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Summary 

 

Cytomegalovirus (CMV) reactivation is still a serious complication after 

hematopoietic stem cell transplantation (HSCT), despite the great progress made in the last 

decades in CMV-prophylaxis and treatment.  

The observation that adaptive Natural Killer (NK) cells undergo a persistent 

reconfiguration in response to CMV reactivation opened up a new range of opportunities in 

the study of these reactivations. However, the exact role of adaptive NK cells in CMV 

reactivation and surveillance is not fully understood. Therefore, we studied the relationship 

between CMV reactivation and adaptive NK cells in 70 patients monitored weekly for the 

first 100 days after HSCT. Significant increases in the absolute cell counts of adaptive NK 

cells were seen after resolution of CMV reactivation compared to patients without 

reactivation. In addition, adaptive NK cells from patients with CMV reactivation showed a 

more cytotoxic phenotype when compared to the ones of patients without reactivation.  

The study of CMV is challenging due to the difficulty of clinical strains to efficiently 

proliferate in vitro without the occurrence of mutations. These problems were recently solved 

by the use of BAC vectors and insertion of fluorescence tags to facilitate the detection of 

infected cells. However, the methods used for titration of CMV-BAC stocks are still relaying 

on the standard methods that are expensive and/or time-consuming. Therefore, we established 

a method of viral titration by flow cytometry, making use of the fluorescent tag.  

Furthermore, in vitro expanded adaptive NK cells from CMV-seropositive patients 

were able to eliminate CMV-infected human foreskin fibroblasts (HFF). Interestingly, 

adaptive NK cells recruited T cells in an in vitro transwell migration assay and an extensive 

cytokine/chemokine panel demonstrated strongly increased secretion of an array of cytokines, 

chemokines and growth factor. These included pro-inflammatory cytokines (IL-6 and IL-15), 

anti-viral cytokines (IFN-γ, IFN-α2 and TNF-α), chemokines (IP-10/CXCL10 and CCL3) and 

growth factor (G-CSF). 

Taken together, our results have demonstrated the potential of adaptive NK cells in the 

control of CMV reactivation both by direct cytotoxicity and by recruitment of other immune 

cells.
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1. Introduction 

1.1  The two branches of the immune system 

 

The immune system is an extremely versatile defense system classically divided into 

innate and adaptive system (Figure 1). 

The cellular components of the innate branch include mast cells, macrophages, 

granulocytes, dendritic cells (DCs) and natural killer (NK) cells [1,2]. Simplistically, the 

innate immune response includes the first line of defense mechanisms that are encoded in the 

germline genes of the host. These include proteins that are constitutively present in biological 

fluids or that are released from activated cells. In addition, membrane-bound or cytoplasmic 

proteins and receptors that bind molecular patterns, soluble or expressed at the surface of 

invading organisms, which are known as pathogen-associated molecular patterns (PAMPs).  
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receptors (TCR) and antibody variable region changes for higher  avidity of secreted 

antibodies [4,5]. 

The two arms of the immune system have complementary characteristics and act in a 

cooperative manner. The innate immune cells represent the first line of defense against 

pathogens or foreign proteins and peptides, while the adaptive immune response takes place at 

later time points, weeks to months after the first contact with an antigen. In addition, the 

innate immune cells are able to affect and modulate the adaptive responses [6]. This effect is 

identified as the “three-signal paradigm of innate control of adaptive immunity”.  Here, the 

first signal is provided by the TCR engagement via antigen presentation. The second signal 

leads to the upregulation of co-stimulatory molecules on antigen-presenting cells (APCs). 

And finally, the third signal is the production of cytokines and chemoattractants by the innate 

immune cells, in response to PAMPs recognition [7–9]. 

 

1.2  Hematopoietic Stem Cell Transplantation 

 

Stem cells can be found throughout the body and are defined as undifferentiated cells, 

able to self-renew and are the origin of functional and highly specialized progeny [10,11]. 

Hematopoietic stem cell transplantation (HSCT) relies on the self-renewal and 

differentiation of hematopoietic stem cells (HSC), thus exchanging the immune system of the 

recipient gradually [12]. HSCT has come a long way since the first bone marrow 

transplantation in 1939 [13]. In the 1980s and the beginning of the 1990s, HSCT was 

restricted to younger patients (<45 years of age) with an HLA-identical sibling donor and 
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chronic or non-malignant diseases. Due to the outstanding progress achieved in the 

understanding of the HSCT biology and standards of care, such as less-intensive conditioning 

regimens and prophylaxis for graft-versus-host disease (GvHD), the use of HSCT for older 

patients has increased. In addition, the creation of international donor registries has enabled 

the use of HSCT for patients lacking HLA-identical siblings [14]. HSCT is currently the 

standard treatment for several malignant and non-malignant diseases, ranging from congenital 

or acquired disorders of the hematopoietic system, to autoimmune and inherited metabolic 

disorders [15–17]. Hematopoietic reconstitution after bone marrow (BM) ablation is 

dependent on the migration and homing of the transplanted cells to the BM niches of the 

recipient. This homing is not completely understood to date, but it involves complex 

sequential processes. Chemokines and cytokines play an important role as well as their 

receptors, adhesion molecules and proteases [18]. The homing process directs the transplanted 

HSC to their niche, where they are then able to slowly replenish the host hematopoietic 

system with mature cells [14]. These different mature cell populations will reconstitute at 

different rates following HSCT. Within the lymphocytic population, as demonstrated in 

Figure 2, NK cells are the first donor-derived lymphoid population to recover after HSCT 

[19]. 
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to identify HLA-matches between a sibling donor and recipient. In addition, graft-rejection 

prediction was based on crossmatch of recipient serum and donor lymphocytes [23]. 

However, these techniques presented several problems related to low specificity and 

sensitivity. Continuous investigation demonstrated that variants or subtypes of HLA class I 

and class II could not be identified serologically, as minor differences were identified at the 

amino acid level [24]. Today, HLA-matching is done using standardized polymerase chain 

reaction (PCR) techniques according to the European Federation for Immunogenetics 

guidelines and allows very high resolution of HLA-typing yielding accurate matches of donor 

(also matched unrelated donors; MUD) and recipient. Stem cell donors are closely matched to 

the recipients to increase engraftment and decrease the chances of GvHD development. 

However, siblings and even MUD are not always available, therefore alternative donors also 

play a role in HSCT. HLA-mismatched unrelated donors (MMUD) can be accepted 

depending on the primary disease. Haploidentical donors are almost always available within 

the family of the recipients. To decrease the likelihood of acute graft-versus-host disease 

(aGvHD) development, the grafts from haploidentical donors are depleted of immune 

competent cells. An alternative source of stem cells comes from umbilical cord blood (UCB). 

These harbor solely immature immune cells and are thus less prone to induce GvHD. 

Nonetheless, cord blood transplantation (CBTx) is limited as insufficient numbers of stem 

cells for adult HSCT may be obtained. 
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1.3.2 Conditioning regimen 

 

In order to achieve eradication of malignant cells, to decrease immune rejection and to 

increase engraftment of donor hematopoietic stem cells, HSC transplant recipients are 

subjected to conditioning [25,26]. Conditioning regimens are divided by their intensity into:  

myeloablative conditioning (MAC) and reduced intensity conditioning (RIC) [26]. MAC uses 

high doses of total body irradiation (TBI; 12 Gy) and/or alkylating agents and is defined by 

the loss of autologous recovery of hematopoietic cells. MAC is in general used for younger 

patients with low comorbidities and is associated with a higher degree of toxicity and 

secondary malignancies. 

In the late 1990s the anti-leukemic potential – the graft-versus-leukemia effect (GvL) 

was described [27]. With the introduction of peripheral blood stem cell (PBSC) 

transplantation in the late 1990s and the use of Imatinib to treat chronic myeloid leukemia 

patients, HSCT changed considerably. As since the age of the recipients and the average 

number of their additional comorbidities has increased since 2000, dose-reduced conditioning 

regimens with lower toxicities were developed [28–30]. RIC is characterized by a decrease in 

the intensity of TBI and/or alkylating chemotherapeutics by at least 30% compared to MAC 

[31]. Independent of the conditioning, graft-versus-host disease occurs due to the repopulation 

with donor T cells recognizing malignant as well as non-malignant recipient cells as foreign 

[25,32]. RIC leads to reduced neutropenia time and mucosal and dermal damages are less 

severe. Additional T cell depletion using immunosuppressive antibodies is common in 

Europe, but has little influence on aGvHD development. Stem cell selection reduces the 

incidence of GvHD at the cost of increased relapse rates. After RIC, recipient T cells may 
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survive and add to increased antigen-specific T cells when compared to MAC. All these 

factors reduce post-transplantation complications and RIC is therefore the preferred 

conditioning regimen for older patients or patients with a high comorbidity score or patients 

with non-malignant diseases [33,34]. 

 

1.3.3 Stem cell source 

 

 Currently, PBSCs – mobilized by granulocyte-colony stimulating factor (G-CSF) – 

are the most commonly used source of stem cells while BM and UCB stem cells are less 

frequently used and are limited to certain diseases or recipients [35,36]. 

The number of stem cells that can be harvested from peripheral blood mobilization 

and BM are comparable. PBSC harvesting is performed by leukapheresis and has fewer side 

effects compared to BM. The side-effects remaining are due to the G-CSF treatment of the 

donor one week prior to the harvest and include fatigue, bone pain, headache and nausea. 

More severe side effects, such as non-traumatic splenic rupture, iritis, anaphylactic shock and 

cardiac ischemia have been described, but are extremely rare [37–39]. BM harvesting requires 

anesthesia during harvesting and is therefore associated with higher risks. In addition, the 

harvesting of BM from the hip bones of the donor can result in discomfort and prolonged 

recovery time [40]. 

UCB presents several advantages as source of stem cells. It is a ready-to-use source of 

HSC and the immature lymphocytes present lead to lower GvHD incidence while maintaining 

the GvL effect. In addition, transplantation from unrelated cord blood units can be successful 
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even at lower degrees of matching. On the down side, the time of neutropenia and overall 

immune reconstitution is significantly prolonged, leading to increased infectious 

complications [41,42]. 

 

1.3.4 Graft-versus-host disease  

 

Graft-versus-host disease was defined in 1966 by Billingham, and occurs when 

immunocompetent donor cells recognize and attack host tissue of the recipient [43]. The 

development of GvHD is triggered by tissue injury resulting from the primary chemotherapy 

or conditioning regimens. This damage results in the production of several cytokines that 

facilitate antigen presentation and recognition by alloreactive donor T cells [44]. GvHD is a 

severe, therapy-induced complication of HSCT and contributes significantly to transplant-

related-mortality (TRM). Thirty to 50% of HSCT recipients- using matched related donors 

(MRD) and about 70% of the recipients using MUD develop GvHD [45]. GvHD can be 

divided into acute (usually manifesting itself within the first 100 days post-HSCT) and 

chronic GvHD (cGvHD) and both have distinct immunological features. To date, GvHD is 

classified according to symptoms, histological features and organ manifestation rather than 

according to fixed timelines and even mixtures of both have been described [46].  
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1.3.5 Acute GvHD 

 

Acute GvHD results from tissue damage, mainly affecting the skin, liver and 

gastrointestinal tract. The damages lead to danger signals and a heightened secretion of pro-

inflammatory cytokines, known as a cytokine storm [28]. These pro-inflammatory cytokines 

then activate host and/or donor APCs, ultimately activating donor T cells present in the graft. 

The newly activated T cells differentiate into T helper (Th) cells and cytotoxic T cells (Tc) 

and proliferate [47]. Ultimately, a synergistic effect of both innate and adaptive immune cells 

exacerbate the T cell-induced inflammatory process and induce further tissue destruction [48]. 

Severity of aGvHD is  graded according to the Glucksberg criteria (summarized in Table 1) 

and verified by biopsies [44,49].  
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the disease is similar to the first phase of aGvHD and is triggered by innate immune 

mechanisms that cause chronic inflammation and non-specific tissue damage as a result of the 

administration of cytotoxic drugs, infections or previous aGvHD. The second phase is 

associated with deregulated immunity. The thymus plays a central role in this phase because 

its function is impaired as a consequence of thymic epithelial cell damage after allogeneic 

reactions, which results in a decreased negative selection of tissue-specific auto-antigens. 

Therefore, donor-derived T lymphocytes with antigen-specificity or cross-reactivity are able 

to expand and further aggravate inflammation [52]. B cells also have a strong impact on 

cGvHD development. High levels of B cell activating factors post-HSCT and failure to 

control B cell activation mechanisms promote the persistence and propagation of auto- and/or 

allo-reactive B lymphocytes [53]. The deregulated response to chronic inflammation results in 

exacerbated fibrosis with disruption of target tissue and organ architecture and consequently, 

in impaired function [54].  

 

1.3.7  T cell depletion 

 

Prevention and/or management of GvHD are critical for the outcome of HSCT. 

Nevertheless, a balance between reduced GvHD incidence and increased GvL should be 

maintained. Thus, T cell depletion, as a mean to reduce GvHD incidence, follows two main 

strategies: in vivo and ex vivo depletion. The in vivo depletion using immunosuppressive 

antibodies such as Anti-Thymocyte globulin (ATG), Thymoglobulin or Campath target donor 

and host immune cells in vivo. These antibodies are administered during conditioning regimen 
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between day -4 and day 0. In vivo depletion of T cells with ATG or Thymoglobulin does not 

influence the incidence or severity of aGvHD, but reduces the incidence of chronic GvHD 

[55]. Campath treatment reduces T cells and probably other immune cells very effectively, 

but its use is limited due to severe infectious complications [56,57]. 

Ex vivo depletion of T cells or other immune cells is mainly performed by CD34
+
 stem 

cell enrichment. Nonetheless, T and B cell depletion can also be used. As this strategy is 

associated engraftment problems, reduced GvL effect and increased infectious complications, 

such as virus reactivations, it is mainly used for haploidentical or mismatched transplantation 

[58]. 

 

1.4  Cytomegalovirus 

 

Cytomegalovirus (CMV) infects 50-90% of the world population and in the context of 

HSCT, CMV is the most common opportunistic infection [59]. CMV comprises a genome of 

~235 kb and encodes ~165 genes, making it the largest human herpesvirus known [60]. As do 

all other herpes viruses, CMV establishes a life-long infection of its host by reaching a latent 

stage, where only a limited set of viral genes is expressed and infectious virus is not produced. 

In addition, CMV has a wide cell tropism and is able to replicate in several leukocyte 

populations, connective tissue cells, epithelial and endothelial cells and hepatocytes [61]. 

CMV infection is characterized by three distinct phases consisting of: i) a systemic replication 

stage in peripheral tissue that activates both innate and adaptive immune responses; ii) a 
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tissue-localized persistence, and iii) a multisite life-long latency [62]. The ability of CMV to 

establish a life-long latency after primary infection is a result of the co-evolution of CMV and 

its hosts for millions of years. In healthy individuals, CMV infection is asymptomatic or 

presents with flu-like symptoms, only leading to disease when the immune system is naïve or 

compromised [63]. In immune compromised hosts, such as human deficiency virus (HIV) –

infected persons and transplant recipients (both solid organ transplantation and HSCT), CMV 

can induce life-threatening complications and has therefore been vigorously investigated. 

The detection of CMV-infected cells was initially dependent on plaque assays that 

relied on the infection of embryonic fibroblasts which required between 10 and 30 days. 

CMV clinical diagnosis was revolutionized with the production of a monoclonal antibody 

specific for an immediate-early (IE)-CMV protein in 1984 [64]. Several other techniques have 

since been developed, including pp65 immunohistochemistry (IHC) and DNA viral load 

detection by PCR [65].  However, plaque assays and IHC are still the prevailing methods used 

for viral titration in research. Both techniques are time-consuming and can be costly in the 

case of IHC. 

In order to better understand the biology of CMV and the immune response to it, 

CMV strains were characterized in detail. The first characterization of the CMV genome in 

1990, allowed sequence and genome-wide comparisons of different CMV strains [66]. The 

study of CMV has mainly relied on observations from the laboratory strains AD169 and 

Towne. These viral strains have been propagated many times in vitro which led to the loss of 

about 19 genes compared to low-passaged strains and clinical isolates [67].  Loss of genes by 

in vitro selective pressure leads to the study of mutants lacking large sequences that are not 

required or would impair the viral survival in vitro [68]. This means not only that CMV 
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studies have been performed with strains lacking genetic material that may be crucial for the 

understanding of host-virus interactions but also, that the same virus in different laboratories 

and with different passaging levels may produce different phenotypes. Cloning of CMV with 

all encoding genes has been a difficult task and can nowadays be partially overcome by the 

use of bacterial artificial chromosomes (BACs). However, the large size of CMV initially 

meant that regions of CMV genome were deleted to allow for its accommodation into BACs. 

One of the deleted regions, the unique short (US)2-US6, plays an important role in the virus-

host interaction. It encodes genes that downregulate HLA class I from the cell surface as well 

as genes involved in the degradation of multiple host proteins [69,70]. Moreover, additional 

mutations frequently occur around the BAC cassette and in the UL/b’ region [71]. All these 

mutations prevent an accurate readout of the immune responses to CMV-infection and ways 

to circumvent these problems were therefore developed. The deleted regions were re-inserted 

and the BAC cassette excised, allowing for the accommodation of the extra material  [72–74]. 

Furthermore, the insertion of fluorescent tags in these constructs further facilitates the 

detection of infected cells. The virus used in the present study includes all the US regions 

corresponding to CMV-encoded immunoevasins (MHC class I down-regulating genes) and 

also contains a self-excisable BAC cassette and a fluorescent tag. This provides the best 

conditions for the study of CMV-immune responses, with a virus that expresses all the 

immune-relevant regions of the CMV genome. Furthermore, CMV-self excisable BACs 

reduce in vitro selective pressure as the result of decreased culture time until 100% cytopathic 

effect is reached (CPE) and decreased size of the genome because of the BAC-cassette 

excision [73]. 
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1.4.1 Cytomegalovirus serostatus and reactivation 

 

CMV seropositivity and reactivation are associated with increased morbidity and 

mortality after HSCT [75,76]. Donor and recipient serostatus determines the risk for CMV 

reactivation, thus, the aim is to transplant seronegative patients from seronegative donors (R
-

D
-
), or to match seropositive recipients with seropositive donors (R

+
D

+
). In the R

-
D

-
 setting, 

new infection with CMV is rare, occurring in about 1% of the patients. [77]. Approximately  

12% of the CMV-seronegative patients are transplanted from seropositive donors (R
-
D

+
) and 

approximately 30% of the patients can develop primary CMV infection [77,78]. Up to 80% of 

CMV-seropositive patients reactivate CMV [76]. However, despite this high number of 

reactivations in the R
+
D

+
 setting, this patient group rarely develops CMV disease due to the  

faster reconstitution of CMV-immunity with CMV-specific cytotoxic T lymphocytes (CMV 

CTLs) [79]. On the contrary, CMV-seropositive patients transplanted from seronegative 

donors are at the highest risk of developing CMV disease after multiple CMV reactivations. 

[80].  

 

1.5  T cells 

 

T cells play a central role in the immune response and modulate the function of other 

immune cells. Two main populations of T cells can be defined according to the expression of 

CD4 or CD8. 
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CD8
+
 T cells are mainly cytotoxic and different subpopulations of CD8

+
 T cells can be 

defined according to the expression of additional markers. These subpopulations include: 

naïve, central memory, effector memory and terminal effector cells, each with different 

effector capabilities [81,82]. A distinction of different subpopulations can also be made 

according to the cytokines they produce as T cytotoxic 1, Tc2 and Tc17 [83–85]. Naïve CD8
+
 

T cells are activated by the presentation of antigens by APCs and undergo clonal expansion. 

These expanded effector cells produce cytokines, cytotoxic molecules and have degranulation 

capacity [86,87]. After clonal expansion, cells undergo a contraction phase where the 

remaining antigen-specific cells constitute the pool of memory cells [88].  CD8
+
 T cells have 

been described as the major players in the control of CMV reactivation [89]. During latency 

of CMV, CMV-specific CD8
+
 T cells have a late-differentiated effector phenotype with no 

signs of exhaustion or senescence [90]. In addition, some CMV-antigens are considered 

immunodominant (e.g. CMV-pp65 and CMV-IE1) and induce increases in cell numbers, 

effector functions and persistence of CMV-specific T cells (CMV-CTLs) [91,92]. A study by 

Kahn and colleagues showed that 10-20% (depending on age) of peripheral blood CD8
+
 T 

cells in healthy individuals can be CMV-specific [93]. 

CD4
+
 T cells are also a heterogeneous population and can be further subdivided into 

Th1, Th2, Th9, Th17, follicular helper T, induced regulatory T and regulatory T helper cells. 

The wide variety of CD4
+
 subpopulations depends on distinct cytokine signals involved in 

their differentiation with each population playing different effector functions [94]. The many 

different roles of CD4
+
 T cells include: auxiliating in the production of antibodies by B cells, 

involvement in the recruitment of innate immune cells (e.g. neutrophils, eosinophils and 

basophils) to sites of infection and augmenting the development of CD8
+
 CTLs. In addition, 
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CD4
+
 T cells are also able to directly eliminate infected or transformed cells [95]. In the 

context of CMV-reactivation in HSCT, Gabanti et al. demonstrated that reconstitution by 

CD4
+
 CMV-specific T cells was necessary for the control of CMV reactivation. Furthermore, 

studies by Greenberg  and colleagues have revealed that CD4
+
 T cells were crucial in the 

maintenance of CD8
+
 CMV-CTLs and cytokine production [96]. 

Nonetheless, both cell populations have central roles in the control of viral infections, 

where the development of memory cells upon antigenic recognition and consequent 

proliferation and differentiation is required for an effective control of the virus [97,98]. 

 

1.6  Natural Killer cells 

 

Natural killer (NK) cells represent 5-20% of peripheral blood mononuclear cells [99]. 

They were originally identified by their  ability to lyse tumor cells in vitro without prior 

sensitization and MHC class I-restriction [100]. They are characterized phenotypically by the 

expression of CD56 and lack of CD3. CD56 staining allows the characterization of two 

distinct populations, CD56
bright

 and CD56
dim

. The CD56
bright

 population is responsible for the 

production of immunoregulatory cytokines whilst CD56
dim

 population represents a more 

differentiated and mature population, with cytotoxic functions, beyond the capacity to 

produce certain cytokines [101,102]. NK cells belong to the innate immunity branch of the 

immune system and express a wide range of germline-encoded activating and inhibitory 

receptors. Activation or permanence in a quiescent state of NK cells is the result of the 

integration of several activating and inhibitory signals. Table 2 summarizes the main 
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activating receptors, adhesion molecules, co-stimulatory molecules and inhibitory receptors of 

NK cells. Three mechanisms have been proposed for the recognition of target cells by NK 

cells. The ‘non-self recognition’, the ‘stress-induced recognition’ and the ‘missing-self’ 

recognition [103]. The missing-self hypothesis, where it is postulated that the lack or 

alteration of MHC class I molecules causes target cells to be susceptible to NK cell attack, 

was pioneer in explaining the expression of a variety of MHC class I-specific inhibitory 

receptors. These receptors include killer immunoglobulin-like receptors (KIR) and a C-type 

lectin-like inhibitory receptor CD94/NKG2A heterodimer [104]. The inhibitory receptors 

signal through intracytoplasmic immune receptor tyrosine-based inhibition motifs (ITIMs) to 

allow the survival of healthy cells that express self-MHC class I molecules [105]. However, 

during infection and tumor transformation, cells downregulate the expression of these 

inhibitory molecules and/or up-regulate stress-induced self-molecules, known as NKG2D 

ligands. Cells expressing these NKG2D ligands are recognized as altered and are therefore 

susceptible to NK lysis [106–108]. On the other hand, activating receptors, including the 

natural cytotoxicity receptors (NCRs) NKp44, NKp46 and NKp30, signal through immune 

receptor tyrosine-based activating motifs (ITAMs) [109]. Upon activation, NK cells can 

eliminate target cells by three possible means. The first mechanism consists of the secretion 

of cytotoxic granules containing perforin and granzymes at the immunological synapse to 

disrupt the cell membrane of target cells and trigger apoptosis [110]. Antibody-dependent 

cell-mediated cytotoxicity (ADCC) is another granule-mediated mechanism used by NK cells 

which is dependent on the ligation of Fc receptors expressed by NK cells with the Fc region 

of immunoglobulins present on target cells [111]. The third mechanism relies on the 
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1.6.1 Natural Killer cells in context of hematopoietic stem cell 

transplantation 

 

NK cells play a crucial role after  HSCT as they are the first donor-derived 

lymphocytic population to be reconstituted, thus representing the only lymphocytes with the 

potential to control leukemic relapse at the early stages preceding the reconstitution of T cells 

[115,116]. Particularly in the context of HSCT from haploidentical donors, where donor T 

cells are almost completely depleted, NK cell alloreactivity provides protection from relapse 

as a consequence of their anti-leukemic potential. HLA class I alleles are ligands for the 

inhibitory KIRs. Therefore, mismatches of HLA class I alleles in the GvHD-direction plays 

an important role in the elimination of leukemia blasts [117–119]. Furthermore, 

subpopulations of alloreactive NK cells can also eliminate residual recipient T and dendritic 

cells, preventing GvHD and graft rejection [117]. 

 

1.6.2 Adaptive NK cells 

 

Immune memory is a property of adaptive immunity. Adaptive immune responses are 

characterized by the persistency of long-lived memory cells and the ability to achieve a rapid 

clonal expansion and enhanced effector functions in secondary encounters with the same 

antigen [120]. In 2004, the first report demonstrating the effect of CMV on the repertoire of 

NK cell receptors was published [121]. Two years later, in 2006, the development of contact 

hypersensitivity (CHS) to distinct haptens in mice lacking both T and B cells hinted at the 
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possible involvement of NK cells in antigen-specific memory responses. The possible 

involvement of NK cells was verified by depletion of NK cells in hapten-sensitized mice and 

by the lack of CHS development in hapten-sensitized mice lacking both recombinant-

activating gene 2 (Rag2) and interleukin-2 receptor subunit-γ (Il2rg) which lack T and B cells 

as well as mature NK cells [122,123]. In addition, the recall responses were specific for the 

hapten used for sensitization, the immune response was transferable upon adoptive transfer of 

hepatic NK cells and could be observed up to 4 months after priming [124]. The surprising 

discovery of this NK cell population in the CHS model quickly sparked interest in other 

diseases. Memory responses against mouse CMV (MCMV) were seen in a murine model 

where it was demonstrated that adaptive NK cells were present in liver, lung, kidney, spleen, 

blood circulation and other lymphoid organs [125,126]. In humans, CMV but not Epstein-

Barr virus or herpes simplex virus, shapes the receptor repertoire of NK cells as seen by a 

decreased expression of the NCRs, including NKp30 and NKp46 and by a higher proportion 

of KIR
+
 and CD85j

+
 than to NKG2A

+
 cells. [121]. The skewed repertoire of NK cells and 

expression of NKG2C characterizes a population of NK cells adapted to CMV which have 

therefore been called ‘adaptive NK cells’ [121,127,128]. An expansion of NKG2C-expressing 

NK cells is seen during acute infection and also during reactivation of latent virus [129,130]. 

Moreover, loss of CD62L  expression (a lymph node homing marker), acquisition of CD57 

expression and upregulation of inhibitory receptors for self-MHC class I correlates with an 

increased degranulation capacity and cytokine production upon engagement with target cell 

[131–133]. Furthermore, a genetic imprint on B cell and myeloid cell-related signaling 

proteins was found on adaptive NK cells. The adaptor protein FcεRγ-
 was silenced in CMV-

seropositive individuals. In addition, spleen tyrosine kinase (SYK) and the tyrosine kinase 
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EWS-Fli1-activated transcript-2 (EAT-2) were found to be stochastically silenced in 

expanded NK cells in CMV-seropositive individuals in response to CMV reactivation after 

HSCT [127,134]. More recently, it was described that adaptive NK cells recognize CMV in a 

peptide-specific manner. The non-classical MHC class I HLA-E serves as a cognate ligand of 

NKG2C and its inhibitory counterpart NKG2A. Cell-surface stabilization of HLA-E 

molecules requires peptide loading with peptides derived from the sequence of classical MHC 

class I molecules and the CMV UL40 protein encodes HLA-E-stabilizing peptides that 

mimic, to some extent, MHC class I sequences. During CMV infection, HLA class I is 

downregulated as an evasion mechanism of T cell recognition. However, maintenance of 

HLA-E surface expression ensures that NK cells will not be activated via the engagement of 

NKG2A [135–138]. Conversely, HLA-E has been reported to elicit the expansion and effector 

functions of adaptive NK cells in vitro [121,139]. Different polymorphisms in UL40 peptides 

were shown to induce NKG2C-mediated responses with different avidities highlighting a 

mechanism by which adaptive NK cells are able to specifically recognize peptides [74].   

Reactivation of CMV leads to increased morbidity, prolonged hospitalization and even 

mortality in patients after HSCT [140]. Therefore, adaptive NK cells able to specifically 

respond to the viral reactivation can be of great interest in this context and several receptors 

expressed by NK cells may be relevant in this setting.  

The characterization of adaptive NK cells in this analysis relies on several receptors. 

Besides the cluster of differentiation (CD) 3 and CD14 needed for the exclusion of T cells and 

monocytes respectively, CD56 and CD16 are required for the discrimination of classical 

populations of NK cells. CD3 is a T cell marker as it is expressed on all T lymphocytes 

subsets and is a member of the immunoglobulin family involved in antigen recognition, signal 
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transduction and T cell activation [141]. CD14 is highly expressed in monocytes and 

macrophages. It is a co-receptor for Toll-like receptors and pattern recognition receptors 

playing an important role in the clearance of gram-negative bacteria [142].  

As previously mentioned, NK cells are mainly divided into two different 

subpopulations according to the expression of CD56 and CD16. CD56 is an adhesion 

molecule present on NK cells, γδ T cells, DCs and activated CD8+
 T cells. Depending on the 

degree of expressed CD56, NK cells can be further subdivided into CD56
dim

 and CD56
bright

. 

The exact reason for the expression of CD56 in immune cells is not yet known, however, it 

appears to be associated with the degree of cell activation, as it is the case of expanded NK 

cells for adoptive transfer which upregulate the expression of CD56 [143]. CD16 in its turn, is 

the low affinity receptor of the immunoglobulin Fc receptor and is responsible for the 

elimination of opsonized infected cells via ADCC with this mechanism playing an important 

role in the control of herpesvirus infections [144]. 

For further phenotypic characterization of NK cells subpopulations, supplementary 

receptors were used. These included NKG2C and CD57, for the characterization of adaptive 

NK cells, and CD8 and NKG2D for the study of their functional status. 

NKG2D and NKG2C are activating C-type lectin-like receptors. NKG2D is virtually 

expressed in all NK cells and recognizes stress-induced MHC class I-related proteins 

(MICA/B) and virally-infected unique long (UL)-binding proteins (ULBPs). The expression 

of NKG2D-ligands in viral infection results in a powerful activation of NK cells [145]. On the 

other hand, NKG2C recognizes non-classical HLA-E ligands which recognition triggers NK-

cytokine production and cytotoxicity [146]. Several studies have now determined that 

NKG2C
+
 NK cells frequencies are increased in CMV-seropositive individuals. This cells also 
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show an increased capacity of IFN-γ production when CMV-antigens are present. The 

observations from these studies led to the consensus that NK cells adapted over time to CMV 

[147]. Adaptive NK cells possess other characteristics including the expression of CD57. 

CD57 is expressed in NK cells, T cells and cells of neural crest origin. It characterizes a 

terminally differentiated state (or mature) NK cells. These cells are not senescent but rather 

cells with an increased cytolytic activity, increased responsiveness to signaling through CD16 

and NCRs and less responsive to cytokines [148]. Finally, CD8 is expressed in approximately 

30% of NK cells and CD8
+
 NK cells were shown to have an enhanced cytotoxic capacity and 

also an increased survival during target cell killing [149].   

 

1.6.3 NK cells as modulators of immune responses 

 

Increasing evidence shows that NK cells play a crucial role in the early control of viral 

infections as demonstrated by NK-deficient humans suffering from recurrent infections with 

herpesviruses [150–152]. In fact, NK responses to viral infection have been studied in a 

variety of viruses, including Epstein-Barr virus, human immunodeficiency virus, CMV, 

influenza virus and papillomaviruses, with NK functions reviewed by Biron et al. [153]. 

Besides their direct cytotoxic capacity, NK cells are also able to modulate innate immunity 

and polarize adaptive immunity. NK cells can induce DC maturation via TNF-α and IFN-γ 

secretion and cell-to-cell contact [154,155]. In turn, mature DCs secrete interleukin (IL)-12 

that will augment the production of IFN-γ by NK cells and induce a Th1 polarization [156]. 

NK cells can secrete a variety of cytokines besides TNF-α and IFN-γ, including TNF-β, 
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interleukin (IL)-10, IL-13 and GM-CSF, demonstrating their potential to modulate immune 

responses [114].  

In addition to the secretion of cytokines, NK cells also secrete chemokines. After 

activation, NK cells can produce C-motif ligand (XCL)1, C-C motif chemokine ligand 

(CCL)3, CCL4, CCL5, CCL22 and C-X-C motif chemokine ligand (CXCL)8 in vitro which 

can result in a NK-mediated recruitment of many other cells types and protection against 

infection [157–163]. 

 

1.7  Hypothesis and aims of the study 

 

1.7.1 Hypothesis 

Viral reactivations and acute graft-versus-host disease (aGvHD) represent the major 

complications early after stem cell transplantation (HSCT). A better understanding of the 

innate immune response, in particular, the one of Natural Killer (NK) cells as the first 

lymphocytic population to reconstitute after HSCT, may contribute to the understanding of 

the possible cooperation of innate and adaptive immune responses toward cytomegalovirus 

(CMV) surveillance. This may help to design proper prophylaxis and individualized therapies 

for patients early after HSCT. 
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1.7.2 Resulting questions 

What changes in the kinetics of reconstitution of adaptive NK cells are seen in patients who 

undergo CMV reactivation, shortly after HSCT? Can adaptive NK cells eliminate CMV-

infected cells and/or can they modulate the adaptive immune response? 

 

1.7.3 Aims 

1. To establish a panel for the monitoring of the immune reconstitution of Natural Killer 

cells subpopulations 

2. To correlate and validate changes in the adaptive NK subpopulation with CMV 

reactivation onset  and resolution in patients post-HSCT  

3. To compare CMV-CTL and adaptive NK cell kinetics in the context of CMV 

reactivation after allogeneic HSCT 

4. To assess the functional properties of expanded adaptive  NK cells 

5. To  assess immune recruitment capacities of adaptive NK cells



 

 

 

 

 

 

 

 

Chapter 2- Materials and Methods 
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2. Materials and Methods  

 

2.1 Materials 

 

2.1.1 Buffers and culture media 

 

MACS buffer 

1x Dulbecco’s phosphate buffer saline (DPBS), 2 mM EDTA and 0.5% BSA 

 

Wash buffer 

100 µL of 1% PFA per 20 mL DPBS 

 

Lysis buffer 

12.5 µL of IOTest 3 fixative solution per mL of VersaLyse solution 

 

Whole blood lysis buffer 

25 µL of IOTest 3 fixative solution per 1 mL of VersaLyse™ Lysis solution  

 

Freezing medium 

10% AB human serum in RPMI 1640  

 

Thawing Medium 

5% AB human serum in RPMI 1640 with 1% Penicillin/ Streptomycin 

RPMI 10% Medium 

RPMI 1640, 1% Penicillin/ Streptomycin and10% FBS 
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NK cell expansion Medium 

NK MACS Medium, 1% Penicillin/Streptomycin, 1% Supplement, 5% Ab Serum, 500 IU/ 

mL IL-2,  10 ng/ mL IL-15 (and 1µg/ mL PHA at the start of expansion) 

 

DMEM 10% Medium 

DMEM, 1% Penicillin/Streptomycin and 10% FBS 

 

Cytotoxicity assay Medium 

NK Basal Medium, 1% Penicillin/Streptomycin, 5% Ab Serum and 100 IU/ mL IL-2 

 

Migration Medium 

RPMI, 1% Penicillin/Streptomycin and 0.5% BSA 

 

LDH assay catalyst 

Catalyst rehydrated with 1 mL double distillated H2O and  

 

LDH reaction mixture 

250 µL LDH assay catalyst with 11.25 mL of dye solution 

 

2.1.2 Cytokines and stimuli 

 

Cytokine/ Stimuli Company Catalogue number 

IL-2 Miltenyi 130-097-745 

IL-15 ImmunoTools 11340153 

PHA Invivogen Inh-phap 

CCL21 Miltenyi 130-094-618 
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2.1.3 Antibodies 

 

Antibody Conjugate Clone Company 
Catalogue 

number 

CD3 PerCP OKT3 Biolegend 317337 

CD14 PerCP HCD14 Biolegend 325631 

CD56 APC-Cy7 5.1H11 Biolegend 362511 

CD16 PE-Cy7 3G8 Biolegend 302015 

CD57 FITC HCD57 Biolegend 322306 

NKG2C PE 134591 R&D FAB138P-025 

7AAD - - Biolegend 420403 

CD8 AF700 HIT8a Biolegend 300919 

NKG2D BV421 1D11 Biolegend 320821 

CD3 VioBlue REA613 Miltenyi 130-114-710 

CD3 VioGreen REA613 Miltenyi 130-113-704 

CD56 
PerCP-

Vio700 
REA196 Miltenyi 130-114-742 

CD107a PE-Vio770 REA792 Miltenyi 130-111-700 

CD56 PE-Vio615 REA196 Miltenyi 130-114-741 

NKG2C APC REA205 Miltenyi 130-117-547 

CD57 APC-Vio770 REA769 Miltenyi 130-111-966 
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NKG2C PE-Vio770 REA205 Miltenyi 130-120-589 

Anti CMV I.E.A - E13 Argene/BioMérieux 11-003 

Cy™3 AffiniPure 

(Fab’)2 Fragment 

Goat 

Cyanine 

Cy™3 
Polyclonal 

Jackson 

ImmunoResearch 
115-166-003 

 

 

Isotype control Conjugate Clone Company 
Catalogue 

number 

Mouse IgG2a, κ PerCP MOPC-173 Biolegend 400256 

Mouse IgG1, κ PerCP MOPC-21 Biolegend 400147 

Mouse IgG1, κ AF700 MOPC-21 Biolegend 400143 

Mouse IgG1, κ APC-Cy7 MOPC-21 Biolegend 400127 

Mouse IgG1, κ PE-Cy7 MOPC-21 Biolegend 400125 

Mouse IgM, κ FITC RMM-1 Biolegend 406505 

Mouse IgG1, κ BV421 MOPC-21 Biolegend 400157 

Mouse IgG1 PE RMG-1-1 Biolegend 406607 

Mouse IgG1, κ BV 605 MOPC-21 Biolegend 400160 

REA Control (S) VioBlue REA293 Miltenyi 130-113-442 

REA Control (S) VioGreen REA293 Miltenyi 130-113-444 

REA Control (S) 
PerCP-

Vio700 
REA293 Miltenyi 130-113-441 

REA Control (I) PE-Vio770 REA293 Miltenyi 130-104-617 

REA Control (S) PE-Vio615 REA293 Miltenyi 130-113-439 

REA Control APC REA293 Miltenyi 130-113-446 

REA Control (S) 
APC-

Vio770 
REA293 Miltenyi 130-113-435 
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REA Control (S) PE-Vio770 REA293 Miltenyi 130-113-440 

 

 

2.1.4 Tetramers 

 

HLA-

molecule 

Virus 

protein 

source 

Peptide 

sequence 
Conjugate Company 

Catalogue 

number 

HLA-A*01:01  CMV pp50 VTEHDTLLY PE 
MBL 

International 
TB-0024-1 

HLA-A*02:01  CMV pp65 NLVPMVATV PE 
MBL 

International 
TB-0010-1 

HLA-A*02:01  CMV IE1 VLEETSVML PE 
MBL 

International 
TBM057-1 

HLA-A*24:02  CMV pp65 QYDPVAALF PE 
MBL 

International 
TB-0020-1 

HLA-B*07:02  CMV pp65 TPRVTGGGAM PE 
MBL 

International 
TB-0025-1 

HLA-B*08:01  CMV IE1 ELRRKMMYM PE 
MBL 

International 
TB-0026-1 

HLA-B*35:01  CMV pp65 IPSINVHHY PE 
MBL 

International 
T01048 

Negative 

Tetramer 
- - PE 

MBL 

International 
TB-0029-1 
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2.1.5 Other reagents, chemical and kits 

 

Kit Company Catalogue number 

NK Isolation kit Miltenyi 130-092-657 

Pan T cell Miltenyi 130-096-535 

Cytotoxicity Detection Kit
PLUS

 (LDH) Roche 4744934001 

MILLIPLEX MAP Human Cytokine/Chemokine 

Magnetic Bead Panel 
Millipore HCYTMAG-60K-PX29 

 

 

Chemicals/ reagents Company Catalogue number 

DMSO Sigma-Aldrich D2650 

Dulbeco’s Phosphate Buffered Saline Thermo Fisher 14190250 

Trypan blue Sigma-Aldrich T8154 

DMEM Thermo Fisher 61965059 

RPMI Thermo Fisher 61870044 

NK MACS Medium Miltenyi 130-114-429 

Penicillin/Streptomycin 
Life 

Technologies 
15070063 

VersaLyse Lysis solution 
Beckman 

Coulter 
A09777 

FlowCount Fluorospheres 
Beckman 

Coulter 
7547053 

MACS BSA Stock Solution Mitenyi 130-091-376 

Biocoll Biochrom L6115 

IOTest 3 fixative solution 
Beckman 

Coulter 
A07800 

FBS Merck TMS-013-B 

MACS Comp Beads kit anti-REA Miltenyi 130-104-693 
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Anti-Mouse Ig, κ/Negative Control Compensation 

Particles Set 

BD 

Biosciences 
552843 

4′,6-diamidino-2-phenylindole (DAPI) Roth 6843.1 

0.05% trypsin, 0.02% EDTA Sigma-Aldrich 59417C-500ML 

Luminex Sheath Fluid Millipore SHEATHFLUID 

 

 

Material Company Catalogue number 

1.5 mL Eppendorf Eppendorf 0030 123.328 

FC tubes 12x75mm BD Falcon 352008 

Corning™ Falcon™ Test Tube with Cell 

Strainer Snap Cap 
Fisher Scientific 10585801 

15 mL tube Sarstedt 62.554.502 

50 mL tube Sarstedt 62.547.254 

BD Falcon 6 Well Flat Bottom Corning 353046 

BD Falcon 12 Well Flat Bottom Corning 353043 

BD Falcon 24 Well Flat Bottom Corning 353047 

BD Falcon 96 Well Flat Bottom Corning 353072 

Nunc 96 Well Round Bottom Thermo Fisher 168136 

Filter Tip pp natural, 0.1-10µL  Nerbe Plus 06-602-5300 

Filter Tip pp natural, 0-20 µL  Nerbe Plus 07-622-8300 

Filter Tip pp natural, 0-100 µL Nerbe Plus 07-642-5300 

Filter Tip pp natural, 0-200µL Nerbe Plus 06-622-5300 

Filter Tip pp natural, 100-1000 µL Nerbe Plus 07-693-8300 

Trypsin/EDTA Merck L2143 

T25 cell culture flask Sarstedt 83.3910.502 

T75 cell culture flask Sarstedt 83.3911.500 

T175 cell culture flask Sarstedt 83.3912.302 

Serological Pipette 2 mL Sarstedt 83.1252.025 
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Serological Pipette 5 mL Sarstedt 86.1253.025 

Serological Pipette 10 mL Sarstedt 86.1254.025 

Serological Pipette 25 mL Sarstedt 86.1685.020 

50 mL Leucosep™ tubes Greiner Bio-one 227290 

Bio-one Cryo.s™ 1 mL Greiner Bio-one 123 263 

MACS LS columns Miltenyi 130-042-401 

MACS MS columns Miltenyi 130-042-201 

Pre-Separation Filters 30 µm Miltenyi 130-041-407 

Corning® Transwell polycarbonate 

membrane cell culture inserts 5µm pore 
Sigma-Aldrich CLS3421 

 

 

Cells/ cell lines Cell type Source 

Human foreskin fibroblasts Fibroblast Primary cells 

K562- Chronic myelogenous leukemia Lymphoblast ATCC 

 

2.1.6 Softwares 

 

Serial number Software Company 

1 FACS Diva6 Becton Dickinson 

2 CXP FC-500 Beckman Coulter 

3 FlowJo version 10 Tree Star 

4 Graph Pad Prism Graph Pad 

5 i-control Tecan Tecan 

6 Bio-plex Manager® 6.1 Biorad, Hercules 

7 Mendeley Elsevier 
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2.2  Methods 

 

2.2.1 Sample collection 

 

a. Patients sample collection 

Whole blood samples from patients for the monitoring of NK cell reconstitution 

were collected between day 0 and +100 after HSCT at intervals of 7-10 days or at the next 

visit to the outpatient clinic. The monitoring was approved by the Ethics Committee at the 

Hannover Medical School (MHH) (protocol number: 2906).  

 

b. Healthy donor sample collection 

Peripheral blood mononuclear cells (PBMC) were collected from leukocyte reduction 

chambers from CMV-seropositive healthy donors undergoing apheresis in collaboration with 

the Institute of Transfusion Medicine at the MHH. All experiments were performed with the 

approval of the Ethics Committee of MHH. 

 

2.2.2 Monitoring of adaptive NK cells 

 

Peripheral blood samples from patients following HSCT for the monitoring of NK cell 

reconstitution were collected in 2.5 mL EDTA tubes. Red blood cells were lysed with 2 mL of 

lysis solution for 15 minutes at room temperature (RT) in the dark. Cells were washed twice 

with 2 mL of DPBS. Antibodies were incubated at RT for 30 minutes (Table 3). Following 
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Absolute counts of CMV-CTLs were calculated according to the formula: 

𝐶𝑀𝑉 − 𝐶𝑇𝐿𝑆µ𝐿 = (% 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑡𝑒𝑡𝑟𝑎𝑚𝑒𝑟𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 − % 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑡𝑒𝑡𝑟𝑎𝑚𝑒𝑟𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠)
× 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓  𝐶𝐷8+𝑐𝑒𝑙𝑙𝑠 

 

CMV reactivation was diagnosed when 5 or more pp65-positive cells per 4 x 10
5
 

leukocytes were detected in the peripheral blood of a given patient. Resolution of CMV 

reactivation was diagnosed after three consecutively negative pp65-antigen tests. 

 

2.2.4 Isolation of peripheral blood mononuclear cells  

 

PBMCs were isolated by Biocoll density gradient from patients and healthy donors. 

Therefore, samples were diluted 1: 2 in DPBS. Fifteen milliliters of Biocoll were added to 

each Leucosep™ tube and were centrifuged for 30 seconds at 1000 x g at RT. Thirty-five 

milliliters of diluted blood were added to the tubes and centrifuged at 800 x g for 15 minutes, 

at RT in a swinging bucket rotor with the brakes switched off. After the centrifugation, the 

enriched cell fraction was collected and transferred into a fresh tube. The enriched fraction 

was washed twice with DPBS and cell numbers were determined by Trypan Blue exclusion.  

 

2.2.5 Selection of NK and T cells by magnetic selection 

 

Negative selection of NK cells was achieved using the NK cell Isolation kit and 

negative selection of T cells using the Pan T cell Isolation kit according to the manufacturer’s 
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recommendations. Briefly, pelleted cells were resuspended in 40 µL of MACS buffer per 10
7 

total cells. Ten µL of NK cell Biotin-Antibody or Pan T cell Biotin-Antibody was added per 

10
7 

total cells. Cells were mixed and incubated for 5 minutes at 4º C. MACS buffer (30 µL 

per 10
7 

total cells) was once more added followed by the addition of 20 μL of NK cell or Pan 

T cell MicroBeads Cocktail per 10
7 

total cells. Cells were incubated for 10 minutes at 4º C 

while LS isolation columns and pre-separation filters were placed into the magnetic field of a 

MACS holder and equilibrated with MACS buffer. Cell suspension was layered on the 

column and the flow-through, containing untouched NK or T cells, was collected. Columns 

and filters were washed once with 3 mL of MACS buffer and the flow-through was combined 

with the NK or T cell fraction. Cell counts were determined by Trypan Blue exclusion and 

cells were cryopreserved in freezing medium and stored in the vapor phase of liquid nitrogen 

until further use. 

 

2.2.6 Selection of adaptive NK cells 

 

Selected untouched NK cells (section 2.2.5) were thawed and cultured overnight in 

RPMI 10%. The next morning, cells were counted and washed in DPBS. Antibodies were 

added to the samples (Table 5) and incubated for 10 minutes at 4º C, protected from light. 

Samples were then washed and resuspended in MACS buffer. Samples were filtered through a 

30 µm mesh prior to fluorescent activated cell sorting (FACS). Single stains and fluorescence 

minus one (FMO) were used for calibration of cytometer. Adaptive NK cells were sorted as 

CD3
-
CD56

+ 
and NKG2C

+
CD57

+
 cells and purity of sorted samples was assessed after FACS. 
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construct is showed in Figure 4. TB40-BACKL7-SE-EGFP used in the present study had the 

US2-US6 region of the viral genome restored. The US2 gene products induce a rapid 

degradation of MHC class I heavy chain [164,165]. US3 binds MHC class I molecules which 

results in their retention in the endoplasmic reticulum and US6 inhibits the transporter for 

antigen processing, hindering the transport of antigenic-peptides to the endoplasmic reticulum 

[166,167].  

Virus stocks were generated by infection of HFF at 90-100% confluency. HFF were 

infected with 0.5-1 mL of virus-containing supernatant per flask at a multiplicity of infection 

(MOI) of 0.1 for 1 hour with occasional shaking. Following the incubation period, 25 mL of 

culture medium (DMEM 10%) was added to the flasks. Cells were harvested at a 100% CPE, 

between 5 to 7 days post-infection. Cell-free supernatant was obtained by centrifugation for 

10 minutes at 2700 x g to remove cellular debris. Cell-free virus stocks were cryopreserved 

and stored at -80º C for further use. 
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2.2.9 RV-TB40-BACKL7-SE-EGFP virus titration 

 

The virus titration method based on the detection of EGFP signal by FC analysis was 

compared to the standard median tissue culture infective dose (TCID50) assay [168]. 

For the titration by TCID50, 2 x 10
4
 were seeded per well, in quadruplicates, in a flat 

bottom 96-well plate. Approximately 8 hours later, serial dilutions of the viral stocks in 

DMEM 10% (ranging from 1 x 10
0
 to 1 x 10

-11
) were added to the cultured cells and 

incubated overnight at 37º C and 5% CO2. Next, virus inoculum was removed and cells were 

washed with DPBS. Fixation of cells was performed with 80% ice cold acetone for 5 minutes 

at RT. Anti-CMV I.E.A primary antibody (diluted 1:1000 in DPBS) was added to each well 

and incubated for 1 hour at 37º C. Wells were washed 3 times with DPBS and secondary 

staining was performed with Cy™3 AffiniPure (Fab’)2 Fragment Goat (diluted 1:200 in 

DPBS) for 1 hour at 37º C. Counterstain of the nuclei was performed with 4′,6-diamidino-2-

phenylindole (DAPI) for 3 minutes at RT. The number of CMV-IE-Cy™3-positive wells for 

each dilution was counted under fluorescent microscope Zeiss AxioCam. The Spearman and 

Kärber algorithm was used to determine the viral titers, as TCID50/ mL [169,170]. The 

Poisson distribution, was used to predict the mean number of plaque forming units per 

milliliter (PFU/ mL) by multiplying TCID50/ mL with 0.7 according to the following:  𝑃(𝑜) = 𝑒(−𝑚); P(o)= proportion of negative cultures, m= mean number of infectious 

units per volume (PFU/mL). 

For titers expressed as TCID50, P(o)= 0.5, which means e(-m)= 0.5 and m= -ln(0.5) 

which is approximately 0.7 



  Materials and Methods 

49 

 

 Internal controls consisted of unstained cells or stained either only with the primary or 

secondary antibody. 

For the titration based on EGFP detection by flow cytometry (FC), 1 x 10
5 

HFF were 

seeded on a 48-well plate in triplicates. Six to 10 hours later, virus stock dilutions, ranging 

from 1 x 10
0
 to 1 x 10

-2
 in DMEM 10% were added to the seeded cells and incubated 

overnight at 37º C and 5% CO2. Cell numbers at the time of infection were determined by 

Trypan Blue exclusion. The next morning, viral inoculum was removed and replaced by 

DMEM 10% and cells were maintained in culture for 24 additional hours. Next, cells were 

detached using a 0.05% trypsin, 0.02% EDTA solution. EGFP expression was measured by 

FC. Virus concentration, as infectious units per milliliter (IU/ mL), was calculated according 

to the formula:  #𝐸𝐺𝐹𝑃+𝑐𝑒𝑙𝑙𝑠𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑖𝑟𝑢𝑠 (µ𝐿) ∗ 103 

The number of EGFP-positive cells needed for the calculation of viral titers, was 

obtained by multiplying the percentage of EGFP-positive cells (mean of triplicates) detected 

by FC by the number of cells counted at the moment of infection. Only viral dilutions in the 

linear phase of the curve representing the dilution versus the percentage of EGFP-positive 

cells were used in the calculation of viral titers (infection efficiency of 30-70% EGFP-positive 

cells). The final titer was calculated as mean concentration of at least three viral dilutions.  
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2.2.10 Target cell preparation and functional assays 

 

2.2.10.1 Target cell preparation 

Target cells were prepared by infection of HFF with RV-TB40-BACKL7-SE-EGFP at a 

MOI of 1. The infection rate was assessed one day post-infection (p.i) and cells were 

cryopreserved in the vapor phase of liquid nitrogen and stored for functional assays. 

 

2.2.10.2 Degranulation assay 

CD107a degranulation assays were performed on day 14 of the expansion. Expanded 

adaptive NK cells were co-cultured in cytotoxicity assay medium with CMV-infected HFF, 

uninfected HFF, K562 cell line or without any target cells in a 96-well round bottom plate. 

Three effector to target ratios (E:T) were assessed: 1:1; 2:1 and 5:1. Anti-CD107a (2µL/ well) 

was added to the co-cultures and incubated for 5 hours at 37º C and 5% CO2. Following the 

incubation, culture supernatants were collect into a fresh 96-well flat bottom plate for lactate 

dehydrogenase (LDH) release assay. Cells were washed with DPBS and transferred to FC 

tubes followed by staining with the antibodies summarized in Table 6, for 10 minutes at 4 º C. 

Cells were washed, centrifuged at 500 x g for 5 minutes and resuspended in 100 µL of DPBS 

before acquisition. 
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2.2.11  Transwell assays for in vitro migration of T cells  

Transwell assays were used to assess the capacity of adaptive NK cells to recruit CD3
+
 

T cells. Transwell 6.5 mm permeable inserts, with 5.0 µm pore size polycarbonate membranes 

were used. T cells isolated and cryopreserved as described in section 2.2.5 were thawed and 

cultured overnight. The next morning, cells were washed in migration medium. Permeable 

inserts were inserted into the wells of a 24-well flat bottom plate. Cell density was adjusted to 

5 x 10
5 

T cells/ mL and 100 µL of this suspension was added to the permeable insert. To the 

bottom chamber were added 500 µL of adaptive NK cells alone, non-adaptive NK cells, 

adaptive NK cells co-cultured with HFF (E:T of 2:1 corresponding to 2.5 x 10
5 

adaptive NK 

cell and 1.25 x 10
5
 HFF), adaptive NK cells co-cultured with CMV-infected HFF (E:T  of 2:1 

corresponding to 2.5 x 10
5 

adaptive NK cell and 1.25 x 10 
5
 CMV-infected HFF), CMV-

infected HFF alone, 0.5 µg/ mL CCL21 or migration medium alone, as illustrated in Figure 6. 

Plates were incubated for 15 minutes at 37º C and 5% CO2 to allow cells to settle. After the 

incubation, permeable inserts were carefully moved to the wells avoiding air-bubble 

formation and incubated for 8 hours at 37º C and 5% CO2. After incubation, cell culture 

supernatant was collected and centrifuged at 500 x g for 5 minutes and stored at -80º C for 

later analysis of cytokines and chemokines. Bottom wells were washed twice with MACS 

buffer and pooled with cells from the previous step. Cells were centrifuged at 500 x g for 5 

minutes and stained with anti-CD3-PerCP and anti-CD8-AF700 for 20 minutes at RT 

protected from light. Cells were washed and centrifuged at 500 x g for 5 minutes, resuspended 

in 200 µL of PBS. Immediately before acquisition, 100 µL of FlowCount Fluorospheres were 

added to each sample. 
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2.2.13 Statistical analyses 

 

Statistical analysis was performed using Prism Version 7 (GraphPad Software). Tow-

way ANOVA and Sidak’s multiple comparison test, 2-way ANOVA with Tukey’s multiple 

comparison test, one-way ANOVA with Tukey’s multiple comparison test or Mann–Whitney 

test were used. Statistical significance was determined as * p≤0.05; ** p≤0.01; *** p≤0.001; 

**** p≤0.0001. 

 

2.2.14 Preparation of figures 

 

Figures were designed and prepared using Microsoft PowerPoint.
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3. Results 

 

Several factors can influence the outcome of HSCT. Due to the delayed immune 

reconstitution after HSCT, latent virus (e.g. CMV) infections/reactivations comprise a major 

complication. Since NK cells repopulate as one of the first donor immune cells the role of 

adaptive NK cells in the control of CMV reactivation was studied. Adaptive NK cells isolated 

and expanded from patients after HSCT were characterized for the receptor expression. In 

addition, cytolytic function and functional properties, including cytokine and chemokine 

excretion, were analyzed. Furthermore, the kinetics of reconstitution of adaptive NK cells in 

comparison to CMV-CTLs was assessed. 

 

3.1  Demographics and Patient characteristics 

 

CMV-seropositive patients (n=70) were monitored for the reconstitution of adaptive 

NK cells for the first 100 days following HSCT. Patient characteristics and demographic data 

of recipient and donor are summarized in Table 8. The CMV-serostatus of donor and 

recipient, number of patients experiencing a CMV reactivation and median day of CMV 

reactivation are shown in Table 9.  
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(n=37) or absence (n=33) of CMV reactivation and were analyzed as matched pairs according 

to the time after HSCT. Samples were collected at pre-, during- and post-CMV reactivation 

time points. Figure 7B depicts the data of the reconstitution of adaptive NK cells after HSCT. 

Absolute cell counts of adaptive NK cells were low, ranging from 0 to 28.46 adaptive NK 

cells/ μL of blood, on days +12 to +22 after HSCT. However, a modulation of adaptive NK 

cell counts is seen during CMV reactivation. Patients without CMV reactivation had an 

average fold expansion of 0.92 compared to 1.32 for patients who reactivated CMV 

(summarized median and average fold expansion of adaptive NK cells is shown in Figure 

7D). Interestingly, the most impressive expansion of adaptive NK cells occurred after the 

resolution of CMV reactivation. A significant increase of the absolute cell counts (p<0.01) 

was seen in patients reactivating CMV (average fold expansion of 1.26 in patients without 

CMV reactivation compared to an average fold expansion of 5.3 in patients with CMV 

reactivation; absolute cell counts of adaptive NK cells after CMV reactivation ranged from 0 

to 551.2 cells/ μL with an average of 21.2 cells/ μL). This expansion of adaptive NK cells did 

not significantly influence the total pool of NK cells in our setting. The absolute cell counts of 

total NK cells in patients with and without CMV reactivation is shown in Figure 7C (range 

and mean of absolute counts of total NK cells- prior to CMV reactivation: 0 to 1521.8 cells/ 

μL, mean of 129.9 cells/ μL; during CMV reactivation: 0.2 to 740.9 cells/ μL, mean of 154.8 

cells/ μL; post CMV reactivation: 0.1 to 1448.9, mean of 192.5 cells/ μL). The expansion of 

adaptive NK cells was independent of the general reconstitution of the hematopoietic system 

and therefore independent of time after HSCT.  
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of CMV reactivation was based on the detection of 5 or more pp65-positive cells per 4 x 105 leukocytes in the peripheral 

blood of a given patient. Resolution of CMV reactivation was defined as three consecutively negative pp65-antigen tests. (C) 

Absolute cell counts of unselected NK cells per µL of blood. (D) Summary of the median and average fold expansion of 

adaptive NK cells with cell counts corresponding to the pre-CMV reactivation normalized to 1.  

Absolute cell counts were calculated according to the formula: # 𝒐𝒇 𝑵𝑲 𝒄𝒆𝒍𝒍𝒔 /µ𝑳 = 𝐧𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐞𝐯𝐞𝐧𝐭𝐬 𝐢𝐧 𝐜𝐞𝐥𝐥 𝐩𝐨𝐩𝐮𝐥𝐚𝐭𝐢𝐨𝐧𝐧𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐞𝐯𝐞𝐧𝐭𝐬 𝐢𝐧 𝐚𝐛𝐬𝐨𝐥𝐮𝐭𝐞 𝐜𝐨𝐮𝐧𝐭 𝐛𝐞𝐚𝐝 𝐫𝐞𝐠𝐢𝐨𝐧 × 𝐧𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐤𝐧𝐨𝐰𝐧 𝐛𝐞𝐚𝐝𝐬 𝐩𝐞𝐫 𝐭𝐞𝐬𝐭𝐭𝐞𝐬𝐭 𝐯𝐨𝐥𝐮𝐦𝐞 . NK cells: Natural Killer cells; 

CMV: cytomegalovirus. Statistical analysis represents 2-way ANOVA with Sidak’s multiple comparison test. Means are 

shown; *** = p<0.001.  

 

3.3  Adaptive NK cells phenotype after the resolution of CMV 

reactivation is highly cytotoxic  

 

The number of adaptive NK cells in response to CMV and their function against 

CMV-infected targets may play a role in the control of CMV reactivation control. To further 

characterize the cells, the phenotype of adaptive NK cells was analyzed. We focused on the 

expression of CD8 and NKG2D, as both have been associated with the cytotoxic capacity of 

NK cells. Figures 8A and B show that adaptive NK cells present a significantly increased 

expression CD8 (p<0.0001) and NKG2D (p<0.05) after the resolution of CMV-reactivation. 

The expansion of adaptive NK cells seen after the resolution of CMV reactivation (Figure 7B) 

was accompanied by a significant increased expression of these two cytotoxicity markers. 
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depicted in Figure 9A. Figure 9B shows that the analysis of the blood samples revealed that 

despite low cell numbers of CMV-CTLs shortly after HSCT, a rapid and significant 

(p<0.0001) expansion occurred during CMV reactivation (range and mean of CMV-CTLs 

counts- prior to CMV reactivation: 0 to 88.5 cells/ μL with a mean of 7.5 cells/ μL; during-

CMV reactivation:  0 to 311.3 cells/ μL with a mean of 37.6 cells/ μL; post-CMV 

reactivation: 0 to 280.0 cells/ μL with a mean of 42.8 cells/ μL). An expansion of adaptive NK 

cells was also seen during CMV reactivation, however to a lesser extent. Nonetheless, after 

resolution of CMV reactivation, the population of CMV-CTLs decreased whereas adaptive 

NK cells increased even further (p<0.05).  In Figure 10 two individual plots summarize the 

kinetics of expansion and contraction of adaptive NK cells and CMV-CTLs before, during 

and after CMV reactivation. 
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The standard method of titrating CMV viral stocks relies on the detection of IE-CMV 

proteins. For this purpose, cells are seeded and increasing dilutions of viral stocks are used to 

infect the cells and an overnight incubation is required prior to staining with anti-IE-CMV. 

The staining procedure requires the fixation of the cells, incubation with primary antibody, 

staining with secondary antibody and finally analysis on a fluorescent microscope. The 

Spearman and Kärber logarithm used for the titer determination requires that a score of 

positive (for IE-CMV) or negative is assigned to each quadruplicate of the several dilutions 

used. Positivity is defined by the detection of at least one IE-CMV positive cell. This requires 

a careful observation for the detection of IE-CMV-positive cells in each of the replicates. To 

facilitate this process, we hypothesized that the same outcome may be achieved making use of 

the EGFP tag present in the vector. Flow cytometric analysis indeed indicated a negative 

correlation between viral dilution and EGFP-positive cells as depicted in Figure 12.  
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Figure 13 – Comparison of logarithmic viral concentration of RV-TB40-BAC4KL7-SE-EGFP obtained by fluorescent 

immunohistochemistry and flow cytometry. 

Concentration determined by fluorescent IHC was calculated according to Spearman and Kärber algorithm and is shown as 

Log (PFU/mL). Concentration determined by FC was calculated by the formula: 
#𝑮𝑭𝑷+𝒗𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒗𝒊𝒓𝒖𝒔 (µ𝑳) ∗ 𝟏𝟎𝟑 and is shown as 

Log (IU/mL). The mean of three different dilutions was used. Four viral batches were used. PFU/ mL: plaque forming unit 

per mL; IU/ mL: infectious units per mL; FC: flow cytometry: IHC: immunohistochemistry. Statistical analysis represents 

Mann-Whitney test. Mean and standard deviation are shown. n=4; p> 0.05. 

 

3.6  Cytotoxic capacity of adaptive NK cells 

 

The next step was to determine the cytotoxic capacity of adaptive NK cells using 

target cells (HFF) infected with the above described virus stocks. Primary adaptive NK cells 

collected from seven CMV-seropositive patients after HSCT were isolated and used for 

functional lysis assays to determine effector functions.  
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cells results in the exposure of the lysosomal-associated protein CD107a. Here, in vitro 

expanded adaptive NK cells from CMV-seropositive patients were co-cultured with target 

cells (HFF or HFF-RV-TB40-BACKL7-SE-EGFP) or positive control (K562 cells) at three 

different E:T ratios (1:1; 2:1 and 5:1). Secondly, we determined the LDH released by dead 

cells from the culture supernatants of adaptive NK cells versus target cells. Both assays are 

used to determine the killing capacity of adaptive NK cells. Figure 15A shows a statistically 

significant difference between adaptive NK cells cultured with or without target cells. The 

CD107a degranulation assay revealed no significant differences between cultures of NK cells 

with CMV-infected HFF or with the NK control target cell line (K562). The LDH release 

assay, however, demonstrated a significant difference between the cultures. The supernatants 

of the CMV-infected co-culture contained higher concentrations of LDH than the uninfected 

cultures in all E:T ratios used (1:1; 2:1 and 5:1) (Figure 15B).  
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from CMV-R+ patients (n=7) were cultured in the upper chambers of the transwell system. 

The lower chambers contained cultures of unstimulated adaptive NK, non-adaptive cells (total 

pool of NK cells minus adaptive NK cells), CMV-infected HFF alone or with migration 

medium only, or adaptive NK cells co-cultured with CMV-infected HFF. The chemokine 

CCL21, which belongs to the CC chemokine family, was used as positive control as CCL21 

has previously been demonstrated to stimulate a marked (between 20-25%) migration of T 

cells [171]. In addition, T cells cultured alone were used as a negative control. An overview 

of the experimental setup is shown in Figure 6 of the methods section.  

After the cells were incubated for 8 hours, the presence of T cells in the lower 

chambers was assessed by FC. In co-cultures of adaptive NK cells with CMV-infected HFF, 

the abundance of T cells was significantly higher than in all the culture conditions (adaptive 

NK cells alone, CMV-infected HFF alone and CCL21), with the exception of non-adaptive 

NK cells (Figure 16A). In particular, adaptive NK cells co-cultured with infected HFF 

showed a significantly increased migration of T cells when compared to CCL21 (p<0.01). 

Additionally, an average fold migration of 8.25 was seen when adaptive NK cells were co-

cultured with infected HFF compared to an average fold migration below 3 for the remaining 

conditions (Figure 16C). Numbers of T cells migrating under the different culture conditions 

are summarized in Figure 16B. 
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transwell assays. A multiplex array detecting 29 cytokines, chemokines and growth factors 

was used. The different soluble factors are listed in Table 7 of the methods section. 

We focused on the most interesting soluble factors in the context of viral reactivation 

that may play an important role in the cross-talk between adaptive NK cells and other immune 

cell populations (Figure 17A). These included interferon-gamma (IFN-γ), IFN-γ-induced 

protein 10 (CXCL10), chemokine (C-C motif) ligand 3 (CCL3), IL-13, granulocyte colony-

stimulating factor (G-CSF), IL-6, interferon-alpha 2 (IFN-α2), tumor necrosis factor alpha 

(TNF-α) and IL-15. All these factors are involved either in the direct control of viral 

infections or in the recruitment of effector cells. The secretion profile of adaptive NK cells co-

cultured with CMV-infected HHF showed that IFN-γ, CXCL10, IL-13, G-CSF, IFN-α2, 

TNF-α and IL-15 were significantly increased when compared to both the negative control (T 

cells cultured alone) and the positive control (T culture cultured with CCL21). T cells 

cultured in the presence of CMV-infected HFF did secret statistically lower amounts of the 

soluble factors when compared to adaptive NK cells co-cultured with CMV-infected HFF. 

The migration of T cells was highest in the presence of adaptive NK cells co-cultured with 

CMV-infected HFF (Figure 16A) likely as a result of this increased secretion. Interestingly, 

the secretion of other key cytokines and chemokines were also significantly increased in 

adaptive NK cells compared to non-adaptive NK cells. For example CCL3, G-CSF, IFN-α2 

and TNF-α, (p<0.0001, p=0.0085, p=0.0178 and p<0.0001, respectively). This was also the 

case for the secretion of CCL4, CCL11, endothelial growth factor (EGF), vascular endothelial 

growth factor (VEGF), IL-7 and IL-2, as shown in Figure 17B and C (p<0.0001, p= 0.0129, 

p=0.0319, p<0.0001, p=0.0003, p<0.0001, respectively). These findings suggest a secretory 

profile unique to expanded adaptive NK cells. Furthermore, the immunoregulatory cytokines 
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IL-1RA, IL-10 and IL-12p40 were significantly increased in the co-cultures of adaptive NK 

cells with CMV-HFF when compared to non-adaptive NK cells (Figure 17D). The summary 

of statistical analyses is shown in Figure 17E. Table 10 shows the unique secretory pattern of 

adaptive NK cells and adaptive NK cells stimulated with CMV-infected cells compared to the 

secretory profile of non-adaptive NK cells. 
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and CMV-infected HFF. HFFs were infected with RV-TB40KL7-SE-EGFP. (A) Quantification of the most relevant cytokines, 

chemokines and growth factor secreted.   (B) to (D) Quantification of cytokines, chemokines and growth factors secreted. (E) 

Summarized p values for each of the analytes quantified in (A) to (D).  HFFs: human foreskin fibroblasts; IFN-γ: interferon-

gamma; CXCL: C-X-C motif chemokine; CCL: C-C motif chemokine ligand; IL: interleukin; G-CSF: granulocyte-colony 

stimulating factor; IFN-α2: interferon-alpha-2; TNF-α: tumor necrosis factor-alpha; EGF: epidermal growth factor; VEGF: 

vascular endothelial growth factor; GM-CSF: granulocyte-macrophage colony stimulating factor; TNF-β: tumor necrosis 

factor-beta; IL-1RA: Interleukin-1 receptor antagonist. Statistical analysis represents One-way ANOVA with Tukey’s 

multiple comparison. Mean and standard deviation are shown. Shaded cells represent statistically significant p values; n=7, 

with the exception of T cells + adaptive NK cells, where not enough T cells were obtained; duplicates of each cell culture 

supernatant were measured. Readings below and above detectable levels were replaced by the lowest and highest standard 

reading, respectively. 
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4. Discussion 

 

In this thesis, the immune responses of adaptive NK cells triggered by CMV 

reactivation in immunocompromised hosts were explored. 

CMV serves as an excellent antigen to study immune responses in immune 

compromised hosts. Wild type CMV strains can differ significantly from the commonly used 

laboratory strains (e.g. TB40/E, AD169 and Towne), which have been used in the previous 

decades to study CMV, its cell tropism and CMV-immunity [172–174]. Mutations occur 

when the virus is in vitro propagated and harvested in fibroblasts. These mutations affect 

different regions of the genome and include nucleotide substitutions, insertions, deletions or 

inversions and are associated with loss of cell tropism but especially with loss of 

immunomodulatory functions [175,176]. To evade these problems, BACs have been used for 

the production of clonal and genetically stable viral genomes, with limited risk of mutations 

during propagation. Thus a BAC encoding all CMV genes (TB40-BACKL7-SE-EGFP) was 

used here to prepare target cells for functional assays of in vitro expanded adaptive NK cells. 

Prior to these experiments the viral stocks of TB40-BACKL7-SE-EGFP had to be titrated. The 

virus carried a fluorescent tag inserted into the genome aimed at facilitating the detection and 

identification of infected cells. However, despite this, the titration of such vectors for research 

purposes is still performed either by evaluation of standard plaque assay or IHC. Both 

standard methods are time consuming and/or expensive.  Here, a new and faster titration 

method which facilitates the study of CMV in vitro and allows for the fast and efficient 

titration of virus stocks was generated. The method follows the same rationale as the above 
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mentioned techniques; increasing dilutions of the virus will infect successively fewer cells 

and therefore allow for the calculation of viral concentrations. The fluorescent tag EGFP is 

expressed shortly after infection allowing analyses of the infected cells by FC. Comparison of 

the FC-titration with the standard IHC method (Figure 11 and 12, respectively) showed that 

FC-titration was efficient and comparable to the standard method (Figure 13). However, FC-

titration shows advantages related to lower costs and hands-on time required [168].  

CMV reactivation occurs frequently (up to 70%) in CMV-seropositive patients and is 

a major complication after HSCT, leading to therapy-induced prolonged hospitalization of the 

patients and, if not readily recognized and treated, can add to TRM. The current dogma is that 

CMV infection is controlled by CMV-CTLs. However, new data from different groups, 

including Redondo-Pachón et al. in kidney transplantation and Barron et al. in HSCT, 

strongly suggest an involvement of adaptive NK cells in the control of CMV. Both studies 

demonstrated that increased numbers of adaptive NK cells correlated with the control of 

CMV reactivation [177,178]. CMV can modulate the host immune response by 

downregulating the expression of MHC class I molecules leading to decreased CD8
+
 T cell 

recognition [164,179–181]. However, this translates into a reduction of NK-inhibitory signals 

and allows for NK cell activation.  CMV can also inactivate or inhibit the activation of NK 

cells by promoting surface expression of HLA-E which in turn engages the NKG2 inhibitory 

receptors [182,183]. Additionally, CMV expresses a viral homologue that binds to inhibitory 

receptors with higher affinity than MHC class I (UL18) [184,185].  CMV also regulates 

engagement of NK cells by impairment of their activating receptor signaling, by mediating 

the intracellular retention or degradation of their ligands or by direct interaction with 

activating receptors and inhibition of downstream ITAM-signaling [186–190]. All the 
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mechanisms employed by CMV to evade NK-recognition may point to the importance of NK 

cells in CMV control. While the immunomodulatory capacity of CMV may be relevant in 

healthy individuals, the lack of lymphocytes certainly plays a major role in (recurrent) 

reactivation of CMV in the immunocompromised host. The kinetics of immune reconstitution 

after HSCT are influenced by CMV-seropositivity of patients and/or donors, by other patient 

factors (e.g. age, primary disease and comorbidities), donor type, stem cell source, T 

depletion strategies prior to transplant and post-transplant immunosuppression [25,40,191–

195]. As previously mentioned, it is widely believed that T cells are the main cell population 

responsible for the control of CMV-infections. Nonetheless, NK cells are the first lymphoid 

lineage cell type to reconstitute and are the dominant cell population in the first 3 months 

following HSCT [19]. The current opinion is that mainly immature NK cells repopulate 

within the first six months after HSCT. These NK cells were characterized by an impaired 

degranulation and reduced immune regulatory functions in ex vivo studies [196–199]. It has 

previously been shown that CMV reactivation can drive the maturation and expansion of NK 

cells, which led to the classification of this cell population as adaptive NK cells [129,200]. 

However, weekly analysis of patients samples shortly (over the first 100 days) following 

HSCT  has not been analyzed or described before [129,201]. We could demonstrate that 

adaptive NK cells expand after CMV reactivation and that these cells (NKG2C
+
CD57

+
) are 

mature and reconstitute prior to six months after HSCT (Figure 7B). Therefore, in this setting, 

we showed that the expansion of mature adaptive NK cells can occur within the first 100 days 

after transplantation in the context of CMV reactivation. This may suggest that antigen and/or 

pathogen recognition promotes the expansion and maturation of NK cells. The expansion of 

adaptive NK cells after CMV reactivation showed an average 5.3 fold expansion in patients 
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with CMV reactivation compared to an average 1.26 fold expansion in patients without CMV 

reactivation (Figure 7D), indicating that NK cells expand in response to viral infection. 

Interestingly, the expansion of adaptive NK cells did not significantly increase the absolute 

counts of the total NK cells, suggesting an internal regulatory mechanism of the NK cell pool, 

possibly associated with the maturation of immature NK cells towards adaptive NK cells 

(Figure 7C). Also remarkably, adaptive NK cells did not contract after resolution of CMV 

reactivation. The further expansion of adaptive NK cells seen after the resolution of CMV 

reactivation (Figure 7B) may indicate a major role in the surveillance of the latent virus. Vries 

et al. and Grier et al. reported that during viral infections, both in primary and secondary 

reactivations, engagement of NK cells via CD16 culminated in a strong NK-activation. 

Furthermore, mutations in the CD16 receptor resulted in severe herpesviruses infections 

[144,202]. Adaptive NK cells have a reduced frequency of some activating receptors (e.g. 

NKp30 and NKp46). However, the expression frequency of CD16 is maintained [203,204]. 

This strongly suggests that target cell recognition and elimination through ADCC may be part 

of the surveillance role of adaptive NK cells. 

The phenotype of adaptive NK cells may provide additional information regarding 

their function. Therefore, expanding adaptive NK cells were also analyzed for markers shown 

to be associated with an increased cytotoxicity, in particular CD8 and NKG2D. Figures 8A 

and B show that the expression of both CD8 and NKG2D was significantly increased after the 

resolution of CMV reactivation. In a murine study by Nebekura et al., NKG2D was shown to 

augment the adaptive NK response to MCMV [205]. However, the involvement of CD8 has 

not yet been described in the context of CMV. A cytotoxic phenotype together with increased 

cell counts strongly suggests that adaptive NK cells may fulfil protective functions against 
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(recurrent) reactivations. The exploitation of NKG2D and CD8 co-expression on adaptive NK 

cells may be used for vaccine development or in the development of adoptive NK-donor 

lymphocyte infusions (NK-DLI) after HSCT. 

During the period of T cell reconstitution, viral reactivations occur frequently in 

recipients with R
+
D

+
 serostatus and in seropositive recipients transplanted from seronegative 

donors (R
+
D

-
). To predict immune responses against CMV, CMV-CTL have been monitored 

using HLA-CMV tetramer staining at the MHH since 2005 [206–208]. Differences in MHC 

polymorphisms together with peptide presentation may present difficulties in mounting 

immune responses and also in analyzing the actual number of CMV-CTLs developing. This is 

particularly the case during the first months after HSCT since the reconstitution of the T cell 

repertoire can take several months to years. This reconstitution is influenced by pre-transplant 

factors such as HLA mismatches, conditioning regimen, incidence of GvHD, 

immunosuppression and leukemia relapses [209,210]. Thus, the presence and expansion of 

adaptive of NK cells especially during the contraction of the CMV-CTL compartment 

requires further studies (Figure 9B). Su et al. and Andrews at al. demonstrated that NK cells 

eliminate MCMV-infected DCs thus reducing the stimulation and activation of T cells 

[211,212]. Even though, this particular role of killing CMV-infected DCs was not yet shown 

in humans, it could explain the contraction of CMV-CTLs after the control of CMV 

reactivation and can also explain the further expansion of adaptive NK cells. Our observation 

of both cell types in the same samples showed that CMV-CTLs expand in response to CMV 

during and shortly after the reactivation, while adaptive NK cells had a slight expansion prior 

to CMV reactivation, retracted during the CMV-CTL expansion phase and then a further 

expansion was seen after the CMV reactivation was resolved (Figure 10). In recurrent 
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reactivations one could reason that the expanded adaptive NK cells may provide the first line 

of defense against the increased CMV-infected cells, while other immune cells are recruited. 

These results further support our hypothesis that NK cells have a role for surveillance of 

CMV reactivation. Another possible explanation for the retraction of CMV-CTLs and 

concurrent expansion of adaptive NK cells is that adaptive NK cells may promote the 

memory-phenotype of CMV-CTLs and prevent their exhaustion while maintaining the viral 

reactivation under control. It is also possible that subclinical expression of CMV-antigens not 

readily detected with the currently used monitoring of pp65-positive leukocytes may stimulate 

or maintain the expansion of adaptive NK cells. Murine studies were able to shed some light 

on the role of NK cells in the control of MCMV. The depletion of NK cells at the time of 

MCMV infection resulted in an increased T cell proliferation as well as increased IFN-γ 

production required for the control MCMV infection. Thus, the increased expansion and 

cytokine production by T cells when NK cells are absent points toward the importance of NK 

cells in murine CMV models [211,212].  

The above described NK cell-functions could be exploited in the clinic. For instance, 

NK cells offer the possibility of an “off-the-shelf” product which could greatly benefit HSCT 

patients during the first weeks and/or months after transplant as an NK-DLI [213,214]. To 

achieve such a goal, these cells must be expanded ex vivo. Thus, adaptive NK cells from 

CMV-seropositive patients were sorted by FACS. After 14 days of expansion in the presence 

of cytokines and irradiated allogeneic PBMCs, the majority of expanded adaptive NK cells 

were NKG2C
+ 

(>90%), but only approximately 40% of NKG2C
+
 NK cells were also positive 

for CD57 (Figure 14B and 14C). As the purity of sorted cells was above 95% (Figure 14A), 

we speculate that the relatively high proportion of NKG2C-single positive NK cells after 
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expansion may be due to the rapid expansion at the cost of maturation. Nonetheless, the 

functional analysis of ex vivo expanded adaptive NK cells demonstrated the ability of patient-

derived, in vitro expanded adaptive NK cells to eliminate CMV-infected target cells. Figure 

15B shows the significantly increased percentage of LDH released into the supernatant when 

adaptive NK cells were co-cultured with CMV-infected HFF compared to co-culture with 

uninfected HFF. Although the percentage of degranulation by CD107a staining (shown in 

Figure 15A) was not statistically significant, CMV-infected cells appeared to trigger a slightly 

enhanced effector function in adaptive NK cells at higher E:T ratios. The experimental 

conditions in these assays have the potential to affect the functionality of adaptive NK cells in 

three different ways: i) the expansion of adaptive NK cells using cytokines and irradiated 

allogeneic PBMCs activates NK cells and can lower the threshold of target recognition by 

adaptive NK cells. This can account for the non-significant CD107a results. In addition, ii) 

the vector used for infection of HFF (TB40-BACKL7-SE-EGFP) expresses all genes of CMV. 

Thus, this construct has the ability to downregulate both T and NK cell functions. 

Interestingly, Walterskirchen et al. demonstrated that CMV-infected cells can inhibit T cell 

cytotoxicity in a HLA-recognition independent manner [215]. Whether this can also be the 

case for NK cells has not been described, and its study can further improve the knowledge on 

CMV-evasion mechanisms. Finally, iii) the strong degranulation of adaptive NK cells in 

response to uninfected HFF could either be due to an allogeneic effect, as HFF were not 

matched with the patients’ cells or to the expression of a MHC class I chain-related protein A 

and B (MICA/B) on fibroblasts, which activates NK cells through the binding with NK-

activating receptor NKG2D. As seen in our results (Figure 8B), the expression of NKG2D 
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was significantly increased in adaptive NK cells and can therefore, result in an increased NK-

degranulation. 

Even though adaptive NK cells show specific behaviors towards CMV-infected cells, 

their anti-tumor role is maintained as demonstrated by Liu et al. using ex vivo expanded 

adaptive NK cells to eliminate primary acute lymphoblastic leukemia cells [216]. In addition, 

Sarhan et al. could show that adaptive NK cells were resistant to immune suppressive cells 

possibly recruited to the tumor microenvironment, while canonical NK cells were inhibited  

[217]. Thus, taking together our findings the ones of others, the use of adaptive NK cells as 

NK-DLI as means for tumor/leukemia reduction as well as for immune therapy against virus 

infections/reactivations, points to promising results.  

Secretion of cytokines and chemokines by NK cells has been described in the cross-

talk with both lymphoid and myeloid cells. It is well established that a number of cytokines 

secreted by NK cells activate and prime T cells. Furthermore, the capacity of NK cells to 

recruit other immune cells has been described in other settings, as it is the case of DC 

recruitment to the tumor site, shown by Böttcher and colleagues [218,219]. However, the 

recruitment of T cells by adaptive NK cells in the context of CMV-infection has not been 

addressed before. Therefore, transwell assays were used to investigate the capacity of 

adaptive NK cells co-cultured with CMV-infected HFF to recruit T cells. In this assay, fold 

increase in migration was used as a measure of T cell recruitment. Figure 16A shows a 

significantly increased fold migration of T cells when adaptive NK cells were co-cultured 

with CMV-infected HFF. Adaptive NK cells alone and non-adaptive NK cells (i.e. the total 

pool of NK cells minus the adaptive NK cells) induced average fold increases in migration of 

2.53 and 2.85 respectively. This migration of T cells is comparable to the migration induced 
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by infected HFF alone. Remarkably however, the co-culture of adaptive NK cells with CMV-

infected HFF yielded a three-fold increase in migration (average fold migration of 8.25; 

Figure 16C).  This strongly suggests that adaptive NK cells recruit T cells during CMV 

infection. Furthermore, the reduced migration of T cells seen in the co-culture of T cells with 

CMV-infected HFF indicates that CMV-infected cells alone may not be sufficient to induce T 

cell migration. This could be explained by the immune evasive mechanisms of CMV kept in 

RV-TB40-BACKL7-SE-EGFP that may aim at inhibiting T cell maturation/expansion. 

The recruitment of T cells by adaptive NK cells is most likely a multistep scenario 

achieved by the secretion of cytokines and chemokines. The effective control of viral 

infections/reactivations requires a coordinated effort of both innate and adaptive immune 

cells. Understanding the complex communication between innate and adaptive cells will 

allow insight into the development of an effective immune response and may lead to 

strategies for perfection of the cross-talk between the innate and adaptive branches of the 

immune system. The research into the relatively new field of adaptive NK cells has mainly 

focused on the identification of cytokines and/or co-stimulatory factors that may improve the 

proliferation and cytotoxic capacities of adaptive NK cells, with some studies by Hammer et 

al. and Sahran et al. identifying single effector molecules, such as IFN-γ and TNF-α 

[217,220].  Here, analysis of the supernatants from the transwell assays showed that a number 

of cytokines and chemokines involved in virus defense are excreted by adaptive NK cells. 

Moreover, this secretion appears to be dependent on stimulation of adaptive NK cells with 

CMV-infected HFF. In the next paragraphs we discuss the different pro-inflammatory and 

regulatory molecules secreted by adaptive NK cells stimulated with CMV-infected cells.  

Figure 17A shows that adaptive NK cells co-cultured with CMV-infected HFF secreted 
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significantly increased concentrations of a combination of anti-viral cytokines (IFN-γ, IFN-α2 

and TNF-α), chemokines involved in the recruitment of other immune cells (IFNγ-induced 

protein-10 [IP-10]/CXCL10 and macrophage inflammatory protein 1-alpha [MIP-1α]/CCL3), 

pro-inflammatory cytokines (IL-6 and IL-15), stem cell mobilizing cytokines (G-CSF) and 

also cytokines immunoregulatory (IL-13) compared to the positive control (T cells stimulated 

with CCL21) or T cells plus CMV-infected HFF. 

The significantly increased production of IFN-γ and TNF-α, which can promote DC 

maturation, shows how adaptive NK cells may influence the adaptive immune responses. The 

killing of target cells by NK cells leads to the release of antigens that are presented by  DCs to 

T cells [154]. Additionally, NK cells can kill immature but not mature DCs, through a process 

known as DC editing. This process guarantees the survival of DCs that express sufficient co-

stimulatory molecules needed for a successful T cell priming [155,221].  Furthermore, 

secretion of IL-12 and IFN-γ by activated NK cells can also promote T cell recruitment, 

activation and maturation into CTLs [222]. In this way, NK cells can promote the maturation, 

effector functions and antigen-presentation of DCs, thus, directly and indirectly promoting T 

cell responses.  

Interferons are important in the control of virus infections and IFN-γ is one of the 

signature cytokines produced by NK cells. During immune reconstitution and CMV 

reactivation, NK cells may be the initial source of IFN-γ until an adaptive response is 

mounted. Th1 cells produce pro-inflammatory cytokines such as IFN-γ and virus infection 

control is mediated through this mechanism. IFNγ-induced protein 10, also known as 

CXCL10, has homing properties for CXCR3
+
 cells, chemoattracting macrophages, DC, NK 

and activated T cells (both CD4
+
 and CD8

+
) towards inflamed and infected areas. 
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Additionally, CXCL10 can induce apoptosis, regulate cell growth and proliferation and 

angiogenesis in infectious and inflammatory diseases [223]. Th1 cells produce pro-

inflammatory cytokines, IFN-γ being one of the main players involved in Th1 responses. This 

allows for, among other processes, the control of viral infections. Th2-type cytokines play a 

more regulatory role as cytokines produced by Th2 cells, including IL-4 and IL-13, inhibit the 

production of Th1 cytokines. However, Th1 cells produce IFN-γ that induces the production 

of CXCL10, which in turn will recruit more Th1 cells [223,224].  

Interestingly, our data suggests an analogy between adaptive NK cells and Th1 and 

Th2 cells. As shown in Figure 17A, adaptive NK cells produced significantly higher amounts 

of IFN-γ and CXCL10, as well as the immunoregulatory cytokine, IL-13. This suggests a dual 

role of adaptive NK cells, where this cell population promotes an effector response for the 

control of CMV, but also, a inhibitory role that modulates and may prevent an over activation 

of the immune response.  

Type I interferons provide direct and indirect signals for the activation and effector 

function of several immune cells which ultimately attenuate viral replication [225,226]. IFN-

α2 belongs to the family of type I interferons, and represents another potent anti-viral 

cytokine. Type I interferons are constitutively present at basal levels, however, considerable 

amounts are produced during a viral infection. Figure 17A shows the significantly increased 

production of IFN-α2 by adaptive NK cells plus CMV-infected target cells when compared to 

non-adaptive NK cells and adaptive NK cells alone. Furthermore, adaptive NK cells alone 

also secrete significantly higher amounts of IFN-α2 in comparison to non-adaptive NK cells. 

This demonstrates not only that in vitro expanded adaptive NK cells naturally secrete more 
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IFN-α but that this secretion is further increased when adaptive NK cells are triggered by 

CMV-infected target cells.  

Other cytokines secreted by the adaptive NK cells at significantly increased levels 

included: IL-1β, IL-6, IL-7, IL-15 and TNF-α (Figure 17A, B and C). IL-6 is produced in 

response to infections and tissue damage mainly by macrophages and monocytes, but also by 

NK cells [221]. This cytokine exhibits pleiotropic roles and has been involved in both pro-

inflammatory and anti-inflammatory processes [227]. However, in combination with 

transforming growth factor beta (TGF-β), IL-6 is able to induce the differentiation of naïve 

CD4
+
 T cells into Th17 cells, with an important role in the defense of pathogens in mucosal 

sites (e.g. CMV) [228]. In addition, the synergistic cooperation of IL-6, -7 and -15 was 

reported to promote the differentiation of CD8
+
 T cells into cytotoxic cells [229]. IL-6 

together  with TNF-α and IL-1 are the most important cytokines during an infection [230]. IL-

7 and IL-15 belong to the common-gamma chain family. IL-7 plays a critical role in the 

homeostasis of the immune system, by regulating T, B and NK cell development [231]. IL-15 

is of great importance for NK cell activity as it shares several functions with IL-2 and drives 

the development and survival of NK cells but also some subsets of T cells [232,233]. The IL-

1 family is associated with inflammatory processes and innate immunity and extremely low 

concentration of IL-1 can affect a diversity of cell types. This significantly increased secretion 

of TNF-α, IL-1β, IL-6, IL-7 and IL-15 by adaptive NK cells co-cultured with CMV-infected 

HFF, further demonstrates the effector capacities of this cell population against CMV 

infection and possible influence in the adaptive immune responses (Figure 17A-D).  

Next to cytokines, chemokines play an important role in bridging the innate and 

adaptive immune responses [234]. Several studies have demonstrated that CCL2 can attract 
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memory T cells and promote Th2 immune responses [235,236]. CCL2 appears to be of 

relevance in the context of CMV infection/reactivation as CCL2-expression may be directly 

influenced by CMV infection via modulation of its transcriptional factors. However, the exact 

mechanisms behind this modulation are not well characterized [237–239]. In more detail, 

CCL2 (or monocyte chemotactic protein-1) and CCL4 (also known as macrophage 

inflammatory protein-1α) attract monocytes to inflammatory sites [240,241]. CCL3 is 

involved in the recruitment of several cell types including monocytes, lymphocytes and 

granulocytes during inflammation. CCL3 also promotes and enhances the production of IFN-γ 

from activated T cells [242]. Besides the cross-talk with dendritic cells, activated NK cells are 

known activators of macrophages. A study by Bellora et al. demonstrated that activated NK 

cells eliminate resting macrophages (M0) and alternatively activated macrophages (M2) due 

to low surface expression of MHC class I [243]. On the contrary, soluble factors secreted by 

activated NK cells including: GM-CSF, TNF-α, CCL3, CCL4 and IFN-γ amplify the 

activation state of classically activated macrophages (M1). The elimination of M0, M2 and 

immature DCs (described above) by activated NK cells demonstrates the role of NK cells in 

assuring that only fully activated APCs may present antigens to T cells. CCL11 was shown to 

promote Th1 responses by overturning the Th2 type response in viral infection [244]. In its 

turn, CXCL8 attracts neutrophils, monocytes and also cytotoxic T cells and is secreted in high 

amounts by CMV-infected HFF alone (Figure 17B). In addition to its important role in 

inflammation, the marked secretion of CXCL8 by CMV-infected HFF alone may reveal an 

important role in CMV dissemination. The recruitment of neutrophils by CMV-infected cells 

and their subsequent infection may contribute to viral spreading [245]. The secretion of the 

chemokines CCL2, CCL3, CCL4, CCL11 and CXCL8 was significantly increased in adaptive 
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NK cells co-cultured with CMV-infected HFF compared to the secretion profile of non-

adaptive NK cells (Figure 17A and B). The significantly increased secretion of the described 

chemokines underlines the significant role of adaptive NK cells in the initiation and 

coordination of an immune response directed against CMV.  

G-CSF was also significantly increased in adaptive NK cells cultured with CMV-

infected HFF (Figure 17A).  G-CSF mobilizes several immune cell types, including T and B 

cells and CD34
+ 

hematopoietic stem cells and this secretion by stimulated adaptive NK cells 

may contribute to the recruitment of these cell types to infection sites [246].  

The last group of cytokines to be addressed is the one with immunosuppressive 

functions.  IL-1 receptor antagonist (IL-1RA) is involved in regulatory processes, competing 

with IL-1 for its receptor. However, this binding does not activate the cells [247,248]. In 

addition to the pro-inflammatory and anti-viral cytokines and chemokines, 

modulatory/inhibitory cytokines were also significantly increased in adaptive NK cells co-

cultured with CMV-infected HFF. IL-10, IL-1RA and IL-12p40 were secreted at considerably 

higher levels upon stimulation of NK cells (Figure 17D). IL-10 is involved in the down 

regulation of  inflammatory and autoimmune responses [249]. Interestingly, CMV expresses a 

homolog of IL-10 (cmvIL10) [250]. In the context of HSCT and CMV reactivation, IL-10 can 

play a dual role. IL-10 secreted by immune cells could probably limit pro-inflammatory 

cytokine-induced damage while the viral cmvIL10 may facilitate CMV replication by 

suppressing or tapering inflammatory responses. We can speculate that the cellular IL-10 

detected in our assay conditions serves as safety control or self-regulation mechanism, 

preventing overreaction of the inflammation and severe tissue damage. An in vitro study by 

Chang et al. showed that the production of cmvIL-10 inhibits the production of IL-12 and 
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TNF-α by DCs in a concentration-dependent manner [251]. As IL-12 promotes the cytotoxic 

and proliferative capacity of NK cells, cmvIL-10 may inhibit or delay the activation of CMV-

CTLs and NK cells directly and indirectly. In addition, TNF-α secretion increases cytotoxic 

and antiviral activities. Interestingly, adaptive NK cells produce significantly increased 

amounts of IL-12 (Figure 17A) and TNF-α (Figure 17C), in the absence and presence of 

infected HFF when compared to non-adaptive NK cells. One could hypothesize that an 

equilibrium between immune stimulatory and inhibitory effects may be necessary to control 

virus infections. In this study, both activating and inhibitory factors are significantly increased 

when adaptive NK cells are co-cultured with CMV-infected target cells (Figure 17A to D). 

We can speculate that this demonstrates the activation in response to CMV stimulus 

accompanied by a negative control aimed at preventing overreaction of the inflammation, as 

seen for instance, by the secretion of IL-10 which can inhibit both M1 macrophages and T 

cell responses [222]. 

These data show that expanded adaptive NK cells have a unique secretome profile 

which is quite different from that of non-adaptive NK cells. This suggests a distinct basal 

activity of this subpopulation of NK cells.  Upon co-culture with CMV-infected fibroblasts, 

the basal-adaptive NK profile is altered and several cytokines and chemokines are secreted at 

significantly increased levels, indicating a specific stimulation of the adaptive cells. Table 10 

summarizes the secretory profile of adaptive NK cells with and without target cells. The 

significant increases in cytokine and chemokine secretion by adaptive NK cells underline the 

cross-talk ability of those cells. This indicates that adaptive NK cells may be able to 

orchestrate a variety of pro-inflammatory responses and additional regulatory functions, in 

addition to the direct elimination of CMV-infected cells. 
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In summary, the results presented in this section demonstrated that adaptive NK cells 

undergo a dynamic modulation in response to CMV reactivation. This cell population showed 

an average 5.3 fold expansion in patients who experienced CMV-reactivation, compared to an 

average 2.6 fold expansion in patients who did not reactivate CMV. This expansion occurs in 

parallel to the contraction of the CMV-CTL pool and is linked to a highly cytotoxic 

phenotype also demonstrated by the increased expression of both CD8 and NKG2D.  

In addition to the effector functions associated with the elimination of CMV-infected 

target cells, we demonstrated that adaptive NK cells are involved in cross-talk with other 

immune cells. This cross-talk resulted in the recruitment of T cells upon target cell 

recognition (CMV-infected target cells). Moreover, we could show that a number of cytokines 

and chemokines may be involved in the recruitment of T cells.  

The secretory profile of adaptive NK cells shown for the first time in this thesis opens 

the way for further in-depth studies aimed at understanding the mechanism employed by 

adaptive NK cells and their importance in health and disease.  
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5. Conclusion and Outlook 

 

Adaptive NK cells show a significant expansion after the resolution of CMV 

reactivation, when the T cell compartment retracts. In addition, in vitro expanded adaptive 

NK cells were able to eliminate CMV-infected target cells effectively and showed 

significantly increased T cell recruitment capacity under the same conditions. This suggests 

that adaptive NK cells and CMV-CTLs may have complementary roles: adaptive NK cells 

may be responsible for the initiation of CMV-CTL response and may play an important role 

in triggering memory CMV-CTLs thus contributing to the surveillance of CMV reactivation. 

This would mean that during CMV reactivation, adaptive NK cells could be responsible for 

the initial control of the reactivation while (memory) CMV-CTLs are recruited and initiate 

their clonal expansion. Furthermore, adaptive NK cells have a unique secretory profile of 

cytokines, chemokines and growth factor. The profile differs significantly from non-adaptive 

NK cells and is also altered during stimulation of adaptive NK cells with CMV-infected target 

cells. 

Our data suggest that adaptive NK cells could be used as protection or booster against 

CMV reactivation. Since NK cells are rather short lived cells they may present an adequate 

cell type for the currently vastly investigated transfer of chimeric antigen receptors (CAR). 

Transduction of CAR directed against leukemic or cellular antigens (e.g. minor 

histocompatibility antigens) may provide an alternative to the current CAR-T cell production. 

Allogeneic NK cells offer some advantages in comparison to CAR-T cells, such as a shorter 

persistency in vivo and a possible additional graft-versus-leukemia effect (GvL) in the 
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haploidentical setting by choosing NK cell donors in the GvL direction [252,253]. Moreover, 

several recent studies showed that CAR-T cell therapy may not always be effective as 

downregulation of the CAR-targeted antigens occur [254]. T and NK cells secrete different 

arrays of cytokines, therefore, the addition of adaptive NK cells to T cell therapies could be a 

complementary therapeutic approach. Furthermore, CAR-engineered NK cells are able to 

preserve their activating and inhibitory receptors expression, which will preserve their natural 

cytotoxicity/anti-leukemic effect in case of target antigen downregulation [255].  

Taken together, this cell type harbors an array of possibilities for exploitation.
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