR haplotype (KIR genotype 1) donors were stained and analysed 
as described in the text. a and b: representative flow cytometry plots showing grH expression by licensed (2DL3 
sp) and unlicensed (2DL1 sp and DN) NK cells in a C1/C1 donor. c-k: percentage of licensed and unlicensed NK 
cells that were grH+. HLA statuses: C1/C1 (a-e), C1/C2 (f-h), C2/C2 (i-k). c-k: Significance testing for each plot 
was performed using a paired t test.  
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The correlation between licensing and grH expression was so strong that it held true even when samples 

from KIR group B haplotype donors, in whom the licensed populations were less stringently definable, 

were included in addition to samples from group A/A KIR haplotype donors, the resulting larger sample 

size leading to even higher levels of significance (Fig. 23). Notably, inclusion of such samples led to a 

small but significant difference in grH expression between 2DL2/3/S2 ‘sp’ and DN NK cells in C2/C2 

samples (Fig. 23h), possibly due to the variable genetic background and inclusion of 2DL2+ cells, which 

bind to C2 epitopes with weaker – though still functionally relevant, particularly for licensing – avidity 

(see Table 2). 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 23: The correlation between NK-cell licensing via C1- and C2-specific KIRs and grH is also evident 
when samples from group Bx KIR haplotype donors are included in the analysis in addition to samples from 
group A/A KIR haplotype donors. The figure was created and contains information presented and analysed in 
the same way as Fig. 22c-k. a-c: C1/C1, d-f: C1/C2, g-i: C2/C2. KIR genotypes are indicated. 
 

Fig. 24 shows that education via 3DL1 in Bw4+ donors (Fig. 24a) and via NKG2A in donors with 

any  C1/C2 or Bw4/Bw6 status (Fig. 24c) also strongly correlated with grH expression, the differences 

being highly significant (grH+ 3DL1 sp vs DN from Bw4+ donors: 90.4% vs 43.7%; grH+ NKG2A sp 

vs DN: 75.0% vs 52.7%). When 3DL1 had no cognate ligand, as in Bw4–Bw6+ donors, the difference 

in grH expression between 3DL1 sp and DN NK cells was not significant (Fig. 24b), in line with the 

results for 2DL3 sp or 2DL1 sp NK cells when 2DL3 or 2DL1 have no cognate ligand, as in C2/C2 or 

C1/C1 donors respectively (Fig. 22 and Fig. 23). However, to be able to make any definitive statements 
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about this phenomenon, particularly since there appeared to be a trend towards higher grH expression 

in 3DL1 sp (82.5%) than DN (68.5%) cells in these donors, the sample size needs to be increased. 

 

 

 
 
 
 

 
 
 
 
Fig. 24: NK-cell licensing via 3DL1 and NKG2A also correlates strongly and highly significantly with grH 
expression. Data were acquired and are displayed as in Fig. 22c-k. a: HLA-Bw4+, 3DL1 sp NK cells = licensed; 
b: Bw6+Bw4–, 3DL1 sp NK cells = unlicensed; c: all C1/C2/Bw4/Bw6 combinations, NKG2A sp NK cells = 
licensed. All plots: DN NK cells = unlicensed. Only group A/A samples are shown. The n is displayed within each 
plot, individual data points, and significance testing for each plot was performed using a paired t test.  
 

The influence of the presence of more than one self-specific inhibitory receptor on grH expression is 

shown in the next section. 

 

3.6.3 GrH Expression by NK Cells Expressing more than one Type of Receptor 
 
To test whether grH expression by licensed NK cells is affected by the number of different types of 

inhibitory receptors present, CD56dim NK cells expressing one, two or three of a self-specific inhibitory 

KIR, a non-self-specific inhibitory KIR, and NKG2A were compared for grH expression.  

The data revealed that the presence of and therefore licensing via a self-specific inhibitory KIR (2DL3 

in C1/C1 donors, 2DL3 or 2DL1 in C1/C2 donors, and 2DL1 in C2/C2 donors) led to highest grH 

expression (higher than in NK cells expressing NKG2A only, see below), regardless of whether or not 

a non-self-specific inhibitory KIR or NKG2A was also present. For instance, in samples from C1/C1 

donors (Fig. 25a) there were no significant differences in grH expression between NK cells expressing 

2DL3 only (85.9%), 2DL3 plus 2DL1 (88.2%), 2DL3 plus NKG2A (89.6%), or 2DL3 plus 2DL1 plus 

NKG2A (88.0%). This phenomenon was reproducible in C2/C2 donors for 2DL1 (2DL1 sp grH+: 

81.4%, 2DL3+2DL1+: 81.4%, 2DL1+NKG2A+: 78.4%, 2DL3+2DL1+NKG2A+: 79.8%) (Fig. 25c). 

Furthermore, whether only one or more than one type of self-specific inhibitory KIR was expressed did 

not significantly affect grH expression, as in the case of 2DL3+2DL1+ compared with 2DL3 sp or 2DL1 

sp NK cells in C1/C2 donors (2DL3 sp grH+: 80.0%, 2DL1 sp: 89.8%, 2DL3+2DL1+: 93.8%) (Fig. 25b). 

Of note, 2DL1 appeared to have a stronger effect than 2DL3: in C1/C2 samples grH expression by NK 

cells licensed via 2DL1 was higher than by NK cells licensed via 2DL3 (though not significantly so) 

(Fig. 25b). This may be due to differences in ligand-binding affinities between 2DL3 and 2DL1. 

 

As an internal control, the licensing role of NKG2A shown in Fig. 24 is corroborated by grH expression 

by unlicensed NK cells expressing a non-self-specific inhibitory KIR only (2DL1 sp cells in C1/C1 

donors (61.5%) (Fig. 25a) and 2DL3 sp cells in C2/C2 donors (44.5%) (Fig. 25c)) being significantly 

lower than by licensed NKG2A sp cells (grH+ in NKG2A sp in C1/C1: 78.7%, in C2/C2: 55.2%). 
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As alluded to above, in samples from all three C1/C2 backgrounds, grH expression by NK cells 

expressing a self-specific inhibitory KIR (and thus licensed via this KIR), regardless of whether the KIR 

was expressed alone or with a non-self-specific inhibitory KIR and/or with NKG2A, was higher than 

by NK cells expressing NKG2A and no self-specific inhibitory KIR (and thus licensed via NKG2A), 

regardless of whether NKG2A was expressed alone or together with a non-self-specific inhibitory KIR. 

Though not always significant, the trend was present for donors with all three C1/C2 statuses: present 

but non-significant for C1/C1 donors (Fig. 25a) and 2DL3 sp cells in C1/C2 donors (Fig. 25b), and 

present and significant for most comparisons in C1/C2 (Fig. 25b) and C2/C2 donors (Fig. 25c).  

Mean grH expression was as follows: 

- C1/C1 grH+: NKG2A sp: 78.7%, 2DL3 sp: 85.9%, 2DL3+NKG2A+: 89.6%, 2DL1+NKG2A+: 

76.6%, 2DL3+2DL1+: 88.2%, 2DL3+2DL1+NKG2A+: 88.0% 

- C1/C2 grH+: NKG2A sp: 78.2%, 2DL3 sp: 80.0%, 2DL1 sp: 89.8%, 2DL3+NKG2A+: 92.2%, 

2DL1+NKG2A+: 93.4%, 2DL3+2DL1+: 93.8%, 2DL3+2DL1+NKG2A+: 93.6% 

- C2/C2 grH+: NKG2A sp: 55.2%, 2DL1 sp: 81.4%, 2DL3+NKG2A+: 65.5%, 2DL1+NKG2A+: 

78.4%, 2DL3+2DL1+: 81.44%, 2DL3+2DL1+NKG2A+: 79.8% 

The difference in grH expression between NK cells licensed via a KIR vs via NKG2A was again more 

pronounced in NK cells licensed via 2DL1 than via 2DL3.  

The data indicate that KIRs likely have a stronger licensing effect than NKG2A does.  

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

Fig. 25: There is no significant difference in grH expression between CD56dim NK cells expressing one type 
of self-specific inhibitory KIR only and CD56dim NK cells expressing a self-specific inhibitory KIR plus a 
non-self-specific inhibitory KIR or NKG2A. Staining of thawed PBMCs from C1/C1 (a), C1/C2 (b) and C2/C2 
(c) group A/A KIR haplotype donors, identification of DN, sp, dp and tp populations and measurement of grH 
expression were performed as described in section 3.6.1. Bars represent the data set means and the SEM, each bar 
showing an NK-cell population with the indicated receptor status. Significance testing was performed using a RM 
one-way ANOVA followed by Tukey’s test, of which only (but all) significant results are displayed. The overall 
levels of significance of the ANOVAs were *** (a), * (b) and ** (c). 
 
Notably, the lack of significance in some of the described differences may be due to potential type II 

errors being committed when using ANOVAs and post hoc multiple comparisons tests, rather than due 

the lack of an actual biological difference, indicating the importance of taking trends into account, too. 
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3.6.4 NK-Cell Licensing and GrB Expression  
 
Unlike grH, where a correlation between NK-cell licensing and grH expression is a new finding, the 

structurally very similar grB has been implicated in licensing in the literature (144). Neither Goodridge 

et al. (144) nor this study (Fig. 15) show a correlation between licensing and GZMB mRNA levels, but 

Goodridge et al. do show a potential correlation between licensing and grB protein expression. To study 

this somewhat baffling discrepancy further, this study examined grB in the same manner as grH.  

 

When examining grB expression as a percentage of licensed and unlicensed cells positive for it, the data 

did not show a clear correlation between it and NK-cell licensing (Fig. 26a-e), in line with the 

transcriptome data. There were no significant differences in grB expression between self-specific 

inhibitory KIR sp and non-self-specific inhibitory KIR sp NK cells in either C1/C1 (Fig. 26c), C1/C2 

(Fig. 26d) or C2/C2 (Fig. 26e) donors. However, grB expression by both self-specific inhibitory KIR 

sp and non-self-specific inhibitory KIR sp NK cells was significantly higher than by DN cells, 

suggesting that the presence of any inhibitory KIR, rather than a self-specific inhibitory KIR, was the 

determining factor for grB expression. The mean numbers of grB expression were as follows: 

- C1/C1, licensed 2DL3 sp vs unlicensed 2DL1 sp vs DN, grB+: 92.8% vs 96.9% vs 79.4% 

- C1/C2, licensed 2DL3 sp vs licensed 2DL1 sp vs DN, grB+: 91.2% vs 98.6% vs 69.8% 

- C2/C2, licensed 2DL1 sp vs unlicensed 2DL3 sp vs DN, grB+: 99.3% vs 89.6% vs 86.1%. 

Of note, in C1/C2 donors, grB expression was significantly higher in 2DL1 sp than in 2DL3 sp NK 

cells, and, though not statistically significant, the trend in C2/C2 donors suggests that grB expression 

was higher in 2DL1 sp than 2DL3 sp NK cells. These results indicate that ligand binding avidities, and 

thus potentially licensing, may, in fact, play some role, too, though less pronounced than for grH 

expression, necessitating an examination of grB MFI.  

 

When examining grB expressing as MFI rather than as a percentage (Fig. 26f-h), a correlation between 

grB expression and licensing is seen. While countering the transcriptome data in Fig. 15, this is in line 

with Goodridge et al.. The grB MFI of licensed NK cells was significantly higher than that of unlicensed 

NK cells in samples from all three C1/C2 backgrounds (C1/C1: Fig. 26f, C1/C2: Fig. 26g, C2/C2: Fig. 

26h), mirroring the data for grH. Though the difference between 2DL3 sp and DN cells in C1/C1 donors 

was non-significant (Fig. 26f), the trend held true, as well, and this lack of significance was likely due 

to one artefactual sample. The mean grB MFIs were as follows: 

- C1/C1, licensed 2DL3 sp vs unlicensed 2DL1 sp vs DN, MFI of grB+: 84962 vs 44882 vs 60733 

- C1/C2, licensed 2DL3 sp vs licensed 2DL1 sp vs DN, MFI of grB+: 88230 vs 94105 vs 50531 

- C2/C2, licensed 2DL1 sp vs unlicensed 2DL3 sp vs DN, MFI of grB+: 64102 vs 29833 vs 25355. 

 
Of note, when comparing NK cells licensed via 2DL3 with those licensed via 2DL1 in C1/C2 donors 

(Fig. 26g), those licensed via 2DL1 had a significantly higher grB MFI than those licensed via 2DL3, 

mirroring the trend seen for grH and adding to the argument of a role for differences in the strength of 

inhibitory receptor:ligand interactions. There was no significant difference in grB MFI between NK 

cells expressing a non-self-specific inhibitory KIR and DN NK cells in samples from C1/C1 and C2/C2 

donors, again mirroring the grH data. 

Importantly, a firm conclusion regarding the putative correlation between NK-cell licensing and grB 

expression cannot, however, be made without addressing the discrepancy between the transcriptome 

data (Fig. 15) and the protein data (Fig. 26f-h). This discrepancy is addressed in section 3.12. 
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Fig. 26: NK-cell licensing via HLA-C-specific KIRs correlates with grB expression when measured as MFI 
but not clearly when measured as a percentage of cells positive for grB. The data were acquired in the same 
way as in Fig. 22, except that grB rather than grH expression was measured, and not only percentage but also MFI 
was included. Only samples from group A/A KIR haplotype donors are shown. a and b: representative flow 
cytometry plots showing grB expression by licensed (2DL3 sp) and unlicensed (2DL1 sp and DN) NK cells in a 
C1/C1 donor. c-h: grB expression as a percentage of cells positive for it (c-e) and as MFI (f-h). HLA statuses: 
C1/C1 (a-c and f), C1/C2 (d and g), C2/C2 (e and h). For ease of comparison between percentage (c-e) and MFI 
(f-h) data, the data is displayed differently than the grH data in Fig. 22 and Fig. 23, but to allow for comparisons 
with the grH data and to reduce the risk of type II errors being committed, significance testing for each plot was 
deliberately performed using paired t tests between all samples in one plot, rather than using a one-way ANOVA. 

Genotype 1 C1/C1 - 2DL3 vs. 2DL1 vs. DN

2D
L2/3

/S
2

2D
L1/S

1
DN

0

20

40

60

80

100

%
ag

e 
of

 K
IR

+  
ce

lls
 th

at
 a

re
 G

ra
nz

ym
e 

B
+

n=7

paired t tests to avoid type II error

ns ✱

✱

C1/C1

2D
L3 

sp

2D
L1 

sp DN

%
 G
rB
+

n = 7

c

Genotype 1 C1/C2 - 2DL3 vs. 2DL1 vs. DN

2D
L2/3

/S
2

2D
L1/S

1
DN

0

20

40

60

80

100

%
ag

e 
of

 K
IR

+  
ce

lls
 th

at
 a

re
 G

ra
nz

ym
e 

B
+

n=4

paired t tests to avoid type II error

✱ ✱

✱

C1/C2

2D
L3 

sp

2D
L1 

sp DN

%
 G
rB
+

n = 4

d

Genotype 1 C2/C2 - 2DL3 vs. 2DL1 vs. DN

2D
L2/3

/S
2

2D
L1/S

1
DN

0

20

40

60

80

100

%
ag

e 
of

 K
IR

+  c
el

ls
 th

at
 a

re
 G

ra
nz

ym
e 

B
+

n=4

paired t tests to avoid type II error

ns ✱

ns

C2/C2

2D
L3 

sp

2D
L1 

sp DN

%
 G
rB
+

n = 4

e

Adjusted MFIsGenotype 1 C1/C1 - 2DL3 vs. 2DL1 vs. DN

2D
L3

2D
L1

DN
0

50000

100000

150000

200000

M
FI

 o
f K

IR
+  c

el
ls

 th
at

 a
re

 G
ra

nz
ym

e 
B

+

n=7

paired t tests to avoid type II error

✱✱ ns

ns

2D
L3 

sp

2D
L1 

sp DN

M
FI
 G
rB
+

n = 7

f

Adjusted MFIsGenotype 1 C1/C2 - 2DL3 vs. 2DL1 vs. DN

2D
L3

2D
L1

DN
0

50000

100000

150000

200000

M
FI

 o
f K

IR
+  c

el
ls

 th
at

 a
re

 G
ra

nz
ym

e 
B

+

n=4

paired t tests to avoid type II error

ns ✱✱✱✱

✱

2D
L3 

sp

2D
L1 

sp DN

M
FI
 G
rB
+

n = 4

g

Adjusted MFIsGenotype 1 C2/C2 - 2DL3 vs. 2DL1 vs. DN

2D
L3

2D
L1

DN
0

50000

100000

150000

200000

M
FI

 o
f K

IR
+  c

el
ls

 th
at

 a
re

 G
ra

nz
ym

e 
B

+

n=4

paired t tests to avoid type II error

✱ ✱

ns

2D
L3 

sp

2D
L1 

sp DN

M
FI
 G
rB
+

n = 4

h

�������� 
 ��� �������� �1
��� �������� 1 - *-#1

���� *)

�(-#1-�1�*�-*-#*/(/�*-�
*-#1/�1 �34�-� / ��������� 

17!*!-�

*-#1/�1 �34�-�
1 1 1 * 1 ( 1 ) 1 ! 1 "

�
��

��
��

��
 1

7
!*

!-
�

1 *

1 (

1 )

1 !

���� �����	 
���� 
����� �������
��� *&(1/ *81' 1  8  *&!/+8*/

�(-#1-�1�*�-*-#*/(/�*-�
*-#1/�1 �34�-� / ��������
 

�
)! -�

*-#1/�1 �34�-�
1 1 1 * 1 ( 1 ) 1 ! 1 "

�
��

��
��

�

 �


)
! 

-�

1 *

1 (

1 )

1 !

1 "

���� �����	 
���� 
����� �������
��� *&(1/ *81' 1  8  1*&(''8+"

�������� 
 ��� �������� �1
��� �������� 1 - *-#(

���� **

�*-#1/�1-(-#1-�1�*�-�
*-#*/(/�* ��!&!-� / ��������� 

17!*!-�

*-#*/(/�* ��!&!-�
1 1 1 * 1 ( 1 ) 1 ! 1 "

�
��

��
��

��
 1

7
!*

!-
�

1 *

1 (

1 )

1 !

���� �����	 
���� 
����� �������
��� (&**/ (8 ! 1  8  (&" +8**

�*-#1/�1-(-#1-�1�*�-�
*-#*/(/�* ��!&!-� / ��������
 

�
)! -�

*-#*/(/�* ��!&!-�
1 1 1 * 1 ( 1 ) 1 ! 1 "

�
��

��
��

�

 �


)
! 

-�

1 *

1 (

1 )

1 !

1 "

���� �����	 
���� 
����� �������
��� (&**/ (8 ! 1  8  1!&! '8'/

G
rB

2DL1–3DL1–NKG2A–
CD56dim NK Cells

G
rB

2DL3–3DL1–NKG2A–
CD56dim NK Cells

2DL3 sp GrB+DN GrB+

DN GrB–

2DL1 sp GrB+

2DL1 sp GrB–

DN GrB+

DN GrB–

50.4%
MFI 14340

42.4%
MFI 25044

4.52%
MFI 1815

70.2%
MFI 14340

23.3%
MFI 13692

6.21%
MFI 1815

0.39%
MFI 2896

2DL3 sp GrB–

2.76%
MFI 1398

2DL3 2DL1

a b

C
1/
C
1



Results 

 60 

3.6.5 NK-Cell Licensing and GrA and GrK Expression 
 
Next, it was important to examine grA expression with regard to NK-cell licensing, given the unclear 

transcriptome results displayed in Fig. 15. As shown in Fig. 27, there was no clear correlation between 

NK-cell licensing and grA expression at the protein level in C1/C1 donors, both in terms of the 

percentage of cells positive for grA and grA MFI. Regarding the percentage data, the main factor 

appeared to be the presence of an inhibitory KIR, regardless of its being self-specific or non-self-

specific: grA expression by KIR sp NK cells was significantly higher than by DN NK cells (grA+ 2DL3 

sp: 95.6%, 2DL1 sp: 97.7%, DN: 78.4%). The MFI data showed grA expression to be lowest, and 

significantly so, in non-self-specific inhibitory KIR (2DL1) sp NK cells (MFI: 14621), both compared 

to self-specific inhibitory KIR (2DL3) sp (MFI: 18243) and DN (MFI: 16048) NK cells. Both results 

suggest that there is no correlation between NK-cell licensing and grA expression. 

Since there was no correlation between grA expression and NK-cell licensing in C1/C1 donors, C1/C2 

and C2/C2 donors were not examined, as grA was not the main focus of this study. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 27: NK-cell licensing via HLA-C-specific KIRs does not correlate with grA expression. The data were 
acquired in the same way as in Fig. 26, except that grA rather than grB was measured. HLA-C type is indicated. 
Only samples from C1/C1 group A/A KIR haplotype donors are shown. For the same reasons as in Fig. 26, 
significance testing for each plot was performed using paired t tests between all samples in one plot, rather than 
using a one-way ANOVA. 
 

The expression of grK by licensed and unlicensed NK cells was also examined, but since grK is mainly 

expressed by CD56bright NK cells, analysis of grK expression by licensed and unlicensed CD56dim NK 
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cells yielded cell numbers too low for any meaningful analyses to be conducted, so only representative 

flow cytometry plots rather than graphs are shown in Fig. 28. No significant correlation between NK-

cell licensing and grK expression was expected in any case, since the transcriptome data in Fig. 15 had 

not shown any convincing correlation between NK-cell licensing and GZMK mRNA levels. Therefore, 

grK will not be referred to again. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 28: GrK expression by CD56bright NK cells is higher than by CD56dim NK cells and grK expression by 
licensed and unlicensed CD56dim NK cells is too low for meaningful analyses about any potential correlation 
between NK-cell licensing and grK protein expression to be conducted. Representative flow cytometry plots 
from a C1/C1 group A/A KIR haplotype donor are shown. Thawed PBMCs were stained and analysed in the same 
way as in Fig. 27, except that grK rather than grA was measured. 
 

3.6.6 GrH Expression by Licensed NK Cells in CB 
 
Next, grH expression by licensed and unlicensed NK cells derived from CB was examined to elucidate 

whether the correlation between licensing and grH expression is apparent already in the less mature CB-

derived NK cells. So, thawed CBMCs from C1/C1, group A/A or Bx KIR haplotype donors were stained 

and analysed like PBMCs in Fig. 22. Samples from donors with group Bx KIR haplotypes were included 

to increase the sample size. This strategy was deemed acceptable, since for PB almost the same results 

were found when only examining A/A donors as when also including Bx donors (Fig. 22 and Fig. 23). 

One CB sample had KIR genotype *44, which only encodes 2DL2 and not 2DL3; therefore, 2DL2 sp 

rather than 2DL3 sp NK cells were licensed in this donor. As stated in section 3.6.1, the antibody used 

to stain 2DL3 also stains 2DL2 (and 2DS2), allowing for inclusion of this sample in the analysis. 

Interestingly, despite the differences in overall grH expression between PB and CB shown in Fig. 21, 

in CB, grH expression by licensed 2DL2/3 sp NK cells (76.0%) was significantly higher than by 
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unlicensed 2DL1 sp NK cells (58.4%) and also significantly higher than by DN NK cells (50.3%) (Fig. 

29), this trend being very comparable to PB. Also like in PB, there was no significant difference in grH 

expression between unlicensed 2DL1 sp NK cells and DN NK cells. 

 

 
 
 
 
 
 
 

 
 
Fig. 29: NK-cell licensing in cord blood, too, correlates with grH expression. Thawed CBMCs from C1/C1 
donors with KIR genotypes 1, 4, *42 and *44 were stained and analysed as described in the text (see Table 1 and 
Table 29 for a key to the KIR genotypes). 2DL2/3 sp NK cells were licensed and 2DL1 sp as well as DN NK cells 
were unlicensed. a: 2DL2/3/S2 sp vs 2DL1 sp, b: 2DL2/3/S2 sp vs DN, c: 2DL1 sp vs DN. n = 4. Individual data 
points are shown. Significance testing was performed using a paired t test for each plot. 
 
 

3.7 NK-Cell Maturity and GrH Expression 
 
As just shown in the previous section, the highest expression of grH and, less clearly, grB, among the 

mature KIR-expressing NK-cell subset was found in self-specific inhibitory KIR+ (ie licensed) NK cells. 

Furthermore, as shown in section 3.5.2, grH expression was significantly higher in the more mature 

CD56dim NK cells compared with the less mature CD56bright NK cells. Therefore, in order to firmly 

establish that NK-cell maturity per se in addition to the type of inhibitory receptor expressed influences 

grH expression, grH expression by CD56dim NK cells was examined with regard to the marker of NK-

cell maturation and terminal differentiation CD57.  

For this, thawed PBMCs were stained for CD56, CD3, CD57 and grH or grB, and analysed flow 

cytometrically. GrH (and for comparison grB) expression by terminally differentiated CD57+CD56dim 

NK cells and non-terminally differentiated CD57–CD56dim NK cells was then analysed, regardless of 

KIR and NKG2A expression (and thus regardless of licensing status). Notwithstanding this, the majority 

of CD57+CD56dim NK cells are known to express inhibitory KIRs, however (36). Three of the donors 

had an NKG2C expansion and thus included adaptive NK cells (see below) and three of them did not. 

The results however showed the same trend in all six donors, validating the inclusion of all donors. As 

Fig. 30a and b show, both grH and grB expression were significantly higher in terminally differentiated 

CD57+CD56dim (grH+: 89.3%, grB+: 95.4%) than in less mature CD57–CD56dim NK cells (grH+: 54.2%, 

grB+: 69.9%), indicating that NK-cell maturity per se does impact grH (and grB) expression. 

 

Next, to examine whether the effects on grH expression of licensing and CD57 expression were 

independent of one another, thawed PBMCs from C1/C1, group A/A KIR haplotype donors were stained 

for CD56, CD3, 2DL3, 2DL1, 3DL1, NKG2A, CD57 and grH, and analysed flow cytometrically for 

grH expression by licensed 2DL3 sp and unlicensed 2DL1 sp CD57– and CD57+ CD56dim NK cells. 

Indeed, as Fig. 30c shows, though not always statistically significant, NK-cell licensing and CD57-

positivity independently correlated with higher grH expression: grH expression by both licensed and 

unlicensed CD57+ NK cells (2DL3 sp CD57+ grH+: 84.1%; 2DL1 sp CD57+ grH+: 56.7%) was higher 
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than by licensed or unlicensed CD57– NK cells (2DL3 sp CD57– grH+; 69.3%, 2DL1 sp CD57– grH+: 

39.1%), and grH expression by both CD57– and CD57+ NK cells was higher when the cells were licensed 

(2DL3 sp CD57– grH+: 69.3%; 2DL3 sp CD57+ grH+: 84.1%) than when unlicensed (2DL1 sp CD57– 

grH+: 39.1%; 2DL1 sp CD57+ grH+: 56.7%). Licensed CD57+ NK cells have the highest grH expression, 

and the effect of licensing on grH expression was higher than that of CD57 expression, as licensed 

CD57– NK cells displayed higher grH expression than unlicensed CD57+ NK cells. 

 

 

 

 

 

 
 

 
 
 
Fig. 30: GrH expression is significantly higher in CD57+CD56dim than in less mature CD57–CD56dim NK 
cells and NK-cell licensing and CD57-positivity independently correlate with higher grH expression. Thawed 
PBMCs were stained and analysed as described in the text. a and b: the percentage of CD57+ or CD57– CD56dim 
NK cells that are grH+ (a) or grB+ (b). n = 6. Significance testing was performed using a paired t test for both plots. 
c: The percentage of licensed 2DL3 sp and unlicensed 2DL1 sp CD57– and CD57+ CD56dim NK cells that are grH+. 
n = 4. Significance testing was performed using a RM one-way ANOVA followed by Sidak’s test comparing 2DL3 
sp CD57– with 2DL3 CD57+, 2DL1 sp CD57– with 2DL1 sp CD57+, 2DL3 sp CD57– with 2DL1 sp CD57–, and 
2DL3 sp CD57+ with 2DL1 sp CD57+ populations. The overall level of significance of the ANOVA was **. 
 
Next, adaptive NKG2C+CD56dim NK cells from donors with an NKG2C expansion, defined as ≥9.25% 

of CD56dim NK cells being NKG2C-positive according to Manser et al., 2019 (119), were examined. 

These cells, which occur in response to HCMV infection, are known to possess memory-like 

functionality and express self-specific KIRs and CD57 but not NKG2A, and are thought to be a highly 

mature NK-cell subset (see section 1.3.3). The majority of these cells express self-specific inhibitory 

KIRs (26),(119), and are thus assumed to be licensed. To analyse such cells, thawed PBMC samples 

from donors with a known NKG2C expansion (kindly provided by Dr A. Manser at the ITZ) were 

stained for CD56, CD3, CD57, NKG2C, NKG2A and grH as well as grB for comparison, and analysed 

flow cytometrically. The donors’ CMV status was unknown but assumed to be positive. Within CD56dim 

NK cells, cell populations were defined as follows and their grH and grB expression analysed: 

A: CD57–NKG2C–NKG2A–: non-terminally differentiated non-adaptive (licensing status unclear) 

B: CD57+NKG2C–NKG2A–: terminally differentiated non-adaptive (licensing status unclear) 

C: CD57–NKG2C+NKG2A–: early adaptive (assumed to be licensed) 

D: CD57+NKG2C+NKG2A–: terminally differentiated adaptive (assumed to be licensed) 

 
GrH expression by populations B (83.1%), C (95.6%) and D (97.3%) was significantly higher than by 

population A (48.5%) (Fig. 31a), indicating that the presence of either CD57 or NKG2C was sufficient 

for an increase in grH expression. Though not statistically significant, maximum grH expression was 

observed in the two NKG2C+ populations regardless of CD57 expression, indicating that NKG2C had 

a larger effect than CD57. The data were very similar for grB (population A: 67.0%, B: 90.0%, C: 97.7% 

and D: 98.6% (Fig. 31b)), though the difference between populations A and B was not significant. 
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GrH expression by NKG2C+NKG2A– NK cells (both CD57+ and CD57– combined) (96.9%) was then 

compared to grH expression by NK cells licensed via self-specific inhibitory KIRs (86.4%) in samples 

not known to have an NKG2C expansion, and found to be significantly higher (Fig. 31c). It was, in fact, 

so high that no significant difference between grH (97.3%) and grB (98.6%) expression in terminally 

differentiated, adaptive CD56dim NK cells could be detected (Fig. 31d), in contrast to the significantly 

higher grB expression in CD56dim NK cells from donors with no known NKG2C expansion (Fig. 20). 

The trends shown in Fig. 31a, b and c (granzyme expression as a percentage of granzyme+ NK cells) 

were the same when examining granzyme expression as MFI (data not shown), corroborating the 

findings. For even more robust conclusions to be drawn, however, the sample size should be increased. 

The MFIs of grH and grB expression were not compared as this would have been futile given the 

different fluorochromes (VioGreen and PE respectively) that were used to stain for the two granzymes. 

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig. 31: GrH expression by adaptive NK cells from donors with an NKG2C expansion is significantly higher 
than by non-adaptive NK cells. Plots a, b, c (‘NKG2C+NKG2A–’) and d: thawed PBMCs from healthy donors 
with an NKG2C expansion were stained and analysed as described in the text. c (‘Licensed via KIR’): grH 
expression data from Fig. 22 was used: grH+ expression by 2DL3 sp NK cells from C1/C1 donors and by 2DL1 
sp cells from C2/C2 donors (all group A/A KIR haplotype). a and b: grH (a) and grB (b) expression by populations 
A (CD57–NKG2C–), B (CD57+NKG2C–), C (CD57–NKG2C+) and D (CD57+NKG2C+) within NKG2A–CD56dim 
NK cells as a percentage of cells positive for grH or grB. n = 3. Bars represent the data set means and the SEM. 
Significance testing was performed using a RM one-way ANOVA followed by Tukey’s test. The overall levels of 
significance of the ANOVAs were ** (a) and * (b). c: grH expression by NK cells licensed via self-specific 
inhibitory KIRs vs grH expression by NKG2C+NKG2A–CD56dim NK cells (both CD57+ and CD57– combined). n 
(‘Licensed via KIR’) = 10; n (‘NKG2C+NKG2A–’) = 3. Individual data points with data set means (horizontal 
bars) are shown. d: grH vs grB expression by CD56dimCD57+NKG2C+NKG2A– NK cells. n = 3. c and d: 
Significance testing was performed using an unpaired (c) or paired (d) t test. 
 

Next, expression of grH by terminally differentiated adaptive vs non-adaptive NK cells was examined 

at the mRNA level. For this, RNA-Seq of licensed (2DL1 sp or 2DL3 sp, depending on the donor’s 

HLA-C status) terminally differentiated adaptive CD57+NKG2C+NKG2A– vs licensed non-terminally 

differentiated non-adaptive CD57–NKG2C–NKG2A– NK cells was performed by Prof. Dr M. Uhrberg’s 

and Prof. Dr L. Walter’s groups and the raw data kindly provided to and analysed as below by this 

study’s author. The results reveal that the number of GZMH transcripts was higher in licensed adaptive 

(mean: 10734) than in licensed non-adaptive (4522) NK cells (Fig. 32), mirroring the protein data (Fig. 

31c). In contrast, however, though grB protein expression was also highest in terminally differentiated 

adaptive NK cells (Fig. 31b), GZMB transcript numbers were lower in terminally differentiated adaptive 

(8306) than non-terminally differentiated non-adaptive NK cells (9952) (Fig. 32). Furthermore, while 
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the protein data showed no significant difference between grH and grB expression by terminally 

differentiated adaptive NK cells, the transcriptome data showed that the number of GZMH transcripts 

was higher than that of GZMB transcripts in terminally differentiated adaptive NK cells (10734 vs 8306 

respectively). A possible explanation for these discrepancies is that there is post-transcriptional (or post-

translational) regulation that may lead to differential mRNA and protein levels of the two granzymes. 

More likely however, and also indicated by the discrepancy between the flow cytometry data displayed 

in Fig. 26 and the transcriptome data in Fig. 15 with regard to grB expression by licensed vs unlicensed 

NK cells, the anti-grB antibody may not be specific for grB but also recognise grH, thus causing a 

difference in mRNA and detected protein levels. This is addressed in more detail in section 3.12. 

 

Fig. 32: The normalised number of GZMH 
transcripts in licensed terminally differentiated 
adaptive CD57+NKG2C+NKG2A– NK cells is 
higher than in licensed non-terminally 
differentiated non-adaptive CD57–NKG2C–
NKG2A– NK cells, while the opposite is 
observed for GZMB. Transcriptomes were 
established as described in the text. n = 2, so no 
significance testing was performed. Bars represent 
the data set means and the SEM. 

 
 

3.8 Correlation between Expression of GrH, CD57, KLRG1, CD11c and DNAM-1  
 
The expression patterns of grH at rest, as described above, particularly the link with NK-cell licensing, 

are a crucial factor when studying the potential role of grH. Even more important for elucidating this 

role are functional studies. Since grH is an intracellular protein, however, staining for it necessitates cell 

fixation and permeabilisation and thus makes functional analyses of cells sorted according to grH-

positivity impossible. In order to further characterise grH+ and grH– licensed and unlicensed NK cells, 

more phenotypic analyses were first conducted in an attempt to circumvent the need for sorting cells 

into grH+ and grH– ones through finding a potential extracellular proxy for grH expression. 

To this end, grH+ expression was examined in relation to four other cell-surface proteins: CD57, 

KLRG1, CD11c and DNAM-1. CD57 was chosen because this study had already shown its expression 

to be associated with that of grH (Fig. 30). DNAM-1 was chosen because of the published association 

with NK-cell licensing (143). KLRG1 and CD11c were chosen because, in addition to the results already 

described, the aforementioned RNA-Seq data of licensed vs unlicensed NK cells established by Prof. 

Uhrberg and Prof. Walter had also revealed that mRNA levels of KLRG1 and ITGAX (CD11c gene name 

(250)) were lower in licensed than unlicensed NK cells (unpublished data, mentioned here with 

permission). Also, expression of KLRG1 and CD57 have been shown to negatively correlate (251). 

KLRG1 (killer-cell lectin-like receptor G1) is an inhibitory receptor that binds classic members of the 

cadherin family important for cell-to-cell adhesion (252). It has been shown to be expressed by NK cells 

and highly differentiated T cells and has often been linked with cell senescence (252), with KLRG1+ 

NK cells having been demonstrated to exhibit reduced effector functions (253),(254). CD11c is part of 

the integrin family and mainly expressed by dendritic cells, but also by NK cells, monocytes and subsets 

of B and T cells, and has functions in cell adhesion and conjugation events (44),(255),(256),(257),(258).  

So, thawed PBMCs from C1/C1, group A/A KIR haplotype donors were stained for CD56, CD3, 2DL3, 

2DL1, 3DL1, NKG2A and grH, as well as for CD57, KLRG1, CD11c or DNAM-1 and analysed flow 
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cytometrically. GrH+ and grH– licensed 2DL3 sp and unlicensed 2DL1 sp CD56dim NK cells were then 

identified and the percentage of these cells that were positive for CD57, KLRG1, CD11c or DNAM-1 

was established (Fig. 33). The data showed that grH-positivity correlated with higher expression of 

CD57 (significantly so for 2DL1 sp cells), CD11c (significantly so for 2DL3 sp cells) and DNAM-1, 

while it correlated with lower expression of KLRG1, significantly so in the unlicensed setting (2DL3 sp 

grH– vs grH+ CD57+: 55.6% vs 72.3%, 2DL1 sp grH– vs grH+ CD57+: 44.9% vs 60.0%; 2DL3 sp grH– 

vs grH+ CD11c+: 50.6% vs 67.1%, 2DL1 sp grH– vs grH+ CD11c+: 87.3% vs 87.4%; 2DL3 sp grH– vs 

grH+ DNAM-1+: 79.5% vs 96.0%, 2DL1 sp grH– vs grH+ DNAM-1+: 94.2% vs 96.3%; 2DL3 sp grH– 

vs grH+ KLRG1+: 62.0% vs 50.8%; 2DL1 sp grH– vs grH+ KLRG1+: 86.1% vs 69.0%). Furthermore, in 

both the grH– and grH+ populations KLRG1 and CD11c expression was higher in unlicensed than 

licensed NK cells (non-significantly so for KLRG1, significantly so for CD11c in the grH+ population), 

as would be expected from the transcriptome data. CD57 expression, on the other hand, was non-

significantly higher in licensed than unlicensed NK cells in both grH– and grH+ populations. For DNAM-

1 it was not clear at the percentage level, but at the MFI level DNAM-1 expression was non-significantly 

higher in licensed than unlicensed NK cells (data not shown), in line with the literature (143). When 

combining grH– and grH+ populations to examine the association between licensing and expression of 

CD57, KLRG1, CD11c and DNAM-1, the results showed the same trends as just described (data not 

shown). CD11c expression being higher in grH+ than grH– NK cells, while being higher in unlicensed 

than licensed NK cells is interesting, given that grH expression is higher in licensed NK cells. 
 

Fig. 33: GrH expression by 
licensed and unlicensed NK cells 
correlates positively with CD57, 
CD11c and DNAM-1 expression 
and negatively with KLRG1 
expression. Thawed PBMCs 
were stained and analysed as 
described in the text. n (a, b and c) 
= 4, n (d) = 3. Bars represent the 
data set means and the SEM. 
Significance testing was 
performed using a RM one-way 
ANOVA for each plot followed 
by Sidak’s test comparing 2DL3 
sp grH– with 2DL3 sp grH+, 2DL1 
sp grH– with 2DL1 sp grH+, 2DL3 
sp grH– with 2DL1 sp grH– and 
2DL3 sp grH+ with 2DL1 sp grH+ 
populations. The overall levels of 
significance of the ANOVAs were 
ns (a), ** (b), * (c) and ns (d). 

 
The results for CD57 and KLRG1 displayed almost opposing trends, which was not as observable for 

the other two proteins. Therefore, to look for the abovementioned proxy of grH expression, CD57 and 

KLRG1 were examined to see whether they can be used to allow for indirect functional analyses of cells 

presumed to be positive or negative for grH, which would circumvent the difficulties associated with 

intracellular staining. PBMCs from C1/C1 group A/A KIR haplotype donors were thus stained for CD56, 

CD3, 2DL3, 2DL1, 3DL1, NKG2A, grH and CD57 and KLRG1 simultaneously. This time, licensed 

(2DL3 sp) and unlicensed (2DL1 sp) CD56dim CD57+/–KLRG1+/– NK cells were identified, and the 

percentage of these cells that was grH+ was established (Fig. 34a). The data revealed that grH expression 

was highest in licensed CD57+KLRG1– (84.4%) and lowest in unlicensed CD57–KLRG1+ (25.0%) 
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CD56dim NK cells. The difference between the two was statistically significant. Some of the differences 

in grH expression between other populations were also statistically significant but are not detailed 

further because the difference between licensed CD57+KLRG1– and unlicensed CD57–KLRG1+ cells 

was the most pronounced. As expected, grH expression by licensed NK cells was higher than by 

unlicensed NK cells for each CD57+/–KLRG1+/– pair. While this difference was only significant in the 

CD57–KLRG1+ population (grH+ 2DL3 sp: 62.1%, 2DL1 sp: 25.0%), it is expected to become 

significant for the other pairs as well with an increase in sample size.  

Though the data in Fig. 34a indicate that mainly grH+ cells may be identified by focusing on licensed 

CD57+KLRG1– CD56dim NK cells, and that mainly grH– cells may be identified by focusing on 

unlicensed CD57–KLRG1+ ones, licensing status and CD57 and KLRG1-positivity and negativity are 

shown not to be absolute markers of grH expression, even when combined. Therefore, using them as 

such would result in considerable impurity of grH+ and grH– populations, necessitating a different 

approach. One possibility of defining almost pure grH+ and grH– populations was overexpression of the 

protein in cells that inherently express very little of it – an approach used in section 3.10. 

 

 

 

 

 

 

 
 
 
 
 
 
Fig. 34: GrH expression is highest in licensed CD57+KLRG1–, lowest in unlicensed CD57–KLRG1+CD56dim 
NK cells, and grH, CD57 and KLRG1 can be used to predict whether or not an NK cell is licensed. Thawed 
PBMCs from C1/C1, group A/A KIR haplotype donors were stained and analysed as described in the text. a: % 
grH+ cells among 2DL3 sp or 2DL1 sp CD57–KLRG1–, CD57–KLRG1+, CD57+KLRG1– and CD57+KLRG1+ 
CD56dim NK cells. b: % licensed cells (all cells that expressed 2DL3 and/or NKG2A and/or 3DL1 in Bw4+ donors) 
among all CD56dim NK cells, or among grH–, grH+, CD57–KLRG1+grH– or CD57+KLRG1–grH+ CD56dim NK 
cells. a and b: n = 3. Significance testing was performed using a RM one-way ANOVA for each plot, followed by 
Tukey’s test, of which for clarity, only (but all) significant results are displayed; in b, there were no significant 
differences among the comparisons. The overall levels of significance of the ANOVAs were * (a) and ns (b).  

 
Next, it was examined whether expression of grH, with or without CD57 positivity and KLRG1, 

negativity could allow for any predictions to be made about licensing status. For this purpose, using the 

samples from Fig. 34a, the percentage of cells that were licensed (all cells that expressed 2DL3 and/or 

NKG2A and/or 3DL1 in Bw4+ donors (single and multiple receptor-positive, regardless of non-specific 

inhibitory KIR expression)) was determined among CD56dim NK cells, CD56dimgrH–, CD56dimgrH+, 

CD56dimCD57–KLRG1+grH– and CD56dimCD57+KLRG1–grH+ NK cells (Fig. 34b). The latter two 

populations were chosen because of the results from Fig. 34a. All cells not included among the licensed 

cells (all DN, all 2DL1 sp, all 3DL1 sp in Bw4– donors and all 2DL1/3DL1 dp cells in Bw4– donors) 

were considered unlicensed. The data revealed that while there were more licensed than unlicensed cells 

in all of the examined populations, the highest percentages of licensed cells, though non-significantly 

so, were among grH+ NK cells (85.6%) and, even higher, among CD57+KLRG1–grH+ NK cells (93.7%). 
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This means that grH expression can be used as a marker to predict a cell’s licensing status, and that an 

even more robust prediction can be made when also looking at CD57 and KLRG1 in addition to grH. 

 
 

3.9 Functional Analyses of Primary NK Cells with Regard to GrH Expression 
 

3.9.1 Soluble Mediator-Induced NK-Cell Stimulation 
 
Prior to overexpression of grH, several functional analyses of primary cells that did not require sorting 

of the cells into pure grH+ and grH– populations were performed. 

First, the effect of soluble mediator-induced NK-cell stimulation on grH expression was assessed and 

compared with grB. Since most studies have focused on non-NK lymphocytes or even non-lymphocytes 

when studying this effect, it was important to examine it in NK cells specifically. IL-2 and IL-15 were 

chosen for their known stimulatory and, in the case of IL-15, pro-survival, actions on NK cells. Freshly 

isolated or thawed PBMCs were cultured in NK-cell medium supplemented with either IL-2, IL-15, 

both or neither for seven days and analysed for the below-discussed characteristics on days 0, 1, 3 and 

7. As a note on methodology, the clear distinction between CD56dim and CD56bright NK cells disappeared 

with prolonged stimulation (data not shown), so in the following analyses NK-cell gating always 

encompassed both CD56dim and CD56bright NK cells, including in the comparison between licensed and 

unlicensed cells, in order to keep the gating consistent throughout the assay.  

 

First, the proportion of NK cells (CD56+CD3–) among lymphocytes was examined to ensure that the 

stimulation did target NK cells. For this, PBMCs were stained for CD56 and CD3. As Fig. 35 shows, 

an initial decrease in the proportion of NK cells among lymphocytes (day 0: 5.91%; day 3 IL-2: 2.80%, 

IL-15: 1.90%, IL-2/IL-15: 2.13%) was followed by an eventual surge on day 7 (day 7 IL-2: 13.2%, IL-

15: 18.7%, IL-2/IL-15: 14.0%) in all three cytokine conditions, but not in the no cytokine-condition (day 

3: 5.72%, day 7: 4.62%). This indicates that IL-2 and IL-15 did act on NK cells, and that the changes 

observed were due to the cytokines added. Thus, given the known NK-cell stimulatory roles of IL-2 and 

IL-15 and this experiment taking place in cell culture, NK-cell stimulation can be assumed to have 

occurred. Absolute cell numbers were not examined, so no conclusions can be drawn about any potential 

net expansion.  
 

 
 
 
 
 

 
 
 
 
 
Fig. 35: IL-2 and IL-15-mediated stimulation over 7 days leads to an initial decrease followed by a surge in 
the proportion of NK cells (CD56+CD3–) among lymphocytes. Freshly isolated PBMCs were cultured for 7 
days as described in the text, stained and analysed on days 0 (straight after isolation from peripheral blood), 1, 3 
and 7, as also described in the text. Within the lymphocyte gate, CD56+CD3– cells were identified. Bars represent 
the data set means and the SEM. n = 2, so no significance testing was performed. 
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Next, NK cells were examined for expression of grH (or grB for comparison) on days 0, 1, 3 and 7 of 

stimulation with IL-2, IL-15 or both. Cells were stained for CD56, CD3 and grH or grB (grB on days 0, 

3 and 7 only), and grH+ or grB+ NK cells identified. As Fig. 36 shows, there was a drastic decrease in 

grH expression by NK cells in all three conditions. Significances were only calculated for stimulation 

with both IL-2 and IL-15 due to a larger sample size in this condition. The decrease in grH expression 

in this setting was highly significant, particularly between days 0 and 7 (mean grH+ day 0: 51.9%, day 

1: 32.9%, day 3: 36.0%, day 7: 4.68%). By comparison, there was no significant change in NK-cell grB 

expression (mean grB+ day 0: 86.0%, day 3: 93.0% day 7: 99.0%); if anything, there was an increase.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 36: GrH expression by NK cells decreases drastically with 7-day stimulation with IL-2- and/or IL-15, 
while grB expression does not. Thawed (a-f), fresh (g and h) or thawed and fresh (i and j) PBMCs were cultured 
for 7 days in NK-cell medium supplemented with IL-2 (g), IL-15 (h) or both (a-f, i and j), and stained and analysed 
as described in the text. a-f: representative flow cytometry plots focusing on days 0, 3 and 7 to show a more visual 
representation of the decrease in grH expression. n = 1. g-i: the percentage of NK cells that are grH+. j: the 
percentage of NK cells that are grB+. g-j: the n is displayed within the plots. Bars represent the data set means and 
the SEM. i: significance testing was performed using a mixed-effects analysis followed by Tukey’s test. j: 
significance testing was performed using a RM one-way ANOVA followed by Tukey’s test. The overall levels of 
significance of the mixed-effects analysis (i) was ****, and of the ANOVA (j) was ns. 
 
The data displayed within Fig. 36i can be dissected further by examining grH expression by licensed vs 

unlicensed NK cells. For this, fresh and thawed PBMCs from C1/C1 group A/A KIR genotype donors 
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were stimulated with IL-2 and IL-15 and stained and analysed on days 0, 1, 3 and 7, as before. After 

staining for CD56, CD3, 2DL3, 2DL1, 3DL1, NKG2A and grH, grH expression (as a percentage of 

cells positive for it) by licensed 2DL3 sp and unlicensed 2DL1 sp NK cells determined.  

As Fig. 37 shows, there was a steady and significant decrease in grH expression by licensed 2DL3 sp 

NK cells (day 0: 66.5%; day 1: 37.3%; day 3: 22.7%; day 7: 6.94%) and a slight, though non-significant, 

decrease in grH expression by unlicensed 2DL1 sp NK cells (day 0: 25.9%; day 1: 22.3%; day 3: 29.3%; 

day 7: 11.4%). The significant difference in grH expression between licensed and unlicensed NK cells 

on day 0 (the phenomenon known from Fig. 22 and Fig. 23) disappeared after only one day of culture.  

The data suggest that though the predominant part of the decrease in NK-cell grH expression following 

cytokine-mediated stimulation came from licensed cells, unlicensed NK cells were also able to respond 

to the stimulus and contributed to the observed decrease in grH expression. 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 37: GrH expression by licensed as well as unlicensed NK cells decreases with seven-day stimulation 
with IL-2 and IL-15, the decrease observed in licensed NK cells being steady and highly significant. PBMCs 
were cultured, stained and analysed as described in the text. n = 5 (3 donors). Bars represent the data set means 
and the SEM. Significance testing was performed using a mixed-effects analysis followed by Sidak’s test 
comparing 2DL3 sp populations with 2DL1 sp for each day, and 2DL3 sp or 2DL1 sp on each day with 2DL3 sp 
or 2DL1 sp respectively on every other day. For clarity, only (but all) significant results of Sidak’s test are 
displayed. The overall level of significance of the mixed-effects analysis was ***. 
 

 

As demonstrated in section 3.7, the NK-cell population with the highest grH expression were terminally 

differentiated adaptive NK cells from donors with an NKG2C expansion. It was therefore important to 

establish whether stimulation of these cells also leads to a decrease in grH expression. Due to their 

reduced responsiveness to cytokines, adaptive NK cells were stimulated with the anti-CD20 antibody 

rituximab to induce ADCC, and supplemented with IL-15 to aid survival. So, thawed PBMCs from 

donors with an NKG2C expansion (again kindly provided by Dr A. Manser, ITZ) were cultured in NK-

cell medium supplemented with rituximab and IL-15 for seven days, and stained and analysed flow 

cytometrically on days 0, 1, 3 and 7, as before. Staining for CD56, CD3, CD57, NKG2C, NKG2A and 

grH or grB for comparison was performed and grH or grB expression by terminally differentiated 

adaptive (CD56+CD3–CD57+NKG2C+NKG2A–) and non-terminally differentiated non-adaptive 

(CD56+CD3–CD57–NKG2C–NKG2A–) NK cells determined. As in section 3.7, CD57+NKG2C+ 

NKG2A– cells were assumed to be licensed, while KIR expression and licensing status of CD57–

NKG2C–NKG2A– was unclear; the latter population was included only as a comparative entity. 
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10.5%) than by non-terminally differentiated non-adaptive NK cells (day 0: 44.6%, day 1: 43.5%, day 

3: 47.9%, day 7: 4.70%). By contrast, no significant change in grB expression was observed in either 

population (adaptive day 0: 98.5%, day 1: 100%, day 3: 99.9%, day 7: 100%; non-adaptive day 0: 

61.5%, day 1: 97.3%, day 3: 86.7%, day 7: 99.7%) (Fig. 38). GrH and B expression were examined as 

a percentage of cells positive for grH or B rather than as MFI, because the MFI of all cell populations 

as well as overall cell sizes increased with stimulation, making the MFI data incomparable between 

different days (data not shown). 

 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 38: Stimulation of terminally differentiated adaptive NK cells with rituximab and IL-15 leads to a 
drastic and very significant decrease in grH but not grB expression. Thawed PBMCs from donors with an 
NKG2C expansion were cultured, stained and analysed as described in the text. a and c: the percentage of cells 
that are grH+; b and d: the percentage of cells that are grB+. a and b: terminally differentiated adaptive NK cells; 
c and d: non-terminally differentiated non-adaptive NK cells. n = 3. Bars represent the data set means and the 
SEM. Significance testing was performed using a RM one-way ANOVA for each plot, followed by Tukey’s test. 
The overall levels of significance of the ANOVAs were ** (a), * (b), ns (c) and ns (d). 
 

3.9.2 Target Cell-Mediated NK-Cell Stimulation 
 
3.9.2.1 A Degranulation and Cytokine-Production Assay 
 
After the above analysis of the effect of soluble mediator-induced stimulation, NK cells were co-cultured 

with HLA class I-deficient K562 target cells to induce a missing-self response and examine the influence 

of target cell-mediated stimulation on grH expression. For this, thawed PBMCs from C1/C1, group A/A 

KIR haplotype donors were cultured overnight in NK-cell medium with no cytokine supplements to aid 

recovery from the freezing/thawing process. They were then cultured for 5 hours either with or without 

target cells at an effector:target-cell ratio of 10:1. They were stained for CD56, CD3, 2DL3, 2DL1, 

3DL1, NKG2A, grH, grB, CD107a, IFN-g and TNF-a, and analysed flow cytometrically; both straight 
after thawing and after culture with or without target cells. Cell-surface CD107a was used as a marker 

of degranulation, and intracellular IFN-g and TNF-a as measures of cytokine production. CD56dim NK 

cells were examined for receptor, grH, grB, CD107a, IFN-g and TNF-a-positivity or negativity. Since 
this assay only included 5 hours of stimulation (total length 21 hours), the distinction between CD56dim 

and CD56bright NK cells was maintained, allowing the following analyses to focus on CD56dim NK cells. 

As before, 2DL3 sp CD56dim NK cells were licensed and 2DL1 sp CD56dim NK cells unlicensed. 

First, a significant increase in cell-surface expression of CD107a (mean: 9.06% to 51.3%) and 

intracellular expression of IFN-g (3.21% to 25.5%) and TNF-a (3.03% to 19.5%) by CD56dim NK from 
‘no target’ to ‘target’ confirmed that the assay had worked (Fig. 39). Licensed 2DL3 sp CD56dim NK 
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cells showed a more pronounced response to target cell-mediated stimulation than unlicensed 2DL1 sp 

CD56dim NK cells, as shown by a significantly larger specific increase (∆) in CD107a (mean ∆ (%) 

licensed vs unlicensed: 43.5 vs 18.2), IFN-g (∆ (%) licensed vs unlicensed: 25.2 vs 7.43) and TNF-a (∆ 
(%) licensed vs unlicensed: 16.9 vs 5.04) expression (see section 2.2.7.2 for how the specific change (∆) 

was calculated). However, the fact that unlicensed NK cells displayed a specific increase in the three 

markers at all shows that they, too, were activated. As will be remarked upon in the discussion, this is 

most likely to be an indirect effect. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
Fig. 39: Co-culture of PBMCs with K562 target cells leads to increases in expression of CD107a, IFN-g and 
TNF-a by CD56dim NK cells, more so in licensed than unlicensed NK cells. PBMCs were treated and analysed 
as described in the text. a-f: representative flow cytometry plots to give a more visual representation of the increase 
in CD107a, IFN-g and TNF-a in CD56dim NK cells (n = 1). g-i: the percentage of CD56dim NK cells positive for 
CD107a (g), IFN-g (h) or TNF-a (i). j-l: the specific change (∆) in percentage points in licensed or unlicensed 
CD56dim NK cells positive for CD107a (j), IFN-g (k) or TNF-a (l) between cultures with target and cultures 
without target; positive ∆ = increase. g, i, j, l: n = 7; h, k: n = 6. Significance testing was performed using a paired 
t test for each plot. g-i: individual data points are shown. j-l: bars represent the data set means and the SEM. 
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Having established that the assay worked, grH expression by CD56dim NK cells (as a percentage of cells 

positive for grH) straight after thawing and after culture without or with target was examined, and 

compared to grB, to determine whether and how short-term stimulation via target cells affects it.  

As Fig. 40 shows, grH expression by CD56dim NK cells cultured with target cells (38.6%) was very 

significantly lower than by CD56dim NK cultured without target cells (53.7%) and those stained straight 

after thawing (56.9%) (Fig. 40a), which parallels the decrease in grH expression following soluble 

mediator-induced stimulation. This decrease following co-culture with target cells was observed both 

in licensed (grH+ straight after thawing: 72.4%; without target: 70.5%; with target: 52.8%) (Fig. 40b) 

and unlicensed (grH+ straight after thawing: 42.1%; without target: 45.7%; with target: 35.8%) (Fig. 

40c) NK cells, though more significantly so in the licensed population. In contrast, there was no decrease 

at all (if anything, a slight increase again) in grB expression by CD56dim NK cells (grB+ straight after 

thawing: 86.1%; without target: 88.8%; with target: 89.3%) (Fig. 40d). 

 

 

 
 

 

 

 
 
 
 
 
Fig. 40: Co-culture with K562 target cells leads to a significant decrease in expression of grH by CD56dim 
NK cells (both in licensed and unlicensed NK cells), but not in expression of grB. PBMCs were treated as 
described in the text. GrH (a) and grB (d) expression by CD56dim NK cells, and grH expression by licensed 2DL3 
sp (b) and unlicensed 2DL1 sp (c) CD56dim NK cells as a percentage of cells positive for grH or grB was determined 
straight after thawing of PBMCs, after culture without target and after culture with target. n = 6. Bars represent 
the data set means and the SEM. Significance testing was performed using a RM one-way ANOVA for each plot, 
followed by Tukey’s test. 
 
 
Next, grH– and grH+ CD56dim NK cells were compared for the specific change (∆) in CD107a, IFN-g 

and TNF-a to see whether there was any difference between the two populations. Interestingly, the 
specific increase in all three markers was significantly larger in grH– than grH+ CD56dim NK cells (∆ 

(%) in grH– vs grH+ cells of CD107a: 50.7 vs 29.1; IFN-g: 29.8 vs 11.2; TNF-a: 23.0 vs 7.43) (Fig. 41a-
c). When dissecting this data further and looking at licensed 2DL3 sp and unlicensed 2DL1 sp CD56dim 

NK cells, the specific increase in all three parameters was larger in grH– than grH+ cells both within the 

licensed (∆ (%) in grH– vs grH+ cells of CD107a: 53.0 vs 32.4; IFN-g: 35.5 vs 14.2; TNF-a: 24.3 vs 

9.28) (Fig. 41d-f) and unlicensed (∆ (%) in grH– vs grH+ cells of CD107a: 23.9 vs 9.31; IFN-g: 10.5 vs 

1.78; TNF-a: 8.00 vs 1.31) (Fig. 41g-i) populations. These results were significant for all parameters in 

both licensed and unlicensed NK cells except for TNF-a in unlicensed cells, the trend being the same 
as in licensed cells and as for the other parameters, however.  

A potential explanation may be grH exhaustion: those cells that show increased cell-surface CD107a 

and intracellular cytokine expression may have released their grH stores during activation without them 

then being replenished. Subsequent staining and flow cytometrical analysis then reveal only the 

activation markers, grH no longer being detectable.  
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Fig. 41: Following co-culture with K562 target cells, the specific change in CD107a, IFN-g and TNF-a is 
greater in grH– than grH+ CD56dim NK cells, both in licensed and unlicensed CD56dim NK cells. PBMCs were 
treated and analysed as described in the text. A positive specific change (∆) signifies an increase. a-c: ∆ (%) in 
CD107a (a), IFN-g (b) and TNF-a (c) in grH– vs grH+ CD56dim NK cells. d-f: ∆ (%) in CD107a (d), IFN-g (e) and 
TNF-a (f) in grH– vs grH+ licensed 2DL3 sp CD56dim NK cells. g-i: ∆ (%) in CD107a (g), IFN-g (h) and TNF-a 
(i) in grH– vs grH+ unlicensed 2DL1 sp CD56dim NK cells. n (a, c, d, f, g, i) = 7; n (b, e, h) = 6. Bars represent the 
data set means and the SEM. Significance testing was performed using a paired t test for each plot. 
 

By comparison, there was no significant difference in the specific increase in CD107a, IFN-g and TNF-

a in grB– vs grB+ CD56dim NK cells; if anything, though not statistically significantly so, there was a 
slightly smaller specific increase in the three markers in grB– than grB+ CD56dim NK cells (∆ (%) in grB– 

vs grB+ cells of CD107a: 31.2 vs 38.1; IFN-g: 15.7 vs 20.9; TNF-a: 11.6 vs 15.3) (Fig. 42). This may 
mean that in contrast to grH, grB stores may be replenished upon degranulation or, alternatively, may 

be so high to begin with that exhaustion is less likely to happen. 

 
 
 
 
 
 
 
 
Fig. 42: Following co-culture with K562 target cells, there was no significant difference in the specific change 
in CD107a, IFN-g and TNF-a between grB– and grB+ CD56dim NK cells The experimental setup was as 
described in Fig. 41. The ∆ (%) in CD107a (a), IFN-g (b) and TNF-a (c) in grB– and grB+ CD56dim NK cells is 
displayed. n (a and c) = 7, n (b) = 6. Bars represent the data set means and the SEM. Significance testing was 
performed using a paired t test for each plot. 
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3.9.2.2 GrH Expression by NK Cells Expanded according to Fujisaki et al.’s protocol 
 
In order to test the effect of yet another stimulatory protocol on grH expression, grH expression by 

primary NK cells (day 0) was compared to that by NK cells expanded according to a protocol published 

by Fujisaki et al. in 2009 (195). The non-expanded (day 0) and expanded (day 7-14) cells were kindly 

provided by Dr M. Hejazi at the at the ITZ. On day 0 and after expansion the provided cells were stained 

for CD56, CD3 and grH or grB and analysed, both by this study’s author. GrH or grB expression by NK 

cells (both CD56dim and CD56bright, as the distinction again disappeared with stimulation) as a percentage 

of CD56+CD3– cells positive for the granzyme in question was determined. 

As can be seen in Fig. 43a and b, grH expression by NK cells decreased drastically and significantly 

with expansion from a mean of 77.1% to a mean of 3.41%. There also appeared to be a slight, though 

far smaller, decrease in grB expression from a mean of 89.6% to a mean of 84.9%, though the sample 

size is too small to draw a definitive conclusion (Fig. 43c). 

 

 

 

 

 

 
 

 

 

 

Fig. 43: Expansion of primary NK cells according to Fujisaki et al. (195) leads to a drastic decrease in grH 
expression. GrB is shown for comparison. Thawed PBMCs were stained and analysed as described in the text, 
before and after expansion. a: representative flow cytometry plot of expanded NK cells to show grH expression. 
b and c: the percentage of non-expanded and expanded NK cells that are grH+ (b) or grB+ (c). n (non-expanded) 
= 10, n (expanded) = 4 (grH) and 2 (grB). Individual data points are shown, bars represent data set means. 
Significance testing was performed using an unpaired t test for plot b; no significance testing was performed for 
plot c due to the small sample size. 
 
On the mRNA level (transcriptome established through RNA-Seq of non-expanded and expanded 

CD56+CD3– NK cells by Dr Hejazi, Prof. Uhrberg and Prof. Walter, and the raw data kindly provided 

to and analysed by this study’s author, as before), this decrease in grH protein expression was paralleled 

by a drastic and significant decrease in GZMH transcript numbers with expansion (mean non-expanded: 

1466, vs expanded: 418) (Fig. 44a), indicating a possible downregulation of GZMH at the gene level. 

The data for grB was not as clear: though some samples also appeared to show downregulation of GZMB 

mRNA, GZMB transcript numbers remained much higher even than initial GZMH transcript numbers 

(mean non-expanded: 5660, vs expanded: 6325) (Fig. 44b). Interestingly and contrasting particularly 

with GZMH, transcript numbers of GZMA increased significantly with NK-cell expansion, so the data 

for GZMA is also shown (mean non-expanded: 3194, vs expanded: 15977) (Fig. 44c). No confirmation 

of this increase in GZMA mRNA was performed at the protein level, but the demonstrated increase does 

corroborate the finding of differential regulation of granzyme expression by NK cells.  

To further study the potentially differential granzyme expression upon NK-cell stimulation, 

transcriptomes of the cells stimulated with IL-2 and IL-15 or rituximab and IL-15 (section 3.9.1) as well 

as of those stimulated with non-transduced K562 cells (section 3.9.2.1) should be established. 
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Fig. 44: The normalised number of GZMH transcripts in NK cells decreases drastically upon stimulation 
using Fujisaki et al.’s protocol. GZMB and GZMA are shown for comparison. Transcriptomes were established 
as described in the text. n = 4. Significance testing was performed using a paired t test for each plot, as the samples 
were matched.  
 
 

3.10 Overexpression of GrH in NK-92 Cells and Primary NK Cells 
 

3.10.1 Overexpression in NK-92 Cells 
 
3.10.1.1 The Overexpression Process, Cell Sorting and RNA-Seq 
 
This section now addresses overexpression of grH in cells that express very little of it, as has been 

alluded to before. The rationale for attempting overexpression of grH lies in this granzyme’s intracellular 

location. Because of this, as mentioned before, a pure population of live cells that all express grH cannot 

be established by conventional means like cell sorting. The study of potential differences between grH+ 

and grH– cells is further complicated by the difficulty in establishing transcriptomes of these cells, due 

to modification of RNA and cross-linking of RNA with proteins upon cell fixation (259) for subsequent 

permeabilisation. Though RNA extraction from such cells was attempted in this study using a published 

protocol (222), this was unsuccessful (data not shown). As an alternative approach, grH was 

overexpressed in cells with little or no inherent grH expression as a way of establishing reasonably pure 

grH+ and grH– populations for study. The NK-cell line NK-92, which, as shown in Fig. 45d and e, 

expresses very little grH, was chosen for this purpose.  

The NK-92 cells were transduced using virus supernatant of the EGFP-encoding p2CL6I2EGwo 

×GZMH (‘NK-92 + GrH’) and of the empty vector (‘NK-92 + Empty Vector’), or, as a further control, 

were not transduced at all (‘NK-92 No Vector’). Transduction success was confirmed by flow 

cytometrical analysis of EGFP (via the FITC channel) and, after staining for grH, grH expression.  

 

The gating strategy for identifying EGFP+ and grH+ NK-92 cells is shown in Fig. 45. Analysis on day 4 

after transduction revealed that, within the singlets gate, 38.7% of grH-transduced NK-92 and 41.4% of 

empty vector-transduced NK-92 cells were EGFP+, while only 3.64% of non-transduced NK-92 cells 

were EGFP+, the latter representing non-specific staining (Table 30). 57.1% of EGFP+ grH-transduced 

NK-92 cells were grH+, while only 7.12% of EGFP+ empty vector-transduced NK-92 cells were grH+ 

and 6.96% of EGFP+ non-transduced NK-92 cells were grH+. These results indicate that transduction 

both worked and was specific. As shown qualitatively in Fig. 45c, higher EGFP expression correlated 

with higher grH expression.  
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Fig. 45: Transduction of NK-92 cells with grH or empty vector was successful. Representative flow cytometry 
plots of transduced and non-transduced (‘no vector’) NK-92 cells stained for grH. a: gating on NK-92 cells that 
were alive prior to staining. b: gating on singlets. c: grH, d: empty vector, and e: non-transduced NK-92 cells. 
 
Table 30: The percentage of NK-92 cells transduced with grH (a) or empty vector (b) or not transduced (c) 
that were EGFP+ and the percentage of EGFP+ NK-92 cells that stained positive with anti-grH. n = 1. 
 a: NK-92 + 

GrH 
b: NK-92 + 
Empty vector 

c: NK-92  
No Vector 

Singlets that were EGFP+ 38.7% 41.4% 3.64% 
EGFP+ singlets that stained positive with anti-grH 57.1% 7.12% 6.96% 
 
Once steady cell growth had been re-established following transduction, EGFP+ cells were enriched via 

FACS (Fig. 46) (kindly performed by Dipl. Ing. K. Raba at the ITZ). On the sorting platform of the 

MoFloTM XDP cell sorter the FITC-channel (for EGFP) was plotted against the PE-channel (after gating 

on singlets) to enable exclusion of highly autofluorescent cells. Only highly EGFP+ singlets were 

selected (gate R3 in Fig. 46a and b) to yield maximally grH-expressing cells. EGFP– cells were 

identified for reference (gate R4) but discarded. After sorting, the cells were placed into long-term cell 

culture again by this study’s author using NK-92 medium as described in section 2.2.5. 

 

Fig. 46: FACS plots 
to show the gating 
employed for the 
sorting of EGFP+ 
transduced NK-92 
cells. Only singlets 
were included for 
EGFP-gating. a: 
empty vector-
transduced NK-92. 
b: grH-transduced 
NK-92. R3 gate = 
EGFP+, R4 gate = 
EGFP–. 
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The cells (both pre- and post-sorting) were monitored for EGFP expression over time using flow 

cytometry without additional staining (Fig. 47). An initial increase in EGFP expression by unsorted 

transduced NK-92 cells was observed (EGFP+ NK-92 + GrH: 35.8% to 43.3%; NK-92 + Empty Vector: 

40.2% to 49.2%), and EGFP expression by sorted transduced NK-92 cells remained stable for several 

weeks (EGFP+ NK-92 + GrH: 91.8% to 91.5%; NK-92 + Empty Vector: 90.8% to 96.0%). Therefore, 

the sorted cells were able to be used for functional assays at different time points without the risk of 

non-comparability. As a control, non-transduced NK-92 cells displayed no relevant EGFP-positivity. 

 
 
 
 
 
 
 
 

 
 
 
 
Fig. 47: EGFP expression by transduced NK-92 remains stable over several weeks. GrH, empty vector and 
non-transduced (‘NK-92 No Vector’) NK-92 cells were flow cytometrically analysed for EGFP expression at the 
indicated time points. Individual data points are shown. EGFP+ = cells sorted based on EGFP-positivity. 
 
Next, RNA-Seq of the sorted, EGFP+ transduced NK-92 cells was performed (kindly carried out by 

Prof. Walter and colleagues after preparation of the cells for RNA-Seq by this study’s author), to reveal 

whether expression of any other genes had changed notably in response to grH overexpression. The 

obtained data was analysed by this study’s author.  

No global gene expression changes could be detected (data not shown) and, particularly with regard to 

grB, this confirmed the specificity of grH overexpression. Far more GZMH transcripts were found in 

grH-transduced (normalised number of transcripts (#): 2162) than in empty vector-transduced (#: 611) 

or non-transduced (#: 702) NK-92 cells (Fig. 48). GZMB transcripts are shown for comparison; their 

number in non-transduced NK-92 cells was much higher than that of GZMH transcripts and did not 

increase between non-transduced (#: 6210) or empty vector-transduced (#: 3446) and grH-transduced 

(#: 3321) cells (Fig. 48), confirming specificity of grH-overexpression (in fact, they decreased 

somewhat). Furthermore, it is clear from this high number of grB transcripts in NK-92 cells that it would 

have been futile to attempt overexpression of grB as a potential control.  

 

 

 

 

Fig. 48: RNA-Seq of sorted EGFP+ transduced and 
non-transduced NK-92 cells revealed success and 
specificity of grH overexpression. The normalised 
number of GZMH and GZMB transcripts is shown for 
grH-transduced, empty vector-transduced and non-
transduced (‘NK-92 No Vector’) NK-92 cells. n = 1. 
Bars represent individual data points. 
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3.10.1.2 Functional Analyses of Transduced NK-92 Cells 
 
3.10.1.2.1 Degranulation and Cytokine-Production Assay 
 
To establish whether overexpression of grH has a functional impact on NK-92 cells, as an indication of 

the function of grH –focusing particularly on grH’s putative cytotoxic role–, the response of the sorted 

transduced NK-92 cells to HLA class I-deficient K562 target cells was examined. The cytotoxic 

response of NK-92 cells to K562 cells is well-established (198). Changes in expression of CD107a, IFN-

g and TNF-a by NK-92 cells following stimulation by K562 cells appear to be less pronounced, though 
this differs between different studies (260),(261). Both responses were therefore examined here. 

A degranulation and cytokine-production assay was first performed, co-culturing grH-transduced and 

empty vector-transduced NK-92 cells with K562 target cells for 5 hours and determining the specific 

increase in expression of cell-surface CD107a and intracellular IFN-g and TNF-a by NK-92 cells as a 
result of co-culture, as in section 3.9.2.1. Trials with different effector:target-cell ratios revealed that a 

ratio of 1:1 yielded the clearest results (data not shown). Cells were stained for CD107a, IFN-g and 

TNF-a and analysed flow cytometrically. The percentage of CD107a+, IFN-g+ and TNF-a+ EGFP+ 
singlets were identified. There was no specific increase (see section 2.2.7.2 for the calculation) in IFN-

g and TNF-a expression by either of the NK-92 samples (data not shown). A small specific increase in 
CD107a expression was observed, which was slightly larger in grH-transduced (mean: 6.07%) than 

empty vector-transduced NK-92 cells (mean: 3.91%), though non-significantly so (Fig. 49). 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
Fig. 49: GrH-transduced NK-92 cells display a non-significantly larger 
specific increase in cell-surface CD107a expression than empty-vector 
transduced NK-92 cells do upon stimulation with K562 target cells. Sorted 
transduced NK-92 cells were treated, stained and analysed as described in the 
text. a-d: representative flow cytometry plots to give a more visual 
representation of the change in CD107a expression by grH-transduced (a and 
c) or empty vector-transduced (b and d) NK-92 cells. n = 1. e: specific change 
(∆) (see section 2.2.7.2 for how this was calculated) in the percentage of grH-
transduced and empty vector-transduced NK-92 cells that are CD107a+ 
following co-culture with K562 target cells. A positive specific change signifies 
and increase. The experiment was repeated 4 times with the same cell lines, so 
the n was taken to be 4. Bars represent the data set means and the SEM. 
Significance testing was performed using an unpaired t test. 
 
 

These results must be viewed with care, as the specific increase in CD107a expression was very low 

overall, in line with those studies that show only small if any changes (e.g. (260)). It was much lower 

than for primary NK cells in section 3.9.2.1. The degranulation and cytokine-production assay, at least 

in this study, was thus not satisfactory for studying the function of NK-92 cells. The slight difference 
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between grH and empty vector-transduced NK-92 cells may, therefore, not represent a true difference, 

as also suggested by the lack of significance of the result. Partly for this reason, as well as because no 

certain conclusions regarding a protein’s cytotoxic potential can be drawn without looking at its effects 

on target cells, the data do not give any clarity with regard to the presence or absence of a cytotoxic role 

of grH. Therefore, a cytotoxicity assay, again using K562 cells as target cells, was performed. 

 

3.10.1.2.2 Cytotoxicity Assay 
 
For the cytotoxicity assay, K562 target cells were pre-labelled with Tag-it VioletTM to stain live cells. 

After 5-hour co-culture of either sorted EGFP+ grH-transduced, sorted EGFP+ empty vector-transduced, 

or non-transduced NK-92 effector cells with these pre-labelled K562 target cells at different 

effector:target-cell ratios, the samples were stained with propidium iodide (PI) and analysed flow 

cytometrically to identify those target cells that had died or been killed during the assay (Tag-it 

VioletTM+/PI+). Specific lysis was calculated as described in section 2.2.7.3. 

Importantly, there was no significant difference in the specific lysis of target cells between grH-

transduced, empty vector-transduced and non-transduced NK-92 cells (Fig. 50). This provides strong 

evidence against a cytotoxic role of grH in a whole-cell setting. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Fig. 50: There is no difference between grH, empty vector and non-transduced NK-92 cells in K562 target-
cell cytotoxicity. The assay was performed 3 times with the same cell lines, so the n was taken to be 3. Points and 
bars represent the data set means and the SEM. Lack of significance was determined using a RM two-way 
ANOVA, followed by Tukey’s test. 
 

3.10.1.2.3 Growth and Death Rates of Transduced and Non-Transduced NK-92 Cells 
 
Since no difference in cytotoxicity between the different NK-92 samples was detected, an alternative 

role of grH was sought. The question arose whether grH may have an impact on the survival of the cells 

that express it. To examine this, transduced NK-92 cells were monitored until day 58 after transduction 

to determine daily growth rate as well as the number of cells, adjusted for growth rate, that had died 

between counting events (see section 2.2.11.5.4 for the calculations). The effect on cell growth and death 

of withdrawal of IL-2, to potentiate any differences between the samples, was also examined. 

There was no significant difference in growth rate or death between grH-transduced and empty vector-

transduced NK-92 cells, though the trend suggests that fewer grH (mean: 1.26×106) than empty vector-
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transduced NK-92 cells (mean: 1.92×106) had died at each counting event (Fig. 51a and b). Withdrawal 

of IL-2, as expected, led to a decrease in growth and an increase in death of both samples but not to any 

apparent differences in growth between the two samples (Fig. 51c and d). However, again, fewer grH 

than empty vector-transduced NK-92 cells died, both with and without IL-2 (adjusted number of dead 

cells on day 11 NO IL-2: 1.20×106 (grH) vs 1.82×106 (empty vector)). The results of the IL-2 withdrawal 

assay need to be interpreted with care, however, as n = 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
Fig. 51: There was no difference in cell growth between grH and empty vector-transduced NK-92 cells, both 
under normal cell-culture conditions and following IL-2 withdrawal, but slightly, though non-significantly, 
fewer grH than empty vector-transduced NK-92 cells died. a and b: live and dead grH and empty vector-
transduced NK-92 cells were counted, using a counting chamber, until day 58 after transduction, the growth rates 
per day and the number of cells that died between counting events, adjusted for growth rate, calculated for each 
counting event, and displayed as one column per category per sample. Bars represent the data set means and the 
SEM. Significance testing was performed using an unpaired t test for each plot. n ≙ number of counting events 
per sample; a: n = 17; b: n = 11. c and d: IL-2 withdrawal: thawed grH and empty vector-transduced NK-92 cells 
were cultured in NK-92 medium and split into ‘+ IL-2’ and ‘NO IL-2’ groups on day 3. Growth rates and adjusted 
numbers of dead cells were determined as in a and b. Each data point = one counting event, so n = 1. 
 

3.10.2 Overexpression in Primary NK Cells 
 
The results from Fig. 51 suggest that grH, though not appearing to have a role in aiding cell growth, 

may play a part in aiding cell survival. To test this further, overexpression of grH was attempted in 

primary NK cells that had been expanded according to Fujisaki et al. (195) by and kindly provided by 

Dr M. Hejazi (ITZ) for transduction by this study’s author. Given these cells’ drastic downregulation of 

grH expression (Fig. 43, Fig. 44), they were predicted to represent good targets for grH overexpression. 

Unfortunately, however, despite several attempts, transduction of these cells (for protocol: see section 

2.2.11.5.2.3) yielded transduction efficiencies too low (data not shown) for any meaningful functional 

analyses. The potential role of grH in NK-cell survival therefore had to be examined differently. 
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3.11 Examination of GrH with Regard to Cell Survival and Apoptosis 
 

3.11.1 Correlation between Expression of GrH and BCL-2 and Licensing 
 
To further test the hypothesis that grH may be linked with NK-cell survival, primary NK cells were 

examined for anti-apoptotic and apoptotic markers at rest and in a serum-starvation assay.  

First, a possible correlation between expression of grH and of the anti-apoptotic protein BCL-2 was 

examined in resting NK cells. For this, thawed PBMCs from group A/A KIR haplotype, C1-homozygous 

donors were stained for CD56, CD3, 2DL3, 2LD1, 3DL1, NKG2A, grH and BCL-2, and analysed flow 

cytometrically. BCL-2 expression (both as a percentage and as MFI) by licensed 2DL3 sp and 

unlicensed 2DL1 sp CD56dim NK cells was examined. Then, BCL-2 expression by grH– and grH+ 

CD56dim NK cells, as well as by grH– and grH+ 2DL3 sp and 2DL1 sp CD56dim NK cells, was analysed, 

as was grH expression by BCL-2– and BCL-2+ CD56dim NK cells, and by 2DL3 sp and 2DL1 sp BCL-

2– and BCL-2+ CD56dim NK cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 

 

 

Fig. 52: BCL-2 expression is higher in licensed than unlicensed NK cells and there is a positive correlation 
between expression of grH and BCL-2 by CD56dim NK cells. Thawed PBMCs were stained and analysed as 
described in the text. a and b: BCL-2 expression by licensed 2DL3 sp and unlicensed 2DL1 sp CD56dim NK cells 
as a percentage (a) and as MFI (b). c and e: BCL-2 expression (as a percentage of cells positive for it) by grH– and 
grH+ CD56dim NK cells (c) and by licensed 2DL3 sp and unlicensed 2DL1 sp grH– and grH+ CD56dim NK cells (e). 
d and f: GrH expression by BCL-2– and BCL-2+ CD56dim NK cells (d) and by 2DL3 sp and 2DL1 sp BCL-2– and 
BCL-2+ CD56dim NK cells (f). n = 5. Significance testing for all comparisons of two data sets was performed using 
a paired t test. e and f: Bars represent the data set means and the SEM. 
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Interestingly, licensing correlated with BCL-2 expression: though not significantly higher in licensed 

than unlicensed NK cells when examined as a percentage of cells positive for it (2DL3 sp BCL-2+: 

93.4%, vs 2DL1 sp: 89.5%) (Fig. 52a), BCL-2 expression was significantly higher in licensed than 

unlicensed NK cells when examined as MFI (2DL3 sp: 33335, vs 2DL1 sp: 27438) (Fig. 52b). This 

clarifies the findings of Felices et al. (53), who showed BCL-2 expression to be higher in KIR+ than 

KIR– resting NK cells, which the present study now shows to be likely due to a licensing effect. 

Furthermore, a positive correlation between grH and BCL-2 expression was found. BCL-2 expression 

by grH+ CD56dim NK cells (BCL-2+: 92.9%) was significantly higher than by grH– CD56dim NK cells 

(81.0%) (Fig. 52c). The correlation held true in reverse, as well, grH expression by BCL-2+ CD56dim 

NK cells (grH+: 69.5%) being significantly higher than by BCL-2– CD56dim NK cells (40.8%) (Fig. 

52d). Both findings were reproducible in licensed as well as in unlicensed CD56dim NK cells (BCL-2+ 

in licensed grH+ vs grH– cells: 95.7% vs 84.3%, in unlicensed grH+ vs grH– cells: 91.5% vs 84.1%; grH+ 

in licensed BCL-2+ vs BCL-2– cells: 75.8% vs 42.9%, in unlicensed BCL-2+ vs BCL-2– cells: 56.7% vs 

38.5%) (Fig. 52e and f).  

These findings suggest that grH expression does indeed correlate positively with NK-cell survival at 

some level. 

 

3.11.2 Serum-Starvation Assay 
 
In order to examine the potential role of grH in NK-cell survival with respect to apoptosis in a functional 

setting, apoptosis was induced in PBMCs through serum starvation. Apoptotic cells can be detected 

flow cytometrically using annexin V, a protein that preferentially binds phosphatidylserine (PS), and 

which can be used to label apoptotic cells. In healthy cells, PS is predominantly located on the inner 

leaflet of the plasma membrane, but is translocated to the cell surface in early apoptosis, where it can be 

identified using fluorochrome-conjugated annexin V (262). This translocation of PS also occurs in later-

stage apoptotic, as well as necrotic, cells, so in order to distinguish between early apoptotic and late 

apoptotic or necrotic cells, cells can be labelled with dead cell markers that can only bind in significant 

amounts if cells have lost their membrane integrity (262). Thus, early apoptotic cells are annexin 

V+/dead cell marker–, while late apoptotic cells are annexin V+/dead cell marker+ (220),(262). Fixable 

viability dyes (FVDs) are dead cell markers that irreversibly bind to dead cells, allowing cells to be fixed 

and permeabilised for intracellular staining (263). 

 

For the assay, thawed PBMCs were placed into overnight culture in standard cell-culture medium (see 

section 2.1.2 for its composition) to aid recovery from the freezing and thawing process, after which 

they were starved of serum for a further two days. Samples were stained with a FVD and annexin V, as 

well as for CD56, CD3, grH and BCL-2, and analysed flow cytometrically straight after thawing (day 

0), after overnight culture (day 1), after one day of starvation (day 2) and after two days of starvation 

(day 3). GrH, BCL-2, annexin V and FVD-positivity or negativity within CD56dim NK cells within the 

lymphocyte gate were established, to examine live and early apoptotic NK cells. 

 

As expected from gating on the lymphocyte ‘live’ gate, throughout the assay the majority of cells were 

alive (FVD–AnnexinV–) prior to fixation (eg day 0: 86.6%). However, a small (non-significant) decrease 

in the percentage of FVD–AnnexinV– NK cells was observed on day 3 (day 3: 64.9%), with a small 

(non-significant) increase in the percentage of early apoptotic NK cells (FVD–AnnexinV+) in parallel 
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(day 0: 2.29%, day 3: 3.93%) (Fig. 53a and b). This indicates that apoptosis, though only to a small 

degree, had indeed been induced by the assay. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Fig. 53: During serum starvation, BCL-2, but not grH, expression correlates inversely with early apoptotic 
markers. Thawed PBMCs were treated, stained and analysed as described in the text. a and b: The percentage of 
CD56dim NK cells that were alive (FVD–AnnexinV–) (a) or early apoptotic (FVD–AnnexinV+) (b) prior to staining. 
Significance testing was performed using a RM one-way ANOVA for each plot, followed by Tukey’s test, all 
results of which were non-significant (not displayed for clarity). c and d: The percentage of BCL-2– or BCL-2+ 
CD56dim NK cells that were alive (c) or early apoptotic (d). e and f: The percentage of grH– or grH+ CD56dim NK 
cells that were alive (e) or early apoptotic (f). Significance testing in c-f was performed using a RM one-way 
ANOVA for each plot followed by Sidak’s test, all results of which are displayed. All plots: n = 3. Bars represent 
the data set means and the SEM. 

 
The percentage of  BCL-2– CD56dim NK cells that were alive (FVD–AnnexinV–) beyond day 0 was 

shown to be significantly lower than that of BCL-2+ CD56dim NK cells (BCL-2– vs BCL-2+ cells that 

were FVD–AnnexinV– on eg day 3: 25.67% vs 80.44%) (Fig. 53c), while, though only a small and non-

significant difference was observed, the results were the other way around for early apoptotic (FVD–

AnnexinV+) NK cells (BCL-2– vs BCL-2+ cells that were FVD–AnnexinV+ on eg day 3: 4.58% vs 

3.74%) (Fig. 53d). This serves as an internal control given that BCL-2 is an anti-apoptotic marker. 
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Somewhat unexpectedly, the percentage of grH– CD56dim NK cells that were alive was non-significantly 

and slightly larger than that of grH+ CD56dim NK cells, and this difference increased with prolonged 

culture (grH– vs grH+ cells that were FVD–AnnexinV– on day 0: 88.8% vs 85.5%, on day 3: 70.3% vs 

58.9%). It was the other way around for early apoptotic markers, even if the difference increased only 

minimally with prolonged culture (grH– vs grH+ cells that were FVD–AnnexinV+ on day 0: 1.82% vs 

2.52%, on day 3: 3.32% vs 4.46%)  (Fig. 53e and f). While at first glance this appears to violate the 

notion that grH may be associated with host-cell survival, the differences between grH– and grH+ cells 

increasing with prolonged culture could indicate that grH may be important for host-cell survival at 

steady state but that its importance decreases in the presence of pro-apoptotic stimuli. On the other hand, 

given that the differences observed were all non-significant, care must be taken not to overestimate the 

robustness of the conclusions that can be drawn from this assay. 

 
 

3.12 GrH and GrB Overexpression in K562 Cells to Test Antibody Specificity 
 
As a final endeavour and as alluded to before, specificity of the anti-grB antibody GB11 was tested. As 

discussed above, there are discrepancies between the transcriptome data shown in sections 3.1 and 3.7 

and some of the protein data shown in sections 3.6.4 and 3.7, as well as selected literature, with regard 

to grB expression in some circumstances. To reiterate, there was a clear correlation between NK-cell 

licensing and grB expression (as MFI) (Fig. 26), which parallels the licensing data for grH (Fig. 22 and 

Fig. 23) and is consistent with the literature (144), but at odds with the transcriptome data shown in Fig. 

15. Furthermore, the data displayed in Fig. 31 showed no difference between expression of grH and grB 

(at the protein level) by terminally differentiated, adaptive CD56dim NK cells, whereas the transcriptome 

data suggested expression of GZMH mRNA to be higher than that of GZMB mRNA (Fig. 32). 

While protein levels, as assessed by flow cytometry, may not fully parallel mRNA levels due to post-

transcriptional or post-translational regulation (264), it was nonetheless essential to assess whether the 

observed results could be due to anything other than a true measurement of grB protein levels. Given 

the high degree of structural identity between grH and grB, the possibility of the anti-grB mAb GB11 

antibody cross-reacting with grH was examined. To study this, pure cell populations that express either 

one or the other granzyme but not both needed to be used and were established through separate 

overexpression of grH or grB in cells that ordinarily express little of either. Here, K562 cells were used 

for this purpose. They are known to express only low to medium levels of granzymes (265) and were 

thus good candidates for overexpression of these proteins. 

 

Overexpression of grH and grB in K562 cells was achieved via the same lentiviral vector system as for 

NK-92 cells (see also section 2.2.11), using virus supernatant of the EGFP-encoding p2CL6I2EGwo 

×GZMH, of the empty vector and this time also of p2CL6I2EGwo ×GZMB.  

Transduction success was confirmed by flow cytometrical analysis, which revealed substantial EGFP-

positivity (data not shown). Once stable growth of the transduced cells had been re-established following 

transduction, EGFP+ populations were enriched via FACS (again kindly performed by Dipl. Ing. K. 

Raba at the ITZ), stained for grH and grB using the polyclonal anti-grH antibody and the GB11 mAb 

respectively and analysed flow cytometrically. GrH-transduced, empty vector-transduced and grB-

transduced K562 cells all were >90% EGFP+ after FACS (Fig. 54a), confirming that FACS-mediated 

enrichment had worked. Staining of empty vector-transduced K562 with anti-grH (Fig. 54b red) or anti-
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grB (Fig. 54c red) did not yield any substantial positivity, verifying this sample’s usefulness as a control, 

and also confirming the low expression of grH and grB by K562 cells.  

 

As expected, staining of grH-transduced K562 cells with anti-grH gave a positive result (Fig. 54b 

green), though with lower intensity than might have been expected. This may have been due to the 

antibody used being quite old at this late stage of this study: because of the polyclonality of the antibody, 

a new lot number may have meant slightly different staining properties, so the same lot number as for 

the previous experiments was used (lot: ILD013061), meaning that the antibody vial had been open for 

several months, possibly resulting in some loss of sensitivity. A downregulation of grH with prolonged 

culture as a possible cause of this relatively low staining intensity is unlikely, given the large extent to 

which the anti-grB antibody stained grH (see next). The specificity of the anti-grH antibody was not 

compromised, however: despite the considerable structural overlap between grH and grB, staining of 

grB-transduced K562 with anti-grH did not produce a considerable positive result (Fig. 54b purple). 

This once more confirms the antibody’s specificity despite its polyclonality. 

 

Staining with anti-grB yielded strikingly different results. 

The mAb did stain EGFP+ grB-transduced K562 cells to a 

large extent (Fig. 54c purple), but, importantly, it stained 

EGFP+ grH-transduced K562 cells to much the same 

extent (Fig. 54c green).  

This shows that GB11 is not specific for grB, also greatly 

staining grH. Crucially, this lack of specificity provides a 

plausible explanation for the discrepancies described 

between the transcriptome data and the protein data, 

indicating that some of the phenomena observed may be 

due to grH rather than to grB. 

Fig. 54: The anti-grB mAb GB11 stains grH to a similar extent as it does grB. FACS-sorted grH-transduced, 
empty vector-transduced and grB-transduced K562 cells were stained with anti-grH or anti-grB and analysed flow 
cytometrically. As for transduced NK-92 cells (section 3.10.1), gates were set on live cells, then on singlets. a: 
representative flow cytometry plot of singlets to show EGFP-positivity of FACS-sorted transduced K562 cells, 
using empty vector-transduced K562 cells as an example. GrH-transduced and grB-transduced K562 cells showed 
the same order of magnitude of EGFP-positivity (data not shown). b and c: flow cytometry histograms, gated on 
EGFP+ cells, of grH-transduced, empty vector-transduced and grB-transduced K562 cells stained with the 
polyclonal anti-grH (b) or the anti-grB mAb GB11 (c), showing fluorescence intensity. n = 1. 
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4 Discussion 
 
As before, since only inhibitory KIRs and NKG2A are looked at as inducers of education, the terms 

education and licensing are used interchangeably here. HLA-C1/C2 will continue to be referred to as 

C1/C2, HLA-Bw4 as Bw4, KIR2DL3 as 2DL3, KIR2DL1 as 2DL1, KIR3DL1 as 3DL1 (etc.), and 

CD94/NKG2A as NKG2A. To note, the chronology of this discussion does not fully parallel the order 

of the experiments as described in section 3: in order to be able to explain or substantiate certain 

phenomena found here, some experiments that were not conducted in order need to be analysed together. 

 

4.1 The Positive Correlation between NK-Cell Education and GrH Expression 
 

4.1.1 A Novel Temporal and Developmental Model of NK-Cell Licensing 
 
NK-cell education is not yet fully understood. This study shows that expression of grH, a granzyme and 

thus one of the classic NK-cell effector molecules, is positively correlated, and highly significantly so, 

with NK-cell licensing via the expression of a self-specific inhibitory receptor. This is the case for 

licensing via 2DL3 and 2DL1 in the respective HLA-C1/C2 backgrounds, via 3DL1 in Bw4+ 

backgrounds and via NKG2A. The correlation between NK-cell education and grH expression at the 

protein level is established in this study, and, particularly when taken in concert with the link 

demonstrated at the mRNA level as part of the preliminary experiments shown in Fig. 15, is highly 

robust. No clear link was found between NK-cell licensing and the expression of grA and grK (Fig. 27, 

Fig. 28), with only a tenuous one established for grB (see below). GrH expression, on the other hand, 

correlated so well with the type of inhibitory receptor that was expressed, increasing in an almost 

stepwise fashion between different NK-cell populations, that it can be used to formulate a temporal and 

developmental model of NK-cell licensing, intricately linked with NK-cell maturation (Fig. 55). The 

next paragraphs describe how Fig. 55 was arrived at, as well as some of its implications. 

 

When focusing on inhibitory receptor status, the highest grH expression levels were consistently found 

in CD56dim NK cells licensed via a self-specific inhibitory KIR (Fig. 22, Fig. 23, Fig. 24, Fig. 25). The 

lowest levels among CD56dim NK cells were found in receptor-negative populations as well as in those 

expressing a non-self-specific inhibitory KIR only, while the lowest levels overall were found in the 

less mature CD56bright NK cells (Fig. 20). NKG2A+KIR– and NKG2A+/non-self-specific inhibitory KIR+ 

CD56dim NK cells expressed grH at an intermediate level (Fig. 24, Fig. 25). When also examining NK-

cell characteristics other than inhibitory receptor expression, however, the highest levels of grH 

expression overall were found in terminally differentiated adaptive (CD57+NKG2C+NKG2A–) NK cells 

from donors with a (presumed to be CMV-associated) NKG2C expansion (Fig. 31).  

Most simply put, the model proposes five main steps of licensing/maturity status based on grH 

expression: CD56bright < unlicensed < licensed via NKG2A < licensed via KIR < adaptive NK cells. 

 

GrH expression also positively correlated with expression of the differentiation marker CD57 in samples 

from donors with or without an NKG2C expansion (Fig. 30, Fig. 31), which indicates that grH 

expression is related not just to NK-cell licensing but also to maturity per se, particularly when taken in 

concert with grH expression by CD56dim NK cells being significantly higher than by the less mature 

CD56bright NK cells. NK-cell licensing and CD57-positivity independently correlated with higher grH 
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expression, though licensing was the dominant process, licensed CD57– NK cells showing higher grH 

expression than unlicensed CD57+ ones. Within licensed and unlicensed NK cells, CD57 expression, as 

a proxy for maturation, then led to a further progressive increase in grH expression. Interestingly, the 

finding that even in the unlicensed NK cell population there were differences in grH expression by 

CD57– vs CD57+ cells indicates that unlicensed NK cells, too, in addition to licensed ones, may show 

functional maturation in some circumstances, in line with their having been shown (though so far mainly 

in mice) to display enhanced effector functions under certain conditions (139),(155). 

 

The expression of grH being highest in terminally differentiated adaptive NK cells suggests that these 

cells may embody not just a highly differentiated subset of NK cells (27),(36),(121), but also the end-

point of NK-cell licensing and functional competence, which would be in line with the highly mature, 

memory-like phenotype (27),(31) that has been ascribed to them. Particularly when taken in concert 

with the drastic reduction in grH expression upon NK-cell stimulation (see later), this suggests that those 

NK cells that are the most mature and cycle the least accumulate the highest levels of grH, with more 

cycling (NKG2A+ > KIR+ > CD57+NKG2C+NKG2A–) translating to lower grH levels. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Fig. 55: Temporal and developmental model of NK-cell licensing as determined by grH expression; NK-cell 
maturity is also included as a factor. The ovoids represent NK cells, CD56bright to the left of the dashed blue line 
and CD56dim to its right. The respective receptor and/or CD57-expression status is written within the ovoids. For 
clarity, the effect of CD57 expression on grH expression is not explicitly shown (except for CD57+NKG2C+ 

NKG2A– cells), but regardless of receptor status, CD57-positivity correlated with greater grH expression. KIRUnlic 
= non self-specific inhibitory KIR-single-positive, KIRLic = self-specific inhibitory KIR-single-positive, 

= relative level of grH expression, ? = developmental process not clear. Author’s illustration.  
 
The reader is also referred back to the different stages of NK-cell development shown in Fig. 1 in section 

1.2. Fig. 55 shown here is not only in line with a more detailed progression from Stage 4 (CD56bright NK 

cells) to Stage 5 (CD56dim NK cells) in Fig. 1 (31), but, importantly, also provides evidence for the – to 

date – putative development from Stage 5 to Stage 6 (memory NK cells). 

 
The author proposes that, given the robust positive correlation between NK-cell education and grH 

expression, the latter can be used as a marker of the former, independently of whether KIR genotype and 

HLA-C type are known. Its robustness as a marker is increased when also taking CD57-positivity and 

KLR1-negativity (see later) into account (Fig. 34). 
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4.1.2 The Number of Self-Specific Inhibitory KIRs and GrH Expression 
 
Notably, the number of different self-specific inhibitory KIRs expressed by an NK cell did not influence 

the level of grH expression, as long as at least one type of self-specific inhibitory KIR was expressed 

(Fig. 25). However, the strength of the interaction between a self-specific inhibitory KIR and its cognate 

ligand likely plays a role in determining grH levels: though the results were non-significant, more 2DL1 

sp than 2DL3 sp NK cells were grH+ in samples from C1/C2 donors (Fig. 22, Fig. 25), conceivably due 

to the interaction between 2DL1 and C1 being stronger than between 2DL3 and C2 (95). 

 

4.1.3 GrH Expression in Cord Blood-Derived NK Cells, and the Novel Licensing Model 
 
This study also shows grH expression to be significantly lower in CB-derived (ie developmentally less 

mature) compared with PB-derived CD56dim NK cells (Fig. 21). Even in CB, however, grH expression 

was significantly higher in licensed than in unlicensed NK cells, though at lower levels overall than in 

peripheral blood (Fig. 29). These data fit nicely into and also provide further evidence in support of the 

model shown in Fig. 55, and they too indicate that maturation adds an additional layer to grH regulation. 

 

4.1.4 Effect of Non-Discrimination between 2DL3 and 2DL2 
 
A point that must be addressed is the slightly but significantly higher expression of grH by 2DL2/3/S2-

‘single’-positive than receptor-negative NK cells in samples from C2/C2 donors when samples from 

group B KIR haplotype-expressing donors are included in addition to group A KIR haplotype-

homozygous donors (Fig. 23h). When using the antibody clones GL183 and DX27 to stain for 2DL3, 

as was done here, 2DL2 and 2DLS2 are also stained for when expressed (as is the case for many donors 

with group Bx but not group A/A KIR haplotypes), since GL183 and DX27 do not discriminate between 

2DL3, 2DL2 and 2DS2. Importantly, 2DL2 also recognises some C2-allotypes, particularly Cw*0501, 

Cw*0202 and Cw*0401 (96). It is very possible that the donors in this study with group Bx KIR 

haplotypes also expressed these allotypes, which would thus have led to licensing of 2DL2-positive NK 

cells, offering an explanation of the higher grH expression by cells stained with GL183 or DX27. 

Therefore, in order to be able to examine even purer populations of licensed and unlicensed NK cells 

and to eliminate this uncertainty, high-resolution HLA-C typing could be performed in the future. 

 
 

4.2 GrB Expression, NK-Cell Licensing and Lack of Antibody Specificity 
 

4.2.1 Antibody Non-Specificity and the Putative Link between Licensing and GrB Expression 
 
This study is the first to link grH to NK-cell licensing, after the more well-studied grB was recently 

correlated with the process by Goodridge et al. (144). The present study did not detect a clear link 

between NK-cell licensing and grB expression as a percentage of cells positive for it, the presence of an 

inhibitory KIR per se rather than the presence of a self-specific inhibitory KIR appearing to be the main 

determinant of grB expression levels (Fig. 26). It did detect a correlation between NK-cell licensing and 

the MFI of grB (Fig. 26), in line with the literature, but this correlation is proposed here to be a likely 

artefact. Importantly, both the GZMB mRNA levels shown in Fig. 15, as well as GZMB mRNA levels 

examined by Goodridge et al. (144), were not higher in educated than uneducated NK cells, whereas 
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protein levels (as MFI) were, as described above. While it is true that protein levels may not fully parallel 

mRNA levels due to post-transcriptional or post-translational regulation (264), which Goodridge et al. 

suggest is the main reason for the observed discrepancies between the transcriptome and protein data 

(144), the present study proposes a different explanation. Both this study and Goodridge et al. used the 

anti-grB mAb GB11 for flow cytometrical analysis of grB expression at the protein level. However, as 

shown in section 3.12, GB11 was not specific for grB, also binding grH to a very similar extent. The 

lack of specificity of GB11 now suggests that grB protein levels may, in fact, have been measured 

incorrectly at times. It stands to reason that the differences in GB11-mediated staining in licensed vs 

unlicensed NK cells were actually due to differences in grH and not grB expression, as GZMH, unlike 

GZMB, did display marked differences in mRNA levels between the two cell populations (Fig. 15). A 

further striking example of grB protein levels probably not being measured accurately by GB11 was the 

present study’s finding that both grH and grB expression at the protein level was highest in terminally 

differentiated adaptive NK cells (Fig. 31), and that though this finding was mirrored at the mRNA level 

for GZMH, GZMB transcript numbers were actually lower in terminally differentiated adaptive than 

non-terminally differentiated non-adaptive NK cells (Fig. 32).  

These data therefore call into question the putative correlation between NK-cell licensing and grB 

expression and implicate grH instead. Rather than NK-cell licensing, the main factor that determines 

grB expression is likely to be NK-cell maturity, given that the presence of an inhibitory KIR per se – as 

a marker of NK-cell maturity – rather than by the presence of a self-specific inhibitory KIR – as a marker 

of licensing – was the main determinant of grB expression levels when examining them as the 

percentage of cells positive for grB, as described above.  

 

Just like expression of grH, expression of grB was also heavily influenced by NK-cell maturity 

regardless of KIR expression, being higher, for instance, in CD56dim than CD56bright NK cells (Fig. 20), 

in PB-derived than CB-derived NK cells (Fig. 21), and in CD57+ than CD57– NK cells (Fig. 30). 

Nevertheless, grH expression appeared to be affected somewhat more by NK-cell maturity than 

expression of grB was, the difference in grB expression between the more mature NK-cell subset and 

the less mature NK-cell subset in each comparison always being somewhat less pronounced than for 

grH, as overall grB levels tended to be higher. 

 

4.2.2 Further Implications of the Lack of GB11-Specificity 
 
Returning to antibody specificity, the lack of specificity of GB11 has implications for the study of grB 

in cells that also express grH. Problems arise particularly in settings where grH expression is higher than 

‘usual’, as differentiation between grH and grB through staining with GB11 alone becomes impossible. 

Arguably, when there is known to be no or very little grH expression, like in grB-transduced K562 cells, 

GB11 might be considered acceptable for detecting grB. However, since there is always some 

expression of grH in resting NK cells and since regulation of expression of grH and grB can be highly 

disparate, as discussed below, making differentiation between grH and grB paramount, the cross-

reactivity of GB11 with grH should always be taken into account in order to avoid misleading results. 

The author therefore suggests that if use of GB11 cannot be avoided, staining for grH should always be 

included as well, as was done in this study. If staining for grB is considerably more pronounced than for 

grH, the result regarding staining for grB may be genuine and in any case, grH expression can be 

differentiated from it through the grH-specific antibody. However, if staining for grH is equal to or only 
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somewhat more pronounced than that for grB, further analyses, for instance using different anti-grB 

antibody clones or transcriptome analyses, should be conducted to determine actual grB levels.  

In this study, only GB11 was used. Therefore, to improve the accuracy and robustness of future analyses, 

anti-grB antibody clones that have been shown not to display any substantial cross-reactivity with grH 

should be used. An example of such a clone is 2C5 (182), though it would first need to be tested for use 

in flow cytometry, having been mainly used in western blot and ELISA-based studies to date (182). 

 

Undeniably, the result that GB11 stains grH in addition to grB is highly significant not only in the 

context of NK-cell licensing, where the role of granzymes is being redefined by this study, but also for 

other parts of the NK-cell and granzyme fields. GB11, a common commercially available antibody 

clone, is now at least the second anti-grB antibody clone to have been attested considerable cross-

reactivity with grH, the anti-grB mAb GB7 being another one (182). GB11 has been used extensively 

in the study of grB, including for examination of grB expression levels in tumour-infiltrating NK cells 

and their resulting effector functions (266). If GB11 has in fact been identifying grH in addition to or 

even instead of grB, this may require the conclusions drawn in such studies to be revisited, like the 

conclusion regarding the correlation between NK-cell licensing and grB expression is revisited here, 

and imparts a whole new level of importance on the study of grH. 

 
 

4.3 The Polyclonal Anti-GrH Antibody 
 
Following the discussion of the anti-grB antibody in the preceding section, this section now takes a 

closer look at the polyclonal anti-grH antibody used in this study. Using a polyclonal antibody has some 

disadvantages but also advantages compared with mAbs. With regard to target specificity, using a mAb 

to stain for any cellular protein is often preferable to using a polyclonal antibody, which has a higher 

likelihood of cross-reacting with other targets (267). Furthermore, as polyclonal antibodies are produced 

in vivo, their specificity may differ between different batches (267). Nevertheless, polyclonal antibodies 

are often more sensitive than mAbs, as they recognise more than one epitope of a target and are thus not 

as prone to reduced target recognition upon target-epitope changes as mAbs are (267).  

 

The polyclonal anti-grH antibody used here was deemed suitable for use in this study, as it produced far 

more clearly distinguishable positive and negative populations than the anti-grH mAb tested (Fig. 17), 

and as it was specific for grH when compared with grB. Its specificity was tested in several ways, 

including through staining grB-transduced K562 cells, which only produced a minimal positive result 

(Fig. 54). As sections 3.12 and 4.2 show, even a mAb is not always specific for its target and thus not 

inherently better than a rigorously tested polyclonal one, therefore the polyclonality of the anti-grH 

antibody alone is not a contraindication to its use. Notwithstanding this, however, when the polyclonal 

anti-grH antibody was used to stain grH-transduced K562 cells, a relatively large population thereof 

remained negative (Fig. 54). Despite the antibody supposedly being highly sensitive for its target (given 

its polyclonality), there is therefore scope for finding one with even higher sensitivity. The obtained 

results may have been due to the antibody used being quite old at the late stage of the study at which 

this experiment was performed: because of the polyclonality of the antibody, a new lot number may 

have meant slightly different staining properties, so the same lot number as for the previous experiments 

was used, meaning that the antibody vial had been open for several months, possibly resulting in some 
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loss of sensitivity. A downregulation of grH with prolonged culture as a possible cause of this relatively 

low staining intensity is unlikely, given the large extent to which the anti-grB antibody stained grH. 

 

To recapitulate, the polyclonal anti-grH antibody was shown here to be specific for its target, but its 

sensitivity was suboptimal. Its use in this study was legitimate, but for future studies, finding an at least 

equally specific but more sensitive antibody may be desirable. Particularly for reproducibility of 

experiments, a mAb is preferable to a polyclonal one. 

 

 

4.4 A Single Base Change in the GZMB Insert Sequence 
 
Having discussed antibody specificities, which were determined in part through staining of granzyme-

overexpressing cell lines, a discussion of the sequences of the inserts used for this overexpression is 

now necessary, particularly of the GZMB insert, despite its not being directly relevant to the study of 

grH. Sequencing of GZMH and GZMB inserts after cloning them into the overexpression vector revealed 

that two GZMH inserts had the correct sequence and three had multiple errors, but all five GZMB inserts 

had CAA at codon 48 instead of CGA (four clones with an otherwise correct sequence and one clone 

with multiple other errors), CGA being found in the reference sequence of GZMB transcript variant 1 

(accession number NM_004131.5) (188). This CGA to CAA change resulted in an amino acid change 

from arginine (R) to glutamine (Q). There are several possible reasons for this single-base change. It 

could either have been present in the genome of the cells from which total RNA for cDNA synthesis 

was extracted or been due to an error in cDNA synthesis in turn, or due to a very early error in the PCR 

used to generate the inserts. Given that this Q48R single-nucleotide polymorphism has been described 

in the literature (237), the former, ie presence of the change in the host-cell genome, is the most likely.  

 

Q48 has been shown to be in linkage disequilibrium with a proline residue at position 88 (P88) and a 

tyrosine at position 245 (Y245) (QPY), while R48 on the other hand has been shown to be in linkage 

disequilibrium with an alanine at position 88 (A88) and a histidine at position 245 (H245) (RAH) (237). 

The insert sequences also encoded P88 and Y245, confirming the presence of the common QPY allele 

in the inserts, this allele being known to result in a functional protein (237),(238),(239). The NCBI 

sequence used for reference encodes R48, P88 and Y245 (188) and based on the cited literature could 

thus represent a rare GZMB allele. Since the QPY allele results in a functional protein, use of the vector 

containing the insert in question was perfectly adequate for grB overexpression. If, however, in future 

studies functional analyses need to be performed on cells in which the QPY grB variant has been 

overexpressed, it may be prudent to generate an overexpression vector containing an insert that encodes 

the RAH variant and overexpress this, as well. This way, the two grB variants will be able to be 

compared and potential artefactual functional differences that are due to the grB variant used, as well as 

possible differences in the strengths of antibodies binding to these variants, may be identified. 

 
 

4.5 GrH and GrB Expression by Different Types of Lymphocytes 
 
This discussion can now finally return to the study of grH. Having discussed the main finding of this 

study (the correlation between NK-cell licensing and grH expression), it is important to also discuss grH 

expression by different types of lymphocytes, which was also examined here (Fig. 19).  
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The highest expression of grH among lymphocytes was found 

in NK cells, and in T cells to a lower extent, consistent with the 

literature (182). To the author’s knowledge, this study is the 

first, however, to specifically show that grH is also expressed 

by NK-like T cells, here defined by CD56-positivity and CD3-

positivity. GrH expression by lymphocytes, as demonstrated in 

the present study, and as illustrated in Fig. 56, was as follows 

(in descending order): NK cells, NK-like T cells, CD8+ T cells, 

CD4+ T cells, non-NK/non-T lymphocytes. As expected, grH 

is thus preferentially expressed by cytotoxic lymphocytes, 

chiefly by those expressing CD56. The pattern was mirrored by 

grB expression, though always at somewhat higher overall 

levels than grH. For instance, grB expression by CD56dim NK 

cells was found here to be significantly higher than that of grH (Fig. 20), in contrast to what has 

previously been shown (182). The result found here is substantiated by the transcriptome data displayed 

in Fig. 15, which clearly show that at the mRNA level, too, GZMH expression by NK cells was lower 

than that of GZMB expression. This study therefore provides an update on the difference between grH 

and grB expression by resting NK cells. Despite the slight differences in expression levels when 

comparing grH and grB directly, the highly parallel expression patterns indicate very similar regulatory 

mechanisms of grH and grB expression at rest. Given their structural similarity, this is to be expected. 

However, their regulation becomes highly disparate upon stimulation (see next section). 

 
 

4.6 NK-Cell Stimulation and GrH Expression, as well as GrB for Comparison 
 

4.6.1 Decreases in Expression of GrH but not GrB upon NK-Cell Stimulation 
 
In contrast to the highly parallel expression patterns between grH and grB at rest, stimulation of PBMCs, 

both soluble mediator (cytokines and/or rituximab) and target cell-induced, led to a significant and 

sometimes drastic reduction in NK-cell grH but not grB expression, as demonstrated in Fig. 36, Fig. 38, 

Fig. 40 and Fig. 43. On the contrary, grB expression not only did not decrease, but in fact increased 

slightly with stimulation. This, unlike the patterns at rest, indicates differences in the regulation of grH 

and grB expression upon stimulation, which is remarkable when considering the striking structural 

similarity between grH and grB, and indicates that the regulatory mechanisms governing expression of 

the two proteins must be extraordinarily precise.   

Differential regulation of the two granzymes has also been shown in the literature. Most studies have, 

however, focused on cells other than NK cells. For instance, stimulation of CBMCs and of mast cells 

via calcium ionophores or IgE-receptor cross-linking has been shown to lead to a decrease in grH levels 

but an increase in grB levels in these cell populations – both at the mRNA and protein level (268). GrH 

expression by in vitro-expanded human T cells has been shown to decrease at the transcriptional level 

following stimulation via IL-15 (269), while phytohaemagglutinin-mediated stimulation of CD4+ and 

CD8+ T cells has been shown to lead to induction of grB to a greater extent than grH (182). Only parts 

of a study by Sedelies et al. examined NK cells: steady or slightly decreased grH expression and an 

increase in grB expression by NK cells was demonstrated after four-day stimulation with IL-2 (182). 

The difference in magnitude of the decrease in grH between Sedelies et al. and the present study is likely 

NK Cells

NK-like T Cells

CD8+ T Cells

CD4+ T Cells

Non-NK/
Non-T

Fig. 56: GrH expression is highest in NK 
cells. Different types of lymphocytes are 
shown according to grH expression levels, 
in decreasing order. Author’s illustration. 
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due to Sedelies et al. using a different anti-grH antibody (a mAb made by Sedelies et al. themselves, 

which was not commercially available at the time the present study was conducted) than the present 

study, as well as western blotting rather than flow cytometry to detect grH (182). 

 

The present study now provides robust evidence that stimulation of NK cells, in addition to the cell 

types described in the literature, leads to reductions in grH but not grB levels. A possible explanation is 

grH exhaustion: located in the endolysosomal compartment, grH, like grB, is likely to be excreted upon 

NK-cell activation. However, while grB expression remains high, suggesting that the GZMB gene 

continues to be transcribed, with continuing production of GZMB mRNA, GZMH transcription may 

cease. In fact, as evidence of this theory, examination of the transcriptome of primary NK cells expanded 

according to a protocol by Fujisaki et al. (195) revealed a drastic reduction in the number of GZMH 

transcripts between non-expanded and expanded cells, while the data were less clear for GZMB (Fig. 

44). Given the structural similarity between grH and grB, differential regulation at the gene level is also 

conceptually more likely than active sequestration of grH but not grB. Interestingly and contrasting 

particularly with GZMH, transcript numbers of GZMA increased drastically with NK-cell expansion, 

which also corroborates the finding of differential regulation of granzyme expression by NK cells. 

To further study the likely disparate regulation of granzyme expression, particularly grH and grB, upon 

NK-cell stimulation, transcriptomes of NK cells stimulated with IL-2 and IL-15 or rituximab and IL-15 

(section 3.9.1) as well as of those stimulated with non-transduced K562 cells (section 3.9.2.1)  could be 

established in the future and compared with the transcriptomes of unstimulated cells. 

 

A possible reason for the putative grH exhaustion is that grH expression could be part of an NK-cell 

regulatory mechanism, decreases in grH expression occurring upon NK-cell activation, potentially to 

prevent excess NK-cell activity and autoreactivity (see also section 4.9).  

 

4.6.2 CD107a and Cytokine Expression in GrH– vs GrH+ NK Cells Upon Stimulation with Target 
 
Target cell-induced stimulation not only led to reductions in grH expression but was also remarkable on 

another level: in a degranulation and cytokine-production assay the specific increase in NK-cell surface 

expression of CD107a and intracellular expression of IFN-g and TNF-a after co-culture with HLA class 
I-deficient K562 target cells was significantly higher in grH– than grH+ CD56dim NK cells (Fig. 41). The 

opposite was observed for grB, the specific increase in expression of CD107a, IFN-g and TNF-a being, 
though not significantly so, slightly lower in grB– than in grB+ NK cells (Fig. 42). The result for grH+ 

and grH– cells was observed both for licensed and, to a smaller degree, unlicensed NK cells. Terminally 

differentiated adaptive NKG2C+ NK cells were not examined in this assay, but given their high baseline 

grH expression, it would be interesting, in the future, to also examine whether after target cell-mediated 

stimulation of these cells, too, cell-surface CD107a expression is higher in grH– cells. 

 

In view of the higher responsiveness of licensed than unlicensed cells that was also observed in the assay 

(Fig. 39) together with the correlation of licensing with higher grH expression, the results showing that 

grH– NK cells displayed higher responsiveness than grH+ NK cells may seem counterintuitive. However, 

they are, again, most easily explained by grH exhaustion: those cells (both licensed and unlicensed) that 

show increased cell-surface CD107a and intracellular cytokine expression have most likely released 

their grH stores during activation without them then being replenished, in contrast to grB. Additionally, 
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grB levels may be so high to begin with that grB exhaustion simply does not happen. Subsequent 

staining and flow cytometrical analysis then reveal only the activation markers and grB, grH no longer 

being detectable. Again, RNA-Seq of these cells is likely to provide more clarity. 

 

The results of the assay are noteworthy for yet another reason. Though activation of licensed NK cells 

in the experiment was significantly more pronounced than that of unlicensed NK cells (Fig. 39), some 

activation of unlicensed NK cells was nonetheless observed. While activation of unlicensed NK cells is 

unlikely to be caused by induction of a missing-self response by target cells, there are two main 

possibilities for this occurring in this setting: it could either have been due to stimulation by cytokines 

released from other cells activated by the target cells (as no external cytokines were added to the cell-

culture medium) or it could have been caused by stimulatory receptors expressed by K562 cells. Indeed, 

unlicensed NK cells have been shown, at least in mice, to be capable of responding to cytokine-induced 

stimulation (139), and K562 cells have recently been shown to express ligands for activating NK-cell 

receptors like NKG2D (270), making both mechanisms valid hypotheses. 

 

The degranulation and cytokine-production assay therefore not only showed that both licensed and 

unlicensed NK cell can be activated (directly or, in the case of unlicensed NK cells, most likely 

indirectly), but, more importantly, also that grH exhaustion is likely to play a role in target cell-induced 

stimulation as well. This strengthens the hypothesis of a possible regulatory role of grH. 

Ideally, the next step would be to perform functional analyses on pure grH+ vs grH– NK-cell populations; 

however, as discussed in the next section, this was not possible and alternative approaches were sought. 

 
 

4.7 Correlation between GrH and CD57-Positivity and KLRG1-Negativity 
 
Due to the need for cell fixation and permeabilisation prior to staining for grH, it is not currently possible 

to perform functional studies on primary NK cells sorted, eg by means of FACS, based on grH-positivity 

or negativity, or indeed to extract intact RNA from these populations for examination of differences in 

gene expression. Based on a published protocol (222), RNA extraction from fixed and permeabilised 

cells was, in fact, attempted in this study, but unsuccessfully so. The identification of potential markers 

that can reliably predict grH expression and therefore be used as a proxy for it, was thus sought. For the 

reasons explained in section 3.8, CD57, KLRG1, CD11c and DNAM-1 were examined for this purpose. 

The data revealed that grH-positivity correlated with higher expression of CD57 in both licensed and 

unlicensed NK cells (the result was statistically significant in unlicensed cells), CD11c in licensed cells 

(significantly so) and DNAM-1 in licensed cells, while it correlated with lower expression of KLRG1 

in both licensed and unlicensed NK cells (significantly so in unlicensed cells) (Fig. 33). Furthermore, 

in both grH– and grH+ populations KLRG1 and CD11c expression by unlicensed NK cells was higher 

than by licensed ones, as would be expected from the transcriptome data mentioned in section 3.8 that 

was established by Prof. Uhrberg and Prof. Walter (unpublished data, mentioned here with permission). 

On the other hand, CD57 expression by licensed NK cells was non-significantly higher than by 

unlicensed ones in both grH– and grH+ populations, suggesting a correlation with licensing. For DNAM-

1 it was not clear at the percentage level, but at the MFI level DNAM-1 expression was non-significantly 

higher in licensed than unlicensed NK cells, in line with the literature (143).  

Of note, the results for CD11c were somewhat surprising. The combination of a) CD11c expression by 

licensed grH+ NK cells being higher than by licensed grH– NK cells, b) CD11c expression by unlicensed 
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NK cells being higher than by licensed ones, and c) grH expression by licensed NK cells being higher 

than by unlicensed NK cells, seems counterintuitive. However, given that the higher CD11c expression 

by grH+ than by grH– NK cells was only observed in the licensed population and not also in the 

unlicensed population, these results may be due to an inherent difference between licensed and 

unlicensed NK cells, or the correlation with grH expression may also simply be a chance phenomenon.  

 

Returning to the search for a proxy for grH expression, a combination of CD57 and KLRG1, expression 

of which showed opposing trends with regard to grH expression, was thought to have the potential to 

serve as such a marker. High levels of grH expression were indeed found in licensed CD57+KLRG1– 

CD56dim NK cells and very low grH levels in unlicensed CD57–KLRG1+ cells  (Fig. 34), which indicates 

that CD57 and KLRG1 in conjunction with the appropriate KIRs to mark licensing status may serve to 

identify mainly grH+ and mainly grH– populations. Unfortunately, however, ‘mainly grH+’ (84.4%) and 

‘mainly grH–’ (25.0%) populations are not the pure populations required for meaningful functional 

analyses to be possible. Thus, CD57 and KLRG1 are imperfect proxies for grH expression at best. Yet 

an alternative approach was thus sought by overexpressing grH in the NK-92-cell line (section 4.8.1). 

Interestingly, the data did show that expression of grH can be used as a predictor of an NK cell’s 

licensing status, as mentioned several times already, and that even more robust predictions are possible 

when also including CD57 positivity and KLRG1 negativity: the highest percentages of licensed NK 

cells (and conversely the lowest percentages of unlicensed cells) were found among CD57+KLRG1–

grH+ NK cells. 

 

A further point can be made here. As discussed in the preceding paragraphs, grH expression was 

inversely correlated with expression of KLRG1, a non-MHC-specific but self-specific inhibitory 

receptor, which in turn was inversely correlated with NK-cell licensing status. KLRG1 is known to bind 

classic members of the cadherin family (252) and has been shown to inhibit NK-cell responses to E-

cadherin-transfected K562 target cells (271). Therefore, its reduced expression by licensed compared 

with unlicensed and grH+ compared with grH– NK cells might contribute to licensed grH+ NK cells’ 

enhanced functional responsiveness to target cell-mediated stimulation. 

 
 

4.8 Lack of GrH Cytotoxic Activity but Potential Involvement in Host-Cell Survival 
 

4.8.1 GrH Cytotoxicity in the Literature and Lack thereof in this Study 
 
As concluded in the previous section, using CD57, KLRG1 and KIRs for the selection of grH+ and grH– 

NK cells has the main limitation of leaving considerable impurity, which may be prohibitive for the 

study of the function of grH. To avoid this and create clear grH+ and grH– populations, grH was 

overexpressed in NK-92 cells instead. Before turning to a discussion of the absence of a cytotoxic role 

of grH found in this study through this approach, this section first lays out the current knowledge base 

with regard to the putative presence of a cytotoxic role of grH. 

 

4.8.1.1 Review of the Literature 
 
In contrast to studies by Fellows et al. (189), Hou et al. (190), Ewen et al. (191) and Wang et al. (183), 

the present study did not find substantial evidence of a cytotoxic role of grH. Independently, both 



Discussion 

 97 

Fellows et al., 2007, (189) and Hou et al., 2008, (190) suggested that recombinant grH induces a form 

of target-cell death indicative of apoptosis, as they observed chromatin condensation and DNA 

fragmentation. However, Fellows et al. described a slow (10-12 hours) caspase-independent cell death 

with mitochondrial depolarisation and generation of reactive oxygen species, but without the release of 

pro-apoptotic molecules like cytochrome c, or the cleavage of Bid or of inhibitor of caspase-activated 

DNase (ICAD). Hou et al., on the other hand, described a more rapid cell death (2-4 hours), more similar 

to that induced by grB, through caspase-3 activation, cleavage of Bid (leading to mitochondrial 

disruption), cleavage of ICAD (leading to DNA fragmentation), and cytochrome c release.  

In 2013, Ewen et al. (191) addressed and attempted to resolve the discrepancies between the preceding 

studies by expanding upon their experimental setup, including through the use of more cell lines. They 

confirmed Hou et al.’s finding of cytochrome c being released from mitochondria after target-cell 

treatment with grH and of recombinant grH cleaving ICAD, but they did not find substantial Bid-

cleaving activity. Furthermore, they did find some caspase-3 activation, but not in all settings of grH-

induced apoptosis, and therefore not as a necessary mechanism. They also implicated the pro-apoptotic 

proteins Bax and/or Bak as important factors in grH-induced cell death, while overexpression of the 

anti-apoptotic protein BCL-2 inhibited it. Finally, they showed that recombinant grH induces DNA 

damage as well as the release of the pro-apoptotic protein second mitochondria-derived activator of 

caspase/direct inhibitor of apoptosis-binding protein with low pI (Smac/DIABLO) from mitochondria, 

in addition to cytochrome c release. They thus confirmed the overall conclusion of the preceding studies 

that recombinant grH appears to induce target-cell apoptosis. 

 
The discrepancies between the three studies just described may, at least to some extent, be due to 

different (and possibly higher than physiological) concentrations of grH used, as well as due to different 

cell lines and different mechanisms of grH delivery into target cells (using not just perforin, but also 

detergents or the bacterial pore-forming protein streptolysin O). However, they do invite the question 

of how real or at least relevant this putative cytotoxic effect of grH truly is in vivo. The non-physiological 

nature of using purified recombinant grH and the artificial modes sometimes employed to deliver this 

recombinant grH into target cells add to the questions regarding the conclusions drawn.  

The abovementioned study by Wang et al. (183) also needs to be discussed in this context. Intriguingly, 

they described an intracellular, physiological grH inhibitor (SERPINB1), overexpression of which in 

target cells significantly reduced their lysis through both recombinant grH and lymphokine-activated 

killer (LAK) cells, thereby also implying a cytotoxic role of grH. The same reservations as mentioned 

in the preceding paragraph regarding the use of recombinant grH however apply here as well. 

Furthermore, LAK cells, as the name suggests, are activated cytotoxic lymphocytes (including NK cells) 

which in the cited study were generated through stimulation of PBMCs with IL-2 for four days. In light 

of the results of the present study, this stimulation quite likely led to a considerable reduction in grH 

expression by the LAK cells. While recombinant grH indeed appears to have been inhibited by 

SERPINB1, it is thus less clear whether SERPINB1-mediated inhibition of LAK-induced cytotoxicity 

truly arose from an inhibition of grH or whether a different cytotoxic mediator was targeted. 

 

4.8.1.2 Examination of the Putative Cytotoxic Role of GrH in this Study 
 
The question remains whether grH truly has a pro-apoptotic, cytotoxic role in more physiological 

settings. Since no murine orthologue of human grH has been found to date, in vivo studies of grH are 

difficult. The present study therefore used whole-cell and thus somewhat more physiological approaches 
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(than using recombinant grH) to examine the function of grH, studying both primary NK cells and the 

NK-cell line NK-92. The latter was used for overexpression of grH to examine grH’s cytotoxic potential. 

Because NK-92 cells are a tumour cell line and thus far removed from primary NK cells both genetically 

and phenotypically, care needs to be taken when extrapolating conclusions drawn from their study to 

the function of primary NK cells, however. Furthermore, when using cell lines to study biological 

processes, contamination with other potentially faster-growing cell lines or with bacteria of the genus 

Mycoplasma is a possible source of error (272),(273).  

These caveats need to be addressed. The latter error source was excluded here by regular PCR-based 

tests for Mycoplasma detection (kindly performed by Ms. N. Scherenschlich using a commercially 

available detection kit, data not shown), which were always negative. More importantly, however, the 

use of NK-92 cells was deemed adequate for one critical reason: NK-92 cells are known to be cytotoxic 

against target cells and thus possess cellular machinery comparable to activated NK cells (198). Because 

of this, overexpression of grH in these cells to study its putative cytotoxic activity is a more 

physiological approach than utilising recombinant grH. 

 

Therefore, grH was overexpressed in NK-92 cells and the cytotoxic activity of the grH-transduced NK-

92 cells compared with that of empty vector-transduced and non-transduced NK-92 cells. If grH were 

truly cytotoxic at physiological concentrations, an increase in cytotoxic potential should have been 

observed in the grH-transduced NK-92 cells. Importantly, the present study did not find any difference 

at all in the killing capacity between NK-92 cells overexpressing grH and empty vector-transduced or 

non-transduced NK-92 cells (Fig. 50), which strongly argues against a significant cytotoxic role of grH 

in a whole-cell setting. The results displayed in Fig. 49, which show a slightly though non-significantly 

larger specific increase in cell-surface CD107a expression in grH-transduced compared with empty-

vector transduced NK-92 cells upon stimulation with target cells, do not dispute this suggested lack of 

cytotoxicity. Firstly, this is because the specific increase in CD107a was very low overall and may not 

represent a true difference. Secondly, increased exocytosis, though frequently used as a marker thereof, 

does not necessarily equate to increased cytotoxicity, as no certain conclusions about the cytotoxic 

potential of an NK-cell protein can be drawn without looking at its effects on target cells. 

To further strengthen the conclusions drawn here regarding the lack of a cytotoxic role of grH, 

overexpression of grH in primary NK cells is needed, which unfortunately was unsuccessful here. 

Additionally, assays that examine target-cell cytotoxicity after a longer period of co-incubation (longer 

than the five hours used here) of grH-overexpressing cells with target cells could be tested, as Fellows 

et al. (189) only observed grH-induced cell death after 10-12 hours. 

 

4.8.2 Possible Involvement of GrH in Host-Cell Survival 
 
As the present study found no evidence of grH cytotoxicity, an alternative role of grH is proposed. GrH 

expression by primary NK cells (both licensed and unlicensed) showed a positive correlation with that 

of the anti-apoptotic protein BCL-2 (Fig. 52) (which has been shown to be expressed by 83% of NK 

cells (274)), suggesting a potential role for grH in host-cell survival rather than target-cell cytotoxicity: 

grH may provide a survival advantage to those licensed as well as unlicensed NK cells that express it. 

Indeed, the correlation between grH and BCL-2 expression is plausible, as licensed NK cells, which are 

shown here to express higher levels of grH, are also shown here to express higher levels of BCL-2 (Fig. 

52) and were shown in the past to be less prone to becoming apoptotic (53). Of course, the function of 
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a protein within its host cell may very well be different from its function in a target cell, but since 

overexpression of grH in NK-92 cells did not lead to an increase in cytotoxicity, a cytotoxicity-

independent role is likely, at least in some circumstances.  

Further support for a potential role of grH in host-cell survival comes from an examination of the growth 

and death rates of grH-overexpressing compared with empty vector-transduced NK-92 cells. The growth 

rates were similar, which may be due to NK-92 cells being a tumour cell line and thus already displaying 

autonomous growth, possibly showing little responsiveness to other influences such as overexpression 

of a protein that is not an oncogene or tumour suppressor gene. However, grH-overexpressing NK-92 

cells displayed lower death rates than empty vector-transduced NK-92 cells, both under normal culture 

conditions (which is as close as these cells ever come to being at steady state) and upon withdrawal of 

IL-2 (Fig. 51). The difference in death rates was non-significant, however, and a sample size of 1 was 

used in the IL-2-withdrawal assay, so care must be taken not to overestimate the robustness of the 

conclusions that can be drawn here. 

In contrast and somewhat unexpectedly, survival of grH+ primary NK cells in a serum-starvation assay 

was slightly, albeit non-significantly, lower than that of grH– NK cells, while the reverse was the case 

for early apoptosis. As depicted in Fig. 53, the differences increased as the assay progressed. Though 

on the surface appearing to violate the theory of grH being associated with host-cell survival, 

alternatively, grH could be important for host-cell survival at steady state, with its importance decreasing 

in settings of cellular stress. On the other hand, given that the differences observed were all non-

significant, care must be taken not to overestimate these results either. 

 

Despite the unexpected results from the serum-starvation assay, a positive correlation between grH 

expression and NK-cell survival is likely, particularly at steady state. Nevertheless, further experiments 

are needed to elucidate it further. For example, using more nuanced inducers of apoptosis than serum 

starvation and IL-2 withdrawal, eg stimulation of NK cells first with IL-2 and then with an anti-CD16 

mAb to trigger activation-induced cell death (51), as well as studying larger sample sizes, may help to 

establish a more robust link (or lack thereof) between grH expression and NK-cell survival or apoptosis. 

 
 

4.9 Direct Antiviral and GrB-Disinhibiting Roles of GrH 
 
Regardless of whether or not it exerts cytotoxic activity, grH has been shown by multiple studies to 

exhibit direct, cytolysis-independent, antiviral activity. It has been demonstrated to inhibit hepatitis B 

virus replication by directly cleaving the hepatitis B virus protein HBx (178), and to lead to impairment 

in hepatitis C virus translational activity by cleavage of La, a host protein involved in RNA metabolism 

(275). Moreover, grH, like grB, has been shown to considerably impair adenoviral DNA replication by 

directly cleaving the adenoviral DNA-binding protein DBP, though at different positions than grB does 

(276). This direct antiviral activity is important on a further and possibly even more crucial level, as grH 

has been shown to also have a notable effect on grB function: by cleaving adenoviral 100K assembly 

protein, a viral inhibitor of grB, grH relieves inhibition of grB (276). It is possible that grH plays a role 

as a ‘grB disinhibitor’ in other contexts, as well, particularly given the striking structural similarities 

between the two granzymes. This theory also fits nicely with the hypothesis of grH being involved in 

NK-cell regulatory mechanisms. If, upon NK-cell activation, intracellular grH stores are depleted and 

not replenished but grH is required for optimum functioning of grB, an inherent check is placed upon 

grB activity (Fig. 57), which could help prevent autoreactivity of NK cells. 
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Fig. 57: GrH may act as a disinhibitor of grB. If grH is required for disinhibition of grB in NK cells, grB 
inhibition increases with decreasing grH expression following prolonged stimulation of NK cells, which would 
lead to a decrease in grB functionality. Author’s illustration. 
 
Alternatively, as suggested by Waterhouse and Trapani (277), the reduction in grH levels with NK-cell 

stimulation could represent a shift in focus from predominantly direct antiviral NK-cell activity, 

mediated by grH as well as grB, to predominantly cytotoxic NK-cell activity, mediated by grB. 

 
 

4.10 Conclusions 
 
This study is the first to link grH to NK-cell licensing. The main aim of this study, to test for and then 

to robustly establish a link between NK-cell licensing and grH expression at the protein level, examining 

grB for comparison, was fully met, as a robust positive correlation between NK-cell licensing and grH 

expression was found. Both grH and grB expression also positively correlated with NK-cell maturity. 

The observed correlation between NK-cell licensing and increased grH expression was so strong that 

the author proposes the use of grH expression for the formulation of a novel temporal and developmental 

model of NK-cell licensing and as a marker of the process. In contrast, by providing evidence of lack of 

specificity of a commonly used anti-grB antibody mAb (GB11), the conclusions previously drawn about 

a correlation between NK-cell licensing and grB expression are called into question. 

 

Expression of both grH and grB among lymphocyte subpopulations was shown to be highest in NK cells 

and expression patterns of the two granzymes were found to be very similar at rest. On the other hand, 

stimulation of NK cells was found to lead to differential regulation of grH and grB, more dramatically 

so than shown in previous studies, here inducing drastic downregulation of grH but not grB expression. 

 

Through whole-cell approaches (using grH-overexpressing NK-92 cells), which contrast with 

approaches using purified recombinant grH, the previously postulated cytotoxic role of grH could not 

be confirmed in this study. Instead, a positive correlation between grH and BCL-2 expression was found 

and a role of grH in host-cell survival is suggested. Furthermore, a potential regulatory rather than a 

mainly cytotoxic role of grH is proposed, NK-cell stimulation possibly leading to grH exhaustion, which 

may put a brake on potential disinhibition of the function of grB. 

 

The data presented in this study provide substantial insight into the role and functions of grH and are an 

important step towards elucidating the precise intracellular processes involved in NK-cell licensing. The 

future steps suggested throughout this Discussion, including the use of even more functional studies, as 

well as more transcriptomic analyses of those functional studies, will help to further enhance the 

understanding already gained here of grH and its functions, as well as of NK-cell licensing as a whole. 

The author hopes that particularly the link between NK-cell licensing and grH expression, as well as the 

proposed temporal and developmental model of NK-cell licensing, will be valuable guides for the further 

study of the complex mechanisms involved in this process, to bring us closer to the overarching goal of 

exploiting NK-cell functions and functionality for more effective use in antiviral and especially anti-

tumour therapies. 

NK-Cell Granzyme H Expression

Granzyme B Inhibition
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