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1 

1 Allogeneic hematopoietic stem cell transplantation 

Hematopoietic stem cells constitute a life-time source for red blood cells and platelets as well as 

for white blood cells that form the immune system. The allogeneic transplantation of these stem 

cells provides a therapy for severe hematological, immunological and metabolic disorders by 

replacing the patients (defect) hematopoietic system with that of a healthy donor.
1
 Furthermore, 

hematopoietic stem cell transplantation (HSCT) is applied as rescue therapy in patients with 

hematological malignancies, to restore the hematopoietic system after intensive chemo- and 

radiation therapy which not only kills leukemic cells but also kills healthy hematopoietic stem 

cells.
1
  

1.1 History 

In 1968, both in Minneapolis and Leiden, the first successful allogeneic HSCT were performed 

with HLA-identical sibling donors in children suffering from severe combined immune deficiency 

(SCID).
2-4

 In the last 50 years, the worldwide number of allogeneic HSCT that is performed 

annually has grown exponentially to almost 16.000 in 2014 (Figure 1.1).
5
 After the first 

transplantation for SCID, HSCT was also successfully used to treat severe aplastic anemia (SAA) 

and as rescue therapy for hematological malignancies.
4;6;7

 The first decades, HSCT was marked 

by a high treatment related morbidity and mortality.
1
 When outcomes of HSCT improved as result 

of advances in transplantation technology, supportive care and improved HLA typing, HSCT 

became an acceptable treatment option for severe hemoglobinopathies as well as severe metabolic 

disorders.
8
 In the early years, the applicability of HSCT was limited to the use of HLA identical 

sibling donors (identical related donor, IRD). The first successful HLA matched unrelated donor 

(MUD) transplantation was performed in 1979, facilitating allogeneic HSCT for patients with an 

HSCT indication for whom no IRD was available.
9
 In the next decade, haplo-identical donors and 

cord blood (CB) transplantations were introduced as alternatives for IRD and MUD 

transplantations.
10-12

 Whereas bone marrow (BM) was the main stem cell source in the first 25 

years of HSCT, the use of stem cells that are mobilized into peripheral blood (PBSC) has grown 

extensively since the introduction in 1993.
5;13

  

Over the years, scientific developments have greatly improved the outcome after HSCT (Figure 

1.1). The morbidity and mortality after MUD transplantations are now comparable to the IRD 

setting, while the outcome of HSCT in patients who received an alternative donor graft (CB or 

haplo-identical) is steadily improving and approaching the outcome in MUD transplantations. 

This is mainly due to the increasing understanding of transplant immunology, technical 

developments in HLA-typing, lower toxicity of conditioning regimens, ongoing improvements in 

the procedures to reduce alloreactivity and infectious complications and, more recently, also 

personalized medicine, such as therapeutic drug monitoring and personalized conditioning. 

The successful outcome after HSCT depends on the selection of the best donor and graft source 

and the well-considered and targeted application of strategies to reduce the risk of graft-versus 

host disease without compromising immune reconstitution.  This balance will be further discussed 

in the next sections.  
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Figure 1.1 Milestones and major improvements in the history of allogeneic HSCT.  

1.2 Alloreactivity 

The largest challenge for the successful application of allogeneic HSCT is the prevention and 

management of alloreactivity. Alloreactivity is caused by T cells recognizing histo-incompatible 

cells. The chance of alloreactivity is increased when HLA-disparity is present between donor and 

recipient, but alloreactivity can also be directed to minor histocompatibility antigens.
14-16

   

Host-versus-graft reactions are caused by recipient T cells and lead to the killing of donor (stem) 

cells leading to failure of engraftment or graft rejection, which is associated with high mortality 

due to secondary infections.
17

  

Graft-versus-host reactions are caused by donor T cells and are directed to both hematopoietic 

and non-hematopoietic tissues of the recipient. Graft-versus-host reactions directed to 

hematopoietic cells of the recipient can be beneficial as the killing of recipient cells in the bone 

marrow creates space for the donor stem cells. Also, leukemic cells that survived the conditioning 

therapy can be killed by donor T cells in a so-called graft-versus-leukemia (GvL) reaction.
15

  

However, graft-versus-host reactions also cause graft-versus-host disease (GvHD). The 

pathophysiology of GvHD can be described in three steps: first, the conditioning therapy causes 

tissue damage and inflammation, leading to activation of antigen presenting cells (APC) of the 

host. Second, donor-derived cells interact with these host APC to get activated and expand. 

Thirdly, donor T cells cause further tissue damage and a general inflammatory condition, which 

initiates a vicious circle.
16

 GvHD can be both acute and chronic, and tissues mainly affected are 

skin, intestine and liver. Symptoms can vary from a skin rash to desquamation, and from nausea 

to massive bloody diarrhea and ileus. In case of (suspected) GvHD, treatment is installed using 

immunosuppressive medication, starting with high dose steroids. As second line treatment, other 

immunosuppressive drugs and biologicals (e.g. MMF and Infliximab) are used.
16

  In an 

experimental setting, extracorporal photopheresis and the infusion of mesenchymal stromal cells 
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are applied. Steroid refractory GvHD is associated with a high mortality, both directly and 

because of immunosuppression and secondary infections.
16

  

1.3 HLA-matching, donor type and graft source 

The first step in the prevention of alloreactivity is the search for an optimal, HLA-matched donor 

(Figure 1.2). The human HLA system is highly complex and polymorphic. It consists of 12 genes 

on the short arm of chromosome 6 that encode for HLA class I antigens (HLA-A, -B and -C) and 

HLA class II antigens (DR, DQ, DP). Currently, over 2500 HLA-alleles have been identified, 

resulting in an immense possibility of unique combinations. At first, HLA typing was based on 

serologic (antigenic) testing (e.g. HLA-A2) or low resolution molecular (DNA) typing (e.g. 

A*02). Because each serotype contains different alleles, a donor matched at the serotype level can 

still be mismatched at the allele level. Therefore, high resolution molecular typing at the allele 

level is nowadays used to match unrelated donors (e.g. A*0201). The 5 or 6 most important HLA 

genes (A/B/C/DRB1/DQB1(/DPB1)) are routinely tested in the matching procedure before 

HSCT. Because genes encoding these major HLA alleles are present on both chromosomes, a full 

HLA match is 10/10 or 12/12.
14;18

 

An HLA identical related donor (IRD) is the donor of first choice. Due to Mendelian inheritance, 

the chance that two siblings are HLA identical is 25%. An IRD is available in 13-50% of patients, 

which is dependent on the number of siblings.
19;20

  

If  no IRD is available, the search is extended, looking for a matched unrelated donor (MUD) in 

the Bone Marrow Donors Worldwide database.
21

 MUD donors are available for 30-70% of HSCT 

recipients.
19;20

 The chance a MUD is available is largely dependent of the ethnic background of 

the recipient. Caucasians have a better chance of finding a MUD than people with an ethnic 

minority background
20;22

.  If no fully matched MUD donor is available, the best matched 

unrelated donor (e.g. 9/10 or 8/10 match) can be used, at the cost of an increased risk of 

alloreactivity. 

Alternatives for MUD and IRD transplantation are haplo-identical donors or cord blood (CB) 

transplantation.
23

 In contrast to IRD and MUD donors, both cord blood units and haplo-identical 

donors are almost always directly available. Although for different reasons, both haplo-identical 

and cord blood transplantations are associated with a delayed immune reconstitution and 

increased risk for infectious complications in comparison to IRD and MUD transplantations.
1;4

 

Haplo-identical donors are family members (e.g. parents or children) that share one haplotype 

with the recipient, resulting in a 5/10 HLA match.
23

 Due to the high level of HLA-disparity, 

haplo-identical transplantations require additional strategies to reduce the risk of graft rejection 

and GvHD, which may also cause a delayed immune reconstitution, and consequently increase 

the risk of infectious complications. However, the outcome of haplo-identical transplantation has 

greatly improved over time as a result of ongoing improvements in the procedures applied to 

reduce alloreactivity and infectious complications, which will be discussed later.
23

 

Cord blood is a residual product that naturally contains a high concentration of hematopoietic 

stem cells which is cryopreserved and stored in cord blood banks.
24;25

 Cord blood grafts are 

rapidly available, have a high regenerative capacity and are relatively tolerant, allowing for larger 

HLA mismatches.
25

  However, the rate of immune reconstitution after CB transplantation is 
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highly dependent on the total number of stem cells that is present in a cord blood graft, carrying 

the risk of delayed immune reconstitution and infectious complications.
24;25

 To improve immune 

reconstitution, double cord blood units can be given. Due to the advances in HLA-matching 

technologies and increasing numbers of available CB units, the matching of CB transplantations 

has improved.
25

 Together with advances in the procedures to reduce alloreactivity, this has led to 

strong improvements in immune reconstitution and the outcome of CB transplantations.
24;25

 

The neonatal period is the only moment that hematopoietic stem cells circulate in the blood at 

high concentrations. For adult donors, hematopoietic stem cells can be harvested from bone 

marrow (BM) or peripheral blood (PBSC) after mobilization with granulocyte colony-stimulating 

factor (G-CSF) mobilization.
24-26

 The advantage of PBSC donation is that no general anesthesia is 

needed for the donor. Because PBSC grafts contain 10 times more lymphocytes than BM grafts, 

the immune reconstitution after PBSC transplantation is often faster than after BM 

transplantation. However, PBSC grafts are associated with an increased risk of chronic GvHD.
26

 

For pediatric donors, BM donation is preferred to limit the exposure of healthy children to G-

CSF.  

1.4 Conditioning therapy 

The HSCT starts with the preparation of the recipient during conditioning therapy (Figure 1.2). 

The conditioning therapy is given in the weeks before HSCT. It aims to eradicate the recipient’s 

hematopoietic stem cells and makes space in the stem cell niche of the bone marrow 

(myeloablation). The stem cell niche in bone marrow is required to support the infused donor 

stem cells from the graft to proliferate and differentiate. Secondly, the conditioning therapy 

eradicates residual malignant cells to improve the chance of leukemia free survival. Thirdly, the 

conditioning therapy eliminates the recipient’s immune system to prevent the rejection of the 

graft by the recipients T cells (immunoablation).
1;27

 Many different conditioning regimens have 

been developed and can be divided in myeloablative or non-myeloablative regimens. In general, 

myeloablative regimens consist of an alkylating agent (e.g. Busulfan, Melphalan, Treosulfan) or 

Total Body Irradiation (TBI), in combination with an immunoablative agent (e.g. Fludarabine).
27

  

Non-myeloablative or reduced intensity conditioning regimens consist of a low dose of an 

alkylating agent or TBI, in combination with an immunoablative agent. Non-myeloablative 

regimens are mainly applied in older patients and patients with a poor clinical condition to reduce 

organ toxicity.
1;27

 

In the last decades, the conditioning therapy has greatly improved, resulting in less toxic, more 

effective conditioning regimens. For example, TBI is frequently replaced by Busulfan and, more 

recently, Treosulfan. Also, Cyclophosphamide is increasingly being replaced by Fludarabine in 

most (pediatric) HSCT regimens.
27

  In addition, therapeutic drug monitoring and personalized 

dosing regimens contributed to a reduction of toxicity.
28
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Figure 1.2. Overview of the allogeneic HSCT procedure. 

1.5 Prevention of graft-versus-host disease  

The risk of GvHD is the product of the level of HLA-matching, donor type and graft source, and 

is strongly dependent on T cells co-transplanted with the graft. Based on these input parameters, 

the best combination of strategies to prevent alloreactivity is chosen. Interventions to reduce the 

risk of graft-versus-host disease, which will be discussed in this paragraph, include graft 

manipulation, serotherapy and post-transplant immunosuppression. 

Too strong suppression of alloreactivity, however, may lead to reduction of graft-versus-leukemia 

reactions as well as delayed immune reconstitution, increasing the risk of infectious 

complications. Therefore, interventions to reduce the risk of GvHD have to be applied well-

considered and targeted (Figure 1.3). 

Besides hematopoietic stem cells, the stem cell graft also contains lymphocytes. Co-transplanted 

T cells can have both positive (e.g. faster immune reconstitution) and negative effects (e.g. risk of 

GvHD). Graft manipulation can be used to reduce the number of T cells that are present in the 

graft. Both the selection of hematopoietic stem cells (positive selection) and depletion of T cells 

(negative selection) are applied for this purpose. This reduces the risk of GvHD, but is associated 

with delayed T cell reconstitution. Graft manipulation is mainly used for mismatched unrelated 

and haplo-identical donor transplantations.
23;24

 

Serotherapy is the treatment with lymphocyte depleting antibodies usually administered to the 

patient in the week before the HSCT, with the aim to reduce the risk of graft rejection and GvHD. 

Only IRD transplant recipients do not routinely receive serotherapy. Serotherapy is a special form 

of immuno-ablative conditioning therapy. Due to the long half-time of the antibodies, they are 

still present during the HSCT procedure and in the weeks thereafter. Consequently, not only the 

recipients T cells are killed (preventing graft rejection), but also donor T cells that are present in 

the graft and donor T cells that reconstitute from the graft in the early period after engraftment are 

killed. Serotherapy plays an important role in the prevention of GvHD, but overdosing of 

serotherapy has a negative impact on immune reconstitution.
29;30

 Different serotherapy agents are  
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Figure 1.3. Balance between the risk of GvHD and infectious complications after HSCT.  

The risk of GvHD and infections are related to interventions to prevent alloreactivity, such as T cell depletion of 

the graft, serotherapy before HSCT and immunosuppressive drugs after HSCT. Abbreviations: GvHD: Graft 

versus host disease, GvL: graft versus leukemia reaction. 

 

 

used in the HSCT setting. Anti-thymocyte globulin (ATG) is a polyclonal antibody preparate, 

produced in rabbits or horses after immunization with human thymocytes or human T cell lines. 

ATG recognizes a wide range of antigens present on lymphocytes, but also other tissues like 

endothelial cells. Alemtuzumab (Campath®) is a humanized monoclonal antibody recognizing 

CD52, an antigen present on all lymphocytes. The half-life of ATG and Alemtuzumab is 4-14 

days and 15-21 days, respectively.
31;32

 Consequently, immune reconstitution is slower in 

Alemtuzumab treated patients.
33

  

In the recent years, retrospective pharmacokinetics/pharmacodynamics studies have generated 

knowledge to enable the personalized dosing of serotherapy based on body weight and the 

number of lymphocytes present at the start of condition.
30

  In the near future, personalized dosing 

of serotherapy may prevent overdosing of serotherapy, resulting in faster T cell reconstitution 

without an increased risk of GvHD.
30

  

Post-transplant immunosuppressive drugs are used routinely to prevent GvHD. These drugs 

prevent the activation of proliferation of activated (alloreactive) T cells.
16

 Often, the calcineurin 

inhibitor Cyclosporin A is used either alone or in combination with a short course of 

Methotrexate. Depending on the HLA-matching, donor type and graft source, also Mycophenolate 

Mofetil, Tacrolimus, Sirolimus and prednisone are sometimes used for the prophylaxis of 

GvHD.
16

 The duration of post-transplant immunosuppression depends on the indication for the 

HSCT. In patients with hematological malignancies, immunosuppressive drugs are often tapered 

after 6-8 weeks if GvHD does not occur, to stimulate the graft-versus leukemia reactions.
34

 For 

patients with non-malignant HSCT indications, for whom alloreactivity is not beneficial and 

should be avoided, immunosuppressive drugs are generally tapered after 3-6 months (Figure 1.2 

and 1.3).
16

  

Besides the major determinants HLA-matching, donor type and graft source, also genetic factors 

(e.g. polymorphisms of cytokines and/or -receptors), conditioning-induced tissue-damage and the 

composition of the intestinal microbiome are associated with the development of GvHD. 

Therefore, reduced-toxicity conditioning and the use of intestinal decontamination to eliminate 

the microbiome can also reduce the risk of GvHD.
16;35;36
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2. Viral complications after HSCT 

T cell immunity is pivotal to provide protection against and achieve sustained control of viral 

infections.
37-39

 In immunocompetent individuals, herpesvirus infections generally cause mild 

symptoms after which latency is established and reactivations can occur sporadically throughout 

life.
40

 During the T cell deficient period after HSCT, patients are at risk for the reactivation of 

latent herpesvirus infections as well as a protracted and severe course of respiratory virus 

infections. From the group of herpesviruses, cytomegalovirus (CMV) and Epstein-Barr virus 

(EBV) reactivations have the largest clinical impact, whereas human adenovirus (HAdV) is 

responsible for the most severe respiratory and gastro-intestinal complications in pediatric HSCT 

recpients.
41-44

 

Viral complications occur mainly in HSCT recipients at risk for a delayed immune reconstitution, 

such as patients who received (a high dose of) serotherapy (Figure 1.4, patient 2 and 3).  

Three groups of patients have an increased risk of severely delayed T cell reconstitution leading 

to disseminated and life-threatening virus infections 
41-44

 (Figure 1.4, patient 3): 

1. haplo-identical transplantation with T cell depletion of the graft,  

2.  cord blood transplantations with high dose serotherapy and a delayed immune      

reconstitution, and  

3. severe immunosuppression due to graft-versus host disease.  

The prevention of viral reactivation and infection would be the best way to reduce morbidity and 

mortality caused by these viruses. The prophylactic use of antiviral medication is restricted by the 

limited effectiveness and considerable toxicity of antiviral drugs. For CMV, EBV and HAdV, no 

effective prophylactic drugs are available. Once these viruses become symptomatic, they are very 

often disseminated and treatment started at that moment will be too late. For this reason, these 

viruses are routinely monitored in high risk patients.
45

 Monitoring is performed on weekly plasma 

samples in which viral load is determined by polymerase chain reaction (PCR) technology. Once 

the viral load reaches a certain threshold (most often 1000 DNA copies/ml of blood) at two 

consecutive time points, pre-emptive treatment is installed.
45

 

 

2.1 Cytomegalovirus and Epstein Barr virus 

For both CMV and EBV, primary infection in young children causes mild flu-like symptoms, 

whereas primary infection in adolescents and adults can cause infectious mononucleosis  (M. 

Pfeiffer, EBV) or infectious mononucleosis-like disease (CMV).
40

 In the adult population, 60% 

and 90% of individuals is seropositive for CMV and EBV, respectively. As a consequence, most 

HSCT recipients are at risk for reactivation. Seropositive patients, who receive a graft from a 

seronegative donor, are at risk for severe infections as no virus-specific memory T cells are co-

infused with the graft.
42;43;46

 The selection of donors-recipient combinations based on CMV 

serostatus is applied, but this is only possible when two or more donors with a comparable HLA 

match are available.
46
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Figure 1.4 Relation between T cell reconstitution and the risk off viral complications.  

Patient 1: IRD transplantation, no serotherapy. Patient 2: MUD transplantation with serotherapy. Patient 3: Cord 

blood transplantation with serotherapy or haplo-identical transplantation with T cell depletion and serotherapy. 

 

CMV reactivation after HSCT can lead to disseminated infections causing interstitial 

pneumonitis, colitis and hepatitis.
43

 EBV reactivation in immunocompromised patients can lead to 

post-transplant lymphoproliferative disease (PTLD), a life-threatening neoplastic condition 

caused by the uncontrolled proliferation of EBV-infected B cells.
42

 

For CMV, pre-emptive treatment consists of intravenous ganciclovir or foscarnet. Since the 

introduction of pre-emptive CMV treatment, two decades ago, morbidity and mortality have 

dropped significantly. However, both drugs have a considerable toxicity profile. Ganciclovir 

causes myelosuppression, which is undesirable after HSCT, and foscarnet is associated with 

severe nefrotoxicity.
47

 

For EBV, rituximab, a monoclonal antibody against CD20, is used as pre-emptive treatment. 

Rituximab depletes B cells, thereby removing the major pool of cells the virus is dependent on for 

its replication. The use of rituximab has led to a strong reduction of EBV-PTLD, but is obviously 

associated with a delayed B cell reconstitution.
39;42

 

2.2 Other herpesviruses 

Herpes Simplex Virus (HSV) and Varicella Zoster Virus (VZV) reactivations after HSCT can 

have a prolonged course but are often limited to oral mucosa and skin. Dissemination of disease, 

causing pneumonia or meningitis sporadically occurs.
48

 For HSV and VZV, prophylactic 

acyclovir treatment is applied successfully.
48

 Human herpesvirus 6 (HHV6) causes the sixth 

disease (exanthema subitum) upon primary infection. Reactivations generally occur in the first 

month after HSCT and cause fever and skin rash, which is generally self-limiting but may be 

mistaken for GvHD.
49
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2.3 Human Adenovirus  

Although HAdV infection does not lead to a state of latency, the virus can remain detectable for a 

substantial period of time after primary infection. This may be the reason that HAdV infections or 

reactivations are mainly seen in pediatric HSCT recipients. Currently, more than 50 serotypes 

have been described. In healthy individuals, HAdV infections cause self-limiting infections such 

as conjunctivitis, upper respiratory tract-, urinary tract- or gastrointestinal infections.
50

 After 

HSCT, HAdV reactivations or primary infections can progress to viremia and disseminated 

disease. In the absence of T cell surveillance, the mortality of HAdV viremia is high because of 

progression to HAdV related multi-organ failure.
41;51

 

Ribavirin and cidofovir have been explored for the pre-emptive treatment of HAdV infections. 

However, HAdV remains a major clinical problem despite pre-emptive treatment. Ribavirin was 

shown to be ineffective in patients without lymphocyte reconstitution.
52

 Cidofovir is commonly 

used as pre-emptive treatment for HAdV but is associated with severe nephrotoxicity.
53-56

 Also, 

the clinical effect is often disappointing, with HAdV clearance ranging from 24-98% of 

patients.
54-59

 Recently, promising data have been published for brincidofovir, the orally 

bioavailable lipid conjugate of cidofovir. This drug has a reduced toxicity profile, while higher 

intracellular concentrations are reached. The majority of HSCT recipients with HAdV infections 

had a reduction of HAdV load during brincidofovir treatment.
60;61
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3. Immune reconstitution after HSCT 

As discussed in the previous sections, immuno-ablation, leading to white blood cell aplasia, is 

applied in order to create a permissive environment for the stem cell graft and prevent 

alloreactivity. However, this induced immunodeficiency is associated with an increased risk for 

opportunistic infections (Figure 1.3). During white blood cell aplasia, patients are at risk for 

severe bacterial, viral and fungal infections. A disseminated course of viral and fungal infections 

may occur during lymphopenia. Therefore, the rapid reconstitution of the immune system is of 

great importance to reduce transplant related morbidity and mortality.  

In this section, the typical pattern of immune reconstitution will be described, as well as the main 

factors influencing immune reconstitution and interventions explored to improve immune 

reconstitution. In view of the other chapters in this thesis, the focus of this section will be on T 

cells and NK cells.  

Generally, the cells of the innate immune system (Monocytes, Neutrophils and NK cells) recover 

within a month after HSCT. T cell reconstitution often occurs in the second month whereas B 

cells are the last lymphocyte subset that reconstitutes after HSCT (Figure 1.5).
33;62

 As already 

discussed in the first section of this chapter, many HSCT related parameters have an impact on 

immune reconstitution. Especially T cell reconstitution is strongly affected by T cell depletion of 

the graft and serotherapy (Figure 1.4). 

3.1 Recovery of innate immunity 

The first line of immunity is represented by the epithelial and mucosal barriers that prevent tissues 

against invasion of microbes. This barrier is often disrupted by the pretransplant chemotherapy 

and irradiation and usually recovers within weeks, although this can be delayed by GvHD.
63

 Most 

complement factors are produced by liver cells and are generally not deficient after HSCT.
64;65

 

Neutrophils and monocytes are the first cells that recover from the donor derived stem cells.  

Neutrophil recovery is used as a marker for engraftment, defined by the moment neutrophils reach 

0.5 x 10
9
 cells / ml of blood.  

 
Figure 1.5. Typical reconstitution of innate (gray) and adaptive (black) immune cell subsets after HSCT. 

-2 0 2 4 6 8

M o n th sW e e k s

63 1 2

H S C T

T  c e l ls

N o rm a l

le v e l

N K  c e l ls B  c e l ls

C r it ic a l

le v e l

M o n o c y te s

N e u t r o p h i ls



 General Introduction  | 

 
21 

1 

Engraftment generally occurs within 2-4 weeks after HSCT (Figure 1.5).
33;62

 Rapid engraftment is 

observed in patients who received a PBSC graft and delayed engraftment may occur in patients 

who received a cord blood graft or a graft from a haplo-identical donor. Dendritic cells in blood 

reconstitute from donor stem cells within weeks after HSCT. However, the replacement of the 

recipients tissue-residing antigen presenting cells may take several months.
66;67

 Natural killer 

(NK) cells are the first lymphocytes that reappear in the circulation after HSCT (Figure 1.5). The 

reconstitution of NK cells will be discussed separately in the last section of this chapter. 

3.2. T lymphocytes 

T cells are the key players of the adaptive immune system and provide life-long pathogen specific 

protection. As a result of T cell receptor rearrangement, each T cell clone recognizes only one 

specific epitope. T cells develop and are educated in the thymus. In the thymus, T cells that do not 

recognize self-MHC and T cells that have a too strong affinity to self-MHC are removed to end 

up with useful T cells that can interact with other cells, but which are generally not auto-reactive 

(central tolerance).
68

 However, T cells are only educated to be tolerant for self-MHC, leaving the 

possibility of occurrence of alloreactivity after HSCT.  The human T cell compartment consists of 

CD4
+
 T helper cells and CD8

+
 cytotoxic T cells. CD4

+
 T cells orchestrate immune responses via 

the secretion of cytokines and interaction with other immune cells. Distinct subpopulations of 

CD4
+
 T cells have specific cytokine profiles to direct (e.g. Th1, Th2 and Th17) or regulate 

(regulatory T cells, Treg) the immune response.
69

 CD8
+
 T cells are cytotoxic and destroy virus-

infected and tumor-transformed cells. Once naïve T cells have encountered their specific antigen, 

T cells are activated, proliferate and differentiate into effector and memory cells. The 

differentiation of human T cells can be discerned based on the expression of cell surface markers 

(e.g. CD45RA and CCR7, Figure 1.6). Naive (CD45RA
+
 CCR7

+
) cells differentiate upon antigen 

exposure into central memory (CM, CD45RA
-
 CCR7

+
) and effector memory (EM, CD45RA

-
 

CCR7
-
) cells and eventually regain CD45RA when differentiating into end-stage effector (EMRA, 

CCR7
-
 CD45RA

+
) cells.

70
 Whereas the expression of co-stimulatory molecules and chemokine 

receptors varies between the differentiation stages, ex-vivo cytolytic capacity increases during 

differentiation and telomere length shortens.
70

 

Figure 1.6. T cell differentiation stages.  

T cell differentiation can be discerned based on the expression of CCR7 and CD45RA in healthy individuals and 

early after HSCT. CD8+ T cell differentiation is depicted.  
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3.2.1 T cell reconstitution after HSCT 

The recovery of normal numbers of T lymphocytes after HSCT takes months, but the complete 

and balanced reconstitution of the adaptive immune system ranging from naïve cells to effector- 

and memory cells takes many years.
62;71

   

In the first months after HSCT, the repopulation of the T cell compartment is facilitated by 

cytokine- and antigen-driven homeostatic peripheral expansion of T cells that were transplanted 

with the graft. Both memory cells and naïve cells that were transplanted with the graft will 

differentiate and expand rapidly when they encounter the antigen of their specificity. As a result, 

the first stage of T cell reconstitution is strongly skewed towards memory cells (Figure 1.6).
33;62

 

This expansion of memory cells is more rapid for CD8
+
 T cells than for CD4

+
 T cells. The early 

reconstitution of T cells is strongly affected by T cells depletion of the graft, as well as the use of 

serotherapy (Figure 1.3). Also, cord-blood grafts are associated with a delayed T cell 

reconstitution.
33;62

 

The thymus-dependent generation of naive T cells, essential for building a balanced immune 

system with a broad specificity against neo- and recall antigens is delayed for many months to 

years.
71

 T cells that develop from donor stem cells will undergo selection in the thymus of the 

recipient and should be tolerant for the recipient’s tissues. In children, the reconstitution of naïve 

T cells is better than in adults, which is related to the involution of the thymus during life. 

Damage to the thymus caused by the conditioning regimen or GvHD has a negative impact on the 

reconstitution of naïve T cells.
62;71

  

3.2.2 Strategies to improve T cell reconstitution 

Reconstitution of CD4
+
 and CD8

+
 T cell immunity is pivotal to provide protection against and 

achieve sustained control of viral reactivations as well as anti-leukemic reactions.
15;37-39

 However, 

T cells are also responsible for GvHD, which is mainly caused by (naïve) T cells transplanted 

with the graft.
16

  The improvement of T cell reconstitution is therefore a delicate issue. The easiest 

way to improve T cell reconstitution is the omission of serotherapy from the conditioning 

regimen, as is applied in the IRD transplant setting. However, this is not possible in other 

transplant settings due to the risk of GvHD. However, personalized dosing of serotherapy can be 

applied to prevent overdosing and results in faster T cell reconstitution without increasing the risk 

of GvHD.
30

 Also, the early tapering of CsA immunosuppression and omission of methotrexate 

from GvHD prophylaxis has been used to improve T cell reconstitution and to enable GvL 

reactions.
34

  

Alternatively, donor lymphocytes can be infused in the period after the HSCT. Donor lymphocyte 

infusions (DLI) contain both virus-specific memory T cells as well as naïve T cells that can 

generate de novo graft-versus-leukemia reactions.
72;73

 Even when given months after HSCT, 

under non-inflammatory conditions, unselected DLI are still associated with the development of 

GvHD. 
72;73

  The use of unselected DLI in the early, inflammatory phase after HSCT to treat viral 

infections bears a large risk of GvHD development. Therefore, adoptive transfer of virus specific 

T cells from the donor to restore anti-viral immunity after HSCT has been explored. By the ex 

vivo selection of virus-specific cells, co-transfer of alloreactive cells can be limited, thus reducing 
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Figure 1.7. Selection of virus-specific T cells for adoptive immunotherapy. 

 

 

the risk of GvHD development (Figure 1.7). The first approach used for the generation of virus-

specific T cell products is the repetitive stimulation of donor lymphocytes with APCs transfected 

with viral vectors encoding for viral peptides (CMV, HAdV) or EBV-transformed B cells. This 

strategy yields large numbers of virus-specific (mainly CD8
+
) T cells which have been safely used 

in clinical trials.
74-76

  However, due to the high workload and long culture period, this approach is 

unfeasible for broad application. The second approach aims to select virus-specific cells directly 

ex vivo. Tetramer based magnetic isolation uses MHC class I tetramers loaded with viral peptides, 

which bind virus-specific cells via their T cell receptor. The virus-specific cells are then labelled 

with magnetic beads, and isolated via a magnetic column. This method is rapid and has been used 

for the selection of CMV-specific CD8
+
 T-lymphocytes.

77
 However, MHC class I tetramers are 

limited to certain HLA class I alleles and do not select CD4+ virus-specific T-cells.  

Thirdly, the interferon- (IFN-γ) capture assay has been developed. In this approach, PBMC are 

stimulated with viral peptide pools for a couple of hours. Virus-specific T cells become activated 

and produce IFN-γ. The IFN-γ secreting virus-specific cells are then labelled with magnetic beads 

and isolated via a magnetic column. This method enables the rapid enrichment of both CD4
+
 and 

CD8
+
 virus-specific cells. However, only a subset of virus-specific T cells secrete IFN-γ upon 

activation.
78;79

 This method has been successfully used in the clinical setting to select T-cells 

specific for CMV, EBV and HAdV.
80-82

 

Both tetramer-based and IFN-γ capture based techniques yield low numbers of virus-specific 

cells, which will proliferate in vivo upon antigenic stimulation after infusion in a patient with a 

viral reactivation. Transfused virus-specific T cells are detectable and provide protection for years 

after infusion. However, the production of virus-specific T cell products remains very labor-

intensive and is only available in a small number of transplant centers. To address this problem, 

third party biobanks have been started in the United States and United Kingdom, in which virus-

specific T cells from donors with common HLA-types are produced and cryopreserved, available 

for “of the shelve” use in HSCT recipients with a viral reactivation.
83
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3.3. Natural Killer cells 

NK cells play a role in the innate immune defense through the direct lysis of virus-infected and 

malignant cells. Furthermore, they secrete cytokines and chemokines that initiate, enhance and 

regulate immune responses.
84-87

 NK cells are a member of the large family of innate lymphoid 

cells (ILC). However, unlike the other ILC, NK cells are cytolytic and express perforin.  They are 

classified in ILC group 1 based on their production of the inflammatory cytokines IFN-γ and 

TNF-α. They can be distinguished from other ILC by the expression of the transcription factor 

Eomesodermin (EOMES) and the cytolytic protein perforin.
88;89

 In the last decade, the 

development of human NK cells from hematopoietic stem cells has been studied extensively. The 

first CD34+ stages of human NK cell development (stage 1 and 2) are observed in both bone 

marrow and secondary lymphoid tissues.
90;91

 Subsequently, stage 3 NK cell development mainly 

occurs in secondary lymphoid tissues.
91-93

 At this stage, NK cells acquire the expression of CD56 

and express high levels of CD117 (c-kit) and CD127 (IL7Rα), showing close homology to type 3 

ILCs.
88;91;94

 Two distinct EOMES
+
perforin

+
 NK cell populations are present in human peripheral 

blood: the minor CD56
bright

CD16
+/-

 (CD56
bright

, stage 4) subset which constitutes 5-15% of NK 

cells, and the major CD56
dim

CD16
+
 (CD56

dim
, stage 5) subset (Figure 1.8).

87;95
 CD56

bright
 NK cells 

are generally considered to be the precursors of CD56
dim

 NK cells.
91;96

 For example, CD56
bright

 

NK cells have longer telomeres and express low levels of stem cell factor receptor c-kit 

(CD117).
97;98

 The expression of the inhibitory receptor NKG2A, expressed by all CD56
bright

 NK 

cells, is lost during the differentiation of CD56
dim

 NK cells, which ultimately acquire killer-

immunoglobulin-receptors (KIRs) and the terminal differentiation marker CD57 (Figure 1.8).
99

 

Both subsets have their own functional profile; CD56
bright

 NK cells are mainly cytokine producers. 

Although they constitutively express perforin, they do not express granzyme B and require pre-

activation to exert cytotoxicity (Figure 1.8). In contrast, CD56
dim

 NK cells constitutively express 

perforin and granzyme B and efficiently lyse target cells without prior stimulation.
87;95;100;101

 

However, both subsets can be cytotoxic and produce cytokines, after the appropriate in vitro 

stimulation.
100-105

 Although the CD56
dim

 NK cells predominate in blood, the CD56
bright

 NK 

represent the majority of NK cells in both lymphoid and non-lymphoid tissues.
106-108  

 

 

Figure 1.8. Circulating human NK cell subsets.  

Hallmarks of CD56brightCD16+/- and CD56dimCD16+ NK cell subsets and their typical distribution in blood of 

healthy individuals and patients early after HSCT. 
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3.3.1 NK cell cytotoxicity, activation and tolerance 

Unlike T cells, NK cells do not require prior activation to exert their killing function and are not 

restricted to MHC-class I presentation of viral antigens; rather, they recognize “missing self” (the 

down regulation of MHC molecules) and “induced or altered self” (the expression of stress-

induced or virus-encoded ligands) on virus-infected or malignant cells.
87;109

 The overall 

responsiveness of NK cells can be increased by monokines (e.g. IL2/IL12/IL15/IL18) produced 

by other immune cells like dendritic cells and monocytes (Figure 1.9).
87;110

The killing activity of 

NK cells is regulated by a balance of inhibitory and activating signals. In the presence of MHC 

class I molecules on a target-cell, inhibitory NK-cell receptors are triggered. This leads to the 

delivery of inhibitory signals via the intracellular immunoreceptor tyrosine-based inhibitory motif 

(ITIM) domain, preventing NK cell activation and lysis of the target-cell. When MHC class I 

molecules are downregulated, as in the case of tumor cells or virus- infected cells, no inhibitory 

signal is delivered. Instead, positive signals through activating receptors with an intracellular 

immunoreceptor tyrosine-based inhibitory motif (ITAM) dominate, which induces NK cell 

activation and lysis of target cells.
87;109;111

  

Activating signals to the NK cell can be induced by the activating receptor NKG2D when it binds 

MHC class I-like ligands that are induced by virus infection and malignant transformation, but 

also by activating KIRs and the heterodimeric CD94-NKG2C receptors that recognize MHC-class 

I ligands, and by a number of other activating receptors (e.g. NKp30, NKp44, NKp46) for which 

the cellular ligands have yet to be identified.
87;109

 

 

  

Figure 1.9. Principles of NK cell activation and tolerance. 
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Inhibitory NK cell receptors that recognize MHC-class I molecules include inhibitory killer 

immunoglobulin-like receptors (KIR) recognizing HLA-C molecules, and the inhibitory CD94-

NKG2A heterodimeric receptors recognizing the non-classical HLA-E molecule. To prevent, the 

killing of healthy cells in the body (auto-reactivity), NK cells need to express at least one 

inhibitory receptor for MHC class I to be “licensed to kill”: NK cells lacking an inhibitory 

receptor for self MHC are hyporesponsive.
102;111;112

 The KIR expression repertoire, encoded on 

chromosome 19 is polymorphic amongst individuals. Two main groups of KIRs are recognized, 

the A and B haplotype. KIR A haplotypes recognize (and are inhibited by) HLA-C1 and the 

ligand for KIR B haplotypes is HLA-C2.
113

 As KIRs and HLA-C are inherited independently, 

individuals can have NK cells expressing KIRs for which no ligand is available. These 

“uneducated” NK cells will become hyporesponsive.
102;112

  In conclusion, the cytotoxicity of NK 

cells is the result of the balance between a) resting vs. activation/priming as mediated by 

monokines produced by other immune cells and b) inhibitory vs. activating signals by target cell-

interaction (Figure 1.9).  

3.3.2 Role of NK cells in immune responses 

NK cells play a role in the control of viral load early during infection. NK cells contribute to the 

first line of immune defense through the lysis of virus-infected cells. Furthermore, NK cells play 

an important role in the initiation, enhancement and regulation of immune responses, directly 

through the secretion of cytokines and chemokines as well as indirectly via their interaction with 

other innate immune cells.
84-87;114-116

 The best illustrations of the clinical relevance of NK cells are 

rare patients with isolated NK cell deficiencies, who are susceptible to herpesvirus 

infections.
117;118

 CMV infection is associated with an increase in late differentiated NKG2A
-

KIR
+
NKG2C

+
 CD56

dim
 NK cells.

119
 In healthy individuals with primary EBV infections, an 

expansion of CD56
bright 

and early differentiated NKG2A
+
KIR

-
 CD56

dim
 NK cells has been 

described.
120;121

 

Secondly, NK cells can function as anti-tumor effector cells via the  elimination of malignancies 

with reduced MHC-class I expression that evade CD8
+
 T cell-mediated control and of tumors 

with increased expression of activating NK cell receptor ligands.
87

  

Thirdly, NK cell alloreactivity, based on the mismatch of KIR and KIR-ligands has been 

exploited in the setting of haplo-identical HSCT.
122-124

 For example, when NK cells from a KIR A 

haplotype donor (tolerant for HLA-C1) are transplanted into a HLA C1 negative patient, no 

inhibitory signal is provided by the recipients hematopoietic cells, resulting in NK cell 

alloreactivity against HLA-C1 negative leukemic cells (Figure 1.8). Seminal studies have shown 

that the patients receiving a haplo-identical HSCT with NK cell alloreactivity in the graft vs. host 

direction have a reduced relapse rate and better overall survival.
122

 In line with this, in vitro 

(monokine) activated donor derived NK cells have been exploited for the use as adoptive 

immunotherapy, especially in the haplo-identical HSCT setting, but also in the setting of primary 

malignancies susceptible for NK cell mediated cytotoxicity.
123;124
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3.3.3 NK cell reconstitution after HSCT 

NK cells are the first lymphocytes that reconstitute after HSCT, reaching normal numbers within 

3-4 week after HSCT.
33;125

 Typically, the phenotype of NK cells after HSCT is skewed towards 

the (NKG2A
+
) CD56

bright
 NK cell phenotype (Figure 1.7). Because of the short life-time of NK 

cells and the phenotypic difference between the NK cells appearing early after HSCT and healthy 

donor NK cells, these NK cells are considered to reconstitute from stem cells in the graft. Various 

studies reported the existence of phenotypic and functional intermediate stages in the progression 

from CD56
bright

 to CD56
dim

 NK cells after HSCT. These studies mainly focused on CD16, CD27 

or CD117, for which CD56
bright

 NK cells have a bimodal expression profile.
100;126-128

 The 

phenotype of CD56
dim

 NK cells recovering after HSCT also differs from healthy donor CD56
dim 

NK cells. The first CD56
dim

 NK cells are mainly NKG2A
+
 and KIR

-
. CD56

dim
 NK cells loose the 

expression of NKG2A and gain the expression of KIRs during the first year after HSCT, 

recapitulating NK cell differentiation.
99

 In patients with CMV reactivation after HSCT, a specific 

expansion of NKG2A
-
KIR

+
NKG2C

+
 CD56

dim
 NK cells has been described.

129
 

Contradicting data exist on the functional capacity of NK cells after HSCT. Various reports have 

described a normal cytotoxicity early after HSCT but a delayed recovery of IFN-γ production 

upon target cell recognition.
130-132

  Other studies reported a reduced cytotoxicity of NK cells in the 

first months after HSCT.
133-135

 A third group of studies showed that post-transplant NK cells 

display a reduced cytotoxicity against AML blasts expressing the NKG2A-ligand HLA-E, but 

have a normal killing of other target cells like K562 and EBV-LCL.
135-138

 The relative 

hypofunction of NK cells after HSCT may be explained by induced tolerance because of the 

absence of self-KIRs for donor NK cells in the host. Another possible explanation for the reduced 

functionality of NK cells is the inhibition via NKG2A as most (CD56
bright 

and CD56
dim

)
 
NK cells 

that reconstitute are NKG2A
+
 after HSCT.  
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4 Objectives and outline of this thesis 

Immune reconstitution is a major predictor of the outcome of viral complications after HSCT. A 

better understanding of immune reconstitution after HSCT and the interplay between different 

players of the immune system may provide tools to improve this immune reconstitution.  

The first part (Chapter 2-4) of this thesis focusses on the relation between viral reactivations and 

T cell reconstitution. The importance of early T cell reconstitution to prevent and clear viral 

reactivations has been well established. However, the long term impact of viral reactivations on 

the composition of the immune system is largely unknown. In Chapter 2, we studied the impact 

of early CMV, EBV and HAdV infections on the composition and balance of the T cell 

compartment long term after HSCT. Chapter 3 describes the development of a clinical grade 

method to select virus specific T cells for the restoration of T cell immunity for CMV, EBV and 

HAdV in one single procedure. For this, alternatives for the IFN- γ capture assay to select virus-

specific T cells were explored, using the upregulation of various activation markers on virus-

specific T cells upon peptide pool stimulation. Chapter 4 addresses the effectiveness of pre-

emptive Cidofovir therapy for HAdV infections after HSCT. To correct for the confounding effect 

of reconstitution of T cell immunity on the reduction of HAdV viral load during cidofovir 

treatment, we focused on patients lacking T cell reconstitution. We discovered that the reduction 

of HAdV load in the absence of T cells was always associated with an expansion of (CD56
bright

) 

NK cells. 

The second part (Chapter 5-7) of this thesis is focused on NK cells. In steady state conditions, 

the role of NK cells in anti-microbial immunity may be overshadowed by the presence of T cells. 

As NK cell reconstitution often precedes the recovery of T cells after HSCT, this creates a 

window of opportunity to study NK cells in the absence of T cells. Chapter 5 addresses one of 

the restrictions of working with cryopreserved material. Whereas T cells are relatively resistant to 

cryopreservation, NK cells may display phenotypic changes which have to be accounted for when 

working with biobanked material. Chapter 6, describes the quantitative as well as phenotypic and 

functional reconstitution of CD56
bright

 NK cells in patients with a rapid and a delayed T cell 

reconstitution to unveil changes in the NK cell compartment during transient T cell deficiency 

after HSCT. In Chapter 7, we studied the phenotype and homing potential of CD56
bright 

NK cells 

in blood and lymphoid organs, which is the primary location for interactions between NK cells 

and other immune cells. We discovered a major tissue-resident NK cell population, which was 

further characterized. Also, the reconstitution of the different NK cell subsets in bone marrow 

after HSCT was studied.  

The findings and implications of the work reported in this thesis are summarized in Chapter 8 

and discussed in Chapter 9.  
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Chapter 2 

Early CMV reactivation leaves a specific and 

dynamic imprint on the reconstituting T cell 

compartment long term post hematopoietic stem 

cell transplantation 
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Abstract  

Human Cytomegalovirus (CMV) reactivation frequently occurs during the early phase of immune 

recovery after allogeneic hematopoietic stem cell transplantation (HSCT). Whereas the recovery 

of virus-specific immunity in the early phase after HSCT is extensively studied, the impact of 

CMV on the reconstitution and composition of the T cell compartment long term post HSCT is 

unknown. We analyzed T cell reconstitution one to two year after HSCT in 131 pediatric patients. 

One year post HSCT, patients with early CMV reactivation (n=46) had three-fold higher CD8
+
 T 

cell numbers (median 1323 vs. 424 cells/μl, p<0.0001) compared to patients without CMV 

reactivation (n=85). This effect, caused by a major expansion of CD8
+
 effector memory (EM) and 

end-stage effector (EMRA) T cells, was independent of pre-transplant donor and recipient CMV 

serostatus and not seen after Epstein-Barr virus or Adenovirus reactivations. At one and two year 

post HSCT, the absolute numbers of CD8
+
 naive and central memory (CM) T cells as well as 

CD4
+
 naïve, CM, EM and EMRA T cells did not differ between patients with and without CMV 

reactivation. In the second year post HSCT, a significant contraction of the initially expanded 

CD8
+
 EM and EMRA T cell compartments was observed in patients with early CMV reactivation. 

In conclusion, CMV reactivation early after pediatric HSCT leaves a specific and dynamic 

imprint on the size and composition of CD8
+
 T cell compartment without compromising the 

reconstitution of CD8
+ 

and CD4
+
 naive and central memory T cells pivotal in the response to neo- 

and recall antigens. 
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Introduction 

In immunocompetent individuals, CMV infection generally causes mild symptoms after which 

latency is established and asymptomatic reactivations can occur sporadically throughout life.
139

 In 

contrast, CMV reactivation occurs frequently during the transient period of immune deficiency 

after allogeneic hematopoietic stem cell transplantation (HSCT) in case of a CMV seropositive 

donor and / or recipient. This donor- or recipient derived CMV infection or reactivation, hereafter 

called reactivation, can lead to disseminated infections causing interstitial pneumonitis, colitis and 

hepatitis which are, despite the pre-emptive use of antiviral medication, a major cause of 

morbidity and mortality.
46;140

 Reconstitution of CD4
+
 and CD8

+
 T cell immunity is pivotal to 

provide protection against and achieve sustained control of CMV reactivations.
37;141;142

 In the first 

months after HSCT, the repopulation of the T cell compartment is facilitated by cytokine- and 

antigen-driven homeostatic peripheral expansion of T cells that were transplanted with the 

graft.
143;144

 The thymic-dependent T cell reconstitution of naive and central memory cells, 

essential for a balanced immune system with a  broad specificity against neo- and recall antigens 

is delayed for many months to years.
143

  

The differentiation stages of human T cells can be discerned based on the expression of cell 

surface markers CD45RA and CCR7. Naive (CD45RA
+
 CCR7

+
) cells differentiate upon antigen 

exposure into central memory (CM, CD45RA
-
 CCR7

+
) and effector memory (EM, CD45RA

-
 

CCR7
-
) cells and eventually regain CD45RA when differentiating into end-stage effector (EMRA, 

CCR7
-
 CD45RA

+
) cells.

70
 Whereas the expression of co-stimulatory molecules and chemokine 

receptors varies between the differentiation stages, ex-vivo cytolytic capacity increases during 

differentiation and telomere length shortens.
70;145

 With increasing age, a continuous accumulation 

of CMV-specific CD8
+
 T cells, also called “memory inflation”, has been described in healthy 

CMV seropositive individuals. These cells mainly represent EM and EMRA T cells.
146-148

 A 

durable expansion of these late differentiated T cells has also been observed in infants with 

congenital and post-natal CMV infections 
149-152

 and after primary CMV infection or reactivation 

in patients continuously receiving immunosuppressive medication after solid organ 

transplantation (SOT).
147;153;154

 

In the recent years, the interaction between viral reactivations and early immune reconstitution 

after HSCT has been the studied extensively.
37;141;142;155;156

 However, apart from an early report in 

1985, the influence of viral reactivations occurring during the early phase of immune 

reconstitution on the composition of the T cell compartment in steady state conditions after HSCT 

is largely unknown.
157

 In this study, we report the impact of early CMV reactivations on the 

reconstitution and composition of the T cell compartment one and two year after HSCT in a large 

cohort of pediatric HSCT recipients. 
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Methods 

Ethics Statement 

All transplantations were performed according to European society for Blood and Marrow 

Transplantation guidelines. Blood samples were routinely obtained and analyzed after approval by 

the institutional review board (protocol P01.028). Informed consent was provided by the patient 

and/or a parent or guardian. 

Patients and blood sampling 

Between 1-1-2002 and 31-12-2011, 227 children received a Bone Marrow or Peripheral Blood 

Stem Cell transplantation following myeloablative conditioning for malignant and non-malignant 

hematological disorders in the Leiden University Medical Center (LUMC). A total of 59 patients 

died in the first year and 11 were lost to follow up (Figure 2.S1). Of the 157 remaining patients, 

26 were excluded, resulting in a cohort of 131 patients. Exclusion criteria were relapse of 

malignant disease (n=8) or autologous reinfusion (n=1) in the first year after HSCT, systemic 

immunosuppressive drugs at one year post HSCT (n=15), or clinically relevant CMV infection 

after day +250 (n=2). Patients who received two transplantations (n=14) were analyzed only after 

their second transplantation. Peripheral blood samples were obtained for routine analysis at 

different time points after HSCT and the sample drawn closest to one year (median 363 days, 

range 302-478 days) post HSCT was analyzed in this study. In 76 patients, this sample could be 

compared with a sample obtained two year (median 729, range 498-849 days) post HSCT and at 

least 180 days after the first sample. 

Monitoring and treatment of viral reactivations 

After HSCT, plasma was routinely screened for Epstein Barr Virus (EBV), CMV and Human 

Adenovirus (HAdV) DNA by real time quantitative (RQ) PCR.
158-160

 The limit of detection in 

these assays was 50 (1.7 log) viral DNA copies/ml. Reactivation of CMV, EBV and HAdV was 

defined as detection of viral DNA in plasma at least once, whereas pre-emptive treatment with 

respectively Ganciclovir, Rituximab or Cidofovir was initiated upon detection of 1000 (3 log) or 

more viral DNA copies/ml at two or more consecutive time points.
161-163

 

Flow cytometric analysis  

To determine the size of individual lymphocyte populations and subsets, peripheral blood 

mononuclear cells (PBMC) were analyzed by flow cytometry. PBMC were separated using ficoll-

isopaque density gradient centrifugation (LUMC Pharmacy, Leiden, NL). PBMC were stained 

with CD45, CD14, CD33, CD235a, CD3, CD19, CD56, CD4, CD8 and TCR-γδ antibodies, listed 

in Table 2.S1. Four-color flow cytometry was performed on a BD FACS Calibur II flow 

cytometer (Becton Dickinson Biosciences (BD), Franklin Lakes, NJ, US) and data were analyzed 

using BD Cellquest software. Lymphocytes were defined as CD45
+ 

CD33/CD235a/CD14
-
 cells 

within the forward / sideward scatter lymphocyte gate and absolute cell numbers per μl of 

peripheral blood were calculated. In a representative subcohort of 53 consecutive patients who  
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Table 2.1. Characteristics of patients with and without early cytomegalovirus reactivation. 

Categorical data are displayed as: number (percentage). Numerical data are displayed as:  median (range).  p-

values: (a) Fisher's Exact test, (b) Pearson Chi Square test, (c) Mann-Whitney U test, (d) logistic regression 

analysis. N.A.: Not Applicable, HSCT: Hematopoietic Stem Cell Transplantation, CMV: Cytomegalovirus, EBV: 

Epstein-Barr-virus, HAdV: Human Adenovirus, GVHD: Graft-versus-Host-Disease. Applied T cell depletion 

methods: erythrocyte rosetting (n=2), alemtuzumab in the bag (n=4) and CliniMACS CD34 enrichment (n=11). 

transplantation between 2008 and 2011, T cell differentiation was also analyzed based on CD45RA and CCR7 

expression. 
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underwent transplantation between 2008 and 2011, T cell differentiation was also analyzed based 

on CD45RA and CCR7 expression. 

Statistical analysis 

Statistical analysis was performed using SPSS Statistics 20 (IBM SPSS Inc, Chicago, IL, US). 

GraphPad Prism software (version 6.00; GraphPad Software, San Diego, CA, US) was used to 

construct figures. Because cell numbers did not follow Gaussian distribution, Mann-Whitney U 

test (2 groups), Kruskall-Wallis test (> 2 groups) and Wilcoxon Matched-pairs signed ranks test 

(paired analysis) were used for the univariate analysis of numerical parameters. Pearson’s 

correlation test was performed on log-transformed data for analysis of univariate correlations. 

Fisher exact test (2 groups) and Pearson’s Chi-square test (> 2 groups) were used for univariate 

analysis of categorical parameters. Logistic regression analysis and linear regression analysis on 

log-transformed data were performed for multivariate analysis of parameters with p-values ≤ 0.10 

in univariate analysis. 

 

Results 

Incidence of CMV reactivations and description of patients 

In the study cohort of 131 pediatric stem cell transplantation recipients who were available for 

follow up one year post HSCT, 46 patients (35%) experienced a CMV reactivation in the first 100 

days post HSCT. The median duration of CMV viremia was 36 (range 1 – 185) days, starting 5 – 

62 (median 26) days after HSCT. The criteria for pre-emptive Ganciclovir treatment were met in 

33 of 46 patients (Table 2.1). At the time of transplantation, patients with CMV reactivation after 

HSCT were more often CMV seropositive (83 vs. 31 %, p<0.0001) and were older (median 13.0 

vs. 7.9 year, p=0.001) than patients without CMV reactivation. Also, patients receiving a graft 

from a CMV seropositive donor more often experienced a CMV reactivation (78 vs. 31 %, 

p<0.0001). As shown in Table 2.1, no significant differences were observed in other HSCT 

related parameters. In a logistic regression analysis of parameters with p-values < 0.10 in 

univariate analysis, pre-transplant CMV serostatus of recipient and donor as well as patient age 

differed significantly between children with and without CMV reactivation post HSCT 

(p<0.0001, p<0.0001 and  p=0.017, respectively). 

Patients with early CMV reactivation had higher CD8
+
 T cell numbers one year 

post HSCT 

Compared with 85 patients without CMV reactivation, 46 patients with early CMV reactivation 

had significantly higher lymphocyte numbers one year after HSCT. This could be attributed to an 

increase of CD3+ T cells (median 2083 vs. 1257 cells/μl, p<0.0001) whereas NK- and B cell 

numbers were three-fold higher (median 1323 vs. 424 cells/μl, p<0.0001) in patients with CMV 
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Figure 2.1. Impact of early CMV reactivation on lymphocyte numbers and -subsets one year post HSCT.   

(A) Absolute numbers of lymphocytes, CD3+ T cells, CD3-CD19+ B-cells and CD3-CD56+ NK cells and (B) 

CD8+ T cells, CD4+ T cells and T cell receptor γδ+ T cells from 85 patients without CMV reactivation (white 

bars, CMV DNA load always < 1.7 log copies/ml (c / ml)) and 46 patients with CMV reactivation (gray bars, CMV 

DNA load ≥ 1x >1.7 log). (C) Absolute numbers of  CD8+ T cells of 85 patients without detectable CMV 

reactivation (white bars), 13 patients with detectable CMV DNA in plasma but not  ≥ 3 log c / ml at two 

consecutive time points (light gray bars) and 33 patients with a CMV load ≥ 3 log c / ml at two or more 

consecutive time points (dark gray bars). Shown are cells/μl of peripheral blood one year post HSCT. Bars: 

median, interquartile range and overall range. p-values: Mann-Whitney test, NS: p > 0.05, ***: p<0.001, ****: 

p<0.0001 

reactivation (Figure 2.1B).  Patients with a low level CMV reactivation (n=13), i.e. CMV plasma 

DNA load above the limit of detection, but not at two consecutive time points above 3.0 log 

copies/ml, already had significantly higher CD8
+
 T cell numbers one year post HSCT than 

patients without CMV reactivation (median 709 vs. 424 cells/μl, p=0.0001, Figure 2.1C). The 

highest measured plasma CMV DNA load and the time between CMV clearance and analysis at 

one year post HSCT did not influence the number of CD8
+ 

T cells at one year post HSCT (Figure 

2.S2). Also, the impact of early CMV reactivation on the CD8
+
 T cell compartment did not differ 

between patients who received a stem cell graft from an HLA-identical related donor, matched 

unrelated donor or haplo-identical donor (data not shown). 

CD4
+
 T cell numbers were comparable in patients with and without CMV reactivation (median 

702 vs. 684 cells/μl, p=0.79, Figure 2.1B). Although γδ T cells only represented a small 

proportion (median 4 %) of all T cells, γδ T cell levels were twofold higher in patients with an 

early CMV reactivation (median 104 vs. 47 cells/μl, p=0.0005, Figure 2.1B).  

The expansion of the CD8
+
 T cell subset was independent of pre-transplant 

CMV serostatus and not seen after EBV and HAdV reactivation 

In univariate analysis, CD8
+
 T cell numbers - but not CD4

+
 T cell numbers (data not shown) - 

were significantly influenced by CMV reactivation after HSCT (median 1323 vs. 424 cells/μl, 

p<0.0001) as well as by pre-transplant CMV serostatus of donor (median 780 vs. 460 cells/μl, 

p<0.0001) and recipient (median 880 vs. 440 cells/μl, p<0.0001, Figure 2.S3). However, in 

multivariate regression analysis, pre-transplant serostatus of the donor (p=0.22) and recipient 

(p=0.14) did not influence CD8
+ 

T cell numbers independently. This is illustrated in Figure 2.2A,  
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Figure 2.2. Influence of pre-transplant CMV serostatus and early EBV and HAdV reactivation.   

(A) Influence of donor and recipient pre-transplant CMV serostatus on CD8+ T cell numbers in patients without 

CMV reactivation (white bars, + / +: n=14, + / -: n=12, - / +: n=13 and - / -: n=46) and patients with CMV 

reactivation (gray bars, + / +: n=28, + / -: n=8 and - / +, n=10).  (B & C) Absolute numbers of CD3+, CD4+, CD8+ 

and T cell receptor γδ+ T cell in 85 patients without CMV reactivation. (B) 35 patients without vs. 50 patients with 

early Epstein-Barr virus (EBV) reactivation and (C) 65 patients without vs. 20 patients with early Human 

Adenovirus (HAdV) reactivation. White bars (-): plasma DNA load always < 1.7 log. Gray bars (+): plasma DNA 

load at least once > 1.7 log. Shown are cells/μl of peripheral blood one year post HSCT. Bars: median, 

interquartile range and overall range, p-values: Kruskall-Wallis test (A) or Mann-Whitney test (B & C). NS: p > 

0.05, *: p<0.05. 

showing the size of the CD8
+
 T cell compartment for patients with- and without early CMV 

reactivation distributed over the different pre-transplant donor-recipient serostatus combinations. 

Epstein-Barr Virus (EBV) or Human Adenovirus (HAdV) reactivations as well as other HSCT 

related variables including T cell depletion of the graft, serotherapy and age of donor and 

recipient did not significantly influence CD8
+
 T cell numbers one year post HSCT (Figure 2.S3). 

Considering the high impact of CMV reactivation on the CD8
+
 T cell compartment, we separately 

analyzed the effect of early EBV and HAdV reactivations in the 85 patients without CMV 

reactivation. One year post HSCT, T-, B- and NK cell numbers did not differ between patients 

with and without EBV or HAdV reactivations (Figure 2.S4). Also, the size of CD8, CD4 and γδ T 

cell subsets did not differ between patients with (n=50) and without (n=35) EBV reactivation 

(Figure 2.2B).  Patients with HAdV reactivations (n=20) had lower numbers of CD8
+
 T cells and 

γδ T cells than patients (n=65) without HAdV reactivation (Figure 2.2C). However, patients with 

and without HAdV reactivations were not fully comparable (Table 2.S2). After multivariate 

correction for alemtuzumab serotherapy and T cell depletion of the graft, the impact of early 

HAdV reactivation on CD8
+
 T cell numbers one year post HSCT was not statistically significant 

(p=0.11). 

The increase of CD8
+
 T cells after CMV reactivation was caused by an 

expansion of EM and EMRA cells 

In a sub-cohort of 53 consecutive patients transplanted between 2008 and 2011, we further 

determined the differentiation stages of CD4
+
 and CD8

+
 T cells. Patients in this sub-cohort did not 

differ significantly from the whole cohort with respect to the parameters listed in Table 2.1 (data 

not shown). In both T cell subsets, but most pronounced in the CD8
+
 T cell subset, the proportion  
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Figure 2.3. Early CMV reactivation and T cell differentiation one year post HSCT.   

Absolute numbers (left panels) and relative contribution (right panels) of T cell differentiation stages to the (A) 

CD8+ and (B) CD4+ T cell subsets in a subcohort of 35 patients without (-) and 18 patients with (+) CMV 

reactivation. N: naive (very light gray, CD45RA+ CCR7+), CM: central memory (light gray, CD45RA- CCR7+), EM: 

effector memory (gray, CD45RA- CCR7-), EMRA (dark gray, CD45RA+ CCR7-). Absolute numbers: shown are 

cells/μl of peripheral blood one year post HSCT. Bars: median, interquartile range and overall range. p-values: 

Mann-Whitney test.  NS: p > 0.05, ****: p<0.0001. Relative contribution: bars show mean percentage of the CD8+ 

or CD4+ T cell subset with Standard Error of the Mean.  

 

of effector memory and end-stage effector T cells was enlarged in patients with (n=18) compared 

to patients without (n=35) early CMV reactivation. Together, the cells of the EM and EMRA 

phenotype constituted a median of 88% of the CD8
+
 T cell subset in patients with early CMV 

reactivation compared to 55% in patients without CMV reactivation (p<0.0001, Figure 2.3A).  

Next, we calculated absolute cell numbers for the T cell differentiation stages. The altered 

memory differentiation in the CD8
+
 T cell subset in patients with early CMV reactivation was 

caused by a major expansion of CD8
+
 EM and EMRA T cells (median 485 vs. 141, p<0.0001 and 

509 vs. 114 cells/μl, p<0.0001, Figure 2.3 A). The size of the CD8
+
 naïve and CM T cell 

compartment were not significantly affected by early CMV reactivation. The increased 

contribution of CD4
+
 memory T cells in patients with early CMV reactivation was caused by a 

non-significant increase of CD4
+
 and EMRA T cells and a non-significant reduction of CD4

+
 

naive and CM T cell numbers (Figure 2.3B).  

Dynamics of CD8
+
 T cell expansion in patients with early CMV reactivation 

after HSCT 

Within the 46 patients with an early CMV reactivation, we categorized patients based on the size 

of the primary CD8
+ 

T cell recovery at the moment of CMV clearance. In patients with CD8
+ 

T 

cell numbers < 500 cells/μl at the moment of CMV clearance (n=21), the CD8
+ 

T cell number 

gradually increased after the clearance of CMV (Figure 2.4A). In contrast, in patients with CD8
+ 

T cell numbers > 500 cells/μl at the moment of CMV clearance (n=25), this subset did not further 

expand (Figure 2.4A). Whereas at one year post HSCT, the CD8
+ 

T cell number was not 

influenced by T cell depletion of the graft (Figure 2.S3), all patients (n=8) who received a T cell 

depleted graft had CD8
+ 

T cell numbers < 500 cells/μl at the moment of CMV clearance (p=0.001,  
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Figure 2.4. Dynamics of CD8+ T cell expansion in patients with early CMV reactivation.   

(A) Dynamics of CD8+ T cell reconstitution after CMV clearance in 21 patients with a primary CD8+ T cell 

recovery < 500 cells/μl and 25 patients with a primary recovery > 500 cells/μl. Shown are cells/μl of peripheral 

blood at the moment of CMV clearance (C), 0.5 year and 1 year after HSCT. Bars: median, interquartile range 

and overall range. Lines connect median values. p-values: Wilcoxon Matched-pairs signed ranks test. NS: p > 

0.05, ***: p<0.001, ****: p<0.0001. 

(B) Absolute numbers of T cell differentiation stages one year after HSCT in 9 patients with a primary CD8+ T 

cell recovery < 500 cells/μl and 9 patients with a primary recovery > 500 cells/μl. N: naive (very light gray, 

CD45RA+ CCR7+), CM: central memory (light gray, CD45RA- CCR7+), EM: effector memory (gray, CD45RA- 

CCR7-), EMRA (dark gray, CD45RA+ CCR7-). Shown are cells/μl of peripheral blood one year post HSCT. Bars: 

median, interquartile range and overall range. p-values: Mann-Whitney test.  NS: p > 0.05, *: p<0.05. 

 

Table 2.S3). Although the dynamics of the CD8
+ 

T cell expansion differed, the size and 

composition of the CD8
+
 T cell compartment at one year post HSCT were comparable between 

patients with high or low CD8
+
 T cell numbers at the time of CMV clearance (Figure 2.4B).  

Ongoing reconstitution of naive and CM cells in parallel with contraction of 

EM and EMRA CD8
+
 T cells in the second year post HSCT 

Finally, we investigated the influence of early CMV reactivations on the T cell reconstitution in 

the second year after HSCT. The number of CD8
+
 T cells decreased in patients with early CMV 

reactivation (n=34, median 1340 to 1141 cells/μl, p=0.010) whereas an increase in CD8
+
 T cell 

numbers was seen in patients without CMV reactivation (n=42, median 473 to 619 cells/μl, 

p=0.043, Figure 2.5A). Still, the CD8
+
 T cell number at two years post HSCT remained 

significantly higher in patients with early CMV reactivation (p=0.0002). In both groups, CD4
+
 T 

cell numbers increased in the second year after HSCT. 

More profound changes were observed in the separate T cell differentiation compartments in a 

sub-cohort of 31 HSCT recipients transplanted between 2008 and 2010. In patients with early 

CMV reactivation (n=12), a contraction of late differentiated CD8
+
 EM (median 825 to 618, 

p=0.0068) and EMRA T cells (555 to 378 cells/μl, p=0.0342) was observed. This was 

accompanied by a further reconstitution of CD8
+
 naive and CM T cells (Figure 2.5B). In patients 

without CMV reactivation (n=19), CD8
+
 naive and CM cell numbers increased, while the size of  
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Figure 2.5. Dynamics of T cell reconstitution one and two year after HSCT. 

(A) Paired analysis of absolute numbers of CD8+ and CD4+ T cells in 42 patients without and 34 patients with 

early CMV reactivation at one and two year post HSCT. Shown are cells/μl of peripheral blood one and two year 

post HSCT.  

(B & C) Paired analysis of absolute numbers of (B) CD8+ and (C) CD4+ N, CM, EM and EMRA T cells in 19 

patients without (-) and 12 patients with (+) CMV reactivation at one and two year post HSCT. N: naive (very light 

gray, CD45RA+ CCR7+), CM: central memory (light gray, CD45RA- CCR7+), EM: effector memory (gray, 

CD45RA- CCR7-), EMRA (dark gray, CD45RA+ CCR7-). Shown are cells/μl of peripheral blood one and two year 

post HSCT. Bars (A): median, interquartile range and overall range. Diamonds (B & C): Median and interquartile 

range. Lines connect median values one and two year post HSCT. Arrows (↑ / ↓): increase / reduction. p-values: 

Wilcoxon Matched-pairs signed ranks test. = : p > 0.10, NS: 0.05 < p<0.10, *: p<0.05, **: p<0.01, ****: p<0.001. 

 

 

 

the CD8
+
 EM and EMRA compartments remained stable over time. The increase of CD4

+
 T cell 

numbers was caused by an expansion of naive and CM cells both in patients with and without 

early CMV reactivation (Figure 2.5C). 

 

Discussion 

Here, we provide evidence that early and transient CMV reactivation leaves a long-lasting, 

dynamic and specific signature on the composition of the T cell compartment in pediatric HSCT 

recipients. One year post transplant, patients that had encountered (and cleared) early CMV 

reactivation showed a marked relative as well as absolute expansion of the CD8
+
 EM and EMRA 

T cell populations. This typical pattern was not seen in patients with early EBV or HAdV 

reactivation and early CMV reactivation did not compromise the reconstitution of the naive and 

CM compartments. Furthermore, the CMV signature on T cell reconstitution was subjected to 

dynamic changes in the year thereafter. This throws a new light on the early findings by Würsch 

et al. in 1985, describing the impact of early CMV infection on the developing T cell immunity in 

adult HSCT recipients.
157

 

One year post HSCT, none of the patients included in this study had active CMV infection.  Also, 

pre-transplant CMV seropositivity of donor or recipient without detectable CMV viremia post 

HSCT did not trigger the expansion of CD8
+ 

T cells. Therefore, we hypothesize that CMV 

reactivation and -viremia in the immunocompromized period early post HSCT leads to infection 
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of large numbers of cells, which remain infected latently and can lead to subclinical reactivations, 

providing antigenic stimulus for the ongoing expansion and differentiation of CMV-specific T 

cells in a pro-inflammatory environment.
143;144;164;165

 This proceeds after discontinuation of 

immunosuppressive medication post HSCT and is most evidently observed in patients with a 

relatively small number of CD8
+ 

T cells at the moment of CMV clearance. However, the relative 

contribution of peripherally expanded memory cells which have been transplanted with the graft 

and differentiated, newly educated naive T cells to the pool of CD8
+
 EM and EMRA T cells is not 

known.
143;144

 Although our observations do not allow for a definitive conclusion about the 

specificity of the expanded CD8
+
 T cells, the differentiation of virus-specific T cells has been 

studied extensively. CMV specific CD8
+
 T cells are mainly of the late differentiated EM and 

EMRA phenotypes and especially the EMRA phenotype is more often seen in the context of 

CMV compared to other viruses.
146;147;166

 Of note, T cell exhaustion, characterized by the 

upregulation of inhibitory receptors like PD-1 and the progressive loss of cytokine production, 

proliferative capacity and cytolytic function,
167

 has not been found applicable for CMV-specific T 

cells.
168-170

  

CD4
+
 T cells are essential for the maintenance of CMV-specific CD8

+
 T cell responses and can 

also acquire direct cytolytic capacity.
171-173

 Indeed, one and two year post HSCT, a minor but 

stable expansion of CD4
+
 T cells of the late EMRA phenotype was found in patients with early 

CMV reactivation. More profound changes were present in the γδ-T cell subset. Their role in 

CMV clearance has been well established and these cells can compose up to 30% of T cells at the 

time of CMV clearance. 
174;175

 

We show that, although their relative contribution to the respective T cell subsets was decreased, 

the numerical reconstitution of naive and central memory cells in both the CD8
+
 and the CD4

+
 T 

cell subset was not negatively affected by early CMV reactivation. This indicates that thymic 

output and the generation of a central memory compartment are not disturbed. The reconstitution 

of early differentiated T cells is essential for a healthy and balanced adaptive immune system with 

the capacity to produce cellular immune responses against neo- and recall antigens.
143

 However, 

in contrast to for example recall vaccination responses, the evaluation of T cell responses against 

neo antigens it is very difficult. Still, this hypothesis is supported by the observation that the 

memory compartment is flexible and expansion of CMV-specific memory cells does not result in 

lower numbers of EBV- and influenza specific T cells after solid organ transplantation.
166

 

Furthermore, the accumulation of late differentiated CMV-specific memory cells has not been 

observed in lymph nodes, leaving immunologic space for the generation of new immune 

responses.
176

 

CMV reactivation in adult solid organ transplant (SOT) recipients receiving life-long 

immunosuppressive medication has been correlated to an accelerated and ongoing accumulation 

of late differentiated T cells with a stable (relative) contribution of CMV specific T cells.
154;165;177

 

Although the number of CD8
+
 T cells expanded after CMV clearance in pediatric HSCT 

recipients with a small primary CD8
+
 T cell response, a stable condition was reached early in 

children with high CD8
+ 

T cell numbers at the moment of CMV clearance. Also, we did not 

observe a further expansion of memory cells in the second year after HSCT but even noticed a 

reduction of the CD8
+
 EM and EMRA compartment in children with early CMV reactivations. 
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The SOT setting differs fundamentally from HSCT as in HSCT recipients, CMV reactivations 

occur in a newly reconstituting immune system. Furthermore, SOT recipients receive life-long 

immunosuppressive medication, while in our cohort immunosuppression was tapered 3 to 6 

months after transplantation.  

We compared our results to reported findings in a more physiological setting of CMV infection in 

healthy Gambian infants as well. One year post infection, the proportion of late differentiated 

CD8
+
 T cells was much smaller (mean 17%) in CMV infected infants than in our cohort but, 

similarly to our data after HSCT, the relative contribution of these cells to the CD8
+
 T cell 

compartment decreased slightly in the second year after infection.
151;152

 Although no absolute cell 

numbers were assessed in these studies, the difference might be explained by a large contribution 

of naive T cells in infants compared to pediatric HSCT recipients as well as the severity of the 

CMV infection after HSCT as discussed above. 

Although we analyzed T cell reconstitution in a large cohort of HSCT recipients, the size and 

diversity of the subcohort of patients with an hematological malignancy did not allow for a 

reliable evaluation of the impact of early CMV reactivation on the relapse risk.
178

 Also, extended 

follow up is required to evaluate the impact of early CMV reactivation on long term clinical 

outcome. One year after HSCT, the phenotype of the CD8
+
 T cell subset of pediatric HSCT 

recipients with early CMV reactivation closely resembled that of the CD8
+
 T cells of elderly 

CMV seropositive individuals.
148

 However, the expansion of naive and CM cells together with a 

dynamic contraction of the CD8
+
 late differentiated memory T cell compartment in the second 

year after HSCT imply that an ongoing process of immune-regulation and further reconstitution is 

operative in modeling the cellular immune system after discontinuation of immunosuppressive 

medication. Altogether, CMV reactivation early after HSCT leads to a dynamic expansion of late 

differentiated CD8
+
 T cells on top of a normal reconstitution of the naive and central memory 

compartment.  
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Supplemental data 

 

Table 2.S1. Antibodies used for flow cytometry.  

Staining was performed for 30 minutes at 4°C in FACS buffer: Phosphate Buffered Saline (Braun, Melsungen, 

GE) + 10 mg / ml Bovine Serum Albumin (Sigma-Aldrich, St. Louis, MO, US) +  3 mM Ethylenediamine-

tetraacetic Acid (Merck Darmstadt, GE). FITC: Fluorescein isothiocyanate, PE: phycoerythrin, PERCP: Peridinin 

chlorophyll, Cy: Cyanine, APC: Allophycocyanin. BD:  Becton Dickinson Biosciences, Franklin Lakes, NJ, US, 

BC: Beckman Coulter, Brea, CA, US, R&D: R&D systems, Minneapolis, MN, US. 

  

Type Antibody Fluorochrome Clone Supplier

A) Lymphocyte subsets

Lymphocyte gate CD45  FITC 2D1 BD

CD14 PE MOP9 BD

CD33 PE P67.6 BD

CD235a PE 11E4B-7-6 BC

Lymphocyte subset CD3 PerCP-Cy5.5 SK7 BD

CD19 APC J4.119 BC

CD56 APC N901 BC

T-cell subset CD4 PE SK3 BD

CD8 APC B9.11 BC

TCR-γδ FITC 11F2 BD

B) T-cell differentiation

T-cell subset CD3 PerCP-Cy5.5 SK7 BD

CD8 APC B9.11 BC

CD4 APC 13B8.2 BC

T-cell differentiation CD45RA PE 2H4 BC

CCR7 FITC 150503 R&D



 CMV imprint long term after HSCT | 

 
45 

2 

 

Table 2.S2. Characteristics of patients with and without early Adenovirus (HAdV) reactivation (CMV 

reactivation excluded) 

Categorical data are displayed as: number (percentage). Numerical data are displayed as:  median (range).  p - 

values: (a) Fisher's Exact test, (b) Pearson Chi Square test, (c) Mann-Whitney U test. N.A.: Not Applicable, 

HSCT: Hematopoietic Stem Cell Transplantation, CMV: Cytomegalovirus, EBV: Epstein-Barr virus, HAdV: 

Adenovirus, GVHD: Graft-versus-Host-Disease 

no HAdV reactivation HAdV reactivation p - value

All patients 65 20

Age of recipient Year 7.9 (0.4 - 17) 7.9 (2.1 - 18) 0.79   (c)

Sex of recipient Male 45 (69 %) 11 (55 %) 0.28   (a)

CMV serostatus of recipient Positive (anti-CMV IgG) 23 (35 %) 3 (15 %) 0.10   (a)

Age of donor Year 24 (2.0 - 52) 29 (3.4  - 52) 0.095 (c)

Sex of donor Male 32 (49 %) 11 (55 %) 0.80   (a)

CMV serostatus of donor Positive (anti-CMV IgG) 22 (34 %) 4 (20 %) 0.28   (a)

Indication for HSCT Non-malign hematology 18 (28 %) 9 (45 %)
0.17   (a)

Malign hematology 47 (72 %) 11 (55 %)

Donor type Identical Related 30 (46 %) 5 (25 %)

0.033 (b)Haplo-identical 4 (6 %) 5 (25 %)

Matched Unrelated 31 (48 %) 10 (50 %)

Graft source Bone Marrow 59 (86 %) 15 (75 %)
0.30   (a)

Peripheral Blood Stem Cells 9 (14 %) 5 (25 %)

Conditioning regimen Total Body Irradiation based 29 (45 %) 8 (40 %)
0.80   (a)

Chemotherapy based 36 (55 %) 12 (60 %)

Serotherapy None 22 (34 %) 1 (5 %)

0.006 (b)Anti-Thymocyte Globulin 39 (60 %) 14 (70 %)

Alemtuzumab 4 (6 %) 5 (25 %)

T-cell depletion Yes 4 (6 %) 5 (25 %) 0.03   (a)

Donor Lymphocyte Infusion Yes 3 (5 %) 2 (10 %) 0.59   (a)

Stem Cell Boost Yes 0 (0 %) 2 (10 %) 0.053 (a)

Acute GVHD ≥ grade 2 Yes 10 (15 %) 3 (15 %) 1.0     (a)

EBV reactivation EBV DNA load ≥ 2.3 log 37 (57 %) 14 (70 %) 0.43   (a)

Rituximab therapy for EBV DNA load ≥ twice ≥  3.0 log 5 (8 %) 6 (30 %) 0.018 (a)

Cidofovir therapy for HAdV DNA load ≥ twice ≥  3.0 log 7 (35 %) NA
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Table 2.S3. Characteristics of patients with a primary CD8+ T cell recovery < 500 or > 500 cells / µl at the 

time of CMV clearance  

Categorical data are displayed as: number (percentage). Numerical data are displayed as:  median (range).  p - 

values: (a) Fisher's Exact test, (b) Pearson Chi Square test, (c) Mann-Whitney U test, (d) logistic regression 

analysis. N.A.: Not Applicable, HSCT: Hematopoietic Stem Cell Transplantation, CMV: Cytomegalovirus, EBV: 

Epstein-Barr virus, HAdV: Adenovirus, GVHD: Graft-versus-Host-Disease. Type of T cell depletion: 

alemtuzumab in the bag (n=3) and CliniMACS CD34 enrichment (n=5).  

<500 CD8+ T cells / µL >500 CD8+ T cells / µL p - value p - value 

All patients 21 25 Univariate Multivariate

Age of recipient Year 11 (2.7 - 16) 13 (0.5  - 19) 0.12     (c)

Sex of recipient Male 13 (61 %) 19 (76 %) 0.30     (a)

CMV serostatus of recipient Positive (anti-CMV IgG) 17 (81 %) 21 (84 %) 0.78     (a)

Age of donor Year 34 (2.0  - 57) 23 (1.0  - 43) 0.027   (c) 0.22   (d)

Sex of donor Male 9 (43 %) 14 (56 %) 0.38     (a)

CMV serostatus of donor Positive (anti-CMV IgG) 19 (91 %) 17 (68 %) 0.07     (a) 0.12   (d)

Indication for HSCT Non-malign hematology 10 (47 %) 11 (44 %) 0.81     (a)

Malign hematology 11 (53 %) 14 (56 %)

Donor type Identical Related 6 (52 %) 11 (44 %) 0.07     (b)

Haplo-identical 6 (29 %) 1 (4 %) 0.84   (d)

Matched Unrelated 9 (29 %) 13 (52 %)

Graft source Bone Marrow 15 (71 %) 24 (84 %) 0.30     (a)

Peripheral Blood Stem Cells 6 (29 %) 4 (16 %)

Conditioning regimen Total Body Irradiation based 10 (48 %) 8 (32 %) 0.28     (a)

Chemotherapy based 11 (52 %) 17 (68 %)

Serotherapy None 2 (10 %) 8 (32 %) 0.15     (b)

Anti-Thymocyte Globulin 14 (67 %) 14 (56 %)

Alemtuzumab 5 (24 %) 3 (12 %)

T cell depletion Yes 8 (38 %) 0 (0 %) 0.001   (a) 0.99  (d)

Donor Lymphocyte Infusion Yes 0 (0 %) 2 (8 %) 0.19     (a)

Stem Cell Boost Yes 1 (5 %) 0 (0 %) 0.27     (a)

Acute GVHD ≥ grade 2 Yes 1 (5 %) 4 (16 %) 0.23     (a)

Peak CMV load Log copies / mL 3.9 (2.3  - 6.0) 3.7 (2.3  - 5.9) 0.88     (c)

Duration CMV reactivation Day 35 (1 - 134) 36 (2 - 185) 0.37     (c)

Start CMV reactivation First day PCR ≥  1.7 log 19 (6  - 46) 26 (5  - 62) 0.88     (c)

End CMV reactivation Last day PCR  ≥  1.7 log 73 (13 - 146) 83 (27 - 211) 0.15     (c)

Ganciclovir  therapy for CMV DNA load ≥ twice ≥  3 log 6 (29 %) 7 (28 %) 0.97     (a)

EBV reactivation EBV DNA load ≥ 1.7 log 10 (48 %) 12 (48 %) 0.98     (a)

Rituximab therapy for EBV DNA load ≥ twice ≥  3 log 3 (14 %) 4 (16 %) 0.87     (a)

HAdV reactivation HAdV DNA load ≥ 1.7 log 6 (29 %) 9 (36 %) 0.60     (a)

Cidofovir therapy for HAdV DNA load ≥ twice ≥  3 log 1 (5 %) 1 (4 %) 0.90     (a)
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Figure 2.S1. Flow chart of patient 

inclusion.  
1Bone Marrow or Peripheral Blood Stem 

Cell transplantation following myeloablative 

conditioning for malignant and non-

malignant hematological disorders.  
2Death from human adenovirus, respiratory 

syncytial virus, aspergillus or candida 

infection or bacterial sepsis.  
3Death from transplant toxicity, veno 

occlusive disease, respiratory failure, 

hemorrhage, hyperhemolysis syndrome or 

post-transplant lymphoproliferative disease.   
4Patients who received >1 HSCT were only 

included after the last HSCT.  

Abbreviations: GvHD: graft-versus-host 

disease, CMV: cytomegalovirus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.S2. Factors influencing CD8+ T cell numbers one year post HSCT in 46 patients with early CMV 

reactivation.  

Correlation between CD8+ T cell numbers one year post HSCT and (A) highest measured plasma CMV DNA 

load, (B) time between CMV clearance and analysis 1 year post HSCT and  (C) CD8+ T cell numbers at time of 

CMV clearance. Shown are cells/μl of peripheral blood. Pearson’s r: Pearson’s correlation coefficient, univariate 

p-values (u): Pearson’s correlation test, multivariate p-values (m): linear regression analysis. 
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Figure 2.S3. Influence of HSCT related parameters on CD8+ T cell numbers one year post HSCT in all 131 

patients.   

Influence of (A) HSCT parameters, (B) recipient age and (C) donor age on CD8+ T cell numbers one year post 

HSCT in all 131 patients. CMV: Cytomegalovirus, EBV: Epstein-Barr virus, HAdV: Human Adenovirus.  

Shown are cells/μl of peripheral blood one year post HSCT. Bars: median, interquartile range and overall range. 

p-values: a: Mann-Whitney test, b: Kruskall-Wallis test, c: linear regression analysis, d: Pearson’s correlation 

test. r: Pearson’s correlation coefficient. 
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Figure 2.S4. Influence of EBV and HAdV reactivations.  

Absolute numbers of lymphocytes, CD3+ T cells, CD3-CD19+ B-cells and CD3-CD56+ NK cells in 85 patients 

without CMV reactivation. (A) 35 patients without vs. 50 patients with early Epstein-Barr virus (EBV) reactivation 

and (B) 65 patients without vs. 20 patients with early Human Adenovirus (HAdV) reactivation. White bars (-): 

plasma DNA load always < 1.7 log. Gray bars (+): plasma DNA load at least once > 1.7 log. Shown are cells/μl 

of peripheral blood one year post HSCT. Bars: median, interquartile range and overall range, p-values: Mann-

Whitney test. NS: p > 0.05. 
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Abstract 

Previous studies have established that adoptive immunotherapy with donor-derived virus specific 

T-cells can prevent/treat viral complications post stem cell transplant and regulatory T-cells show 

promise as inhibitors of graft-versus-host disease. Based on flow cytometric analysis of 

upregulation of activation markers following stimulation with viral peptide pools, we have 

developed a rapid and clinically applicable protocol for the simultaneous selection of virus-

specific T-cells (following stimulation with peptide pools for the immunodominant antigens of 

cytomegalovirus, Epstein-Barr virus and adenovirus) and regulatory T-cells using CD25 

immunomagnetic selection.  

Using tetramer staining, we detected enrichment of CD8
+
 T-cells recognizing peptide epitopes 

from cytomegalovirus and Epstein-Barr virus antigens following CD25 selection in 6 of 7 donors. 

Enzyme-linked immunospot assays demonstrated the simultaneous presence of bi- or tri-virus 

specific cells in all evaluated donors, with a median 29-fold (6-168), 40-fold (1-247) and 16-fold 

(1-219) enrichment of cells secreting interferon-γ in response to cytomegalovirus pp65, 

adenovirus hexon and Epstein-Barr virus lymphoblastoid cells compared to unmanipulated PBMC 

from the same donors. Furthermore, the CD25 enriched cells lost alloreactivity in 
3
H-thymidine 

proliferation assays and showed highly effective (median 98%) suppression of alloreactivity in all 

evaluated donors. 

In summary, we have developed a rapid, simple GMP compliant methodology for the 

simultaneous selection of T-cells with multiple viral-specificities and regulatory T-cells. Adoptive 

transfer of T-cells generated using this strategy may enable restoration of cellular immunity to 

viruses post allogeneic stem cell transplant with a low risk of graft-versus-host disease. Because 

of the speed and simplicity of this methodology, this approach may significantly broaden the 

applicability of adoptive immunotherapy.   
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Introduction 

Adoptive transfer of virus specific cytotoxic T-cells (CTL) generated by repetitive antigenic 

stimulation of donor T-cells, is a safe and effective method of restoring anti-viral immunity after 

stem cell transplant (SCT).
74-76;80;179-181

 However, the use of specialized antigen presenting cells 

(APC), viral vectors, high workload and long culture period make this approach unfeasible for 

broad application. What is needed is a rapid, simple method for the generation of multi-virus 

specific cells. Currently two clinically applicable technologies are available to do this, but both 

have significant limitations. Multimer based magnetic isolation, which has been used for the 

selection of CMV-specific CD8
+
 T-lymphocytes,

77
 is rapid but is limited to certain HLA 

restrictions, does not select CD4
+
 virus-specific T-cells and the production of tetramers under 

Good Manufacturing Practice (GMP) conditions is highly challenging. Interferon- (IFN-γ) 

capture Snables the rapid enrichment of both CD4
+
 and CD8

+
 virus-specific cells but only a 

subset of virus-specific T-cells secrete IFN-γ upon activation.
78;79

 This method has been 

successfully used in the clinical setting to select T-cells specific for Cytomegalovirus (CMV), 

human adenovirus (HAdV) or Epstein-Barr Virus (EBV) singly.
80-82

 A number of groups studied 

IFN-γ capture for the enrichment of multi-virus specific cells, but still employed viral vectors or 

nucleofection of specialized APC 
182;183

, precluding broader implementation of this strategy. An 

alternative to this is the use of recombinant viral peptide pools, which can be generated under 

GMP conditions and used without the need for professional APC.  This approach has been used 

clinically for both HAdV
184

 and EBV.
81 Since the immunodominant antigens from CMV (pp65), 

HAdV (hexon) and EBV (EBNA1,3 and LMP2) have been characterized,
184-187

 it is now possible 

to stimulate T-cells with overlapping peptide pools from all these antigens simultaneously.  

Given the limitations above, new methods for the selection of virus-specific T-lymphocytes are 

needed. The selection of T-cells upregulating cell-surface activation markers in response to 

stimulation with viral epitopes is a promising alternative. Activated T-cells express a variety of 

candidate surface markers including the IL-2 receptor α chain (CD25), the early activation marker 

CD69, the transferrin receptor (CD71) and tumor necrosis factor receptor superfamily member 9 

(CD137). There is no data on the relative upregulation of these markers following stimulation 

with viral antigens. In this study, we compared the upregulation of cell surface markers and IFN-γ 

secretion upon stimulation with viral peptide pools. We have identified CD25 as the optimal 

marker for selection of virally-activated T-cells and have developed a clinically applicable CD25-

based protocol for the enrichment of CMV, EBV and HAdV specific T-lymphocytes from a 

single culture. Selection of CD25
+
 CTL should not only enrich for virus-specific CTL, but also 

deplete alloreactive T-cells, which will not be activated and therefore do not upregulate CD25. 

Further, since CD25 is also highly expressed on natural regulatory T-cells (Tregs), we 

rationalized that if these were also enriched by CD25-selection, adoptive transfer of T-cells 

generated using this strategy may enable both restoration of cellular immunity to viruses and 

prevention of GVHD post allogeneic SCT.  
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Materials and Methods 

Viral antigens 

The EBV peptide pool used was that described by Moosmann et al. 
81

 from JPT Peptide 

Technologies, (Berlin, Germany), consisting of 19 HLA class I restricted epitopes and 4 HLA 

class II restricted epitopes from 5 latent antigens (LMP2, EBNA1, EBNA3A, EBNA3B, 

EBNA3C), 4 immediate early/early antigens (BZLF1, BRLF1, BMLF1, BHRF1) and 2 

late/structural antigens (BLLF1, BNRF1). The EBV epitopes were selected on the basis of being 

the immunodominant epitopes restricted by common HLA Class I and II alleles as shown by 

ELISPOT/tetramer analyses of peripheral blood from seropositive individuals and because they 

represent the main specificities that grow out in EBV CTL cultures. For CMV and HAdV, 

PepTivator peptide pools (Miltenyi Biotec, Bergisch Gladbach, Germany) for the 

immunodominant CMV-pp65 and HAdV5-Hexon were used, consisting of 15-mer peptides with 

11–amino acid overlap covering the complete sequence of the CMV-pp65 and HAdV5-hexon 

protein. A list of peptides used is shown in Table 3.S1. 

Donor cells and generation of EBV-transformed lymphoblastoid cell lines 

For the comparison of different activation markers and IFN-γ capture, blood samples were drawn 

from 5 healthy CMV seropositive and EBV seropositive donors after informed consent. 

Peripheral blood mononuclear cells (PBMC) were separated using ficoll-paque density gradient 

centrifugation (Ficoll Paque Plus, GE Healthcare, Waukesha, CI, USA), washed twice and 

resuspended in serum free AIM-V cell culture media (Invitrogen/Gibco, San Diego, CA, USA) 

and a viability count was performed.  

For the clinical grade CD25 enrichment, 7 single donor buffy coats (BC, National Blood Service, 

Colindale, UK) from CMV seropositive donors were used. Donors were tissue-typed for HLA 

Class I and II at medium resolution using Luminex technology. EBV-transformed lymphoblastoid 

cell lines (LCL) were generated by culturing PBMC with EBV containing supernatant of B95-8 

cells as described.
188

 LCL were maintained in RPMI 1640 (Gibco/Invitrogen) with 10% fetal calf 

serum (FCS, Sigma-Aldrich, St Louis, MO, USA). 1.2 x 10
8
 PBMC were frozen in freezing 

medium (AIM-V medium with 10% Dimethyl Sulfoxide (DMSO, Sigma-Aldrich, Saint Louis, 

USA) and 10% Human Serum Albumin (HSA, Bio Products Laboratory, Herts, UK) and stored in 

liquid nitrogen for subsequent experiments, while the remainder was used for the CD25 

enrichment. 

Flow cytometric comparison of different activation markers 

The kinetics of IFN-γ secretion and upregulation of CD25, CD69, CD71 and CD137 on T-cells 

were compared flow cytometrically at serial time points after stimulation with viral peptides. 2 x 

10
6
/ml/well PBMC from 5 healthy CMV seropositive donors were cultured in serum free AIM-V 

medium in a 24-well cell culture plate (Greiner Bio-One, Kremsmünster, Austria), and stimulated 

with 1 µg/peptide/ml CMV-pp65 PepTivator mix or HAdV5-Hexon PepTivator mix. PHA (5 

µg/ml) and medium were used as positive and negative controls. Cells were cultured at 37°C, and 
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at 0h, 6h, 24h, 72h and 120h after stimulation, were washed and resuspended in PBS. Half the 

cells were used for cell-surface staining with the following mAbs: anti-CD4 FITC, PE-labeled 

anti-CD25, anti-CD69, anti-CD71, anti-CD137 and anti-IgG and anti-CD3 APC-Cy7 (BD 

Biosciences, Franklin Lakes, NJ, USA). The remainder of the cells was assayed for IFN-γ 

secretion using the cytokine capture system (Miltenyi), as per manufacturer’s instructions. ToPro3 

was added to exclude dead cells and flow cytometric analysis was performed using the BD 

FACSArray flow cytometer (BD Biosciences) and FlowJo analysis software (Tree Star Inc, 

Ashland, OR, USA). The percentage of surface marker upregulation and IFN-γ secretion was 

calculated as percentage of CD3
+
, CD3

+
CD4

+
 and CD3

+
CD8

+
 cells after subtraction of IgG 

isotype control and unstimulated control. 

Clinical grade enrichment of tri-virus specific cells 

Normal donor PBMC from 7 buffy coats (see Table 3.1 for HLA typing and EBV/CMV serology) 

were stimulated with CMV, EBV and HAdV peptides, cultured for 3 days and CD25
+
 cells 

enriched on the CliniMACS plus system (Miltenyi). At day 0, a median 4 x 10
8
 PBMC were 

resuspended in 10 ml serum free AIM-V medium with 1 µg/peptide/ml CMV pp65 PepTivator 

mix, HAdV5 Hexon PepTivator mix and EBV peptide mix. After 1h incubation at 37°C / 5% CO2 

under continuous rotation, cells were diluted to 2 x 10
6
/ml and cultured in T175 flasks. At day 3, 

cells were harvested and resuspended in CliniMACS buffer (PBS with 2mM EDTA + 0.5% HSA) 

and stained with 0.1 ml CD25 reagent (Miltenyi) per 10
8
 cells for 30’ at room temperature 

according to the manufacturer’s protocol. Cells were washed, resuspended in 100ml CliniMACS 

buffer and enrichment performed under Good Manufacturing Practise (GMP) conditions on the 

CliniMACS PLUS instrument using Enrichment Program 3.2 and a TS600 research tubing set 

(Miltenyi). Enriched cells were washed, resuspended at 2 x 10
6
/ml and sampled for flow 

cytometry. The remaining cells were rested for 3 days in 24-well plates with 40 IU/ml IL-2 

(Genscript inc., Piscataway, NJ, USA) and irradiated (30Gy) autologous feeder cells at a ratio of 

1:1 before assessment of anti-viral responses using tetramer staining, ELISPOT, cytotoxicity and 

proliferation assays and regulatory capacity in suppression assays.  

Phenotyping and tetramer staining of CD25 enriched cells 

The following mAbs were used to determine the phenotype of selected cells: FITC-labeled anti-

CD4, PE-labeled anti-CD25, anti-CD45RA, anti-CD16, anti-CD56, anti-FoxP3 and anti-IgG, 

PerCP-labeled anti-CD8, APC-labeled anti-CD127 and anti-IgG, APC-Cy7-labeled anti-CD3 and 

PE-Cy5-labeled anti-CD25 and anti-IgG. All antibodies were purchased from BD Biosciences, 

except for the anti-CD127 (Miltenyi Biotec) and CD16 (eBioscience, San Diego, CA, USA) 

antibodies. For the intracellular staining of FoxP3, the FoxP3 staining set (eBioscience) was used, 

according to the manufacturer’s protocol. Briefly, cells were stained with mAbs for cell surface 

staining, washed in FACS buffer and fixed in Fixation/Permeabilisation buffer. The following 

day, cells were washed thoroughly with permeabilisation buffer, blocked with 2% normal rat 

serum in permeabilisation buffer and stained with FoxP3 mAb or IgG isotype control.  
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Table 3. 1. Donor HLA restriction, serology and of EBV antigens. 

HLA restriction, CMV and EBV serology of 7 buffy coats used for CD25 selection. For each donor, the number of 

HLA-alleles shared with the HLA-alleles of the EBV peptide pool  and maximum number of EBV antigens that 

could be recognized is depicted. 

 

The following PE-labeled major histocompatibility complex (MHC) tetramers were produced as 

described previously
189

 and  used to detect viral-specific CD8+ T-cells: CMV- pp65 specific 

HLA-A*0101- YSEHPTFTSQY (pp65-A1-YSE), HLA-A*0201-NLVPMVATV (pp65-A2-

NLV), HLA-A*0301-VLCPKNMIIK (pp65-A3-VLC), HLA-A*2401 QYD (pp65-A24-QYD), 

HLA-B*0702-TPRYTGGGAM (pp65-B7-TPR) and HLA-B*0702-RPHERNGFTV (pp65-B7-

RPH); EBV- BMLF-1-specific HLA-A*0201-GLCTLVAML (BMLF1-A2-GLC), LMP-2-

specific HLA-A*0201-CLGGLLTMV (LMP2-A2-CLG), EBNA-3A-specific HLA-A*0301-

RLRAEAQVK (EBNA3A-A3-RLR) and HLA-B*0702-RPPIFIRRL (EBNA3A-B7-RPP), and 

BZLF-1-specific HLA-B*0801-RAKFKQLL (BZLF1-B8-RAK): all of these teramers utilise 

peptides present in the peptide mix used in the manufacturing protocol for CD25-enriched CTL 

Adenovirus -hexon-specific HLA-A*2404-TYFSLNNKF (Hx-A24-TYF), HLA-A*0101-

TDLGQNLLY (hx-A1-TDL), and HLA B*0702-KPYSGTAYNSL (Hx-B7-KPY). Cells were 

stained with tetramers appropriate to the donors’ HLA restriction. 3 x 10
5
 unmanipulated PBMC 

or CD25-enriched T-cells were stained per tube with PE-labeled tetramer for 15 minutes at room 

temperature and co-stained for cell surface markers with PerCP-labeled anti-CD8 and APC-Cy7-

labeled anti-CD3 mAbs. PBMC from donors with known positive populations served as positive 

controls and PBMC from normal donors negative for the restricting HLA-type were used as 

additional negative controls. 4',6-diamidino-2-phenylindole (DAPI) staining was used to exclude 

dead cells and at least 20,000 events in the CD3+/CD8+ lymphocyte gate were analyzed. The 

percentage of tetramer
+
 cells in the CD3+/CD8+ lymphocyte gate was expressed as a proportion 

of the CD8
+
 cells with the unstained and HLA-mismatched control subtracted. For a population to 

be considered positive, a distinct population of > 25 CD3
+
CD8

+
 tetramer

+
 events with the staining 

characteristics of the positive control population had to be acquired. Flow cytometric analysis was 

performed using the BD LSRII flow cytometer (BD Biosciences) and FlowJo analysis software. 

Enzyme-linked Immunospot Assay 

Enzyme-linked immunospot assay (ELISPOT) was used to determine the frequency of virus-

specific interferon-γ (IFN-γ) producing cells as described previously.
190

 The following stimulators 

were used to monitor anti-viral responses: autologous LCLs, autologous PBMC pulsed with 

HLA restriction Serology EBV peptide pool match

A-allele B-allele DRB1-allele

CM

V EBV HLA-alleles EBV-antigens

BC1 0301 0702 4001 0101 1501 + + 4 5

BC2 0101 2402 0801 1501 0401 1101 + + 3 6

BC3 0201 3301 1402 4402 0701 1501 + + 3 6

BC4 0201 1101 0702 3701 0101 1501 + + 4 7

BC5 0101 0201 0801 1501 0407 1301 + + 4 8

BC6 0201 1801 4402 1104 1301 + + 4 8

BC7 0301 1101 1518 5701 0701 1301 + + 3 4
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CMV-pp65 or HAdV5-Hexon PepTivator mix (1 µg/peptide/ml). Serial dilutions were performed 

for one donor to titrate the number of effector cells per well. Based on this, 2 x 10
5
 unmanipulated 

PBMC or 2 x 10
4
 CD25 enriched cells were cultured with 2 x 10

5
 irradiated stimulators per well 

in 200 l AIM-V in triplicates. After 18 hours the plates were stained with biotinylated detection 

mAbs and developed as described.
190

 Plates were read using an AID EliSpot reader and counted 

with AID EliSpot system software (version 4.0, AutoImmun Diagnostika GmbH, Strassberg, 

Germany). The virus-specific cell frequency was expressed as the mean specific spot-forming 

cells (SFC) of triplicates after subtracting the mean frequency of spots from unstimulated 

responders and stimulators alone.  

Proliferation and suppression assay 

The 
3
H-thymidine incorporation assay was used to assess the proliferative capacity of the enriched 

cells upon stimulation. CD25 enriched cells and PBMC from the same donor were plated in 

triplicate in round bottom 96 well plates (NUNC) at 2 x 10
5
 cells per well in 200 l AIM-V in 

triplicates and stimulated with 5 x 10
3
 autologous LCLs or 2 x 10

5
 autologous PBMC pulsed with 

CMV-pp65 or HAdV5-Hexon PepTivator mix (1 µg/peptide/ml), autologous PBMC alone or 

allogeneic PBMC. Medium and 5 µg/ml Phytohaemagglutinin (PHA) were used as negative and 

positive controls. To assess the enrichment of regulatory T-lymphocytes with the capacity to 

suppress alloreactivity, a suppression assay was performed. 2 x 10
5
 autologous PBMC and 2 x 10

5
 

irradiated allogeneic PBMC were plated out in triplicate in a round bottom 96 well plate. As 

suppressor cells, CD25 enriched cells were added in serial dilutions (2 x 10
5
 – 5 x 10

4
). After 5 

days incubation at 37°C / 5% CO2, 1 µCi tritiated thymidine (
3
H-thymidine, GE Healthcare) was 

added to each well for 18-20 hours. The plates were harvested and 
3
H-thymidine incorporation 

was measured with a MicroBeta TriLux (Perkin-Elmer Weiterstadt, Germany). The data are 

presented as average of the triplicates after subtraction of unstimulated cells and stimulators and 

suppressors alone.  

Cytotoxicity assay  

A standard 
51

Cr release assay was performed to determine the virus-specific cytolytic activity of 

the CD25 enriched cells. Autologous and allogeneic EBV-LCLs were used as targets. The target 

cells were labelled with 100 µCi 
51

Cr (Amersham Pharmacia Biotech, Piscataway, NJ) for 2 hours 

at 37°C. 
51

Cr-labeled LCLs were plated at 5×10
3
 cells per well, respectively, and cultured with 

CD25 enriched cells at different concentrations (effector to target ratios: 30:1, 5:1, and 1:1) in 96-

well U-bottom plates. Target cells in complete media or lysed with 1% TritonX-100 (Sigma- 

Aldrich) were used to determine spontaneous and maximum release, respectively. After 6 hours 

of incubation at 37°C, plates were spun and 25-µl supernatant were harvested and transferred to 

96-well Wallac isoplates (Perkin-Elmer, Weiterstadt, Germany) and mixed with 150-µl OptiPhase 

Supermix Cocktail (Perkin-Elmer). Counts were measured on a MicroBeta TriLux (Perkin-Elmer) 

and the percent-specific lysis was calculated as [(specific release-spontaneous release)/ 

(maximum release-spontaneous release)] x 100. 
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Figure 3.1. Flow cytometric analysis of activation marker expression. 

Expression was evaluated 0, 6, 24, 72 and 120 hours after stimulation with CMV pp65 and HAdV5 hexon 

PepTivator mix at 1 µg/peptide/ml. (A-B) percentage of interferon- γ (IFN-γ) secreting and CD25, CD69, CD71 

and CD137 expressing CD3+ lymphocytes after stimulation with pp65 (A) and hexon (B) peptides.  

(C-D) percentage of IFN-γ secreting and CD25 expressing CD4+ (C) and CD8+ (D) lymphocytes. Uninterrupted 

lines represent pp65 stimulated culture while dashed lines show hexon stimulated cultures. Square dots 

symbolize IFN- γ secreting cells while triangles show CD25 positive cells.  Shown is the mean percentage 

(+SEM) of 5 healthy donors after subtraction of IgG isotype control and unstimulated control. 

Statistical analysis 

The upregulation of CD25 during culture with viral peptides, enrichment of CD25 and CD45RA 

expressing cells and the percentage of virus specific tetramer positive cells before and after 

enrichment were compared using the one-tailed paired t-test. This test was also used to compare 

virus specific IFN-γ secretion in the ELISPOT assays and alloreactivity and suppression in the 

proliferation assay. Prism statistical software (version 5.01; Graph-Pad Software, San Diego, CA, 

USA) was used to perform all statistical tests. 

Ethics 

Ethical approval for this study was obtained through the University College London non-NHS 

research ethics committee and blood samples were taken with informed consent. 
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Figure 3.2. Immunophenotype of CD3+ T-lymphocytes at 4 key time points during clinical grade CD25 

selection: before procedure (PBMC), after 3 day culture (preMACS), immediately after CD25 selection 

(enriched) and 3 days after enrichment (rested). Shown is the median of 7 donors with error bars indicating 

highest and lowest value of: (A) percentage of CD4+, CD8+  and Natural Killer T-cells (NKT, CD3+, CD16+ 

/CD56+) within CD3+ lymphocyte gate. (B) percentage of memory T-lymphocytes (CD45RA-) within CD3+ 

lymphocyte gate. (C) percentage of regulatory T-cells (CD25+, FoxP3+ and CD127-), within CD3+ CD4+ 

lymphocyte gate. * p<0.05, ***p<0.001 in paired t-test. 

Results 

Flow cytometric comparison of activation markers upregulation in response to 

viral antigens 

To determine the optimal target for selection of viral peptide activated lymphocytes, we compared 

IFN-γ secretion with the upregulation of CD25, CD69, CD71 and CD137 in PBMC from 5 

healthy CMV seropositive donors. For both hexon and pp65 stimulated PBMC, IFN-γ secretion 

rose by 6 hours and peaked at 72h after stimulation (pp65: mean 3.8% positive T-cells above 

unstimulated controls, hexon: mean 1.3%). CD25 (IL-2Rα) was the activation marker that was 

most upregulated with a mean 10.03% and 9.20% positive T-cells for pp65 and hexon stimulated 

PBMC at day 5 (Figure 3.1 A-B).  CD69 upregulation was highest in the first 24 hour after 

stimulation (pp65: mean 1.30%; hexon: mean 0.95%) and the percentages of CD71
+
 and CD137

+
 

T-cells rose progressively during culture  to a peak 4.73% / 3.34% above background for pp65 

and 3.76% / 1.20% for hexon stimulated PBMC after 5 days. In the unstimulated control, the 

basal expression of CD69
 
and CD137 was low (< 0.75%), whereas CD25, IFN-γ and CD71 

showed significant expression in unstimulated T-cells (mean 1.3%, 1.2% and 2.45% of CD3
+
 

lymphocytes). 

Similar data on up-regulation of IFN- and CD25 were obtained in separate experiments on 

normal donors PBMC (Figure 3.S1) following stimulation with EBV peptide mix. CD25 

expression peaked at 7 days, with mean of 1.6% of CD25
+
 T-cells above unstimulated controls, 

whereas, as with pp65 and hexon, peak IFN- secretion was rather lower (0.5% at 72 hours).  

These studies indicated that IFN-γ is only secreted by a subpopulation of virus-specific T-cells 

and identified CD25 as a promising target for selection of virus-specific T-cells following 

stimulation with viral peptide epitopes. Comparison of the IFN-γ secretion and upregulation of 

CD25 in CD4
+
 and CD8

+
 lymphocytes showed that after stimulation with either pp65 or hexon 

peptides, the majority of cells upregulating CD25 but not secreting IFN-γ were in the CD4
+
 

compartment (Figure 3.1 C-D).  
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Table 3. 2. Enrichment of tri-virus specific cells through clinical grade CD25 enrichment. 

The median and range of 7 clinical grade CD25 enrichment experiments using PBMC from CMV seropositive 

buffy coats after 3 day culture with viral peptide mixes for CMV, HAdV and EBV is shown. T-lymphocyte: CD3+ 

cells, Natural Killer (NK): CD3- CD16+/CD56+, Natural Killer T-cells (NKT) : CD3+ CD16+/CD56+, Regulatory T-

ceklls (Treg): CD4+ CD25+ FoxP3+ CD127-. ND: Not Done. 

 

Clinical grade enrichment of tri-virus specific cells 

Based on the expression pattern after stimulation with viral peptides, we next explored CD25 

enrichment using an immunomagnetic positive selection as a potential methodology for the 

selection of multi-virus specific CTL. To limit non-specific activation of bystander cells, we 

chose to select for CD25
+
 after 3 days of stimulation with viral peptides. CD25 selection was 

performed using clinical grade reagents using the CliniMACS system (Miltenyi) under GMP 

conditions. Seven enrichments (Table 3.2) were performed starting with a median 4.0 x 10
8
 

PBMC from CMV seropositive buffy coats. A median 1.4% of unstimulated PBMC at day 0 were 

CD25
+
: most of these were in the CD4

+ 
subset, presumably reflecting Tregs. Following 3 day 

culture in serum-free medium with CMV, EBV and HAdV peptide pools, a median 6.4% of CD3
+
 

cells expressed CD25 (upregulation p<0.01).  Following CD25 positive selection, 1.1 - 3.1 x 10
7
 

(median 2.2 x 10
7
, 3.3% of starting PBMC dose) cells were collected in the enriched fraction, of 

which a median 44% were CD25
+
 (Table 3.2).  

As shown in Table 3.2, CD25 selection was highly efficient, as no CD25
+
 cells were detected in 

the depleted fraction, but the percentage of CD25
+
 T-cells was higher in CD8

+
 (median 97%) than 

in CD4
+
 T-cells (median 31% CD25

+
, enrichment p< 0.0001 and p< 0.001 respectively). To 

optimize detection of functional anti-viral responses, CD25 selected T-cells were rested for 3 days 

following selection prior to restimulation. Immediately after selection, the majority of CD25-

enriched cells were CD4
+
, however as shown in Figure 3.2A, CD8

+
 T-cells expanded 

preferentially during the resting period. Further, we observed a significant enrichment of the 

CD45RA
-
 population during this period (Figure 3.2B), consistent with preferential expansion of 

antigen-stimulated memory T-cells. 

Before enrichment After procedure 3 Day rested

Unmanipulated 3 Day cultured Depleted Enriched Enriched

Viable Cell number (x 107) 40 (35-100) 27 (11-81) 12 (3.6-33.2) 2.2 (1.1-3.1) 1.7 (1.2-8.7)

T-lymphocyte (% PBMC) 63 (58-80) 79 (57-86) 82 (71-91) 71 (61-77) 84 (80-96)

NK (% of PBMC) 12 (6.6-16) 5.7 (4.7-7.2) 6.4 (4.7-9.0) 5.4 (1.5-8.3) 3.1 (0.5-5.3)

NKT (% of CD3+) 5.1 (1.7-8.6) 1.8 (0.1-4.8) 1.4  (0.2-6.4) 3.8 (0.4-7.4) 4.3 (3.4-8.4)

Treg (% of CD4+) 0.9 (0.35-1.7) 3.2 (1.7-9.5) ND 21 (15-35) 5.0 (0.5-10)

CD25+ (% of CD3+) 1.4 (0.8-4.1) 6.4 (4.1-14) 0.0 (0.0-0.8) 44 (31-60) 35 (20-82)

CD25+ (% of CD4+) 2.9 (1.5-6.2) 7.1 (4.0-17) 0.2 (0.0-1.0) 31 (21-59) 35 (11-73)

CD25+ (% of CD8+) 0.0 (0.0-1.6) 7.8 (5.4-15) 0.0 (0.0-0.9) 97 (83-100) 68 (30-87)
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Figure 3.3.  CD4+CD25+ T-cells with a Treg 

phenotype (FoxP3+ CD127-) are enriched during 

CD25 selection.  

From one representative donor, FACS plots of CD3+ T-

lymphocytes are shown: (A) before procedure, (B) after 

3 day culture, (C) immediately after enrichment and (D) 

3 days after enrichment. In the left panel CD4 is plotted 

against CD25, whereas in the right panel FoxP3 is 

plotted against CD127 for CD4+ CD25+ cells. The 

percentage of cells with regulatory phenotype is shown 

in left upper quadrant as percentage of CD4+ T-

lymphocytes. Note the decrease in MFI of CD25 and 

FoxP3 during resting period, which may reflect transient 

expression in activated T-cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To determine whether Tregs are also enriched by CD25 based selection, we compared the 

frequency of CD4
+
 FoxP3

+
CD127

-
 T-cells in unmanipulated PBMC with CD25 enriched cells 

immediately after selection and 3 days post enrichment.  As shown in Figure 3.2C, in 

unmanipulated PBMC, a median 0.9% of CD4
+
 cells were CD25

+
 FoxP3

+
 CD127

-
. T-cells with 

this regulatory phenotype were enriched immediately after CD25 selection (median 21%, 

p<0.001) but declined to a median 5% of CD4
+
 cells after resting (p<0.05). Figure 3.3 shows 

representative FACS plots for the CD25, FoxP3 and CD127 staining in unmanipulated, cultured, 

CD25-selected and rested cells.   
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Figure 3.4. Simultaneous enrichment of CMV, EBV and HAdV- specific CD8+ T-cells detected by tetramer 

staining.   

Representative FACS plots (gated on live, CD3+ T-cells) from donor 5 comparing unmanipulated PBMC and 

rested CD25 selected CTL are shown. Plotted are HLA class I tetramers for pp65-NLV-A2, pp65-YSE-A1, BMF-

GLC-A2, BZLF-RAK-B8 and hexon-TDL-A2 against CD8. pp65-TPR-B7 was used as an HLA mismatched 

negative control. The percentage of tetramer+ cells within the CD8+ gate is shown.  

 

 

 

 

 

Anti-viral responses of CD25-selected cytotoxic T-lymphocytes 

In donors with the appropriate HLA-restriction, we analyzed the frequency of CMV, HAdV and 

EBV-specific CD8
+
 T-cells in unmanipulated PBMC and the CD25 selected fraction using MHC-

peptide tetramers. Immediately after enrichment, clusters of tetramer
+
 cells were less distinctive 

than in unmanipulated cells, so results are presented comparing unmanipulated PBMC and CD25 

selected T-cells that had been rested for 3 days (Table 3.3). In 6 out of 7 donors, populations of 

tetramer
+
 CMV and EBV specific CTL could be detected in unmanipulated PBMC and 3 of the 

donors had tetramer
+
 cells for more than one EBV epitope. Following CD25 selection, for CMV 

tetramers, a median 20-fold (4.4 – 53, p< 0.01) fold enrichment was seen, leading to a median 

45% pp65 specific CD8
+
 cells in the enriched rested fraction. For EBV tetramers, the median 

enrichment was 14-fold (4.3-38, p<0.01) and a median 5.3% of CD8
+
 cells in the enriched rested 

fraction stained with EBV tetramers. Only 1 of 5 evaluable donors had a detectable population of 

HAdV tetramer+ cells in unmanipulated PBMC. In this donor (BC5), a population of 0.02% of 

unmanipulated CD8
+
 T-lymphocytes positive for tetramer HAdV5 hx-TDL-A1 was enriched to 

1.7% in the rested CD25 selected fraction. Figure 3.4 shows representative FACS plots 

illustrating the simultaneous presence of CD8
+
 T-lymphocytes (from donor 5) recognizing 

peptides from CMV, EBV and HAdV.  
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Table 3. 3. Enrichment of virus specific CD8+ T-lymphocytes assessed by tetramer staining. 

Shown is the percentage of living CD3+ CD8+ lymphocytes positive for the corresponding tetramer with 

unstained control subtracted.  Unmanipulated PBMC (U) and CD25-enriched cells 3 days post enrichment (E) 

are compared. When no cluster of positive cells was detected, this donor was considered to be negative for this 

tetramer (neg) while NA indicates not applicable as not appropriate HLA type for tetramer analysis. 

 

 

 

 

 

 

 

We next assessed the functional capacity of CD25 selected T-cells to secrete cytokines in 

response to viral antigens using IFN- ELISPOT assays. Unmanipulated PBMC and rested CD25 

enriched cells from 5 donors were stimulated with irradiated PBMC pulsed with CMV pp65 or 

HAdV hexon PepTivator mix or irradiated autologous EBV-LCL. As shown in Figure 3.5 A-C, 

we observed a median 29-fold (6 - 168, p<0.05), 40-fold (1 - 247, p=0.156), and 16-fold (1 - 219, 

p<0.05) increase in cells secreting IFN- after stimulation with pp65 peptides, hexon peptides, or 

LCL respectively in CD25 selected cells compared with unmanipulated PBMC from the same 

donors.  

Using this methodology, CD25 selected T-cells showed significant (> 25 SFC/ 10
5
 cells) 

responses to CMV and EBV in all 5 donors and to HAdV in 3 donors. BC 1 and 4 had a low 

response to HAdV in both unmanipulated and enriched cells, suggesting these donors may not 

have had a pre-existing memory T-cell response to HAdV hexon. 

Cytomegalovirus Epstein-Barr Virus Adenovirus

Donor Epitope U E Epitope U E Epitope U E

BC 1 pp65-VLC-A3 neg neg EBNA3A-RPP-B7 0.37% 1.6% hx-KPY-B7 neg neg

pp65-TPR-B7 18% 80% EBNA3A-RLR-A3 neg neg

BC 2 pp65-YSE-A1 0.03% 1.6% BZLF1-RAK-B8 0.31% 6.6% hx-TDL-A1 neg neg

pp6- QYD-A24 neg neg hx-TYF-A24 neg neg

pp65-VYA-A24 neg neg

BC 3 pp65-NLV-A2 0.99% 46% BMLF1-GLC-A2 0.05% 2.2% NA

LMP2-CLG-A2 neg neg

BC 4 pp65-NLV-A2 neg neg BMLF1-GLC-A2 0.44% 5.3% hx-KPY-B7 neg neg

pp65-TPR-B7 1.3% 26% LMP2-CLG-A2 neg neg

EBNA3A-RPP-B7 0.09% 1.5%

EBNA3A-RLR-A3 0.16% 1.4%

BC 5 pp65-YSE-A1 0.05% 0.7% BMLF1-GLC-A2 0.59% 8.5% hx-TDL-A1 0.02% 1.9%

pp65-NLV-A2 1.8% 45% LMP2-CLG-A2 0.05% 0.3%

BZLF1-RAK-B8 1.4% 17%

BC 6 pp65-NLV-A2 3.10% 55% BMLF1-GLC-A2 0.12% 3.0% NA

LMP2-CLG-A2 0.10 5.8%

BC7 pp65-VLC-A3 neg neg EBNA3A-RLR-A3 neg neg NA
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Figure 3.5. Enrichment of the IFN-γ secreting cells specific for all 3 viruses in the CD25 enriched fraction. 

ELISPOT assays comparing IFN-γ response of unmanipulated PBMC (grey) and CD25 selected, rested CTL 

(black) to (A) autologous CMV-pp65 peptide pulsed PBMC, (B) autologous HAdV5-hexon peptide pulsed PBMC 

and (C) autologous EBV-LCL in 5 donors. Shown is the mean number of spot forming cells (SFC) per 105 cells of 

triplicates after subtraction of response to autologous PBMC. Error bars represent standard error of the mean 

(SEM).  

 

 

 

 

 

 

Given the numbers of CD25-enriched T-cells obtained, it was not possible to evaluate cytotoxic 

activity fully. Nonetheless, to investigate whether CD25 enriched T-cells were able to kill virally 

infected cells, in 2 donors we evaluated cytotoxic activity in a standard 
51

Cr release assay against 

autologous and allogeneic EBV LCL. Our data show that the CD25 enriched T-cells show 

significant cytotoxicity against autologous EBV LCL but not allogeneic LCL (32.2% vs 11.5 % at 

a 30:1 ratio, Figure 3.6). Thus, our data demonstrate that CD25 enriched T cells are able to kill 

virally infected target cells in an MHC-restricted fashion.  
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CD25 selected T-cells suppress alloreactivity 

To determine the alloreactivity of CD25 enriched cells and their ability to proliferate in response 

to viral antigens, we next analyzed the proliferative response of CD25 selected CTL to irradiated 

allogeneic PBMC, autologous PBMC pulsed with CMV pp65/HAdV hexon PepTivator mixes or 

autologous LCL in 
3
H-thymidine uptake assays. As illustrated in Figure 3.7A, in all 5 donors, 

CD25 enriched CTL showed a very marked depletion of proliferative responses to allogeneic 

stimulators compared to unmanipulated PBMC from the same donors  

(p<0.05), suggesting reduced alloreactivity. However, in 4 of 5 donors, CD25 enriched CTL also 

showed little proliferative response to viral antigens (pp65, HAdV and autologous LCL), in 

contrast to unmanipulated PBMC. Consistent with our flow cytometric data, this suggested that 

the CD25 selected fraction also contained a significant proportion of regulatory cells, which may 

inhibit proliferation in response to stimulation with viral antigens as well as alloantigens in vitro.   

To elucidate whether Tregs within the CD25 selected CTL are functional, we assessed the 

capacity of CD25 selected CTL to suppress alloreactive proliferative responses. For this, we 

added CD25 enriched cells in different concentrations to autologous PBMC stimulated with 

irradiated allogeneic PBMC and measured proliferation in a standard allo-MLR. As shown in 

Figure 3.7B, our results demonstrate that CD25 selected CTL do indeed suppress alloreactive 

proliferative responses in a dose-dependent manner, with a median 98% reduction in proliferation 

at a suppressor :effector ratio of 1:1 (p<0.01). 

Figure 3.6. CD25 enriched T cells show EBV-

specific cytotoxic activity. 

A standard 51Cr release assay was performed to 

determine the EBV virus-specific cytolytic activity of 

the CD25 enriched cells. The Figure 3.shows the 

percentage of specific chromium release from 

target cells. Autologous and allogeneic LCL were 

labeled with 51Cr and incubated with CD25 cells for 

6 h at the E:T ratios indicated. 
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Figure 3.7. Suppression of alloreactivity by CD25 enriched cells. 

(A) Proliferative response of unmanipulated PBMC (grey) and CD25 enriched CTL (black) to allogeneic PBMC 

stimulators in 5 donors. Bars represent mean 3H-thymidine incorporation in counts per minute (CPM) of 

triplicates after subtraction of stimulators and responders alone. Error bars show SEM. 

(B) Unmanipulated (responder) PBMC were cultured for 5 days with irradiated allogeneic PBMC and serial 

dilutions of CD25 enriched cells from the same donor (suppressor). Bars show mean 3H-thymidine incorporation 

in CPM in 5 donors, error bars show SEM. Percentages reflect the mean percentage of suppression for the 

different responder: suppressor ratios. The assay was performed in triplicates and stimulators, responders and 

suppressors alone are subtracted.* p<0.05, ** p<0.01 in paired t-test. 

 

 

 

Discussion 

The complexity of protocols needed for generation of CTL and Tregs has prevented broader 

application of adoptive immunotherapy beyond major academic centers. Here, we have developed 

a rapid (3 days), simple and clinically applicable method for the simultaneous selection of multi-

virus specific CTL and Tregs for adoptive transfer.  

We have shown CD25 (IL-2R) to be an excellent marker for the selection of virus activated T-

cells. CD25 was upregulated upon activation with viral peptides on a larger proportion of virus-

specific T-cells than IFN-γ or other activation markers tested. In this regard, it is clear that only a 

subset of virus-specific Th1 cells secrete IFN-γ,
79

 so that CD25 based selection may enable the 

selection of activated virus specific T-cells that are not secreting IFN-γ, representing a significant 

HAdVantage over existing IFN- methodology. CD25 enrichment results in a mixed population 

of both CD4 and CD8 effector T cells. However, it should be noted that we have not fully 

characterized the cytokine secretion profile of virus-specific CTL obtained by CD25 enrichment 

and this requires further study. 

Our approach represents a significant HAdVance over previous methodologies for generation of 

multi-virus specific CTL,
180;183;190

 in that it avoids the necessity for viral vectors and generation of 

specialized antigen-presenting cells such as LCL or DC. Our protocol instead utilizes APC within 

PBMC to present exogenously pulsed peptide pools from immunodominant viral antigens. This 

approach has previously been shown to be effective in generation of CMV, HAdV and EBV-

specific CTL singly.
81;184;191

 We have demonstrated for the first time that following stimulation 
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with peptide pools from multiple viral antigens, it is possible to select CTL with specificity 

against multiple viruses, this is likely to reflect enrichment for discrete populations of CMV, 

Adenovirus and EBV-specific CTL. Using tetramer staining, we detected enrichment of CD8
+
 T-

cells recognizing CMV and EBV epitopes following CD25 selection in 6 of 7 normal donors. 

ELISPOT assays demonstrated the simultaneous presence of bi- (n=2) or trivirus (n=3) specific 

cells in all evaluated donors, with a median 29-fold (6-168), 40-fold (1-247) and 16-fold (1-219) 

enrichment of cells secreting IFN-γ in response to CMV pp65, adenovirus hexon and EBV LCL 

compared to unmanipulated PBMC from the same donors. Consistent with previous studies,
180;182

 

the magnitude of the response of CD25 selected CTL was highest for CMV, followed by EBV 

and then HAdV. Given the short stimulation period, we would not expect overgrowth of CTL 

with specificity for an individual virus, so that the differences in the frequencies of CTL specific 

for the 3 viruses in these assays are likely to reflect the different precursor frequencies for CMV, 

EBV and HAdV-specific CTL in donor blood. It is possible that the addition of epitopes to the 

EBV peptide pool could enhance the enrichment of EBV CTL - in our cohort, each donor could 

potentially recognize a median 6 of the 23 EBV epitopes. While tetramer-positive CD8
+
 T-cells 

recognizing hexon were seen in only 1 evaluable donor, IFN- responses were detected in 3 of 5 

donors after CD25 selection. This is likely to reflect the fact that  T-cell response to HAdV is 

mainly mediated by CD4
+
 lymphocytes

192
 and the immunodominant hexon epitopes are not 

identified for many HLA restrictions as well as the lower frequency of HAdV-specific CTL. 

It should be noted that multi-virus specific CTL cultures were generated only from CMV-

seropositive donors. Previous studies have demonstrated the difficulty of generating CTL from 

seronegative donors, as existing protocols expand memory rather than prime naïve T-cell 

responses. As 90% of adult donors have been infected by adenovirus and EBV, this is generally 

not an issue for these viruses. However, only 60 % of the population is seropositive for CMV, 

which may limit the applicability of our approach in patients with CMV seronegative donors. 

The peptide pools used for stimulation of virus-specific CTL were designed to stimulate both 

CD4
+
 and CD8

+
 virus-specific T-cells. Previous studies suggest that virus-specific CD4

+
 T helper 

cells are needed to maintain responses in vivo.
193

 In this regard, the presence of high proportion of 

CD4
+
 (mean 67%) T-cells in our CD25 selected population may improve the durability of anti-

viral T-cell responses following adoptive immunotherapy, as well as broadening their target 

specificity to include HLA Class II restricted antigens such EBNA-1 and hexon. As expected, the 

majority of CD25 selected CTL show a memory phenotype which may also favour sustained 

responses in vivo. 

For safe adoptive transfer, virus-specific T-cells should have little alloreactivity. In our system, 

alloreactive T-cells should not be activated to express CD25 and selected CTL should therefore 

have reduced alloreactivity compared with unmanipulated PBMC. While our data from 

proliferation assays shows negligible proliferative responses of CD25-selected T-cells to 3
rd

 party 

stimulators in all donors, this is complicated by the enrichment of Tregs in the CD25-selected 

fraction, which rendered our T-cells generally unresponsive to antigenic stimuli, so that it is 

difficult to be certain of the alloreactivity. However, recent data has shown that even when 

alloreactive T-cells are detectable in vitro in virus-specific CTL, this was not associated with the 

development of clinical GVHD when CTL were adoptively transferred post-SCT.
194

 Further, 
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given that CD25-based selection of 450 ml blood draws gave a median yield of 2.2 x 10
7
 T-cells, 

equivalent to a dose of 3 x 10
5
/kg for a 70kg recipient, and that even with unmanipulated donor 

lymphocyte infusions in the HLA matched unrelated donor setting, doses of 10
6
 CD3

+
/kg rarely 

cause GVHD,
195

 we believe that the likelihood of GVHD following adoptive immunotherapy with 

these doses of CD25-selected CTL is low. The presence of Tregs within our selected fraction may 

further reduce this risk. 

Since CD25 is highly expressed on Tregs,
196

 these are enriched by our selection methodology. 

Consistent with this, a significant proportion of CD25 enriched T-cells (median 21% of CD4
+
 T-

cells immediately after selection) showed a CD4
+
 CD25

+
 FoxP3

+
 CD127

-
 Treg phenotype. While 

flow cytometric distinction between Tregs and activated T-cells that transiently upregulate CD25 

and FoxP3
197

 is difficult and some down regulation of FoxP3 was indeed seen when cells were 

rested, a proportion of selected T-cells retained this Treg phenotype. More importantly, CD25 

selected T-cells from all donors were able to effectively prevent the proliferation of autologous 

PBMC in response to allogeneic stimulators in suppression assays, demonstrating the presence of 

functional Tregs in CD25 enriched T-cells. Further studies are needed to determine if 

restimulation of CD25 enriched T-cells with viral antigens in vitro would enhance CTL responses 

at the expense of Tregs. The infusion of Tregs in murine models had a protective effect against 

the development of GVHD
198;199

 and early clinical studies
200;201

 provide support for such an 

approach. Potentially therefore, CD25 enriched CTL may have a beneficial effect in terms of 

GVHD.  However, previous studies suggest high Treg : T-effector ratios are required for this 

effect
199

 and it may be that the numbers of Tregs produced using our methodology are too small to 

confer significant clinical benefit. 

One key issue is whether the presence of Tregs within the CD25 enriched fraction will influence 

the function of virus-specific CTL. Our data demonstrate that enriched CTL are able to secrete 

IFN- in response to stimulation with viral antigens and lyse EBV infected target cells. The 

observed absence of proliferation in response to viral antigens may reflect the in vitro system 

used, since suppression by Tregs is contact dependent.
202

 In the absence of such cell-cell contact 

when enriched cells are adoptively transferred in vivo, it is unlikely that infused Tregs will 

prevent proliferation of virus-specific CTL. In support of this, data from murine models suggest 

that the co-infusion of Tregs and conventional T-cells enhances rather than abrogates recovery of 

virus-specific immune reconstitution through prevention of GVHD.
203

 

Our protocol is GMP compliant and scale-up experiments were performed under GMP conditions. 

Clinical grade PepTivator mixes for CMV pp65 and HAdV5 hexon are available (Miltenyi), while 

the EBV peptide mix has already been used in a clinical study.
81

 Cultures were performed in 

serum-free medium and selection performed in a closed system using clinical grade CD25 reagent 

which is CE marked for clinical application. The selection methodology used (CliniMACS) is 

already in widespread clinical use, so that our approach could be broadly applicable in many 

transplant centers. Starting with 450 ml blood, we routinely generated enough CD25 enriched 

cells for adoptive transfer of 10
7
/m

2
 multi-virus specific CTL, a dose similar to that used in 

previous clinical studies of immunotherapy with  CTL generated by repetitive antigenic 

stimulation
75;180;181

 and significantly higher than those previously achieved using IFN- capture.
80
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Further, particularly in the presence of viral reactivation, infused T-cells are likely to expand 

significantly post-infusion.
77;181

  

In conclusion, we have developed a rapid, simple methodology for the simultaneous selection of 

T-cells with multiple viral-specificities and Tregs in a single 3 day culture. Potentially this 

approach could be extended to other pathogens where immunodominant antigens have been 

identified. Because of the speed and simplicity of this methodology, this approach may 

significantly broaden the applicability of adoptive T-cell transfer to restore cellular immunity to 

viruses post-SCT. However, the clinical utility of this approach will require evaluation in well-

designed clinical studies. 
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Supplementary data 

 

Table 3.S1. Peptide pools used for activation of lymphocytes with specificity for Cytomegalovirus, Adenovirus 

and Epstein-Barr virus 

 

  

Type Short name Amino acid sequence Antigen HLA restriction

Class I  & II 11-amino acid overlapping 15-mer peptide pool

covering complete sequence of protein

CMV- pp65 All

Class I  & II 11-amino acid overlapping 15-mer peptide pool

covering complete sequence of protein

AdV5-hexon All

Class I CLG CLGGLLTMV EBV- LMP2 A*0201

GLC GLCTLVAML EBV- BMLF1 A*0201

YVL YVLDHLIVV EBV- BRLF1 A*0201

RLR RLRAEAQVK EBV- EBNA3A A*0301

RPP RPPIFIRRL EBV- EBNA3A B*0702

QPR QPRAPIRPI EBV- EBNA3C B*0702

QAK QAKWRLQTL EBV- EBNA3A B*0801

RAK RAKFKQLL EBV- BZLF1 B*0801

IVT IVTDFSVIK EBV- EBNA3B A*1101

DEV DEVEFLGHY EBV- BMLF1 B*1801

RYS RYSIFFDYM EBV- EBNA3A A*2402

TYS TYSAGIVQI EBV- EBNA3B A*2402

TYP TYPVLEEMF EBV- BRLF1 A*2402

RRIY RRIYDLIEL EBV- EBNA3C B*2702/04/05

YPL YPLHEQHGM EBV- EBNA3A B*3501

EPL EPLPQGQLTAY EBV- BZLF1 B*3501

IED IEDPPFNSL EBV- LMP2 B*4001

KEH KEHVIQNAF EBV- EBNA3C B*4402

VEI VEITPYKPTW EBV- EBNA3B B*44

Class II PYYV PYYVVDLSVRGM EBV- BHRF1 DRB1*04

FGQL FGQLTPHTKAVYQPR EBV- BLLF1 DRB1*13

IPQC IPQCRLTPLSRLPFG EBV- EBNA1 DRB1*13/14

TDAW TDAWRFAMNYPRNPT EBV- BNRF1 DRB1*15
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Figure 3.S1. Flow cytometric analysis of EBV-specific CD3+ T cells after stimulation in vitro with EBV 

immunodominant peptides for 16, 72 and 168 hours. Percentage of IFN-γ producing and CD25 expressing in 

total CD3+ T cells in peripheral blood of 7 EBV-seropositive normal donors. The frequency of CD3+/CD25+ or 

CD3+/IFN-γ T cells is shown as the mean percentage (+SEM) after subtraction of IgG isotype and unstimulated 

controls. Squares show IFN-γ secreting cells while triangles show CD25 positive cells. 
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Abstract  

Background: Cidofovir is frequently used to treat life-threatening human adenovirus (HAdV) 

infections in immunocompromised children after hematopoietic stem cell transplantation (HSCT). 

However, the anti-viral effect irrespective of T cell reconstitution remains unresolved. 

Methods: Plasma HAdV DNA levels were monitored by real-time quantitative PCR during 42 

cidofovir treatment episodes for HAdV viremia in 36 pediatric allogeneic HSCT recipients. 

HAdV load dynamics was related to T and NK cell reconstitution measured by flow cytometry. 

Results: To evaluate the in vivo anti-adenoviral effect of cidofovir, we focused on 20 cidofovir 

treatment episodes lacking concurrent T cell reconstitution. During 2-10 weeks of follow-up in 

the absence of T cells, HAdV load reduction (n=7) or stabilization (n=8) were observed in 15/20 

treatments. Although HAdV load reduction was always accompanied by NK cell expansion, 

HAdV load stabilization was measured in two children lacking both T and NK cell reconstitution. 

In cases with T cell reconstitution, rapid HAdV load reduction (n=14) or stabilization (n=6) was 

observed in 20/22 treatments. 

Conclusion: In the absence of T cells, cidofovir treatment was associated with HAdV viremia 

control in the majority of cases. Although the contribution of NK cells cannot be excluded, 

cidofovir has the potential to mediate HAdV load stabilization in the time pending T cell 

reconstitution. 

 

Highlights 

 Cidofovir is used to treat human adenovirus viremia in pediatric HSCT recipients 

 Evaluation of the antiviral effect of cidofovir is biased by T cell reconstitution 

 In the absence of T cells, cidofovir can mediate HAdV load stabilization 

 NK cell expansion during HAdV load reduction in the absence of T cells 
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Introduction 

Human adenoviruses (HAdV) are non-enveloped double-stranded DNA viruses. Currently, more 

than 50 serotypes have been described. In healthy individuals, HAdV infections cause self-

limiting infections such as conjunctivitis, upper respiratory tract-, urinary tract- or gastrointestinal 

infections.
50

 In pediatric hematopoietic stem cell transplantation (HSCT) recipients, HAdV 

reactivations or primary infections can progress to viremia and disseminated disease. It is broadly 

accepted that T cells are essential for the protection from and clearance of HAdV viremia.
38;204;205

  

However, in the absence of T cell surveillance, the mortality of HAdV viremia is high because of 

progression to HAdV related multi-organ failure (HAdV/MOF).
38;41;51;206-208

 

The adoptive transfer of donor-derived adenovirus specific T cells is a promising treatment,
205;209

 

but is not available in all transplant centers. Therefore, pre-emptive pharmacological treatment is 

of great importance for the majority of patients with HAdV viremia. To this end, ribavirin and 

cidofovir have been explored. The evidence for a beneficial effect of ribavirin is limited to case 

reports and ribavirin could not prevent the progression of HAdV viremia in the absence of 

lymphocyte reconstitution.
52

 Cidofovir (Vistide
®
), a monophosphate nucleotide analogue with in 

vitro anti-viral activity against different HAdV strains,
210-213

 is a widely used anti-viral agent for 

HAdV infections post HSCT.  

A number of studies have addressed the anti-adenoviral effect of cidofovir, but results are highly 

variable with treatment successes ranging from 24-98%.
55-59;214;215

 The discrepancies in cidofovir 

effectiveness might be related to the fact that HAdV viremia and cidofovir treatment generally 

occur during the critical phase of lymphocyte reconstitution after HSCT.
38;41;206;207

 When T cell 

reconstitution is not taken into account, this will result in a biased evaluation of the effect of 

cidofovir. An unbiased evaluation of the in vivo anti-adenoviral effect of cidofovir is required 

because the use of cidofovir is associated with considerable nephrotoxicity.
53-56

 

In this study, we aimed to evaluate the in vivo anti-viral effect of cidofovir in patients with HAdV 

viremia after pediatric HSCT without the confounding effect of concomitant T cell reconstitution. 

Hereto, we monitored the change of plasma HAdV DNA levels during cidofovir treatment, 

focusing on cidofovir treatments in the absence of T cell reconstitution. 

 

 

 

 

Methods 

Ethics statement 

Transplantations were performed according to European society for Blood and Marrow 

Transplantation (EBMT) guidelines. Peripheral blood samples were routinely obtained. Data were 

analyzed after approval by the institutional review board (protocol P01.028 and P02.099). 

Informed consent was provided by the patient and/or a parent or guardian. 
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Patients and cidofovir treatment 

Between January 2003 and December 2012, 321 children received 363 transplantations at the 

pediatric HSCT unit of the Leiden University Medical Center (LUMC). Thirty-nine HSCT 

recipients were treated with cidofovir for HAdV viremia. One patient was not evaluable as she 

died from pre-existent neurodegenerative disease within the first two weeks of treatment. From 

two other patients, no follow-up of the plasma HAdV DNA levels (HAdV load) was available, 

leaving 36 evaluable HSCT recipients. Six patients received two separate cidofovir treatment 

episodes for the same HAdV viremia and were analyzed twice. In total, 42 cidofovir treatment 

episodes were analyzed (Table 4.1).  

In general, cidofovir treatment was initiated pre-emptively when the HAdV load was 3 log (1000) 

viral DNA copies/ml (c/ml) at two consecutive time points.
41

 Reasons to stop treatment were: 

HAdV load reduction, HAdV load stabilization below <3 log c/ml, nephrotoxicity or treatment 

failure. Cidofovir (Vistide
®
, Gilead Sciences Inc., Foster City, CA, US) was administered 

intravenously thrice weekly at 1 mg/kg body weight.
214

 Supportive care consisted of 

hyperhydration with intravenous saline (3L/m
2
 body surface/24h) and oral probenecid (25 mg/kg) 

at -3, +1 and +8 hours from the start of cidofovir infusion.
53

 Other anti-viral drugs were 

discontinued during cidofovir treatment. See supplemental methods and Table 4.S1 for a detailed 

description of patient inclusion and HSCT characteristics. 

Monitoring of HAdV plasma DNA levels and lymphocyte reconstitution 

HAdV reactivations were routinely monitored through twice-weekly plasma screening for viral 

DNA by real time quantitative PCR as described previously.
159

 The lower level of detection of 

this assay was 1.7 log viral DNA c/ml. Monitoring was initiated at day +3 post HSCT and 

continued until T cells reached 300 cells/ µl of peripheral blood. To monitor immune 

reconstitution, peripheral blood white blood cell counts including full leukocyte differentiations 

were performed 2-3x/week. The lower level of detection of lymphocytes was 10-20 cells/µl. Flow 

cytometric analysis was performed weekly to quantify NK and T cell reconstitution as described 

in the supplemental methods and Table 4.S3. T cells were defined as CD3
+
 cells in the CD45

+
 

CD33/CD235a/CD14
-
 lymphocyte gate and NK cells were defined as CD3

-
 CD56

+
 cells in the 

lymphocyte gate.  

Definitions of HAdV load dynamics and lymphocyte reconstitution during 

cidofovir treatment 

HAdV load dynamics was evaluated during cidofovir treatment. Reduction and increase were 

defined as a ≥1 log (tenfold) change of the HAdV load. Stabilization was defined as a <1 log 

change in HAdV load. Both reduction and stabilization of the HAdV load were regarded as 

viremia control. To discriminate between the (potential) effect of T cell reconstitution and 

cidofovir treatment on HAdV load dynamics, we applied the low threshold of 50 T cells/µl of 

peripheral blood.  

We first analyzed HAdV load dynamics in 42 cidofovir treatments without (n=20) and with 

(n=22) T cell reconstitution in the first two weeks after treatment initiation. Subsequently, we 
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focused on the 20 cidofovir treatments in the absence of concomitant T cell reconstitution. In this 

group, HAdV load change was evaluated between treatment initiation and one week after the last 

dose of cidofovir. In cases with T cell reconstitution before the end of treatment (n=6), follow-up 

was stopped at 1 week before T cell numbers reached 50 cells/µl to exclude the confounding 

effect of T cells on the HAdV load. 

Statistical Analysis 

Statistical analysis was performed using SPSS Statistics 20 (IBM SPSS Inc., Chicago, IL, US). 

GraphPad Prism 6.00 (GraphPad Software, San Diego, CA, US) was used to construct figures. 

Because data did not follow Gaussian distribution, the Mann-Whitney U test was used for the 

analysis of numerical parameters. Pearson’s Chi-square tests were used for analysis of categorical 

parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1. Patient and cidofovir treatment characteristics.  

Abbreviations: HAdV: human adenovirus, HSCT: hematopoietic stem cell transplantation, PBSC: peripheral 

blood stem cells, GvHD: graft-versus-host disease, CsA: Cyclosporin A, MMF: mycophenolate mofetil, 

HAdV/MOF: HAdV related multi-organ failure. 1: day post HSCT. Categorical data: number (percentage). 

Numerical data: median (range). 

 

Patient characteristics (n=36) n / median % / range 

Age (year)  4.5 0.5 -   18 

HSCT indication Primary Immunodeficiency 8 22% 

 Benign Hematological Disorder 12 33% 

 Hematological Malignancy 16 44% 

Conditioning  Reduced Intensity 6 17% 

 Myeloablative 30 83% 

Donor Type Identical Related Donor 2 6% 

 Other Related Donor 7 19% 

 Matched Unrelated Donor 27 75% 

Graft Source Bone Marrow, T cell replete 16 44% 

 Bone Marrow, T cell depleted 1 3% 

 PBSC, T cell replete 2 6% 

 PBSC, T cell depleted 8 22% 

 Cord Blood 9 25% 

Serotherapy Anti-thymocyte globulin 23 64% 

 Alemtuzumab 13 36% 

    GvHD prophylaxis None 4 11% 

 CsA 3 8% 

 CsA + Methotrexate 18 50% 

 CsA + Methylprednisolone 9 25% 

 CsA + MMF 2 6% 
    Acute Graft versus Host Disease ≥ grade II 5 14% 

Cidofovir treatment One episode 30 83% 

 Two episodes 6 17% 

    First day plasma HAdV DNA level >1.7 log c/mL1 20 3 -    96 

First day plasma HAdV DNA level 2x >3 log c/mL1  28 8 -  117 

First day of first cidofovir treatment episode1 29 7 -  121 

Final outcome HAdV clearance 27 75% 

 Death from HAdV / MOF 6 17% 

  Death from other cause 3 8% 

   

Cidofovir treatment episodes (n=42) n / median range 

Day start cidofovir1 

 

31 7 - 214 

Plasma HAdV DNA level at start (Log c / mL) 

 
4.1 1.7 -  6.5 

Treatment duration (days) 

 
16 1 -   99 
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Results 

Characteristics of cidofovir treated patients 

The effect of cidofovir treatment on the HAdV load was evaluated in 36 HSCT recipients, of 

whom the characteristics are summarized in Tables 1 and S1. Six patients received a second 

cidofovir treatment episode (Figure 4.S1), resulting in 42 evaluable cidofovir treatments. 

Cidofovir treatment was initiated at a median of 31 (range 7-214) days after HSCT. At treatment 

initiation, the HAdV load was median 4.1 (range 1.7-6.5) log c/ml and median treatment duration 

was 16 (range 1-99) days. 40/42 cases received ≥1 week (3 doses) of cidofovir (Tables 1 and 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. HAdV load dynamics in relation to T 

cell reconstitution.  

(A) Change of plasma human adenovirus DNA 

levels (HAdV load) between the start of treatment 

(day 0) and day 14 of cidofovir treatment in cases 

with T cell numbers <50 cells/µl (n=20, left bar) 

and T cell numbers ≥50 cells/µl (n=22, right bar) 

within this time period. HAdV load change: 

clearance: dashed, ≥1 log reduction: white, 

stabilization: gray, ≥1 log increase: black. p-value: 

Pearson’s Chi Square test.  

(B) Change of HAdV load between day 0 and 14 in 

22 cidofovir treatments with T cell numbers ≥50 

cells/µl. Solid lines: cases without steroid 

treatment. Interrupted lines: methylprednisolone >1 

mg/kg of body weight. Shaded area: HAdV load 

below limit of detection (1.7 log c/ml).  

(C) Change of T cell numbers between day 0 and 

14 in 22 cidofovir treatments with T cell 

reconstitution. Solid lines: cases without steroid 

treatment. Interrupted lines: methylprednisolone >1 

mg/kg of body weight. Shaded area: T cells below 

limit of detection (10 cells/µl). 
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HAdV load dynamics in relation to T cell reconstitution 

T cells have been demonstrated to play a crucial role in viral control and could form a major 

confounder in the analysis of the anti-viral effect of cidofovir. To test this hypothesis, we first 

divided the 42 cidofovir treatments in cases without (n=20) and with (n=22) T cell reconstitution 

in the first two weeks after treatment initiation (Table 4.2). The groups did not differ with respect 

to HSCT related parameters and HAdV viremia characteristics (Table 4.S2).  

In 11/20 cidofovir treatments (55%) with T cell numbers below 50 cells/µl, plasma HAdV DNA 

levels were stable in the first two weeks after treatment initiation. The HAdV load increased ≥1 

log c/ml in 5/20 treatments (25%) and HAdV load reduction –but no clearance– was measured in 

4/20 treatments (20%) without T cell reconstitution (Figure 4.1A).  

In contrast, in 14/22 cidofovir treatments (64%) with concomitant T cell reconstitution, HAdV 

load reduction or HAdV clearance was observed within two weeks after treatment initiation. The 

HAdV load was stable in 6/22 treatments (27%) with T cell reconstitution and increased ≥1 log in 

only 2/22 cases (9%), who simultaneously received high dose (>1mg/kg methylprednisolone) 

steroid treatment (Figure 4.1 B-C). Hence, it can be concluded that the evaluation of the antiviral 

effect of cidofovir treatment is strongly influenced by T cell reconstitution (p=0.008, Figure 

4.1A). 

HAdV load dynamics in the absence of T cell reconstitution  

To exclude the confounding effect of T cells, HAdV load dynamics was further analyzed in the 20 

cidofovir treatments with <50 T cells/µl of peripheral blood (Table 4.2 & Figure 4.2). In these 

cases, the evaluation period was extended –from 14 days used in the previous section– to the time 

frame between treatment initiation and one week after the last dose of cidofovir (n=14) or 1 week 

before T cell numbers reached 50 cells/µl (n=6). 

A ≥1 log HAdV load reduction was observed in 7/20 treatments (35%) during a median 28 day 

evaluation period in the absence of T cells (Figure 4.2A). In 8/20 cidofovir treatments (40%), the 

HAdV load did not change significantly between the start and end of the evaluation period 

(median 18 days, Figure 4.2B). In the 5 remaining cases (25%), the HAdV load increased ≥1 log 

despite cidofovir treatment during median 21 days of follow up in the absence of T cells (Figure 

4.2C).  

NK cell expansion during HAdV control in the absence of T cell reconstitution 

In the majority of the cases without T cell reconstitution, CD3
-
CD56

+
 NK cells were already 

present at the start of cidofovir treatment (Figure 4.2 D-F). Reduction of the HAdV load during 

cidofovir treatment coincided with a dynamic increase in NK cell numbers in all 7 cases (8-29 

fold NK cell expansion, Figure 4.2D). In comparison, NK cell expansion was observed in 4/8 

cidofovir treatments with HAdV load stabilization (Figure 4.2E) and 2/5 treatments with HAdV 

load increase (Figure 4.2F, p=0.05).  
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HAdV load stabilization in the absence of both T and NK cells 

We finally analyzed the anti-viral effect of cidofovir on the HAdV load in HSCT recipients 

lacking both T- and NK cell reconstitution to exclude the possible contribution of NK cells to 

HAdV control as well. Two HSCT recipients fulfilled these criteria. In patient A (UPN 600.1a), 

no engraftment occurred and the HAdV viremia was stable during 3 weeks of cidofovir treatment 

in the absence of any lymphocytes (Figure 4.2 A, D, open diamonds & Figure 4.S1 D). The 

viremia was ultimately cleared after lymphocyte reconstitution following a re-transplantation. In 

patient B (UPN 545.1b), a graft rejection was treated with the lymphocyte depleting antibody 

alemtuzumab. The HAdV load was stable in the absence of lymphocytes over a 4 weeks period, 

after which HAdV dissemination occurred under cidofovir treatment (Figure 4.2 C, F, open 

diamonds & Figure 4.S1 B). 

 

 

 

Figure 4.2. HAdV control in the absence of T cells. 

(A-C) Plasma human Adenovirus (HAdV) DNA levels in 20 cidofovir treatments with T cell numbers <50 cells/µl. 

Follow-up was stopped at 1 week after the last dose of cidofovir or 1 week before T cell numbers reached 50 

cells/µl. HAdV load change: ≥1 log reduction (A, n=7), stabilization (B, n=8) or ≥1 log increase (C, n=5). Solid 

lines: cases with ≥5 fold NK cell expansion, interrupted lines: cases without NK cell expansion. Vertical dotted 

line: start of treatment. Shaded area: HAdV load below limit of detection (1.7 log c/ml). 

(D-F) Absolute numbers of NK cells in peripheral blood in cases with HAdV load reduction (D), stabilization (E) 

and increase (F). Solid lines: cases with ≥5 fold NK cell expansion, interrupted lines: cases without NK cell 

expansion. Identical symbols in corresponding figures represent individual cases. Vertical dotted line: start of 

treatment. Shaded area: NK cells below limit of detection (10 cells/µl). 
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Discussion 

Here, we report a systematic analysis of the effect of cidofovir treatment on HAdV viremia after 

HSCT, using plasma viral DNA levels as an objective parameter while taking concomitant 

lymphocyte reconstitution into account. In line with our hypothesis, rapid HAdV load reduction 

and HAdV clearance during cidofovir treatment were associated with concurrent T cell 

reconstitution. In the absence of T cell reconstitution, the HAdV viremia was controlled in 75% of 

cidofovir treatments, which can be attributed to cidofovir although a role of NK cell reconstitution 

cannot be excluded. Of note, in 2 cases, HAdV load stabilization was observed during a >3 week 

cidofovir treatment in the absence of both NK and T cells. 

Because of the strong correlation between T cell reconstitution and HAdV load reduction as 

reported earlier 
38;204;205

 and supported by our data, we focused our analysis on the 20 cidofovir 

treatment episodes in HSCT recipients lacking T cell reconstitution. In view of the often fatal 

outcome of a progressing HAdV viremia,
51

 HAdV load reduction or stabilization can be regarded 

as a beneficial result. In line with the in vitro virostatic capacity of cidofovir,
210-213

 control of the 

HAdV viremia was observed in 15 out of 20 cidofovir treatments in the absence of T cell 

reconstitution. However, reduction of the HAdV load (n=7) always coincided with a ≥5 fold 

increase of NK cell numbers in the peripheral blood. Consequently, the contribution of NK cell 

reconstitution to HAdV control in HSCT recipients without T cell reconstitution cannot be 

excluded. Usually, NK cells are the first lymphocytes to reach normal levels after HSCT.
216;217

 

Although the NK cell response to HAdV is not as well described as the NK cell mediated control 

of other viruses like influenza, cytomegalovirus and hepatitis C virus,
218-220

 a limited number of 

studies reported NK cell activity against HAdV infected cells.
221-223

 Our data further support a role 

for NK cells in the initial HAdV control in patients with a delayed T cell reconstitution. At the 

same time, NK cell expansion did not always coincide with HAdV load reduction and the 

presence of NK cells was no guarantee for HAdV load stabilization.  

In many studies, final outcome of HAdV viremia is used as a primary endpoint of cidofovir 

effectiveness, and concomitant lymphocyte reconstitution is often ignored. This bears the risk to 

overestimate the in vivo anti-viral effect of cidofovir. Indeed, Walls et al. reported the clearance 

of HAdV viremia in 8 out of 9 pediatric HSCT recipients with HAdV loads >3 log c/ml in the 

absence of anti-viral therapy.
224

 For this reason, an unbiased evaluation of the anti-viral capacity 

of cidofovir –and other pharmacological interventions– for human adenoviral infections after 

HSCT is only possible by monitoring HAdV load dynamics in patients that lack concomitant 

lymphocyte reconstitution. Only two patients in our cohort met this condition. In both cases, the 

HAdV viremia remained stable over a 3-4 weeks period. Consequently, cidofovir may also have 

contributed to the HAdV load stabilization observed in HSCT recipients lacking T cell 

reconstitution or with suppressed anti-viral T cell responses due to high dose systemic 

steroids.
37;225;226

   

Of note, cidofovir treatment could not prevent the progression of HAdV viremia in 7/42 cidofovir 

treatments (17%), all in the absence of T cell reconstitution or during high dose steroid treatment. 

With respect to the cause of these treatment failures, no firm conclusions can be drawn. In vitro 

studies reported comparable cidofovir susceptibility between different HAdV species.
210-213

 In our 
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cohort, cidofovir treatment failures were observed both in patients with HAdV species A as well 

as species C. Whereas cidofovir resistant HAdV strains have been generated in vitro,
227

 no 

resistance was reported in clinical HAdV isolates from cidofovir treated HSCT recipients.
210-213

 

Possibly, inter-patient variations in cidofovir pharmacokinetics may have contributed to failure of 

cidofovir treatment as well. In view of the nephrotoxicity of cidofovir,
53-56

 the observed treatment 

failures emphasize the need for new and less toxic pharmacological interventions like 

brincidofovir (CMX001), the orally bioavailable lipid conjugate of cidofovir 
61

 as well as adoptive 

immunotherapy based interventions 
205;209

 for patients with a delayed T cell reconstitution. 

The sensitive PCR methods used for the virological monitoring post HSCT carry the risk of 

overtreatment which might lead to avoidable toxicity.
224;228

 Longitudinal monitoring of 

lymphocyte reconstitution can identify patients with better odds on a favorable outcome of HAdV 

viremia. Indeed, the presence of even a low number of T cells (≥50 cells/µl) in patients without 

steroid treatment was associated with a rapid HAdV load reduction. The frequent monitoring of T 

cell reconstitution can be a valuable tool to prevent the unnecessary installment or continuation of 

cidofovir treatment. A comparable approach has already been applied successfully in the 

management of cytomegalovirus and Epstein-Barr virus infections post HSCT.
39;229

  

Altogether, a subgroup of patients with HAdV viremia post HSCT might benefit from cidofovir 

treatment through a stabilization of the HAdV load pending lymphocyte reconstitution. 

Nevertheless, T cell reconstitution remains essential for viral clearance. For clinical decision 

making, the combined monitoring of plasma HAdV DNA levels and lymphocyte reconstitution 

provides an objective tool for the guidance of personalized antiviral treatment and to prevent the 

unnecessary exposure to cidofovir.  
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Table 4.2 (previous page). Details of human adenovirus viremia, cidofovir treatment, lymphocyte 

reconstitution and HAdV load dynamics.  

Treatments are ordered based on T cell reconstitution and HAdV load change. Abbreviations: UPN: Unique 

Patient Number, decimal: 1st, 2nd or 3th HSCT, letter: 1st (a) or 2nd (b): cidofovir treatment episode. HAdV: 

Human Adenovirus, n.a.: not applicable, ? : not analyzed, CDV: cidofovir. 1Days after hematopoietic stem cell 

transplantation (HSCT). 2Plasma HAdV DNA levels in log copies/ml. 3Days from start cidofovir treatment. 4T cell 

numbers in peripheral blood ≥50 cells/µl within 14 days after treatment initiation. 5 ≥5 fold expansion of NK cell 

number in peripheral blood. 6Prednisone ≥1 mg/kg body weight during cidofovir treatment.  7Reduction (↓) / 

Increase (↑): plasma HAdV DNA levels changed ≥1 log c/ml after initiation of cidofovir treatment. Stabilization 

(=): <1 log c/ml change of HAdV load. Clearance (c): plasma HAdV DNA levels below lower limit of detection at 2 

consecutive time points. 8Follow-up was stopped at 1 week after the last dose of cidofovir or 1 week before T cell 

numbers reached 50 cells/µl. 
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Supplemental Data 

 

Supplemental Methods 

Patient inclusion  

During post-transplant follow up, HAdV DNA was detected in plasma at least once in 111 out of 

363 transplantations (31%) and the HAdV load reached 3 log c/ml at two consecutive time points 

after 40 transplantations (11%, disseminated HAdV viremia). In general, cidofovir was initiated 

when the HAdV load reached 3 log c/ml at two consecutive time points.
41

 Patients treated with 

cidofovir after two different HSCT procedures (n=2, UPN 515 and 648) were regarded as separate 

HSCT recipients. Of 40 patients with a disseminated HAdV viremia, five were not treated 

because of a palliative setting (n=3) or a stable HAdV load (n=2).  

Thirty-two out of 35 cidofovir treated disseminated HAdV viremias were evaluable: one patient 

died of pre-existent neurodegenerative disease within the first two weeks of treatment and from 

two patients, no follow up of HAdV load was available. Additionally, in 4 patients, cidofovir was 

initiated for HAdV viremia with a HAdV load <3 log c/ml, adding up to 36 patients. Six patients 

received two separate cidofovir treatment episodes for the same HAdV viremia and were 

analyzed twice. Cidofovir treatment was discontinued for at least 2 weeks between two treatment 

episodes. In total, 42 cidofovir treatment episodes were analyzed (Table 4.2 and S1). 

Flow cytometry 

Peripheral blood mononuclear cells (PBMC) were separated using ficoll-isopaque density 

gradient centrifugation (LUMC Pharmacy, Leiden, NL), washed twice and resuspended in RPMI 

cell culture medium (PAA Laboratories, Pasching, AT), supplemented with Human Serum 

Albumin (HSA, 0.8 mg/ml, Sanquin, Amsterdam, NL) and penicillin/streptomycin (P/S, 100 U/ml 

and 100 μg/ml, Lonza, Verviers, BE). Red cell lysis buffer (LUMC Pharmacy) was added to the 

cells and after 10 minutes incubation at room temperature, PBMC were washed and resuspended 

in FACS buffer (Phosphate Buffered Saline (Braun, Melsungen, GE) containing 10 mg/ml Bovine 

Serum Albumin (Sigma-Aldrich, St. Louis, MO, US) and 3 mM Ethylenediaminetetraacetic Acid 

(Merck, Darmstadt, GE). Cells were stained for 30 minutes at 4°C with the antibodies listed in 

Table 4.S3 at their optimal concentration. Four-color flow cytometry was performed on a BD 

FACS Calibur II flow cytometer (Becton Dickinson Biosciences (BD), Franklin Lakes, NJ, US) 

and data were analyzed using BD Cellquest software.   
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Table 4.S1.  Patient characteristics  

Abbreviations: UPN: Unique Patient Number, decimal: 1st, 2nd or 3th transplantation M: Male, F: Female. ALL: 

Acute Lymphoid Leukemia, AML: Acute Myeloid Leukemia, β-Thalass.: β-Thalassemia major, BMF: Bone 

Marrow Failure, CID: Combined Immunodeficiency, DKC: Dyskeratosis Congenita, FA: Fanconi Anemia, HLH: 

Hemophagocytic Lymphohystiocytosis, JMML: Juvenile Myelomonocytic Leukemia, LAD-1/Var.: Leukocyte 

Adhesion Deficiency 1 / Variant,  MDS: Myelodysplastic Syndrome, OS: Omenn Syndrome, SAA: Severe 

Aplastic Anemia, SCID: Severe Combined Immunodeficiency, WAS: Wiskott-Aldrich Syndrome. HSCT: 

Hematopoietic Stem Cell Transplantation, MUD: Matched Unrelated Donor, IRD: Identical Related Donor, ORD: 

Other Related Donor, BM: Bone marrow, CB: Cord blood, PBSC: Peripheral Blood Stem Cells, TCD: T cell 

depletion of the graft. RIC: Reduced Intensity Conditioning, MA: Myeloablative conditioning. ATG: Anti-

Thymocyte Globulin, CSA: Cyclosporin A, MMF: Mycophenolate Mofetil, MTX: Methotrexate, Pred: Prednisone, 

aGvHD: acute Graft-versus-Host-Disease. 

  

Patient Characteristics HSCT characteristics 

UPN 

Age 

(year) Sex 

HSCT 

indication 

Donor 

Type 

Graft 

Source 

Graft 

Manip. 

Condi-

tioning Serotherapy 

aGVHD 

prophylaxis aGvHD 

Cidofovir 

treatments 

514.3 13.7 M SAA IRD BM - RIC Alemtuzumab CSA/MTX - 1 

515.1 3.6 M WAS MUD PBSC TCD RIC Alemtuzumab CSA - 1 

515.2 4.5 M WAS MUD PBSC - RIC Alemtuzumab CSA/MTX - 1 

543.1 4.7 F AML MUD PBSC TCD MA Alemtuzumab CSA/MTX - 2 

545.1 2.3 M JMML MUD BM - MA ATG CSA/MTX - 2 

549.1 1.2 F MDS MUD BM TCD MA ATG CSA - 1 

551.1 17.8 M ALL ORD PBSC TCD MA Alemtuzumab - - 1 

554.2 10.6 F ALL MUD BM - MA ATG CSA/MTX - 1 

555.1 0.5 M SCID-OS ORD BM - RIC Alemtuzumab CSA/MTX - 1 

558.1 13.2 M β-Thalass. MUD BM - MA Alemtuzumab CSA/MTX - 1 

560.1 7.6 M FA MUD CB - MA Alemtuzumab CSA/Pred - 1 

586.1 15.1 M AML MUD BM - MA ATG CSA/MTX Grade II 1 

587.1 13.2 F LAD-1/var. MUD PBSC - RIC Alemtuzumab CSA/MMF - 1 

594.1 1.7 M WAS MUD CB - MA ATG CSA/Pred - 2 

597.1 1.3 F JMML MUD CB - MA ATG CSA/Pred Grade III 1 

600.1 6.3 F AML MUD CB - MA ATG CSA/Pred - 2 

613.1 4.1 F MDS MUD CB - MA ATG CSA/Pred Grade III 1 

616.1 3.4 M β-Thalass. ORD PBSC TCD MA Alemtuzumab CSA - 1 

625.2 2.2 F β-Thalass. IRD BM - MA ATG CSA/MTX - 1 

634.1 16.6 F β-Thalass. ORD PBSC TCD MA Alemtuzumab CSA/MMF - 1 

648.1 1.9 M HLH MUD CB - MA ATG CSA/Pred - 1 

648.2 2.4 M HLH ORD PBSC TCD MA ATG - - 1 

671.1 10.2 F CID MUD CB - MA ATG CSA/Pred Grade III 1 

681.1 3.5 F β-Thalass. MUD BM - MA ATG CSA/MTX - 2 

686.2 7.3 M AML ORD PBSC TCD MA ATG - - 1 

697.1 3.1 M AML MUD BM - MA ATG CSA/MTX - 1 

719.1 2.1 M ALL MUD BM - MA ATG CSA/MTX - 1 

721.1 4.4 M SAA/DKC MUD CB - MA ATG CSA/Pred - 1 

732.1 3.9 M β-Thalass. MUD BM - MA ATG CSA/MTX Grade II 1 

787.1 4.5 M ALL MUD CB - MA ATG CSA/Pred - 2 

799.1 8.1 F SAA ORD PBSC TCD MA Alemtuzumab - - 1 

804.1 1.1 M β-Thalass. MUD BM - MA ATG CSA/MTX - 1 

808.1 17.8 M MDS MUD BM - MA Alemtuzumab CSA/MTX - 1 

816.1 7.6 M AML MUD BM - MA ATG CSA/MTX - 1 

817.1 14.7 M AML MUD BM - MA ATG CSA/MTX - 1 

823.1 7.3 F BMF MUD BM - RIC ATG CSA/MTX - 1 
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Table 4.S2. Patient characteristics of treatments with <50 and ≥ 50 T cells/ µl 14 days after start cidofovir  

Abbreviations: HAdV: human adenovirus, HSCT: hematopoietic stem cell transplantation, PBSC: peripheral 

blood stem cells, GvHD: graft-versus-host disease, MMF: mycophenolate mofetil, HAdV/MOF: HAdV related 

multi-organ failure. HAdV load: plasma HAdV DNA level. 1: day post HSCT. Categorical data: number 

(percentage). Numerical data: median (range). p-values: Pearson’s Chi Square test (categorical data) or Mann-

Whitney U test (numerical data) comparing the two groups. 

 

 

 

 

 

  

    T cells < 50 (n=20)          T cells ≥ 50 (n=22)  

  n / median % / range n / median % / range p- value 

Age (year)  4.3 0.5 -   18 4.5 1.1 -   17 0.55 
       HSCT indication Primary Immunodeficiency 2 10% 7 32% 0.18 

 Benign Hematological Disorder 8 40% 5 23%  

 Hematological Malignancy 10 50% 10 46%  

Conditioning  Reduced Intensity 2 10% 4 

2 

18% 0.45 

 Myeloablative 18 90% 18 82%  

Donor Type Identical Related Donor 2 10% 0 0% 0.26 

 Other Related Donor 5 25% 2 9%  

 Matched Unrelated Donor 13 65% 20 91%  

Graft Source Bone Marrow, T cell replete 9 45% 9 41% 0.26 

 Bone Marrow, T cell depleted 1 5% 0 0%  

 PBSC, T cell replete 0 0% 2 9%  

 PBSC, T cell depleted 6 30% 3 14%  

 Cord Blood 4 20% 8 36%  

Serotherapy Anti-thymocyte globulin 11 55% 17 77% 0.13 

 Alemtuzumab 9 45% 5 23%  

GvHD prophylaxis None 3 15% 1 5% 0.33 

 CyclosporinA 2 10% 1 5%  

 CyclosporinA + Methotrexate 11 55% 10 46%  

 CyclosporinA + Methylprednisolone 4 20% 8 36%  

 CyclosporinA + MMF 0 0% 2 9%  
      0.80 Acute Graft versus Host Disease ≥ grade II 1 5% 4 18% 0.19 

Cidofovir treatment First episode 18 90% 18 82% 0.45 

 Second  episode 2 10% 4 18%  

First day HAdV load >1.7 log c/mL1 (n=36 1st episodes) 20 5 -   70 19 3 -   96 0.73 

First day HAdV load 2x>3 log c/mL1 (n=36 1st episodes) 30 8 -   75 23 10 -  117 0.84 

First day of first cidofovir treatment1 (n=36 1st episodes) 30 7 -   78 23 8 -   121 0.61 

Day start cidofovir1 

 

31 7 -   78 32 8 -  214 0.71 

HAdV load at start (Log c / mL) 

 

3.9 2.1 - 5.9 4.2 1.7 -  6.5 0.72 

Peak HAdV load in period day -7 to +14 from start treatment 4.6 2.7 - 6.8 4.7 2.4 -  6.9 0.68 

Treatment duration (days) 

 

24 7 -   64 15 1 -    99 0.78 
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Table 4.S3. Antibodies used for flowcytometry  

FITC: Fluorescein isothiocyanate, PE: phycoerythrin, PERCP: Peridinin chlorophyll, Cy: Cyanine, APC: 

Allophycocyanin, BD:  Becton Dickinson Biosciences, Franklin Lakes, NJ, US, BC: Beckman Coulter, Brea, CA, 

US,   

 
Type Antibody Fluorochrome Clone Supplier 

Lymphocyte gate CD45 FITC 2D1 BD 

 CD14 PE MOP9 BD 

 CD33 PE P67.6 BD 

 CD235a PE 11E4B-7-6 BC 

Lymphocyte subsets CD3 PerCP-Cy5.5 SK7 BD 

 CD19 APC J4.119 BC 

 CD56 APC N901 BC 
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Figure 4.S1. HAdV load dynamics in 6 patients who received two cidofovir treatment episodes. 

Plasma human adenovirus DNA levels (HAdV load, bold lines, right Y-axis) are plotted as a function of time post 

HSCT (days, X-axis). T cell numbers (interrupted lines) and NK cell numbers (solid lines) are plotted on the left 

Y-axis. Gray shaded area: Cidofovir treatment episodes. Abbreviations: UPN: Unique Patient Number, decimal: 

1st, 2nd or 3th transplantation M: Male, F: Female. Yr: Year. ALL: Acute Lymphoid Leukemia, AML: Acute 

Myeloid Leukemia, β-Thalass.: β-Thalassemia major, JMML: Juvenile Myelomonocytic Leukemia, WAS: Wiskott-

Aldrich Syndrome. MUD: Matched Unrelated Donor, BM: Bone marrow, CB: Cord blood, PBSC: Peripheral 

Blood Stem Cells, TCD: T cell depletion of the graft. ATG: Anti-Thymocyte Globulin, DLI: donor lymphocyte 

infusion. N.A.: not available.  
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Abstract 

Early after hematopoietic stem cell transplantation, NK cells are temporary susceptible to 

cryopreservation-induced phenotypic changes. This emphasizes the importance to validate 

flowcytometric results with fresh PBMC samples to become aware of potential situation-

specific cryopreservation-induced phenotypic changes.  
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To the editor: 

Natural Killer (NK) cells can contribute to the control of different viruses.
218;219

 Recently, Azzi 

and colleagues described the role of early-differentiated NK cells in Epstein-Barr virus driven 

infectious mononucleosis (IM).
121

 Besides the conventional CD56
bright

CD16
+/- 

and
 
CD56

dim
CD16

+
 

NK cell populations, a phenotypically distinct CD56
dim

CD16
-
 NK cell population was transiently 

observed during acute IM.  

We have also observed this CD56
dim

CD16
-
 NK cell phenotype in cryopreserved PBMC from 

hematopoietic stem cell transplantation (HSCT) recipients, especially early after transplantation. 

However, only the conventional CD56
bright

CD16
+/- 

and
 
CD56

dim
CD16

+ 
NK cells were detected in 

freshly analyzed PBMC, indicating that the CD56
dim

CD16
- 

phenotype is induced by 

cryopreservation (Figure 5.1A). 

Blood samples were obtained from 9 pediatric HSCT recipients and 4 healthy donors after written 

informed consent and approval by the institutional review board (protocol P02.099). PBMC were 

isolated using ficoll-isopaque separation within 6h after blood withdrawal and analyzed by 

flowcytometry. The remainder of cells was cryopreserved in liquid nitrogen, thawed and 

reanalyzed. NK cells were defined as CD19
-
CD3

-
CD7

+
CD56

+
/16

+/-
 cells within the live (DAPI

-
) 

CD45
+
 CD14

-
CD33

-
CD235a

- 
lymphocyte gate.

230
 

In fresh PBMC, CD56
dim

CD16
- 
cells constituted <3% of NK cells, mainly caused by overspill 

from CD56
bright

CD16
+/- 

or CD56
dim

CD16
+
 NK cells.

105;231
 In contrast, CD56

dim
CD16

- 
cells 

represented a larger and distinct population in cryopreserved PBMC (Figure 5.1 A-B). These cells 

accounted for 17-36% of cryopreserved NK cells at 3 weeks after HSCT (fresh vs. cryopreserved: 

p<0.001, paired t-test), rapidly decreasing in the weeks thereafter (Figure 5.1 C-D). This 

CD56
dim

CD16
- 

NK cell population was identified with various monoclonal antibodies (CD56-

clones N901/HCD56; CD16-clones 3G8/B73.1). Interestingly, the cryopreservation-induced 

CD56
dim

CD16
- 

population was also enlarged when healthy donor blood was stored for 24h at 

room temperature before PBMC were isolated (Figure 5.1E), suggesting a relationship with the 

vitality of PBMC prior to cryopreservation.
232;233

 

We hypothesized that the cryopreservation induced CD56
dim

CD16
- 

NK cells originated from 

either CD56
bright

CD16
+/- 

or
 
CD56

dim
CD16

+
 NK cells as a consequence of reduced CD56 or CD16 

expression, respectively. At three weeks after HSCT, predominantly the largest CD56
bright

CD16
+/- 

NK cell population was decreased after cryopreservation (mean 67 to 46% of NK cells, p=0.002), 

coinciding with the appearance of the CD56
dim

CD16
- 
phenotype. One week later, both a reduction 

of CD56
bright

CD16
+/-

 (45 to 36%, p=0.01) and CD56
dim

CD16
+
 (54 to 41%, p=0.01) NK cells was 

observed. At one year after HSCT and in healthy donors, CD56
dim

CD16
+ 

NK cells formed the 

majority of NK cells and mainly this phenotype was reduced after cryopreservation (Figure 5.1 C-

E). Thus, depending on time after HSCT, both CD56
bright

CD16
+/- 

and
 
CD56

dim
CD16

+
 NK cells 

could contribute to the CD56
bright

CD16
+/- 

phenotype.  

A skewing towards the early-differentiated NKG2A
+
KIR

- 
NK cell phenotype is observed early 

after HSCT as well as during acute IM
121;126

, raising the possibility that these cells might be 

particularly sensitive to cryopreservation. However, the presence of NKG2A
+
KIR

-
 NK cells and 

occurrence of CD56
dim

CD16
- 
NK cells showed different kinetics (Figure 5.1 F-G). In multivariate 
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Figure 5.1. CD56dimCD16- NK cell phenotype can be induced by cryopreservation. 

(A-B) Representative FACS plots of fresh and cryopreserved NK cells from hematopoietic stem cell 

transplantation (HSCT) recipients at 4 weeks after transplantation (A) and healthy donors (B).  

(C-D) Longitudinal NK cell reconstitution in 9 HSCT recipients based on the paired evaluation of fresh (C) and 

cryopreserved (D) PBMC. Shown is the contribution (mean +/- SEM) of CD56brightCD16+/- (light gray), 

CD56dimCD16+ (dark gray) and CD56dimCD16- cells (black) to the NK cell compartment. 

(E) Evaluation of fresh (left) and cryopreserved (right) NK cells after direct (<6h) or delayed (24h) separation of 

PBMC from EDTA blood. Shown is the mean +- SEM of 4 healthy donors. 

(F-G) Contribution of early-differentiated NKG2A+KIR- NK cells (F) and cryopreservation-induced CD56dimCD16- 

NK cells (G) to the total NK cell population, expressed as a function of time after HSCT. (H) Differentiation of NK 

cells based on the expression of NKG2A and KIRs on NK cells in fresh (F) and cryopreserved (C) PBMC. Shown 

is the percentage of NKG2A+KIR- (light gray), NKG2A+KIR+ (white), NKG2A-KIR+ (dark gray) and NKG2A-KIR+ 

(black) NK cells divided over the CD56brightCD16+/- and CD56dimCD16+ NK cell phenotypes. Bars represent mean 

+/- SEM of 4 healthy donors or 2 HSCT recipients at 4 weeks after transplantation. 

 

 

analysis, the percentage of CD56
dim

CD16
- 
cells was only correlated with  time after HSCT and not 

to the percentage of NKG2A
+
KIR

-
 cells (p<0.0001 vs. p=0.35, linear regression on log-

transformed data). Importantly, no significant differences were observed between the 

NKG2A/KIR phenotype of CD56
dim

CD16
+
 and CD56

bright
CD16

+/-
 NK cells when analyzed before 

and after cryopreservation (Figure 5.1H).  
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Altogether, NK cells are temporarily more sensitive to cryopreservation-induced phenotype 

changes in the first weeks after HSCT. This might relate to the CD56
dim

CD16
-
 NK cell phenotype 

which was transiently observed during the acute phase of IM.
121

 Both during acute IM and early 

after HSCT, CD56
dim

CD16
- 
NK cells are observed under inflammatory conditions. This raises the 

possibility that cryopreservation-induced phenotypic changes are related to activation-associated 

cellular mechanisms. 

Clinical situations like the absence of T cells after HSCT or viral infections provide unique 

opportunities to study human NK cell biology.  It should be taken into account that under such 

circumstances, NK cells may be transiently susceptible to cryopreservation-induced phenotype 

changes. Since the CD56
dim

CD16
-
 NK cells can originate from both conventional NK cell 

populations, we recommend to assess the cryopreservation-induced CD56
dim

CD16
-
 NK cells 

separately to avoid phenotype-skewing of the conventional populations. Our data emphasize the 

importance to validate flowcytometric results with fresh PBMC samples to become aware of 

potential cryopreservation-induced phenotypic changes. 
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Gating strategy 

FACS-data were acquired on a Becton Dickinson (BD) LSRII flow cytometer and analyzed using Beckman Coulter 

(BC) Kaluza software.   

Gating strategy (Figure 5.1 A-E, G): Forward scatter vs. DAPI-(Sigma-Aldrich): live CD45+(FITC, clone 2D1, 

BD) vs. CD14-(PE, MOP9, BD) & CD33-(PE, P67.6, BD) & CD235a-(PE, KC16, BC) CD19-(APC, J4.119, BC) 

 CD3-(BrilliantViolet421, UCHT1, BD) vs. CD7+(Alexa700, M-T701, BD) CD56(PE-Texas Red, N901, BC) vs. 

CD16(BV711, 3G8, BD).  

Gating strategy (Figure 5.1 F & H): Forward scatter vs DAPI-(Sigma-Aldrich): live CD14-(APC, MOP9, BD) & 

CD19- (APC, J4.119, BC)  CD3-(BrilliantViolet421, UCHT1, BD) vs. CD7+(Alexa700, M-T701, BD) 

CD56(PE-Texas Red, N901, BC) vs. CD16(BV711, 3G8, BD) NKG2A (PE-Cy7, Z199, BC) vs. KIR (PE, 

combination of CD158e + a/h + i + b/j (DX9, BD + EB6, BC + FES172, BC + GL183, BC)). 
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Abstract 

We describe a compensatory expansion of activated cytotoxic CD56
bright 

NK cells during T-cell 

deficiency after hematopoietic stem cell transplantation. This mimics the situation in severe 

inborn T-cell deficiencies and unmasks the functional and phenotypic versatility of NK cells. 
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To the editor: 

Cytokine-producing, non-cytotoxic CD56
bright

CD16
+/-

 (CD56
bright

) NK cells constitute a minor 

population of NK cells in blood of healthy individuals.
87;95;97

 Both early after hematopoietic stem 

cell transplantation (HSCT) and in patients with severe inborn T-cell deficiencies, NK cells are 

skewed towards the CD56
bright

 NK cell phenotype.
126;127;216;234

 These clinical situations are marked 

by the absence of T-cells. The role of NK cells in immunity may normally be overshadowed by 

the presence of T cells. Therefore, transient T-cell deficiency after HSCT provides an opportunity 

to unveil compensatory adaptations in the CD56
bright

 NK cell compartment.  

We evaluated the reconstitution of T and NK cells in ninety-three pediatric acute leukemia 

patients who received an HSCT from a matched-unrelated donor (MUD) or HLA-identical related 

donor (IRD). See Supplemental Data for methods and cohort description. Delayed T-cell 

reconstitution was defined as <100 T-cells/μl at four weeks after HSCT and occurred in 33 

patients (35%). In patients with a delayed T-cell reconstitution, CD56
bright 

NK cells expanded to 

high numbers, reaching median 320 cells/μl (range 5-1255) at four weeks after HSCT. In contrast, 

 

 

Figure 6.1. Expansion of CD56bright NK cells in patients with delayed T-cell reconstitution. 

(A-C) Reconstitution of T-cells (A), CD56bright (B) and CD56dim NK cells (C) in 93 HSCT recipients. Each row 

represents a patient. Patients were sorted by T-cell reconstitution. HD values are shown in legend.  

(D) Side bars displaying donor type, graft source, graft versus host (GvHD) prophylaxis and active (T-cell 

binding) ATG concentration. Abbreviations: PBSC: peripheral blood stem cells, BM: bone marrow, CSA: 

cyclosporin A, MTX: methotrexate, MMF: mycophenolate mofetil, AU: arbitrary units. 
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this strong expansion of CD56
bright

 NK cells was only observed in a minority of patients with a 

rapid T-cell reconstitution (Figure 6.1B and Figure 6.S1A). CD56
bright

 NK cell numbers remained 

high until T-cell reconstitution occurred, as demonstrated by inverse log-linear correlation 

between T-cell numbers and CD56
bright

 NK cell numbers at 4, 8, 12 and 16 weeks after HSCT 

(Figure 6.1A-B and Figure 6.S1B). The skewing towards CD56
bright 

NK cells after HSCT is often 

used to support the hypothesis that CD56
bright

 NK cells are the precursors of CD56
dim 

NK cells. 

However, recovery of CD56
dim

 NK cells after HSCT was independent of T-cell reconstitution 

(Figure 6.1C and Figure 6.S1A,C), arguing  against a sequential reconstitution of CD56
bright 

and 

CD56
dim

 NK cells.  

We compared patients with >300 CD56
bright

 NK cells/μl in the first 3-6 weeks after HSCT (n=38) 

to those without CD56
bright 

NK cell expansion (<300 CD56
bright

 NK cells/μl, n=55) to study the 

correlation with various other HSCT parameters. In multivariate analysis, CD56
bright 

NK cell 

expansion was only correlated with the use of anti-thymocyte globulin (ATG) serotherapy 

(overlapping with MUD donors, p<0.001) and the absence of T-cells at four weeks after 

transplantation (p=0.002, Table 6.S1). Because ATG serotherapy leads to delayed T-cell 

reconstitution
30;33

, we conclude that delayed T-cell reconstitution represents the main determinant 

of the expansion of CD56
bright

 NK cells.  

Next, we measured the longitudinal expression of 34 chemokine-receptors, adhesion-molecules 

and NK cell markers on CD56
bright

 NK cells from HSCT recipients (n=20) and healthy donors 

(HD, n=16). t-SNE analysis visualizing these phenotypic data revealed that CD56
bright

 NK cells at 

3-4 weeks after HSCT differed from CD56
bright

 NK cells in steady state conditions (Figure 6.2A-

B). Post-transplant CD56
bright

 NK cells had a significantly increased expression of inflammatory 

chemokine-receptors (CCR2, CCR5 and CX3CR1) and the skin-specific cutaneous lymphocyte 

antigen (CLA, Figure 6.2B and Figure 6.S2). CLA and CX3CR1 were transiently expressed, 

while other receptors remained high for weeks (CCR5) or months (CCR2). This suggests specific 

regulation of individual chemokine-receptor expression rather than a general activation of NK 

cells. Interestingly, post-transplant CD56
bright

 NK cells had a reduced expression of the 

chemokine-receptors CCR7 and CXCR3, indicating reduced homing to  

lymphoid organs (Figure 6.2B). Together, these data emphasize that post-transplant CD56
bright

 NK 

cells have adopted the phenotype of effector cells. 

Post-transplant CD56
bright

 NK cells lacked the early differentiation markers CD127 and CD27. A 

proportion of these cells expressed KIRs and CD57, late differentiation markers normally only 

expressed by CD56
dim

 NK cells. This suggests that post-transplant CD56
bright

 NK cells are more 

differentiated than HD CD56
bright

 NK cells, although the expression of these markers can also be 

affected by in vitro activation.
97;127

  

Conventional CD56
bright

 NK cells are abundant cytokine producers but do not express granzyme B 

at rest, requiring pre-activation to obtain cytolytic potential.
87;95

 The IFN-γ and TNF-α production 

and perforin expression of NK cells early after HSCT was comparable to healthy donors (Figure 

6.2C and E3).
126;127

 However, post-transplant CD56
bright

 NK cells expressed granzyme B at rest 

(94 vs 15% (HD), p=0.002, Figure 6.2D). Accordingly, they were cytotoxic without pre-

activation. Their cytotoxicity was comparable to NK cells from three or more months after HSCT 

and healthy donors, both containing predominantly CD56
dim

 NK cells (Figure 6.2E). 
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Figure 6.2. Phenotype and function of CD56bright NK cells after HSCT 

(A-B) t-SNE analysis of the expression of 34 cell-surface markers on CD56bright NK cells in 134 samples from 20 

HSCT recipients and 16 HD. Distance between dots indicates the difference in phenotype. Plots are colored by 

time after HSCT (A) and marker-expression (B). Range: percentage or fluorescence-intensity (FI). For gating 

strategy and non-depicted markers: see Supplemental Data. 

(C-D) Intracellular expression of granzyme B and perforin in NK cells at 4, 12 and 52 weeks after HSCT (n=3) 

and HD (n=3). Bars: mean +/- SEM.  

(E-F) Cytotoxicity of: (E) unmanipulated PBMC 3 and 10 weeks after HSCT and HD (Week 3: >95% CD56bright). 

(F) Resting and overnight IL15-activated FACS-purified HD NK cells. Representative graphs of three (E) and two 

(F) experiments. 

In contrast, purified HD CD56
bright 

NK cells were only cytotoxic after overnight activation with 

IL15 (Figure 6.2F). Together, the functional profile of post-transplant CD56
bright

 NK cells 

corresponds with that of conventional, cytokine secreting CD56
bright 

NK cells that have acquired 

cytolytic potential, most likely as result of in vivo activation.  

Various studies have highlighted the inferior outcome of patients with a delayed T-cell 

reconstitution after ATG serotherapy.
30;33

 In subgroup analysis, transplant-related mortality, 

leukemia-relapse and overall-survival were comparable between patients with rapid T-cell 

reconstitution (n=60) and patients with a delayed T-cell reconstitution but with CD56
bright

 NK cell 

expansion (n=26, Table 6.S2). Only patients lacking both rapid T-cell reconstitution and 

CD56
bright

 NK cells expansion (n=7) had a high mortality. This suggests that NK cells may be able 

to bridge the T-cell deficient period after HSCT. 
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The expansion of activated CD56
bright 

NK cells with increased effector characteristics in the 

setting of T-cell deficiency could be elicited by infectious or non-infectious inflammatory 

triggers. In view of the role of NK cells in antiviral immunity, it is possible that the expansion of 

CD56
bright

 NK cells is driven by viral infections which frequently occur in the T-cell deficient 

period after HSCT.  

Our data are in line with the reported observations in patients with severe inborn or acquired T-

cell deficiencies. In patients with RAG and ARTEMIS deficiencies, an increased proportion of 

NK cells had the CD56
bright 

phenotype, and these cells degranulated strongly upon coculture with 

K562.
235

 In HIV patients, an inverse correlation between CD4
+
 T-cell numbers and CD56

bright
 NK 

cells was observed. These cells also had a reduced expression of CCR7 and an increased 

expression of granzyme B.
236

  

Together with the changes in the NK cell compartment in other T-cell deficient situations, our 

data demonstrate that CD56
bright

 NK cells form a versatile cell population which can expand and 

acquire additional effector functions in the absence of T-cells. The reactive changes in the NK cell 

compartment may represent a compensatory response of NK cells to inflammatory or infectious 

triggers when T-cells are not present to exert their function. The setting of T-cell deficiency 

provides a unique opportunity to further study the biology of human NK cells and their role in 

human disease.   
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Supplemental data 

 

 

Supplemental Methods 

Patients, blood samples and ethics statement  

Between 1-1-2005 and 31-12-2014, 99 pediatric acute lymphoblastic leukemia (ALL) or acute 

myeloid leukemia (AML) patients received a bone marrow (BM) or peripheral blood stem cell 

(PBSC) graft from an identical related (IRD) or matched unrelated donor (MUD) after 

myeloablative conditioning in the Leiden University Medical Center. Only patients who received 

anti-thymocyte globulin (ATG, Thymoglobulin, Genzyme, Cambridge, MA, USA) or no 

serotherapy were evaluated (n=94). Patients were only included after their first transplantation. 

One patient who died within one week after HSCT was excluded, resulting in a cohort of 93 

patients. Patients received a graft from a matched-unrelated donor (MUD, n=60) or HLA-identical 

related donor (IRD, n=33). MUD transplantation was always combined with ATG serotherapy. 15 

patients received a peripheral blood stem cell graft graft, the remaining 78 patients received a BM 

graft. The median age was 9.2 years (range 0.8-17.8). 

All transplantations were performed according to national protocols and in line with the 

recommendations of the European group for Blood and Marrow Transplantation. Peripheral blood 

samples taken at 3, 4, 6, 8, 12, 16, 26, 52 and 104 weeks after HSCT were evaluated. Follow up 

ended earlier when leukemia relapsed (n=20) or the patient died (n=10). Blood samples were 

freshly analyzed. In addition, blood samples were cryopreserved and used for phenotypic and 

functional analyses with approval of the institutional review board (protocol P01.028). Informed 

consent was obtained from all patients and/or their parents or legal guardians. 

Monitoring of immune reconstitution 

To monitor immune reconstitution, peripheral blood white blood cell counts including full 

leukocyte differentiation were performed weekly. Freshly isolated peripheral blood mononuclear 

cells (PBMC) were analyzed by flow cytometry to determine the size of different lymphocyte 

populations and subsets. PBMC were separated from EDTA blood using ficoll-isopaque density 

gradient centrifugation (LUMC Pharmacy, Leiden, NL) and stained with antibodies as listed in 

Table 6.S3. Four-color flow cytometry was performed on a BD FACS Calibur II flow cytometer 

(Becton Dickinson Biosciences (BD), Franklin Lakes, NJ, US) and data were analyzed using BD 

Cellquest software. Lymphocytes were defined as CD45
+ 

CD33/CD235a/CD14
-
 cells within the 

forward / sideward scatter lymphocyte gate. T cells and NK cells were defined as CD3
+ 

cells and 

CD3
-
CD56

+
 cells in the lymphocyte population, respectively. In a separate tube, CD56

bright
CD16

+/-
 

and CD56
dim

CD16
+
 NK cells were gated within the CD3

-
CD14

-
 lymphocyte gate (Figure 6.S4 A-

B). 
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Multicolor flowcytometry  

The expression of 42 cell surface markers (17 chemokine receptors, 10 adhesion molecules and 

15 NK cell markers) was measured on CD56
bright

 and CD56
dim

 NK cells in a subgroup of 20 

HSCT recipients and 16 healthy donors. For this, patients were selected that did not receive 

prednisolone. Cryopreserved PBMC were thawed and subjected to a three step staining procedure 

after 1h recovery at 37°C / 5% CO2 in AIM-V medium (Life Technologies) with 10% fetal calf 

serum (FCS, GE Hyclone, Logan, UT, US). All antibodies used are listed in Table 6.S3. PBMC 

were first incubated with unconjugated antibodies, washed twice and stained with fluorochrome-

labeled secondary antibodies. For the third step, PMNC were stained with directly labeled 

antibodies in the presence of normal mouse serum (5% (v/v), Seralab, London, UK). Prior to 

analysis, DAPI (25 ng/ml, Sigma-Aldrich) was added.  

Data were acquired on a LSR II flow cytometer (Becton Dickinson (BD), Franklin Lakes, NJ, US) 

using FACS Diva Software (v6.1, BD). Data were acquired on different days, but with the same 

instrument settings. For each experiment, spectral overlap was compensated based on single 

stained cells. All samples from an individual patient were measured in a single experiment. The 

cell surface marker panel was validated for the use on cryopreserved cells by the comparison 

between fresh and cryopreserved PBMC from four healthy donors and two HSCT recipients at 

one month after HSCT. We excluded CD56
dim

CD16
-
 NK cells from further phenotypic 

characterization as they constituted a separate population in cryopreserved but not in fresh 

PBMC.
237

 Also, CD49b was excluded from further analysis because the expression of this marker 

was significantly reduced on cryopreserved cells (data not shown). The other markers could be 

measured reliably on cryopreserved NK cells. 

The gating strategy is depicted in Figure 6.S4C. CD56
bright

CD16
+/-

 and CD56
dim

CD16
+
 NK cells 

were defined as living, non-doublet CD3
-
CD7

+
 lymphocytes expressing CD56 and/or CD16. Flow 

cytometric data were analyzed using Kaluza software (v1.3, Beckman Coulter, Brea, CA, US). 

For each NK cell population, the expression of the cell surface markers was calculated as follows: 

for cell surface markers with a bimodal expression, the percentage of positive cells minus isotype 

control was calculated; for markers with a continuous expression, the ratio of geomean 

fluorescence intensity of marker and isotype control (FI) was calculated. 

t-SNE analysis of cell surface receptor expression data 

We used t-distributed stochastic neighbor embedding (t-SNE) analysis to visualize the 

flowcytometry data.
238;239

 The population expression profile of 34 cell surface markers on 

CD56
bright 

NK cells from 134 blood samples of 20 patients and 16 healthy donors were combined 

in this t-SNE analysis. The following markers were included in the analysis: chemokine receptors 

CCR2, CCR5, CCR6, CCR7, CXCR1, CXCR2, CXCR3, CXCR4, CXCR6 and CX3CR1; 

adhesion molecules cutaneous lymphocyte antigen (CLA), Integrin β7 (ITGB7), CD11a, CD11b, 

CD31, CD44, CD49d, CD54 and CD162; NK cell receptors CD27, CD57, CD69, CD94, CD117, 

CD127, NKp30, NKp44, NKp46, NKp80, NKG2A, NKG2C, NKG2D, DNAM1 and pan-KIR 

mix. CD56 and CD16 were not included in the t-SNE analysis as these markers were used for the 

population definition. The cell surface markers CCR1, CCR3, CCR4, CCR8, CCR9, CCR10, 



 NK cells after HSCT  | 

 
105 

6 

CXCR5 and CD103 were not included in the t-SNE analysis because these receptors were neither 

expressed on CD56
bright 

nor on CD56
dim

 NK cells. For missing data, the average expression of the 

cell surface marker on the concerning NK cell subset at that time point was used. 

Population expression data (percentage or FI) for each marker were normalized on a scale from 0-

100, with each value expressed as a percentage of the range between the highest and the lowest 

value. Two-dimensional Barnes-Hut t-SNE analysis was performed.
240;241

 Plots show all 

individual samples and are based on the t-SNE field parameters V1 and V2. Because of the 

random effect in t-SNE analysis, 20 runs of t-SNE were performed, all resulting in comparable 

plots. Afterwards, dots were colored to highlight different time-points (Figure 6.1A). The relative 

expression of individual cell surface markers was plotted in separate dot plots (Figure 6.1B). To 

reduce the visual impact of outliers to the color-coding display, the very low (<p2.3) and very 

high (>p97.7) values for each cell surface marker were replaced by the p2.3 and p97.7 value after 

the t-SNE analysis but before the construction of plots of individual cell surface marker 

expression. 

In vitro assessment of cytotoxicity and cytokine production 

To assess the cytotoxic potential of post-transplant CD56
bright 

NK cells, PBMC from 3 patients 

with >95% CD56bright NK cells at 1 month after HSCT were used in a chromium release assay 

and compared with PBMC from 3 months after HSCT (with CD56
dim

 and CD56
bright 

NK cells) and 

with healthy donor PBMC. After thawing, cells were rested overnight in AIM-V medium with 

10% FCS in 96-well round bottom plates (Greiner Bio-One, Kremsmünster, Austria).and their 

cytotoxicity against K562 cells was evaluated in a 4h chromium release assay as previously 

described.
242

 The cytotoxicity of unselected NK cells from PBMC was compared to the 

cytotoxicity of purified healthy donor CD56
bright 

and CD56
dim

 NK cells. For this, CD56
bright

 and 

CD56
dim

 NK cells were purified by fluorescence activated cell sorting (FACS) from freshly 

isolated healthy donor PBMC as described previously,
243

 and rested overnight in the absence or 

presence of IL15 (10 ng/ml, Cellgenix, Freiburg, Germany). 

Cytokine production of post-transplant CD56
bright 

NK cells was evaluated in PBMC from three 

patients at 1, 3 and 12 months post HSCT and 2 healthy donors. 2-4x10
5 
PBMC were cultured in 

AIM-V medium with 10% FCS  for 16-18h. Cells were either unstimulated (medium) or 

stimulated with recombinant human IL12 (10 ng/ml, Peprotech, Rocky Hill, NJ, US), IL15 (10 

ng/ml), IL18 (20 ng/ml, MBL International, Woborn, MA, US) or combinations of these 

monokines. BD golgistop (1:1500, BD) was added during the last 4h of culture. Cells were 

harvested, stained for cell surface markers, fixed and permeabilized and stained for intracellular 

interferon-γ and tumor necrosis factor-α (IFN-γ & TNF-α, Table 6.S3) in a paraformaldehyde/ 

saponin based intracellular staining protocol as previously described.
244

  

Measurement of active ATG concentrations 

Patients receiving a stem cell graft from a MUD received ATG at a cumulative dose of 10 mg/kg 

body weight in 3-4 doses from day -5 to -1 pre-HSCT. Active ATG levels were routinely 

measured using quantitative flow cytometry assays as previously described.
33

 Active ATG was 
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defined as the fraction of the product capable of binding to the HUT-78 T cell line. In short, HUT 

cells were incubated with fourfold dilutions of patient serum, washed and incubated with Alexa 

Fluor 647 (A647) labeled goat anti-rabbit IgG (Life Technologies, Carlsbad, CA, USA). 

Subsequently, cells were washed and the FI for A647 was measured by flow cytometry on a BD 

FACS Calibur II flow cytometer. To construct a reference curve, HUT cells were incubated in 

25% pooled human serum supplemented with known amounts of ATG straight from the vial of 

the supplier. Active ATG was measured in arbitrary units (AU). Five mg/ml ATG was arbitrarily 

set at containing an active ATG concentration of 5000 AU/ml.
33

 

Data analysis and statistics 

Data were analyzed and figures were constructed in R (version 3.3.2, 64 bit; R Foundation, 

Vienna, Austria) and GraphPad Prism (Version 7.02, GraphPad Software, San Diego, CA, US). 

Data were pre-processed using the R package dplyr 
245

 Barnes-Hut t-SNE analysis was performed 

using the R package Rtsne.
240

 Heatmaps and dot plots were built using the R packages Heatmap3, 

ggplot2 and Rcolorbrewer.
246-248

 Linear regression analysis on log-transformed data was used to 

evaluate the correlation between T- and NK cell numbers. Univariate associations between HSCT 

characteristics and the hyperexpansion of CD56
bright

 NK cells after HSCT (>300 cells/ μl) were 

evaluated using logistic regression analysis. The Firth penalized likelihood bias-reduction method 

was applied for categorical variables with complete data separation using the R package logistf.
249

 

Parameters with p-values <0.10 in univariate analysis were included in a multivariate logistic 

regression analysis using backward stepwise elimination. For subgroup analysis, chi-square test 

was used to compare the distribution of categorical parameters between all 4 groups and 

(combinations of) subgroups. Unpaired t tests on log-transformed data were used to compare cell 

numbers and cell surface marker expression on CD56
bright 

NK cells between patient samples 

and/or healthy donors. P-values <0.01 were considered statistically significant. The Bonferroni-

Holm method was used to correct for multiple comparisons.
250
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Table 6.S1. Comparison of HSCT recipients with and without CD56bright NK cell hyperexpansion  

Baseline characteristics and outcome parameters of HSCT recipients with and without hyperexpansion of 

CD56bright NK cells (>300 cells/μl) within six weeks after HSCT. p values: 1Univariate logistic regression analysis 

and 2multivariate logistic regression analysis using backward stepwise elimination. 3All MUD and none of the IRD 

graft recipients received ATG serotherapy. 4The Firth penalized likelihood bias-reduction method was applied for 

categorical variables with complete data separation (CSA alone). 5For outcome parameters, NK cell 

hyperexpansion was corrected for delayed T cell reconstitution in multivariate logistic regression analysis. 

Abbreviations: MUD: matched unrelated donor, IRD: HLA identical related donor, PBSC: peripheral blood stem 

cells, BM: bone marrow, CSA: cyclosporin A, MTX: methotrexate, MMF: mycophenolate mofetil, ATG: anti-

thymocyte globulin, AU: arbitrary units, CMV: cytomegalovirus, EBV: Epstein-Barr virus, hAdV: human 

adenovirus, NS: not significant. 

  

 
CD56

bright 
NK cells 

>300 cells/μl  (n=38) 

CD56
bright 

NK cells 

<300 cells/μl  (n=55) 
       p value 

Baseline N % N % Univariate
1
 Multivariate

2
 

Donor type
3
         MUD  (vs. IRD) 37 97.4% 23 41.8% <0.001 NA

3
 

Graft Source        PBSC  (vs. BM) 9 23.7% 6 10.9% 0.100 NS 

GvHD Prophylaxis
4
    CSA+MTX 35 92.1% 36 65.5% 0.001 NS

4
 

CSA alone 0 0.0% 17 30.9%   

CSA+MMF 3 7.9% 2 3.6%   

Serotherapy
3
        ATG (vs. none) 37 97.4% 23 41.8% <0.001 <0.001 

<100 T cells/μl at week 4  26 68.4% 7 12.7% <0.001 0.002 

       

 Median Range Median Range   

ATG conc. at week 3      (AU/ml) 1.12 0 -   5.9 0.32 0 -   4.9 0.016 NS 

ATG conc. at week 4      (AU/ml) 0.39 0 -   3.7 0.06 0 -   1.7 0.032 NS 

Age                                  (years) 7.7 0.8 - 17.7 10.7 0.8 - 17.8 0.042 NS 

       

Outcome N % N % Univariate Multivariate
5
 

CMV viremia  (2x>10
3
 copies/ml) 6 15.8% 8 14.5% 0.870  

EBV viremia   (2x>10
3
 copies/ml) 13 34.2% 6 10.9% 0.006 0.15 

hAdV viremia (2x>10
3
 copies/ml) 4 10.5% 4 7.3% 0.580  

Acute GvHD            (grade II-IV) 6 15.8% 16 29.1% 0.140 0.64 

Chronic GvHD            (extended) 3 7.9% 6 10.9% 0.440  

Leukemia relapse 7 18.4% 14 25.5% 0.430  

Transplant related mortality 2 5.3% 5 9.1% 0.490  

One year survival 33 86.8% 44 80.0% 0.390  

Overall survival 26 73.7% 37 67.3% 0.510  
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Table 6.S2. Subgroup analysis of outcome parameters 

Subgroup analysis of outcome parameters between HSCT 

recipients with a rapid (group I, II) and delayed (group III, IV) T 

cell reconstitution, with (group I, III) and without (group II, IV) 

CD56bright NK cell hyperexpansion. Rapid and delayed T cell 

reconstitution were defined as > or < 100 T cells / μl  at 4 

weeks after HSCT.  Hyperexpansion of CD56bright NK cells was 

defined as  >300  CD56bright NK cells / μl within six weeks after 

HSCT. Statistics: 1chi square test comparing 4 groups and 2chi 

square test comparing 2 groups. Abbreviations: CMV: 

cytomegalovirus, EBV: Epstein-Barr virus, hAdV: human 

adenovirus, GvHD: graft versus host disease. 



 NK cells after HSCT  | 

 
109 

6 

Table 6.S3 (next pages). Antibodies used for flow cytometry 

Staining was performed in a 96-well round-bottom plate with 0.5-1.5x106 cells in 25 μl per well for 30 min at 4°C 

in FACS buffer (Phosphate Buffered Saline (PBS, Braun, Melsungen, Germany) with bovine serum albumin (5 

mg/ml, Sigma-Aldrich, St. Louis, MO, US) and sodium-azide (1 mg/ml, LUMC Pharmacy)) 1All four PE-

conjugated α-KIR antibodies were combined in a pan-KIR staining. CD: Cluster of differentiation. n/a: not 

applicable. m: mouse, r: rat. Fluorochromes: AF: Alexa Fluor, APC: Allophycocyanin, BV: Brilliant Violet, ECD: 

Energy Coupled Dye (=Phycoerythrin-Texas Red conjugate), FITC: Fluorescein isothiocyanate, PE: 

Phycoerythrin, PE-Cy5.5: Phycoerythrin-Cyanine5.5 conjugate, PE-Cy7: Phycoerythrin-Cyanine7 conjugate, 

PERCP-Cy5.5: Peridinin Chlorophyll-Cyanine5.5 conjugate, RD-1: Red Dye 1. Companies: Ancell: Ancell 

Corporation (Bayport, MN, USA), BC: Beckman Coulter (Brea, CA, USA),  BD: Becton Dickinson Biosciences ( 

San Jose, CA, USA),  Biolegend: Biolegend (San Diego, CA, USA), DAKO: Dako Denmark, (Glostrup, 

Denmark), eBioscience: eBioscience (San Diego, CA, USA), Invitrogen: Invitrogen (Thermo Fisher Scientific, 

Waltham, MA, USA), Miltenyi: Miltenyi Biotec, (Bergisch Gladbach, Germany), R&D: R&D Systems 

(Minneapolis, MN, USA), Sanquin: Sanquin Reagents (Amsterdam, Netherlands), Southern: Southern Biotech 

(Birmingham, AL, USA). 
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Table 6.S3. Antibodies used for flow cytometry (continued) 
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Figure 6.S1. Correlation between T cell and NK cell reconstitution after HSCT. 

(A) Absolute cell numbers of CD56bright (red) and CD56dim (blue) NK cells at 3, 4, 6, 8, 12, 16, 26. 52 and 104  

weeks after HSCT (n=93) and in healthy donors (n=16). Patients were devided in two groups based on T cell 

reconstitution < and > 100 cells/μl at 4 weeks after HSCT. Boxes: median and interquartile range, whiskers: 5-95 

percentile, dots: outliers. 

(B-C) Correlation of CD3+ T cell numbers with (A) CD56bright NK cell numbers and (B) CD56dim NK cell numbers 

at 4, 8, 12 and 16 weeks after hematopoietic stem cell transplantation (HSCT) in 93 patients. Statistics: Linear 

regression analysis on log-transformed data 
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Figure 6.S2 (next pages). Cell surface marker expression on CD56bright and CD56dim NK cells. 

The expression of (A) chemokine receptors, (B) adhesion molecules and (C) NK cell receptors on CD56bright 

(red) and CD56dim (blue) NK cells at 3, 4, 6, 8, 12, 16, 26 and 52 weeks after HSCT (n=20) and healthy donors 

(HD, n=16). No expression of CCR1, CCR3, CCR4, CCR8, CCR9, CCR10, CXCR5 and CD103 was measured 

on NK cells (data not shown). Bars: mean +/- SEM, dots: individual patients. Expression: percentage of marker 

minus isotype control (%) or fluorescence intensity ratio of marker / isotype control (FI). Dotted line: normalized 

FI of isotype control. p values: Unpaired t test on log-transformed data. Comparison between healthy donor 

CD56bright NK cells and post-transplant CD56bright NK cells at week 4 (unless otherwise stated). p values are only 

shown when significant after Bonferroni-Holm correction for multiple comparisons. NS: not significant after 

Bonferroni-Holm correction. 
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Figure 6.S2. Cell surface marker expression on CD56bright and CD56dim NK cells. 
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Figure 6.S2. Cell surface marker expression on CD56bright and CD56dim NK cells (continued).  



|  Chapter 6 116 

 

 

 

 

 

Figure 6.S3. Cytokine secretion of NK cells after HSCT. 

Intracellular expression of interferon-γ (A, C) and TNF-α (B, D) in CD56bright (red, A, B) and CD56dim (blue, C, D) 

NK cells at 4, 12 and 52 weeks after HSCT (n=3) and healthy donors (n=2) cultured in absence or presence of 

(combinations of) IL12, IL15 or IL18. Bars: mean +/- SEM. 
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Figure 6.S4. Gating strategy. 

The combination of flowcytometry on fresh PBMC, absolute leukocyte counts and full leukocyte differentiation 

was used to calculate absolute cell numbers of T cells, CD56bright and CD56dim NK cells. The expression of cell 

surface markers was evaluate on CD56bright and CD56dim NK cells using cryopreserved PBMC. An example of 

the gating strategy is shown for a (A-B) fresh and (C) cryopreserved sample at four weeks (A1-C1) and one year 

after HSCT (A2-C2). 

(A) In tube 1, lymphocytes were defined as CD45+ CD33/CD235a/CD14- within the forward / sideward scatter 

lymphocyte gate. T-cells and NK cells were defined as CD3+ cells and CD3-CD56+ cells in the lymphocyte 

population, respectively. 

(B) In tube 2, CD56brightCD16+/- and CD56dimCD16+ NK cells were gated within the CD3-CD14- lymphocyte gate. 

(C) In cryopreserved samples, DAPI was used to exclude dead cells. CD56brightCD16+/- and CD56dimCD16+ NK 

cells were defined as living, non-doublet CD3-CD7+ lymphocytes expressing CD56 and/or CD16. CD56dimCD16- 

NK cells were excluded as they represented a separate population in cryopreserved but not in fresh PBMC. 
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Abstract  

Knowledge on human NK cells is mainly based on conventional CD56
bright

 and CD56
dim

 NK cells 

from blood. However, most cellular immune interactions occur in lymphoid organs. Based on the 

co-expression of CD69 and CXCR6, we identified a major third NK cell subset in lymphoid 

tissues. This population represents 30-60% of NK cells in marrow, spleen and lymph node and is 

absent from blood. CD69
+
CXCR6

+
 lymphoid tissue NK cells have an intermediate expression of 

CD56 and high expression of NKp46 and ICAM-1. In contrast to circulating NK cells, they have 

a bi-modal expression of the activating receptor DNAM-1. CD69
+
CXCR6

+
 NK cells neither 

express the early markers c-kit and IL7Rα, nor express KIRs or other late-differentiation markers. 

After cytokine stimulation, CD69
+
CXCR6

+ 
NK cells produce interferon-γ at levels comparable to 

CD56
dim

 NK cells. They constitutively express perforin, but require pre-activation to express 

granzyme B and exert cytotoxicity. After hematopoietic stem cell transplantation, CD69
+
CXCR6

+ 

lymphoid tissue NK cells do not exhibit the hyper-expansion as observed for both conventional 

NK cell populations.  

CD69
+
CXCR6

+
 NK cells constitute a separate NK cell population with a distinct phenotype and 

function. The identification of this NK cell population in lymphoid tissues provides tools to 

further evaluate the cellular interactions and role of NK cells in human immunity. 
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Introduction 

As effector lymphocytes of the innate immune system, natural killer cells contribute to the first 

line of immune defense through the lysis of virus-infected and malignant cells. Furthermore, NK 

cells play an important role in the initiation, enhancement and regulation of immune responses, 

directly through the secretion of cytokines and chemokines as well as via their interaction with 

other innate immune cells 
84;85;114;115;251-254

.  

Human NK cells are usually categorized in two main subsets: CD56
bright

CD16
+/-

 (CD56
bright

) and 

CD56
dim

CD16
+
 (CD56

dim
) NK cells 

95;254
. CD56

bright
 NK cells are considered to be the precursors 

of CD56
dim

 NK cells and represent 5-15% of NK cells in blood 
97;100

. CD56
bright

 NK cells express 

low levels of c-kit (CD117) and typically express the inhibitory receptor CD94/NKG2A 
97;98;100

. 

CD56
dim

 NK cells loose the expression of NKG2A and acquire KIRs and CD57 as they continue 

to differentiate 
99

. Both NK cell subsets produce IFN-γ upon monokine stimulation 
101-103

. CD56
dim

 

NK cells constitutively express high levels of perforin and granzyme B, resulting in efficient lysis 

of target cells without prior stimulation 
101

. In contrast, CD56
bright

 NK cells express perforin but 

require pre-activation to exert cytotoxicity 
95;100;254

. 

Most research on human NK cells is performed with circulating cells. However, the majority of 

NK cells is localized in lymphoid tissues 
255

. Data obtained from murine experiments indicate 

lymphoid tissues as the primary site for cellular interactions of NK cells with other immune cells 
85;114;253

. In humans, CD56
bright

 NK cells are enriched in marrow and spleen, and compromise the 

vast majority of mature NK cells in lymph node 
90;107;108;256;257

. Still, the mechanisms involved in 

the localization of human NK cells in lymphoid organs are largely unknown. Chemokine receptor 

expression patterns can provide information about human NK cell trafficking 
107;258

. To 

investigate potential mechanisms of NK cell localization in lymphoid tissues, we compared the 

expression of chemokine receptors and adhesion molecules on circulating NK cells with NK cells 

in marrow, spleen and lymph node. Using this approach, we identified a major CD69
+
CXCR6

+
 

NK cell population in lymphoid tissues. This population of lymphoid tissue NK cells was not 

found in the circulation and had a distinct phenotype and function compared to conventional 

CD56
bright

 and CD56
dim

 NK cells. 

 

 

Material and Methods 

Tissues and ethics statement  

With approval of the institutional review board (protocols P00.068 and P01.028), residual paired 

blood and bone marrow samples from 17 healthy bone marrow donors and 6 HSCT recipients 

were analyzed after informed consent was provided. In HSCT recipients, NK cell reconstitution 

was evaluated in marrow of pediatric acute leukemia patients who received an unmanipulated 

bone marrow (n=4) or peripheral blood stem cell (n=2) transplantation from a HLA-matched 

unrelated donor after myeloablative conditioning. MNC were isolated and samples were analyzed 
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immediately (9 HD) or after cryopreservation (8 HD, all HSCT). Small parts of splenic tissue 

from Dutch solid organ transplant donors (n=7) were obtained during explantation surgery as part 

of the standard diagnostic procedure for HLA-typing. In accordance with the Dutch law for organ 

donation, residual splenic tissue could be used for scientific research anonymously. Omental 

lymph nodes (n=3) were collected as leftover material from bariatric surgery and used 

anonymously in accordance with Dutch national ethical and professional guidelines 

(http://www.federa.org). Splenic tissues and lymph nodes were stored in University of Wisconsin 

solution at 4°C and processed within <12h after surgery. Tissues were dispersed through a 70 µm 

cell strainer, MNC were isolated and samples were analyzed immediately.  

Flow cytometry and cell sorting 

For flow cytometry, MNC were subjected to a three step staining procedure. All antibodies used 

are listed in Table 7.S1. MNC were first incubated with unconjugated antibodies, washed twice 

and stained with fluorochrome-labeled secondary antibodies. For the third step, MNC were 

stained with directly labeled antibodies in FACS buffer containing 5% (v/v) mouse serum 

(Seralab, London, UK). Prior to analysis, DAPI (25 ng/ml, Sigma-Aldrich) was added. Data were 

acquired on a LSR II flow cytometer (Becton Dickinson (BD), Franklin Lakes, NJ, US) using 

FACS Diva Software (v6.1, BD). For FACS purification, NK cells were pre- enriched using the 

MACS untouched NK cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) 

according to the manufacturers’ instructions. Enriched NK cells were stained for cell surface 

markers (Table 7.S1). Based on the expression of CD56 and CD69, conventional CD56
bright 

and 

CD56
dim

 NK cells and lymphoid tissue NK cells were sorted on an ARIAIII cell sorter (BD). 

Gating strategy and data analysis 

The gating strategy is depicted in Figure 7.S1A and Figure 7.1A-B. NK cells were defined as 

living CD45
+
CD19

-
CD3

-
CD7

+
 lymphocytes expressing CD56 and/or CD16 but not high levels of 

CD117. Using this strategy, type 3 innate lymphoid cells or immature NK cells ─mainly present 

in lymph node─ were excluded 
91;259

. CD69
+
CXCR6

+
 lymphoid tissue NK cells were first selected 

by gating cells with the combined expression of CD69 and CXCR6. From the remaining NK 

cells, the conventional CD56
bright

CD16
+/-

 and CD56
dim

CD16
+
 NK cell subsets were defined based 

on the expression levels of CD56 and CD16. We excluded CD56
dim

CD16
-
 NK cells from further 

phenotypic characterization as they formed a separate population in cryopreserved but not in fresh 

MNC 
237

. Flow cytometric data were analyzed using Kaluza software (v1.3, Beckman Coulter, 

Brea, CA, US) and density plots were created with FACS Diva Software.  

In vitro stimulation and intracellular staining 

MNC from paired blood and marrow (n=3) or spleen (n=3) were cultured in AIM-V (Life 

Technologies) with 10% fetal calf serum (GE Hyclone, Logan, UT, US) for 16-18h. Cells were 

either unstimulated (medium) or stimulated with recombinant human IL12 (10ng/ml, Peprotech, 

Rocky Hill, NJ, US), IL15 (10ng/ml, Cellgenix, Freiburg, Germany), IL18 (20ng/ml, MBL 

International, Woborn, MA, US) or combinations of these monokines. Brefeldin A (5μg/ml, 
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Sigma-Aldrich, IFN-γ assay) or medium (perforin/granzyme B assay) was added during the last 

4h of culture. MNC from marrow (n=4) were cultured overnight, followed by a 6h co-culture with 

K562 cells and/or IL12+IL18. BD golgistop (1:1500, BD) was added during the last 4h of culture.  

Cells were harvested and stained for cell surface markers, fixed and permeabilized using a 

paraformaldehyde/saponin based protocol as previously described 
244

 and stained for intracellular 

IFN-γ or perforin and granzyme B (Table 7.S1). Since CD69 cannot be used as discriminative 

marker in activated NK cells, the combination of CD56, CD54 and CXCR6 was used to define 

lymphoid tissue NK cells after in vitro stimulation as alternative for CD69-CXCR6. The 

definition of ltNK cells based on CD56, CD54 and CXCR6 expression after short-term culture 

was validated by flow cytometry after in vitro stimulation of FACS purified NK cell populations 

(Figure 7.S2). 

Interferon-γ, degranulation and chromium release assays 

1x10
4 

FACS purified lymphoid tissue NK, CD56
dim

 or CD56
bright

 NK cells from marrow (n=3) 

were cultured in 96-well round bottom plates (Greiner Bio-One, Kremsmünster, Austria) for 18h 

in 100 μl AIM-V with or without IL12, IL15 and IL18. Supernatant was harvested after 18h and 

the concentration of IFN-γ was assessed using a Bio-Plex Luminex
TM

 system assay (Bio-Rad, 

Veenendaal, The Netherlands) according to the manufacturers’ instructions. 

MNC from paired blood and marrow (n=6) or spleen (n=4) were cultured overnight in the absence 

or presence of IL15 (10ng/ml). The next day, CD107a FITC (BD) was added, followed by K562 

cells (ratio 1:1) or culture medium. After one hour, BD golgistop was added and 4h later, cells 

were harvested and stained for cell surface markers (Table 7.S1). Again, the combination of 

CD56, CD54 and CXCR6 were used to define lymphoid tissue NK cells. 

After FACS purification of NK cell subsets from marrow (n=2) or spleen (n=1), sufficient cell 

numbers to perform a chromium release assay were only obtained for lymphoid tissue NK and 

CD56
dim

 NK cells. After overnight culture in the absence or presence of IL15 (10ng/ml), their 

cytotoxicity against K562 cells was evaluated in a 4h chromium release assay as previously 

described 
242

. 

Statistics 

For each cell surface marker, Z-scores were calculated using the average expression (percentage 

or geomean of fluorescence intensity) of each NK cell subset per tissue. A heat map was 

generated from the collective data by unsupervised hierarchical clustering using 

MultiExperimentViewer (v4.9) software 
260

. Statistical tests were performed and graphs were built 

in GraphPad Prism software (v6.07, GraphPad, La Jolla, CA, US). Paired t tests were applied for 

the comparison of NK cell populations within the same tissue and between paired blood and 

marrow samples. Unpaired t tests were used to compare NK cell populations between different 

tissues. P values <0.05 were considered statistically significant. This threshold was adjusted using 

Bonferroni correction to correct for multiple testing of phenotypic markers.  
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Figure 7.1. Identification of lymphoid tissue NK cells.  

(A-B) Flow cytometric analysis of NK cells from blood, marrow, spleen and lymph node. NK cells were defined 

as living CD45+CD19-CD3-CD7+ lymphocytes expressing CD56 and/or CD16, but not high levels of CD117 (see 

Methods for gating strategy). Within total NK cells, CD69+CXCR6+ lymphoid tissue NK cells (ltNK, green) were 

first selected by gating cells with the combined expression of CD69 and CXCR6. From the remaining NK cells, 

the expression levels of CD56 and CD16 were used to define the conventional CD56brightCD16+/- (red) and 

CD56dimCD16+ (blue) NK cell populations.  

(C-D) Percentage of ltNK and conventional CD56bright and CD56dim NK cells in blood (B, n=17), marrow (M, 

n=17), spleen (S, n=7) and lymph node (N, n=3) expressed as (C) percentage of total NK cells and (D) 

percentage of total lymphocytes. Lines: geomean. Shaded area: below limit of detection. Statistics: paired t test 

(blood vs. marrow) or unpaired t test (other comparisons). ****: p-value <0.0001.  

(E) Ratio of all NK cell subsets (left panel) and ratio between conventional CD56bright and CD56dim NK cells (right 

panel) in blood, marrow, spleen and lymph node. Bars: mean +/- SEM.  
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Results 

Identification of CD69
+
CXCR6

+
 lymphoid tissue NK cells 

We evaluated human NK cells in blood and marrow to identify tissue specific expression patterns 

of chemokine receptors, adhesion molecules and NK cell receptors. A major NK cell population, 

identified by the combined expression of CD69 and CXCR6, was present in marrow in addition to 

the conventional CD56
bright

 and CD56
dim

 NK cell subsets (Figure 7.1A). The CD69
+
CXCR6

+
 NK 

cell population was also observed in spleen and lymph node, but absent from blood (Figure 7.1A-

B). Therefore, this population is further denoted as lymphoid tissue NK (ltNK) cells. In blood, 

single positive CXCR6
+
 CD56

bright
 (mean 12%) and CD56

dim
 (mean 5%) NK cells were present, 

while very few circulating NK cells expressed CD69 (Figure 7.S1B). 

CD69
+
CXCR6

+
 lymphoid tissue NK cells represented 9-51% (mean 29%) of NK cells in marrow, 

28-69% (mean 45%) of NK cells in spleen and 43-67% (mean 56%) of NK cells in lymph node 

(Figure 7.1C). The relative contribution of NK cells to the lymphocyte compartment varied 

between the investigated tissues. LtNK cells represented 0.9%, 2.3% and 0.8% (geomean) of 

lymphocytes in marrow, spleen and lymph node, respectively (Figure 7.1D).  

Although CD56
bright

 NK cells are considered to be enriched in lymphoid tissues, the ratio between 

conventional CD56
bright

 and CD56
dim

 NK cells in marrow and spleen turned out to be comparable 

to blood when ltNK cells were regarded as a separate population. In lymph node, however, 

CD56
bright

 NK cells remained the predominant NK cell population when ltNK cells were analyzed 

separately (Figure 7.1E).  

Phenotype of lymphoid tissue NK cells 

To further define the position of ltNK cells in NK cell development and differentiation, we 

evaluated their cell surface receptor expression profile in comparison to the conventional NK cell 

subsets (Figure 7.2A-B; Figure 7.S1B). For each NK cell subset, the expression profile of cell 

surface markers was similar in all tissues analyzed (Figure 7.2B; Figure 7.S1B). Compared to the 

conventional NK cells, ltNK cells expressed intermediate levels of CD56 and 4-43% (mean 18%) 

of ltNK cells expressed CD16. Besides CD69 and CXCR6, ltNK cells expressed high levels of the 

natural cytotoxicity receptor NKp46 and ICAM-1 (CD54). TNF receptor superfamily member 

CD27 was expressed by a large proportion (mean 66%) of ltNK cells and the chemokine receptor 

CCR5 was expressed by 18-71% (mean 37%) of ltNK cells (Figure 7.2; Figure 7.S1B). 

Subsequently, we evaluated the expression of NK cell differentiation markers. In contrast to 

CD56
bright

 NK cells, ltNK cells did not express the early differentiation markers c-kit (CD117) and 

IL7Rα (CD127), distinguishing ltNK cells from immature NK cells and type 3 innate lymphoid 

cells (ILC) 
91;259

. Furthermore, like CD56
bright

 and CD56
dim

 NK cells, ltNK cells expressed the 

transcription factor EOMES (data not shown). The inhibitory receptor NKG2A, which is lost 

during NK cell differentiation 
95;254

, was expressed by a mean of 62% of ltNK cells, between the 

proportion of NKG2A
+
 CD56

bright
 and NKG2A

+
 CD56

dim
 NK cells (Figure 7.2; Figure 7.S1B). 

LtNK cells did not express CX3CR1, which is expressed by all CD56
dim 

NK cells. Only a small 

proportion of ltNK cells expressed KIRs, KLRG1, CD57 and NKG2C (mean 5%, 4%, 0% and 
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2%, respectively, Figure 7.2; Figure 7.S1B). Together, these data indicate that ltNK cells have a 

mature phenotype but do not express markers acquired late in differentiation. 

The activation markers NKp30 and NKG2D were uniformly expressed on all NK cell subsets. In 

contrast, ltNK cells expressed the activating receptor DNAM-1 in a bimodal fashion. Whereas 

DNAM-1 was expressed by all circulating NK cells, only 20-70% (mean 42%) of ltNK cells 

expressed DNAM-1 (Figure 7.2; Figure 7.S1B).  

Next, we evaluated the expression of molecules associated with tissue localization of NK cells. 

LtNK cells did not express the adhesion molecule CD49a, distinguishing them from memory-like 

liver resident NK cells 
261

. In contrast to tonsillar NK cells 
262;263

, ltNK cells did not express the 

adhesion molecule CD103. Furthermore, the natural cytotoxicity receptor NKp44 was only 

expressed by a small minority of ltNK cells. Finally, the expression of chemokine receptor 

CXCR4 did not differ from the conventional NK cell subsets (Figure 7.2B; Figure 7.S1B). 

Together, based on these phenotypic criteria, ltNK cells represent a mature NK cell population 

which is uniform between the tissues and distinct from both conventional NK cell subsets. 

 

 

 

 

Figure 7.2. Phenotype of NK cell subsets.  

(A) Selection of density plots showing cell surface marker expression on NK cells from marrow of a 

representative donor (HD17). Subsets: ltNK cells (green), CD56bright NK cells (red) and CD56dim NK cells (blue).  

(B) Heat map generated from collective flow cytometry data by unsupervised hierarchical clustering. Z-scores 

were calculated using the average expression (1: percentage of subset or 2: geomean of fluorescence intensity) 

of each cell surface marker on ltNK cells, CD56bright and CD56dim NK cells from blood (B, n=10-17), marrow (M, 

n=10-17), spleen (S, n=5-7) and lymph node (N, n=3). The side bar represents p-values of the comparison of 

ltNK cells with CD56bright (left) and CD56dim NK cells (right) from marrow. Statistics: paired t test. P-values <0.001 

(black) remain statistically significant after Bonferroni correction for multiple testing. For gating strategy and bulk 

flow cytometry data: see Methods and Figure 7.S1B. 
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Figure 7.3. Functional properties of NK 

cell subsets.  

(A, C) Intracellular expression of 

interferon-γ of lymphoid tissue NK cells 

(ltNK), CD56brightCD16+/- NK cells and 

CD56dimCD16+ NK cells. Mononuclear 

cells (MNC) from marrow (n=3) were 

cultured for 16-18h in absence or 

presence of (combinations of) IL12, IL15 

or IL18. For (C), MNC from marrow (n=4) 

were cultured overnight, K562 cells and 

cytokines (IL12+IL18) were added for the 

last 6h of culture.  

(B) Interferon-γ production of FACS 

purified ltNK, CD56bright and CD56dim NK 

cells from marrow (n=3) upon 16-18h 

stimulation with IL12, IL15 and IL18. 

Shown is the interferon-γ concentration in 

supernatant after subtraction of 

unstimulated cells. 

(D-E) Intracellular expression of perforin 

and granzyme B of ltNK, CD56bright and 

CD56dim NK cells. MNC from marrow 

(n=3) were cultured for 16-18h in absence 

or presence of (combinations of) IL12, 

IL15 or IL18. FI: geomean of 

Fluorescence Intensity. Dotted line: FI of 

B cells (negative control).  

(F) Degranulation of ltNK, CD56bright and 

CD56dim NK cells. Resting and overnight 

(o/n) IL15 activated MNC from marrow 

(n=6) were co-cultured with K562 cells for 

4 hours. Shown is the percentage of 

CD107a+ NK cells after subtraction of 

CD107a expression of NK cells cultured 

without K562 cells. Bars: mean +/- SD (A-

F). See Figure 7.S3 for representative 

flow cytometry plots and Methods for 

gating strategy. 

(G) Specific lysis of K562 cells in 

chromium release assay by resting (solid 

lines) and o/n IL15 activated (dashed 

lines) FACS purified ltNK cells (black, 

circles) and CD56dim NK cells (grey, 

triangles) from marrow. Representative 

graph of three experiments. 
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Functional properties of lymphoid tissue NK cells 

To determine the functional properties of ltNK cells, we compared their cytokine production and 

cytotoxicity with the conventional CD56
bright

 and CD56
dim

 NK cells. Results obtained with 

marrow derived NK cells are described here, but similar results were obtained with the NK cells 

from spleen and blood (Figure 7.S3).  

After overnight stimulation with IL12+IL15, IL12+IL18 and IL12+IL15+IL18, respectively, a 

mean of 2%, 9% and 47% of ltNK cells produced IFN-γ, which was comparable to the cytokine 

production of CD56
dim

 NK cells. In contrast, 23%, 28% and 79% (mean) of the CD56
bright

 NK 

cells produced IFN-γ upon these stimuli (ltNK vs. CD56
dim

 :
 
NS, ltNK vs. CD56

bright
 : p<0.0001, 

Figure 7.3A and Figure 7.S3A). This was confirmed by an IFN-γ secretion of 20, 50 and 28 ng/ml 

after IL12+IL15+IL18 stimulation of FACS purified ltNK, CD56
bright

 and CD56
dim

 NK cells (ltNK 

vs. CD56
bright

 : p=0.019, ltNK vs. CD56
dim

 :
 
NS, Figure 7.3B). 

Co-culture of resting NK cells with K562 cells did not result in detectable intracellular IFN-γ 

production. However, in the presence of IL12 and IL18, co-culture with K562 cells resulted in a 

(non-significant) increase in IFN-γ production by CD56
bright

 and CD56
dim 

NK cells compared to 

cytokines alone. In contrast, IFN-γ production of IL12+IL18 activated ltNK cells was not 

increased upon co-culture with K562 cells (Figure 7.3C). 

To assess the cytolytic potential of ltNK cells, we first evaluated the expression of perforin and 

granzyme B. In resting state, ltNK cells expressed perforin at levels intermediate to CD56
bright

 and 

CD56
dim

 NK cells (ltNK vs. CD56
bright 

: p<0.01, ltNK vs. CD56
dim 

: p<0.0001, Figure 7.3D). In 

contrast to CD56
dim 

NK cells, resting ltNK and CD56
bright

 NK cells hardly expressed granzyme B 

(ltNK vs. CD56
bright 

: NS, ltNK vs. CD56
dim 

: p<0.0001, Figure 7.3E). After overnight activation 

by IL12 and IL15, 46% (mean) of ltNK cells expressed granzyme B whereas the expression of 

granzyme B was upregulated in the majority of CD56
bright

 NK cells (Figure 7.3D-E; Figure 

7.S3B). Although with a slightly higher perforin and lower granzyme B expression, the cytolytic 

protein expression profile of ltNK
 
was most comparable to CD56

bright
 NK cells. 

In CD107a based degranulation assays, a mean of 13% of resting ltNK cells externalized CD107a 

upon co-culture with K562 cells. Degranulation was increased to 60% after prior overnight IL15 

activation. Both in rest and after pre-activation, the proportion of ltNK cells that externalized 

CD107a did not differ significantly from both CD56
bright

 and CD56
dim

 NK cells (Figure 7.3F; 

Figure 7.S3C).  

Finally, we evaluated the lysis of K562 cells using FACS purified ltNK and CD56
dim

 NK cells. 

Compared to CD56
dim

 NK cells, ltNK cells had a low cytotoxicity in resting state. In line with the 

cytolytic protein expression profile and degranulation, their cytolytic capacity increased after 

overnight IL15 activation (Figure 7.3G). Altogether, ltNK cells produce IFN-γ at levels 

comparable to CD56
dim

 NK cells. In line with the functional properties of CD56
bright

 NK cells, 

ltNK cells have a low natural cytotoxicity which is enhanced upon short-term activation.  
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Reconstitution of lymphoid tissue NK cells after hematopoietic stem cell 

transplantation 

Next, we evaluated the reconstitution of NK cell subsets in bone marrow after hematopoietic stem 

cell transplantation. Expressed as a percentage of NK cells, ltNK cells gradually increased 

towards healthy donor levels in the year after HSCT (Figure 7.4A). However, expressed semi-

quantitatively as a percentage of lymphocytes, ltNK cells reached healthy donor levels at the third 

month after HSCT to remain stable thereafter (Figure 7.4B). This reconstitution profile differed 

significantly from the hyper-expansive reconstitution of conventional NK cells. The reconstitution 

of CD56
bright

 and CD56
dim

 NK cells in marrow mirrored their reconstitution in blood (data not 

shown and 
216;237

). Conventional NK cells reached the highest levels at 1 month (CD56
bright

) and 3-

6 months (CD56
dim

) after HSCT and gradually decreased to healthy donor levels at one year after 

HSCT. In conclusion, ltNK cells are not subjected to the hyper-expansion early after HSCT as 

observed for both conventional NK cell populations. 

 

 

 

 

 

 

 

 

 

 

Figure 7.4. Reconstitution of NK cell 

subsets in marrow after hematopoietic 

stem cell transplantation.   

Reconstitution of lymphoid tissue NK cells 

(ltNK) cells and conventional CD56bright 

and CD56dim NK cells in marrow at 1, 3, 6 

and 12 months after pediatric allogeneic 

hematopoietic stem cell transplantation 

(HSCT), expressed as (A) percentage of 

total NK cells and (B) percentage of total 

lymphocytes. Lines: geomean. Shaded 

area: below limit of detection. Statistics: 

unpaired t test comparing the % of ltNK 

cells between HSCT recipients (n=6) and 

healthy donors (HD, n=17). For % of 

lymphocytes, data were log-transformed. 

#: p-value ≥0.05, *: p<0.05, **: p<0.01, ***: 

p<0.001. See Methods for gating strategy. 
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Discussion  

Based on the co-expression of the tissue retention marker CD69 and chemokine receptor CXCR6, 

we identified a novel NK
 
cell population in human lymphoid tissues (ltNK). With respect to their 

surface marker expression profile, these cells constitute a population which is distinct from the 

conventional CD56
bright

 and CD56
dim

 NK cell subsets. Functionally, ltNK cells share features with 

both CD56
bright 

and CD56
dim

 NK cells. In addition, ltNK cells have their own reconstitution 

kinetics after HSCT.  

Lymphoid tissues are often considered to be enriched for CD56
bright 

NK cells. However, this is 

only based on the expression pattern of CD56 and CD16 
90;107;108;256;257

. Our data provide evidence 

that ltNK
 
cells are not just a subpopulation of either of the conventional NK cell populations. The 

expression of the C-type lectin CD69 on ltNK cells is in line with their tissue residency. Although 

initially identified as an early lymphocyte activation marker 
264-266

, CD69 has been recognized to 

play an important role in tissue retention 
267;268

. In B- and T-cells, the expression of CD69 is 

inversely correlated with the expression of sphingosine-1-phosphate receptor 1, thereby inhibiting 

lymphocyte egress from tissues along the gradient of sphingosine-1-phosphate 
267;268

. 

The G-protein coupled chemokine receptor CXCR6 is often associated with liver resident 

lymphocytes 
269

, but is also enriched on bone marrow resident CD69
+
 memory T cells 

270
. A 

recent report showed that the majority of CD56
bright 

NK cells in human liver expresses CD69 or 

CXCR6 
271

. Murine CXCR6
+
CD49a

+
 liver resident NK cells display memory-like features; 

however, only few NK cells in human liver display the homologous CD49a
+
NKG2C

+
KIR

+
 

phenotype 
261;272;273

. Similar to most liver NK cells, lymphoid tissue NK cells do not express 

CD49a, NKG2C or KIRs. As a consequence, it cannot be excluded that a population with a 

phenotype comparable to ltNK
 
cells might also be present in human liver. Whether CXCR6 is 

associated with memory generation in human NK cells requires further investigation.  

Strikingly, ltNK cells have a bimodal expression pattern of the activating NK cell receptor 

DNAM-1. DNAM-1 is involved in adhesion and immune synapse formation and has been shown 

to play an important role in the control of cytotoxicity 
274-277

. A bimodal expression pattern of 

DNAM-1 on human NK cells has only been reported in bone marrow of myelodysplastic 

syndrome patients and in liver 
271;278

. The high surface expression intensity of the activating NK 

cell receptor NKp46 on ltNK cells is in line with the description of NKp46
bright

 NK cells in lymph 

node and spleen 
257

. Moreover, an enrichment of CD27
+
 NK cells was previously reported in 

human spleen 
279

. Although these observations are likely to be a representation of the presence of 

ltNK cells in these organs, we are the first to use specific markers to discriminate the tissue 

resident NK cell population from conventional NK cells. 

Like conventional NK cells, ltNK cells can be distinghuised from helper-ILC1 through their 

expression of perforin and transcription factor EOMES, as well as from ILC2 and ILC3 by their 

lack of CD117 and CD127 expression 
89

. Lymphoid tissue NK cells produced relatively low 

levels of IFN-γ, similar to CD56
dim

 NK cells and required prior stimulation to exert cytotoxicity. 

Together with the low expression of DNAM-1 
276;277

, this gives the impression that ltNK cells 

may be a hypo-functional NK cell population. Possibly, these cells have an immunomodulatory 

function within the lymphoid tissues to bridge innate and adaptive immunity, rather than that they 
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exert one of the classical NK cell functions. In addition to their distinct phenotype and functional 

profile, the reconstitution pattern of ltNK cells after HSCT differs from that of the conventional 

NK cell subsets. Together, these arguments argue against the hypothesis that ltNK cells only 

represent a transient tissue equivalent of CD56
bright 

or CD56
dim 

cells trafficking through tissues. 

Our data do not allow for firm conclusions regarding the ontogeny of ltNK cells and their relation 

to the conventional NK cell populations. The lack of both very early (CD117, CD127) and late 

(CD57, KLRG1, NKG2C) NK cell receptors suggest that ltNK cells could represent a 

developmental intermediate between CD56
bright

 and CD56
dim

 NK cells. However, the distinct 

expression pattern of the markers NKp46, CD54 and DNAM-1 argues against this linear 

relationship. Alternatively, ltNK cells may constitute a separate tissue specific NK cell lineage, 

and develop independently from the circulating NK cells. 

While knowledge on human NK cell biology is mainly derived from circulating CD56
bright

 and 

CD56
dim

 NK cells, lymphoid tissues contain the majority of human NK cells 
255

. Importantly, our 

data indicate that lymphoid tissues are populated by a third distinct population of NK cells in 

addition to the conventional CD56
bright

 and CD56
dim

 NK cells. The identification of this specific 

lymphoid tissue resident NK cell population provides tools to further study cellular interactions of 

these NK cells in the lymphoid tissue microenvironment and their role in the regulation of 

immune responses. 
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Supplemental data

 

CD designation Alternative name Fluorochrome Type Clone Company Catalog# Staining step

CD184 CXCR4 Unconjugated m-IgG2b 44716 R&D MAB172 Primary

CD186 CXCR6 Unconjugated m-IgG2b 56811 R&D MAB699 Primary

CD195 CCR5 Unconjugated m-IgG2b 45531 R&D MAB182 Primary

n/a Isotype m-IgG2b Unconjugated m-IgG2b DAK-GO9 DAKO X0944 Primary

n/a Goat α m-IgG2b AF488 polyclonal Invitrogen A21141 Secondary

n/a Goat α m-IgG2b AF647 polyclonal Invitrogen A21242 Secondary

n/a Goat α m-IgG2b PE polyclonal Southern 1092-09 Secondary

CD003 CD3 BV421 m-IgG1 UCHT1 BD 562426 Direct

CD004 CD4 PE-Cy5.5 m-IgG1 13B8.2 BC B16491 Direct

CD007 GP40 AF700 m-IgG1 M-T701 BD 561603 Direct

CD008 CD8 BV510 m-IgG1 SK1 BD 563919 Direct

CD014 CD14 PE m-IgG1 MφP9 BD 342408 Direct

CD014 CD14 PE-Cy7 mIgG2a M5E2 BD 557742 Direct

CD016 FcγRIII BV711 m-IgG1 3G8 BD 563127 Direct

CD019 CD19 BV510 m-IgG1 SJ25C1 BD 562947 Direct

CD019 CD19 APC m-IgG1 J3.119 BC IM2470 Direct

CD020 MS4A1 PE-Cy7 m-IgG1 L27 BD 335828 Direct

CD027 TNFRSF7 APC m-IgG1 L128 BD 337169 Direct

CD033 SIGLEC3 PE m-IgG1 P67.6 BD 345799 Direct

CD045 PTPRC PE-Cy5.5 m-IgG1 J33 BC A54139 Direct

CD045 PTPRC FITC m-IgG1 2D1 BD 342408 Direct

CD049a ITGA1 PE m-IgG1 TS2/7 Biolegend 328304 Direct

CD054 ICAM1 PE m-IgG1 HA58 BD 555511 Direct

CD056 NCAM1 ECD m-IgG1 N901 BC A82943 Direct

CD056 NCAM1 ECD m-IgG1 N901 BC A82943 Direct

CD057 B3GAT1 FITC m-IgM HNK1 BD 347393 Direct

CD069 EA-1 FITC m-IgG1 L78 BD 347823 Direct

CD069 EA-1 PE-Cy7 m-IgG1 L78 BD 347823 Direct

CD103 ITGAE FITC m-IgG1 BER-ACT8 DAKO F7138 Direct

CD117 c-kit PE m-IgG1 104D2 BD 332785 Direct

CD127 IL7rα FITC m-IgG1 eBioRDR5 eBioscience 11-1278 Direct

CD158a/h1 KIR2DL1 DS1 PE1 m-IgG1 EB6 BC A09778 Direct

CD158b/j1 KIR2DL2/3 DS2 PE1 m-IgG1 GL183 BC IM2278U Direct

CD158e1 KIR3DL1 PE1 m-IgG1 DX9 BD 555967 Direct

CD158i1 KIR2DS4 PE1 m-IgG1 FES172 BC IM3337 Direct

CD159a NKG2A PE m-IgG2b z199 BC IM3291U Direct

CD159c NKG2C APC m-IgG1 134591 R&D FAB138A Direct

CD226 DNAM1 FITC m-IgG1 DX11 BD 559788 Direct

CD235a GPA PE m-IgG1 11E4B-7-6 BC A07792 Direct

CD314 NKG2D APC m-IgG1 1D11 BD 558071 Direct

CD335 NKp46 PE m-IgG1 BAB281 BC IM3711 Direct

CD336 NKp44 PE m-IgG1 Z231 BC IM3710 Direct

n/a KLRG12 AF488 m-IgG2a 13F12F2 n/a2 n/a2
Direct

n/a CX3CR1 PE r-IgG2b 2A9-1 Biolegend 341604 Direct

n/a Isotype m-IgG1 APC m-IgG1 15H6 BC 731586 Direct

n/a Isotype m-IgG1 FITC m-IgG1 15H6 BC 731583 Direct

n/a Isotype m-IgM FITC m-IgM R4A3-22-12 BC 6602434 Direct

n/a Isotype m-IgG1 PE m-IgG1 X40 BD 345816 Direct

n/a Isotype m-IgG2a PE m-IgG2a X39 BD 349053 Direct

n/a Granzyme B AF700 m-IgG1 GB11 BD 557971 Intracellular

n/a Interferon-γ FITC m-IgG1 4S.B3 BD 554551 Intracellular

n/a Perforin FITC m-IgG2b delta G9 Ancell 358-040 Intracellular

CD107a LAMP1 FITC m-IgG1 H4A3 BD 555800 In Culture
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Table 7.S1 (previous page). Antibodies used for flow cytometry. 
1All four PE-conjugated α-KIR antibodies were combined in a pan-KIR staining.  
2α-KLRG1 antibody was kindly provided by Prof. H. Pircher (Universitätsklinikum Freiburg, Freiburg, Germany)  

CD: Cluster of differentiation. n/a: not applicable. m: mouse, r: rat.  

Fluorochromes: AF: Alexa Fluor, APC: Allophycocyanin, BV: Brilliant Violet, ECD: Energy Coupled Dye 

(=Phycoerythrin-Texas Red conjugate), FITC: Fluorescein isothiocyanate, PE: Phycoerythrin, PE-Cy5.5: 

Phycoerythrin-Cyanine5.5 conjugate, PE-Cy7: Phycoerythrin-Cyanine7 conjugate.  

Companies: Ancell: Ancell Corporation (Bayport, MN, USA), BC: Beckman Coulter (Brea, CA, USA),  BD: 

Becton Dickinson Biosciences ( San Jose, CA, USA),  Biolegend: Biolegend (San Diego, CA, USA), DAKO: 

Dako Denmark, (Glostrup, Denmark), eBioscience: eBioscience (San Diego, CA, USA), Invitrogen: Invitrogen 

(Thermo Fisher Scientific, Waltham, MA, USA), R&D: R&D Systems (Minneapolis, MN, USA), Southern: 

Southern Biotech (Birmingham, AL, USA). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.S1 (next pages).  

(A) Gating strategy for NK cells  

First, DAPI negative, non-doublet, CD45+CD19-CD3-CD7+ lymphocytes were selected (gate 1-6). Then, NK 

cells were defined as cells expressing CD56 and/or CD16 but not high levels of CD117 (gate 7-8). Using this 

strategy, type 3 innate lymphoid cells (ILC3) or immature NK cells (mainly present in lymph node, see ref 24 and 

25) were excluded. Shown are density plots from marrow of a representative donor (HD17) 

(B) Flow cytometry data of cell surface marker expression.  

Left panels summarize the expression of surface markers on lymphoid tissue NK (ltNK, green) cells as well as 

conventional CD56bright (red) and CD56dim (blue) NK cells from blood (B, n=10-17, open bars), marrow (M, 

n=10-17, diagonally hatched bars), spleen (S, n=5-7, horizontally hatched bars) and lymph node (N, n=3, 

checkered bars). Expression: % positive (bimodal expression) or geomean of fluorescence intensity (FI, 

continuous expression). Bars: mean +/- SD. x: subset not present in blood, na: not assessed. Dashed line: 

isotype control FI.  

In the right panels, a representative density plot displays the expression of each cell surface marker (X-axis) 

plotted against CD56 (Y-axis) on NK cells from marrow. Density plots are from healthy donor 16 (HD16), except 

for NKG2D (HD15), NKG2C (HD18), NKp30 (HD22), CXCR4 and CCR5 (HD6). See methods, Figure 7.S1A  

and Figure 7.1 for gating strategy. 
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Figure 7.S1. 
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Figure 7.S1 (continued). 
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Figure 7.S3 (next page). Functional properties of NK cell subsets from blood, marrow and spleen.  

Intracellular expression of (A) interferon- γ and (B) perforin and granzyme B of NK cells from blood (n=3), 

marrow (n=3) and spleen (n=3) cultured for 16-18h in absence or presence of (combinations of) IL12, IL15 or 

IL18. Representative density plots display NK cells from marrow of HD6. (C) Degranulation (CD107a 

externalization) of resting and overnight (o/n) IL15 activated NK cells from blood (n=6), marrow (n=6) and spleen 

(n=4) cultured for 4h with or without K562 cells. Representative density plots display NK cells from marrow of 

HD7. Evaluated subsets: lymphoid tissue NK (ltNK) cells (green), CD56brightCD16+/- NK cells (red) and 

CD56dimCD16+ NK cells (blue). Bars: mean +/- SD. See Methods for gating strategy. 
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Figure 7.S2.  Validation of the use of 

CXCR6 and CD54 to identify ltNK cells 

after culture.  

MACS-enriched NK cells from marrow 

were stained for cell surface markers and 

the three NK cell populations were FACS-

sorted (see methods). Sorted NK cell 

populations were cultured for 18h with or 

without cytokines and stained for the 

expression of CD56 (PE-Cy5.5, BC), 

CD69 (PE-Cy7, BD), CD54 (PE, BD) and 

CXCR6. 

(A) Individual density plots display the 

expression of CD69 (top), CD54 (middle) 

and CXCR6 (bottom) of FACS purified NK 

cell populations in rest (medium) or after 

activation (IL12+IL15). In the right column, 

composed overlay figures are shown. 

Gates are drawn as applied for the 

functional (intracellular staining) 

experiments. 

(B) The percentage of  contamination by 

CD56bright and CD56dim NK cells included 

within the lymphoid tissue NK cell (ltNK) 

gate if only CD54, only CXCR6 or a 

combination of CD54 and CXCR6 are 

used to define ltNK cells. Percentages 

were calculated from the original 

composition. The combined use of CD56, 

CD54 and CXCR6 to define ltNK cells 

results in 90% purity.  
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Figure 7.S3. Functional properties of NK cell subsets from blood, marrow and spleen. 
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Summary 

Chapter 1 provides the reader with basic background information regarding hematopoietic stem 

cell transplantation and viral complications after HSCT, as well as the clinical importance and 

immunologic background of the reconstitution of T cell and NK cell immunity after HSCT.  

 

In the first part (Chapter 2-4) of this thesis, the focus is on the interaction between viral 

reactivation and T cell reconstitution.  

 

In Chapter 2, we provide evidence that early and transient CMV reactivation leaves a long-

lasting, dynamic and specific signature on the composition of the T cell compartment in pediatric 

HSCT recipients. We evaluated the composition of the cellular immune system in 131 HSCT 

recipients, of which 46 experienced a CMV reactivation in the first months after transplantation. 

One year after HSCT, patients that had encountered (and cleared) early CMV reactivation showed 

a marked relative as well as absolute expansion of the late differentiated CD8
+
 EM and EMRA T 

cell populations, followed by a contraction in the second year after HSCT. This typical pattern 

was not seen in patients with early EBV or HAdV reactivation. CMV reactivation did not have a 

significant impact on CD4
+ 

T cells and NK cell numbers at one year after HSCT. Importantly, 

early CMV reactivation did not compromise the reconstitution of the naive and central memory 

compartments required for a balanced immune system with a broad specificity. 

 

In Chapter 3, we describe the development of a clinical grade method to select virus-specific T 

cells for the restoration of T cell immunity against CMV, EBV and HAdV in one single 

procedure. Because not all virus-specific T cells produce interferon-γ upon activation, we sought 

for alternatives for the interferon-γ capture assay. For this, we compared the upregulation of 

various activation markers upon stimulation with viral peptide pools and identified CD25 as a 

good candidate. The proportion of T cells that upregulated CD25 expression was 3-7 times higher 

than the proportion of T cells producing IFN-γ, indicating that a larger proportion of virus-

specific T cells could be isolated using this approach. As CD25 is highly expressed on regulatory 

T cells (Treg), the cell-product generated using this approach was not only enriched for virus-

specific cells and depleted of alloreactive cells, but was also capable of suppressing alloreactivity 

in vitro. 

 

In Chapter 4, the effectiveness of pre-emptive cidofovir treatment for human adenovirus viremia 

was evaluated in 42 HAdV reactivations after HSCT. Rapid HAdV load reduction and HAdV 

clearance during cidofovir treatment were associated with concomitant T cell reconstitution 

(n=20). In the absence of T cell reconstitution (n=22), the HAdV viremia was controlled in 75% 

of cidofovir treatments. Reduction of the HAdV load in the absence of T cells always coincided 

with a ≥5-fold increase of NK cell numbers in the peripheral blood. In only 2 out of 6 cases with 

an absence of both NK and T cells, HAdV load stabilization was observed during a >3 weeks 

period of cidofovir treatment. These data underscore the importance of T cell reconstitution to 

control adenovirus infections and the need for more effective antiviral drugs. In addition, these 
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data are suggestive of a role for NK cells in the control of HAdV viremia when T cells are not 

present. 

 

In the second part (Chapter 5-7) of this thesis, the focus is on NK cells. 

 

Chapter 5 addresses one of the restrictions of working with cryopreserved material. In freshly 

analyzed blood from healthy donors and HSCT recipients, the NK cell compartment consists of 

two subsets (CD56
bright

CD16
+/- 

or CD56
dim

CD16
+
). However, after cryopreservation of PBMC 

from HSCT recipients obtained in the first month after HSCT, a third NK cell subset appeared, 

which had a CD56
dim

CD16
-
phenotype. Because this artifact is only seen under specific conditions, 

these cells can be mistaken for an important and distinct NK cell population if flowcytometric 

results on biobanked material are not validated with freshly isolated PBMC.  

 

In Chapter 6, the reconstitution of NK and T cells was evaluated in 93 pediatric allogeneic HSCT 

recipients treated for leukemia. Early after HSCT, an expansion of CD56
bright

 NK cells (>300 

cells/μl blood) occurred in a subgroup of 38 patients characterized by a delayed T cell 

reconstitution. Post-transplant CD56
bright 

NK cells showed a high expression of inflammatory 

chemokine receptors and cutaneous lymphocyte antigen, but had a reduced expression of 

homeostatic chemokines. In contrast to healthy donor CD56
bright 

NK cells, post-transplant 

CD56
bright 

NK cells expressed granzyme B and were cytotoxic. Patients with CD56
bright

 NK cell 

expansion during delayed T cell reconstitution and patients with rapid T cell reconstitution had a 

similar clinical outcome. These data indicate that CD56
bright

 NK cells form a versatile cell 

population, which can expand and acquire additional effector functions when T cells are not 

present to exert their function. 

 

In Chapter 7, we identified a novel NK
 
cell population in human lymphoid tissues (ltNK) based 

on the co-expression of the tissue retention marker CD69 and the chemokine receptor CXCR6. 

This population represented 30-60% of NK cells in bone marrow (n=20), spleen (n=7) and lymph 

node (n=3), but was absent from peripheral blood. Their surface marker expression profile was 

distinct from the conventional CD56
bright

 and CD56
dim

 NK cell subsets. Functionally, ltNK cells 

produced interferon-γ at levels comparable to CD56
dim

 NK cells. They constitutively expressed 

perforin, but like CD56
bright

 NK cells, they required pre-activation to express granzyme B and to 

exert cytotoxicity. After HSCT, CD69
+
CXCR6

+ 
lymphoid tissue NK cells showed a delayed 

reconstitution in comparison to conventional NK cell populations. The identification of this NK 

cell population in lymphoid tissues provides tools to further evaluate the cellular interactions and 

role of NK cells in human immunity. 
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In this chapter, the findings as described in this thesis and summarized in the previous chapter 

will be discussed in the context of the current literature and clinical perspective. First, the 

interaction of T cell reconstitution and viral infections after HSCT will be discussed. Then, 

pharmacological and adoptive immunotherapeutic interventions for the protection of viral 

infections in patients with a delayed T cell reconstitution will be addressed. Thirdly, the role of 

NK cells in patients lacking T cells will be reviewed. The fourth section of this chapter will focus 

on the novel lymphoid tissue NK cell population. Then, the possible relationship between the 

different human NK cell populations will be discussed. The concluding paragraph will summarize 

the main findings and implications of this thesis and provide perspectives for further research. 
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1 Interaction of viral infections and T cell reconstitution 

Many studies have demonstrated the importance of the rapid reconstitution T cell immunity to 

achieve sustained control of viral reactivations after HSCT.
37-39

 Eventually, T cell reconstitution 

occurs after every successful HSCT, but little is known about the influence of early viral 

infections on long term T cell reconstitution, which is addressed in Chapter 2. 

The morbidity and mortality associated with herpesvirus infections after HSCT have dropped 

significantly in the last two decades as a result of the improved pre-emptive therapy. Still, the 

immunological impact of CMV infections remains an important subject of investigation. This 

attention is mainly driven by the relation between CMV reactivations and the reduced risk of 

acute myeloid leukemia (AML) relapse after HSCT.
178;280

 Different mechanisms mediating this 

effect have been proposed. The first hypotheses are based on T cell responses:  CMV-antigen 

presentation on CMV-infected AML blasts or cross reactivity between CMV antigens and tumor 

antigens both leading to leukemia-killing by (the abundantly present) CMV-specific CD8
+
 T 

cells.
178;281

 Alternatively, the anti-AML response can be mediated by NK cells as CMV infection 

leads to an increased expression of ligands for activating NK cell receptors on AML blasts, 

shifting the balance towards NK cell activation.
129;282

  

The second reason for the persistent interest in CMV is the so-called “memory inflation”, initially 

observed in CMV seropositive elderly individuals.
147;148

 Furthermore, CMV reactivations in solid 

organ transplant recipients receiving life-long immunosuppressive medication have been 

correlated to an accelerated and ongoing accumulation of late differentiated T-cells with a stable 

contribution of CMV-specific T cells.
154;177

 This expansion of CMV-specific T cells is proposed 

to be induced by continuous or repetitive stimulation by (subclinical) CMV reactivations.
283

 

Memory inflation is associated with faster immunosenescence, increased systemic inflammation 

and a higher risk of cardiovascular disease.
283

 

Investigation of the reconstitution of an immune system with an appropriate function and a broad 

repertoire after pediatric HSCT receives more attention nowadays as a consequence of the 

improved long term survival. After HSCT, CD8
+
 T cell numbers continued to rise in the months 

following the clearance of CMV viremia. In the second year after HSCT, a regression of memory 

T cell numbers was observed (Chapter 2). These dynamics are comparable to the recently 

published observations of the impact of primary CMV infections in healthy children, as studied in 

the large Generation R study in Rotterdam.
284;285

 Still, the magnitude of the T cell expansion was 

almost tenfold higher in HSCT recipients compared to healthy children (Chapter 2 and ref
285

). 

High viral loads are reached during CMV reactivation in the absence of T cell surveillance, 

resulting in latent infection of large numbers of cells. This strong antigenic stimulation in 

combination with the pro-inflammatory environment after HSCT could explain the difference 

between healthy children and HSCT recipients.
143;164;165;286

 

In contrast to solid organ transplant recipients or elderly people, no memory inflation was 

observed after HSCT. Although the amplitude of the early T cell response was high after HSCT, 

the dynamics of this immune response mimics the normal immune response in healthy 

individuals, with a plateau phase followed by regression of CD8
+
 T cell numbers. Also, CMV 

infection did not have a negative impact on thymic output, as the reconstitution of CD4
+
 as well 
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as CD8
+
 naïve T cells was not affected (Chapter 2). However, longer follow up is needed to 

evaluate whether disseminated CMV reactivations after HSCT can lead to premature memory 

inflation and related (immune) pathology in the decades after pediatric HSCT.  

 

2 Bridging the time to T cell reconstitution 

The chapters about viral complications and early immune reconstitution (Chapters 3, 4 and 6) 

focused on the time window between HSCT and the moment of T cell reconstitution. This period 

is of great clinical interest because patients are at risk for disseminating viral infections during 

this phase.
37-39

 Because T cells are pivotal for the control of viral infections, most immunological 

and pharmacological interventions are aimed at accelerating T cell reconstitution or otherwise at 

bridging the time to T cell reconstitution. 

2.1 Pharmacological intervention 

For different reasons, HSCT recipients with HAdV infections are in a precarious situation. First, 

HAdV infections after HSCT form a typical pediatric problem, receiving relatively little attention 

from the general HSCT field. As a result, they do not benefit from research advances made in the 

adult HSCT setting. Also, in the pediatric population, antiviral drugs are prescribed off-label and 

large clinical trials needed for the development of novel antiviral agents are difficult to perform. 

In contrast to CMV and EBV, for which the use of pre-emptive therapy has greatly improved the 

outcome, the currently available antiviral drug cidofovir does not lead to adenoviral load 

reduction in the absence of lymphocyte reconstitution. At best, cidofovir resulted in temporal viral 

load stabilization (Chapter 4). Although this viral load stabilization can bridge the period until T 

cell reconstitution, in 17% of cases, HAdV viremia progressed despite cidofovir treatment. 

Additionally, cidofovir is highly nephrotoxic leading to both acute and chronic kidney injury after 

HSCT, limiting its use (G. Lugthart unpublished data and references 
53-56

). In the next few years, 

the position of HSCT recipients with HAdV infections may improve as a result of the introduction 

of the novel drug brincidofovir. Brincidofovir is the orally bioavailable lipid conjugate of 

cidofovir and the first published data are promising, showing an increased effectiveness and a 

reduced toxicity profile.
60;61

 The majority of HSCT recipients receiving brincidofovir as a 

treatment for HAdV infections had a rapid reduction of HAdV load during brincidofovir 

treatment.
60;61

 Both studies did not report data on lymphocyte reconstitution during treatment, 

which is a major confounder in studies of drug efficacy. In the study by Hiwarkar et al., 

brincidofovir was given as primary treatment, and reduction of HAdV load was observed 

independent of the time after HSCT, suggesting an effect which does not depend on the presence 

of lymphocytes.
60

 Nevertheless, studies correlating HAdV loads with brincidofovir treatment in 

the absence of lymphocyte reconstitution are needed to confirm these promising data.  

2.2 Adoptive transfer of virus-specific T cells 

The administration of donor derived virus-specific T cells has been applied with promising results 

in the treatment of CMV and EBV reactivations after HSCT (reviewed in ref 
287

). For HAdV, 
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success rates of virus-specific T cell therapy are more variable.
288-290

 The generation of HAdV 

specific T cell products is complicated by the low frequency of HAdV-specific T cells in healthy 

donors, resulting in small doses of transferred virus specific T cells.
288

 This was observed in 

Chapter 3 as well: despite enrichment, the frequency of HAdV specific T cells was low in the 

multi-virus specific T cell product.  

A major limitation of virus-specific T cell therapy is the high level of viral dissemination and 

presence of HAdV-associated disease at the time of T cell infusion in the therapeutic setting. For 

this reason, infusion of T cells before progression to disease might be more successful. In Chapter 

3, we developed a method to generate a product containing T cells specific for CMV, EBV and 

HAdV for prophylactic treatment. Whether the standard prophylactic administration of 

multivirus-specific T cells will become standard of care can be debated. Currently, the evidence 

for the pre-emptive use of virus-specific T cells is based on phase I studies. Three phase II 

randomized clinical trials (RCTs) with prophylactic administration of CMV-specific T cells after 

HSCT have been performed. All three studies finished three years ago. Results of one study were 

published and results of the second study were presented at the 2014 Annual Meeting of the 

American Society of Hematology, but have not been published yet. Results were comparable: 

although patients receiving prophylactic CMV-specific T cells had a lower severity of CMV 

reactivations and required less antiviral drugs, the incidence of CMV reactivations was not 

significantly reduced in the treatment arm.
291;292

 Results of the third study have not been reported 

yet. At the moment, a multicenter RCT using multivirus-specific T cells is in preparation 

(TRACE, initiated by T. Feuchtinger, Tübingen, Germany).  

The improvement of virus-specific T cell immunity is particularly needed in patients with an 

expected delay in T cell reconstitution. Importantly, delayed T cell reconstitution is strongly 

correlated with the exposure to serotherapy (Chapter 6 and refs 
30;33

). If T cell depleting antibodies 

circulate in the HSCT recipient at the time of administration of the graft, these antibodies will also 

deplete the donor T cells infused with this graft. This is illustrated by the reduced success rate of 

HAdV-specific T cell therapy in patients who received serotherapy compared to patients without 

serotherapy.
288

 Therefore, the concentration of circulating ATG or alemtuzumab should be 

monitored prior to infusion of the T cell product. By the time these antibodies are below the 

lympholytic level, T cell reconstitution will be eminent, reducing the need for adoptive T cell 

transfer. In the end, the personalized dosing of serotherapy will prevent overdosing of 

serotherapy, improve T cell reconstitution and reduce the need for virus-specific T cell therapy.  

The number of patients that qualify to receive prophylactic multivirus-specific T cells to prevent 

one serious virus-infection after HSCT may turn out to be high (high number needed to treat). 

Still, a subgroup of HSCT recipients would in fact benefit from targeted adoptive T cell therapy. 

Identification of these patients will improve the effectiveness of adoptive immunotherapy. In 

Chapter 4 and 6, we identified subgroups of patients with a poor prognosis which lacked 

protective T- and NK cell reconstitution. This can be due to high concentrations of serotherapy or 

high dose steroid treatment because of the occurrence of acute GvHD. However, these patients 

will not benefit from adoptive immunotherapy as transferred T cells will be susceptible to 

immunosuppression by steroids or elimination by serotherapy. Other patients with a poor 

prognosis had graft failure or unexplained slow immune reconstitution. These patients often 
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require a retransplantation or stem cell boost, but it takes months before protective T cells recover 

from the newly infused stem cells. For these patients, adoptive transfer of virus-specific T cells 

should be applied in parallel with a stem cell boost to prevent further dissemination of viral 

infections. 

 

 

3 Role for NK cells after HSCT 

In healthy individuals, NK cell function may be overshadowed by the presence of T cells. We 

regarded the treatment induced T cell deficiency after HSCT as a model to study the potential of 

human NK cells in the absence of T cells.  

3.1 Interaction between viral infections and NK cell reconstitution 

Various studies highlighted the inferior outcome of patients with a delayed T cell reconstitution 

after ATG serotherapy as part of the conditioning prior to HSCT.
30;33

 In Chapter 6, we 

demonstrated that leukemia patients with delayed T cell reconstitution after ATG serotherapy 

together with an expansion of effector CD56
bright 

NK cells did not have an inferior clinical 

outcome after HSCT compared to patients with rapid T cell reconstitution. In Chapter 4, a 

reduction of HAdV load was observed in the absence of T cells in patients with an expansion of 

(CD56
bright

) NK cells. Although it is impossible to discriminate between the relative contribution 

of cidofovir and NK cells, this suggests that HAdV infection elicits an NK cell expansion, and 

that an expansion of NK cells can lead to a reduction of the HAdV load. In Chapter 6, we 

observed a strong correlation between CD56
bright 

NK cell expansion early after HSCT and the 

occurrence of EBV reactivations. Although this correlation was not statistically significant after 

multivariate correction for delayed T cell reconstitution, this (preliminary) observation can have 

immunological significance. As EBV seroprevalence is almost universal, the majority of HSCT 

recipients will experience a (subclinical) reactivation of EBV in the absence of T cell 

surveillance. Early after HSCT, NK cell are the only lymphocytes available to respond to viral 

triggers. Therefore, it is conceivable that EBV and HAdV infections contribute to the expansion 

of early differentiated NK cells after HSCT. For both viruses, NK cells alone were not able to 

control the infection. HAdV load reduction was mainly observed in the first weeks of the NK cell 

expansion. Still, the presence of high numbers of NK cells did not prevent from subsequent 

(secondary) HAdV dissemination (Chapter 4). Also, the peak of the viral load during EBV 

reactivations was observed in the weeks after the expansion of NK cells (G. Lugthart, unpublished 

data). In murine studies, depletion of NK cells was only associated with increased viral loads in 

the early phase of infection.
116

 Our data support the hypothesis that NK cells play a role in the 

early immune response to viral infections, but are not able to clear these infections on their own. 

However, a direct relation between (control of) infection and NK cell expansion is hard to prove 

in HSCT recipients with many different infectious and inflammatory triggers.  

In Chapter 6, we did not observe a correlation between CMV infections and the expansion of 

either CD56
bright

 or CD56
dim

 NK cells early after HSCT. The NK cell phenotype associated with 
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CMV infections, the late differentiated NKG2C
+
 CD56

dim
 NK cells, was not present during the 

early phase of CMV infection but expanded between 6 and 12 months after HSCT.
129

 This 

expansion of late differentiated NK cells appears to be secondary and is reminiscent of the 

expansion of late differentiated CD8
+
 T cells after CMV infections post HSCT (Chapter 2).

129
 

This marks a major difference with HAdV and EBV infections, where NK cells expand at the 

early phase of the infection. An extensive phenotyping of NK cells expanding during EBV and 

HAdV infections after HSCT can be used to identify “virus-specific” NK cell characteristics. In 

recent years, a number of studies have been published proposing that the NK cells responding 

during (primary) EBV infections have an early differentiated phenotype. An expansion of 

CD56
bright 

and early differentiated NKG2A
+
KIR

-
 CD56

dim
 NK cells was observed in healthy 

individuals with primary EBV infections,
120;121

 as well as after in vitro stimulation with EBV 

infected cells.
293;294

 The distinct differentiation of NK cells associated with CMV and EBV 

infections is reminiscent of the differentiation of CMV and EBV specific CD8
+
 T cells. Whereas 

CMV-specific CD8
+
 memory T cells are characterized by a late differentiated CD27

+/-
CD28

-
 EM 

and EMRA phenotype, EBV-specific T cells are mainly found in the early differentiated 

CD27
+
CD28

+ 
EM compartment.

70
 

In a humanized NOD SCID gamma (NSG) mouse model, an expansion of NK cells was observed 

upon EBV infection, and depletion of NK cells resulted in higher viral loads and more severe 

disease.
295

 Unfortunately, the study of human NK cell biology in this humanized NSG mouse 

model is complicated because of the lack of CD56 expression on NK cells.
295;296

  In vitro 

experiments using activated, early differentiated NK cells from HSCT recipients can be used to 

investigate whether these cells have an increased potential against Epstein-Barr virus-transformed 

lymphoblastoid cell lines in comparison to healthy donor NK cells. Still, the complexity and 

combined problems of HSCT recipients make it hard to convincingly demonstrate virus driven 

NK cell responses. For this, immune monitoring during primary EBV infections in healthy 

individuals would be more suitable, yet this is hard to realize in view of practical and ethical 

considerations. In the follow-up of primary EBV infections, the first week of the immune 

response, during which NK cells might play a major role, will be missed. An alternative approach 

to increase the understanding of human NK cell immunity to EBV could be the simian 

lymphocryptovirus infection model in rhesus macaques.
297;298

 This virus is very similar to the 

human EBV, whereas macaque NK cells are more comparable to human NK cells than commonly 

used murine NK cells.
297;298

   

3.2 Compensatory adaptations of NK cells during T cell deficiency 

The functional profile of post-transplant CD56
bright

 NK cells corresponds with that of 

conventional, cytokine secreting CD56
bright 

NK cells that have temporarily acquired cytolytic 

potential (Chapter 6). Other studies demonstrated a low cytotoxicity of post-transplant CD56
bright 

NK cells, but in these studies the cells were subjected to prolonged in vitro culture before 

performing cytotoxicity assays or purified CD56
bright 

cells acquired at three months after HSCT 

were investigated.
136;216;299

 By that time, the granzyme B expression of CD56
bright 

NK cells was 

already strongly reduced (Chapter 6).  
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CD56
bright 

NK cells early after HSCT had an increased expression of receptors associated with 

migration towards inflamed tissues and skin, but were circulating in blood. The fact that these 

cells are circulating implies that the expression of chemokine receptors alone is not enough to 

retain these cells in tissues. We did not investigate whether CD56
bright 

NK cells were further 

enriched in inflamed tissues or skin, which could improve the understanding of the data presented 

in Chapter 6. The chemokine receptor expression profile on circulating NK cells might be a 

reflection of the total circulating and non-circulating NK cell pool. Possibly, these cells are 

traveling towards tissues, or have just left the tissues. The circulating NK cells early after HSCT 

did not express CD69. Although CD69 was initially identified as an early lymphocyte activation 

marker,
264-266 

CD69 has been increasingly recognized to play a role in tissue retention. This is 

mediated via the downregulation of sphingosine-1-phospate receptor 1 (S1PR1), which is needed 

for cells to return to the blood stream.
300;301

 Possibly, the inflammatory environment after HSCT 

results in the expression of chemokine receptors to increase their potential to rapidly access sites 

of inflammation. Once the cells enter their target tissue, the local expression of activating 

cytokines might engage CD69 expression to facilitate the retention in these tissues.  

The expression of inflammatory chemokine receptors, combined with a strong IFN-γ production 

and fully equipped cytotoxic machinery, enables CD56
bright 

NK cells to respond rapidly in the 

early phase of viral infections after HSCT. Whether these cells expand in response to viruses, or 

as a result of general inflammation and cytokine storm remains to be elucidated. The strong 

expansion of CD56
bright 

NK cells with acquired functional assets of CD56
dim

 NK cells
 
occurred in 

the presence of CD56
dim

 NK cells. Why do cytotoxic CD56
dim

 NK cells
 
not expand themselves? 

Possibly, CD56
bright

 NK cells are a more sensitive to exogenous stimulation. This corresponds to 

the high proliferative capacity of in vitro activated healthy donor CD56
bright

 NK cells compared to 

CD56
dim

 cells.
97

 Alternatively, in vivo activated CD56
dim 

NK cells left the blood stream, or 

acquired a CD56
bright

 phenotype, as has been reported for in vitro activated CD56
dim 

NK cells.
105

  

Our observations are in line with the limited reported observations in patients with severe inborn 

T cell deficiencies. In patients with RAG and ARTEMIS deficiencies, an increased proportion of 

NK cells had the CD56
bright 

phenotype, and these cells displayed a high degranulation upon 

coculture with K562.
235

 An increased proportion of CD56
bright 

NK cells has been reported in 

patients with T cell receptor-γ, -δ and -ζ deficiencies as well.
302

 In a case report describing an X-

linked SCID patient with the rare T-B+NK+ phenotype, an expansion of CD56
bright 

NK cells was 

described.
303

 In this patient, all skin infiltrating lymphocytes were CD56
bright

 NK cells. This would 

match with the chemokine receptor expression profile observed after HSCT, with a temporarily 

increased expression of cutaneous lymphocyte antigen (CLA) on CD56
bright

 NK cells. Finally, also 

in human immunodeficiency virus (HIV) infected patients with an acquired T cell deficiency, an 

inverse correlation was observed between CD4
+
 T cell numbers and the proportion of NK cells 

with the CD56
bright

 phenotype. Like post-transplant CD56
bright

 NK cells, these cells had a reduced 

expression of CCR7 and an increased expression of granzyme B.
236

 Together, these data 

demonstrate the flexibility of the human immune system and the potential of the minor CD56
bright

 

NK cell population in situations when T cells are not able to perform their task. 
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4 Identification of a lymphoid tissue resident NK cell subset 

Most knowledge on the phenotype and function of NK cells is derived from cells present in blood. 

In the blood of healthy donors, CD56
bright

 NK cells form a minor non-cytotoxic NK cell subset. In 

this thesis, we describe two situations in which CD56
bright

 NK cells form a major cell subset with 

distinct phenotypic and functional properties. Using 12-color flowcytometry, we demonstrated 

that CD56
bright 

NK cells expanding early after HSCT are distinct from CD56
bright 

NK cell in steady 

state conditions (Chapter 6 and discussed in the previous section). Also, we discovered a third, 

phenotypically and functionally distinct NK cell population in lymphoid tissues (Chapter 7). A 

relative increase of CD56
bright

CD16
+/- 

NK cells in lymphoid tissues has been discovered decades 

ago.
108;216

 The use of CD56 and CD16 to discriminate the two main (CD56
bright

 and CD56
dim

) NK 

cell populations originates from the era of 4-color flowcytometry. Many characteristics of 

circulating and easily available CD56
bright 

NK cells have been extrapolated to draw conclusions 

about NK cell biology in tissues. Without the use of additional markers, this lymphoid tissue 

residing NK cell population (ltNK) could previously not be discriminated from conventional 

CD56
bright 

and CD56
dim

 NK cells. In future, the use of mass spectrometry (CyTOF®), measuring 

~30 extracellular or intracellular proteins per cell, and single cell RNA sequencing, measuring the 

gene expression of ~10.000 genes will further increase this resolution.
304;305

 Combined with 

advanced computerized data analysis, these new technologies will enable grouping and unveil 

relations between immune cell subsets without the investigator bias inevitably associated with the 

manual gating of cells which is currently applied. 

4.1 Tissue retention and Mobility  

Important mechanisms for tissue homing and retention are the engagement of chemokine 

receptors and adhesion molecules. ltNK cells have a distinct expression of chemokine receptors 

and adhesion molecules in comparison to circulating CD56
bright

 NK cells from healthy 

individuals.
306-308

 The discriminative cell surface markers used to identify ltNK cells are CD69 

and the chemokine receptor CXCR6 (Chapter 7). Although CD69 was first identified as an 

activation marker, CD69 is now recognized to play an important role in tissue retention (see 

above).
300;301

 Simultaneously with our discovery of CXCR6
+
(CCR5

+
) ltNK cells, a 

CXCR6
+
CCR5

+
  human liver resident NK cell population was identified.

261;271
 The chemokine 

receptors CXCR6 and CCR5 were also found to be expressed by murine liver resident NK cells 

and human lymphoid tissue, liver and lung resident T cells.
269;270;273;309-312

 These observations 

support the hypothesis that these chemokine receptors are involved in tissue residency. 

Specialized tissue resident NK cells were first identified in the uterus.
313-315

 Human uterine NK 

cells do not express CCR5, whereas their expression of CXCR6 has not been assessed. Instead, 

uterine NK cells uniformly express the adhesion molecule CD49a, while a proportion of uterine 

NK cells express CD103 as well.
313-315

 These adhesion molecules are expressed by tissue resident 

NK cells in tonsil, T cells in lung and mucosa and mucosal innate lymphoid cells as well.
262;311;316

 

However, ltNK cells in bone marrow, spleen and lymph node, and the majority of human liver 

resident NK cells do not express these markers.
261;271

 This suggests that mucosal and non-mucosal 

tissue resident lymphocytes apply a different mechanism of tissue retention. Interestingly, 
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(lymphoid) tissue-resident CD56
bright 

NK cells lack the expression of CD62L (L-selectin) and 

CCR7, involved in recruitment of circulating lymphocytes to lymphoid tissues via high 

endothelial venules (HEVs).
107;271;313

 Apparently, these receptors are not required for the retention 

of ltNK cells in lymphoid tissues. The uniform evaluation of chemokine receptor and adhesion 

molecule expression on NK cells from a broad range of human tissues could further improve the 

understanding of NK cell tissue residency and identify tissue specific characteristics.
 

4.2 Function and Interactions 

Although ltNK cells appear to have a hypofunctional profile in resting state, they produce 

interferon-γ and become cytotoxic after the appropriate in vitro stimulation (Chapter 7). In line 

with their specific tissue localization and phenotype, it is plausible that these cells have a local 

function that differs from the classical NK cell functions. Alternatively, they may form a reservoir 

of NK cells waiting for mobilization, which lose their tissue-retention and CD69
+
CXCR6

+
 

phenotype upon activation. In view of their similarities with liver resident NK cells, 

CD69
+
CXCR6

+
 NK cells can be present in other tissues with an enrichment of CD56

bright
 NK 

cells.
106-108

 They can have a more general tissue-residing immune scavenger function protecting 

the local environment from invading pathogens. Uterine NK cells were shown to produce 

chemokines and angiogenic factors, suggesting a tissue-specific role in embryonic 

implantation.
314;317;318

 Like other innate lymphoid cell types , NK cells in different tissues can 

have their own tissue specific function.
88

 This can be addressed by the in parallel investigation of 

tissue resident NK cells from different tissues. 

Murine liver (but not spleen) resident CXCR6
+
CD49a

+
 NK cells have been shown to be involved 

in hapten- and virus specific memory NK cell responses.
272;273

 In both mice and man, virus-

specific T cells are enriched in the target-tissue of the respective virus (e.g. hepatitis virus in liver, 

EBV in bone marrow, influenza virus in lung).
270;319-322

 Whether human tissue-resident NK cells 

play a role in such memory responses remains to be elucidated.  We did not observe a difference 

between the size of the ltNK cell population in pediatric and adult bone marrow donors, arguing 

against the accumulation of an (antigen) experienced cell population (G. Lugthart, unpublished 

observation).  

Based on the localization in lymphoid tissues, it is conceivable that ltNK cells play a role in the 

enhancement and polarization of adaptive immune responses.
108;253

 Clues for the interactions of 

tissue resident NK cells with other cells may further be deduced from the nature of CXCL16, the 

exclusive ligand for CXCR6.
323;324

 In contrast to most other chemokines, CXCL16 is expressed as 

a cell surface bound molecule which can be shed to function as a chemo-attractant. CXCL16 

functions as a receptor for oxidized lipoprotein and bacteria, but has also been demonstrated to be 

involved in cellular interactions.
325-328

 CXCL16 is expressed by both immune cells and other cells. 

For example, dendritic cells (DC) in T cell zones of the lymph node, liver sinusoids and –still 

unidentified– cells in the splenic red pulp express CXCL16. In concordance, NK cells have been 

shown to co-localize with DCs in T cell zones of lymph nodes and are mainly found in liver 

sinusoids and in red pulp of the spleen.
108;256;257;271

 Fluorescence immunohistochemistry and 

confocal microscopy should be used to determine the exact tissue localization of ltNK cells and 

their interactions with the surrounding cells for a better understanding of their interactions and 
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possible function. In addition, gene expression data will unravel signaling pathways and 

transcription factors involved in tissue residency, as has been shown for tissue-resident T 

cells.
311;329

 Furthermore, gene expression analysis can identify pathways involved in cellular 

processes to provide clues about their function and interactions.  

It has been suggested that CXCR6-CXCL16 interactions play a role in the enhancement of 

immune-responses
330;331

 Recently, it was shown that co-culture with CXCL16
+
 activated dendritic 

cells stimulated CXCR6
+
 murine NKT cells to produce IFN-γ.

332
 When this applies for NK cells, 

ltNK cells might play a role as a catalyst for the generation and polarization of CD4
+
 Th1 immune 

responses and CD8
+
 T cell responses in lymphoid organs. Based on the cellular interactions and 

gene expression data, targeted functional experiments can be designed to improve the 

understanding of the role of ltNK cells in human immune responses. 

 

 

5 Relationship between different NK cell subsets 

The skewing towards CD56
bright 

NK cells after HSCT and the expression of the early 

differentiation markers CD27, CD117 and CD127 on CD56
bright

 NK cells, but not CD56
dim

 NK 

cells from healthy donor blood have led to the hypothesis that CD56
bright

 NK cells are the 

precursors of CD56
dim 

NK cells.
91;216;299

 However, in Chapter 6, we show that the reconstitution of 

CD56
dim

 NK cells after HSCT occurred independently of CD56
bright

 NK cell- and T cell 

reconstitution. Furthermore, CD56
bright

 NK cells early after HSCT did not have an immature, but 

rather an activated phenotype.  This corresponds to the high proliferative capacity of in vitro 

activated healthy donor CD56
bright

 NK cells compared to CD56
dim

 cells.
97

 Various studies reported 

the existence of phenotypic and functional intermediate stages in the progression from CD56
bright

 

to CD56
dim

 NK cells in peripheral blood of healthy donors and patients after HSCT based on the 

expression of CD16, CD27 and CD117.
100;126-128;279;333

 Notably, the increased expression of CD16 

and reduced expression of CD117 and CD27 on CD56
bright

 NK cells can be affected by cytokine-

activation.
100;126;127;279;334

 Therefore, the dynamics and phenotype of NK cell reconstitution in the 

inflammatory conditions early after HSCT might be more informative about the response of 

different NK cell subsets to in vivo stimulation rather than about their developmental 

(inter)relation. 

The distinctive reconstitution profile of ltNK cells after HSCT (Chapter 7) indicates that these 

cells form a distinct subset with a limited expansion upon exogenous stimulation. Their recovery 

followed the reconstitution of CD56
bright

 and CD56
dim

 NK cells, arguing against a position as NK 

cell precursor-population or an intermediate between CD56
bright

 and CD56
dim

 NK cells. Another 

argument to reject the hypothesis that ltNK cells could be a precursor population, is the lack of 

expression of the early differentiation markers CD117 and CD127 on ltNK cells. It is unlikely that 

the lack of expression of these markers is caused by cellular activation, because the tissues in 

which ltNK cells were identified were harvested from a non-inflammatory environment in healthy 

donors. 



|  Chapter 9 

 
154 

The discovery of distinct tissue-resident CD56
bright 

NK cell populations increases the number of 

possible relationships between the NK cell populations. Data from transcription factor-deficient 

mice suggested that circulating and tissue-resident NK cells are derived from different cell 

lineages.
335

 However, the lack of CD56 expression on murine NK cells hampers the direct 

comparison to human NK cell populations. Transcriptome analysis comparing human uterine NK 

cells with both circulating CD56
bright

 and CD56
dim

 NK cells highlighted major differences in gene 

expression profile between the three NK cell populations.
313

 Gene tracking data in rhesus 

macaques transplanted with lentiviral barcoded hematopoietic stem cells demonstrated that the 

lineage origin of the macaque NK cell homologues of CD56
bright 

(CD56
+
CD16

-
) and CD56

dim
 

(CD56
-
CD16

+
) NK cells is different, suggesting that CD56

dim
 NK cells do not develop from the 

CD56
bright

 population.
298

  

Rare patients with human NK cell deficiencies may provide clues about the developmental 

relationship between CD56
bright

 and CD56
dim

 NK cells as well. No mutations in transcription 

factors have been described as a putative cause of the lack of CD56
dim

 NK cells while the 

CD56
bright

 NK cells are spared. Patients with a partial minichromosome maintenance complex 4 

(MCM4) deficiency, a molecule involved in proliferation, have reduced numbers of circulating 

CD56
dim

 NK cells and normal numbers of CD56
bright

 NK cells.
336

 Mutations in the transcription 

factor gene GATA2 result in the absence of CD56
bright

 NK cells, while CD56
dim

 NK cells are still 

present.
337

 Together, these observations argue against the hypothesis that CD56
dim

 NK cells are 

derived from CD56
bright

 NK cells. The distinct phenotype and functional signature of ltNK cells 

supports the hypothesis that these NK cells develop locally, independently of the circulating NK 

cells. Nevertheless, additional studies are needed to shed new light on the developmental 

relationship between CD56
bright

, CD56
dim

 and tissue-resident CD56
bright

 NK cell populations and 

their precursors. Gene-expression data can be used to identify transcription factors that are 

preferentially expressed in one of the NK cell populations. The evaluation of ltNK cells in the 

bone marrow aspirations from patients with known defects of genes that play a role in the immune 

system could identify the impact of these genes on resident NK cells. Finally, life-span and 

relation of circulating and tissue resident NK cell subsets could be further studied by infusion of 

radioisotope labelled NK cell subsets in (humanized) animal models. 
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6 General conclusions 

In this thesis, new insights in the complex and intertwined relationship between viral infections, T 

cells and natural killer cells after allogeneic HSCT in children are provided and discussed. 

Patients are at high risk of viral complication during the T cell deficient period early after HSCT. 

When viral infections occur, interventions to bridge the period until the recovery of antiviral T 

cell immunity are of great importance to improve the clinical outcome after HSCT. As a result of 

ongoing developments in the field, the perspective of some of the chapters may soon change. For 

example, the use of cidofovir for the treatment of HAdV infections may soon be history because 

of the introduction of the new (and promised to be better) drug brincidofovir. However, also 

brincidofovir should also be critically evaluated and related to HAdV load dynamics in the 

absence of lymphocyte recovery. The prophylactic use of adoptive T cell therapy for multiple 

viruses might never become the standard of care for pediatric HSCT recipients because of the 

improved understanding of the in vivo effectiveness and pharmacodynamics of serotherapy 

agents. These developments will result in personalized dosage schedules, reduction of over-

dosage and a reduction of patients with a prolonged T cell deficiency after HSCT. Patients who 

lack T cell recovery in the absence of circulating serotherapy agents might benefit from targeted 

use of adoptive T cell therapy and should be identified. In addition to the importance of T cell 

reconstitution for the protection of viral reactivations, early CMV infections can explain the often 

observed severely skewed CD8
+
 T cell memory compartment in the years after HSCT. However, 

we also showed that this is caused by an expansion of late differentiated T cells on top of an 

otherwise balanced immune system. Still, CMV reactivations after HSCT should be included in 

the late-effect evaluations of pediatric HSCT recipients reaching adulthood, to study its effect on 

(immune) pathology that might occur decades after HSCT. 

Besides antiviral medication and the use of adoptive immunotherapy, NK cells may play a role in 

the protection against viruses when T cells are not available to perform their task. A strong 

expansion of CD56
bright 

NK cells occurred in patients with a delayed T cell reconstitution, and 

these cells displayed functional and phenotypic adaptations. The correlation of specific viral 

infections with the expansion and function of distinct NK cell phenotypes after HSCT should be 

explored further, as the period of T cell deficiency after HSCT can be used as a model to improve 

the understanding of the role of NK cells in antiviral immunity. The identification of CD69 and 

CXCR6 to distinguish the distinct lymphoid tissue resident ltNK cell population from circulating 

cells enables the further characterization of the interactions of tissue-resident and circulating NK 

cells with other immune cells in lymphoid tissues. For example, gene expression analysis 

comparing tissue-resident and circulating NK cells can provide clues about the specific functions 

of tissue-resident NK cells, while immunohistochemistry and confocal microscopy may reveal the 

cellular interactions of tissue-resident NK cells. Importantly, both ltNK cells in lymphoid tissues 

and CD56
bright 

NK cells early after HSCT have a distinct phenotype and function compared to 

conventional (CD56
bright

) NK cells. These data illustrate that human NK cell biology goes beyond 

the current models which are mainly based on circulating NK cells from healthy individuals. This 

invites for a re-assessment of the relationship between the different human NK cell populations 

and their role in human immunity. 
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Samenvatting 

Introductie 

Hematopoïetische (bloedvormende) stamcellen zijn te vinden in het beenmerg en vormen een 

levenslange bron van rode bloedcellen, bloedplaatjes en witte bloedcellen. Het vervangen van de 

zieke stamcellen van een patiënt door de gezonde stamcellen van een donor staat bekend onder de 

term allogene hematopoïetische stamceltransplantatie, (HSCT), en wordt toegepast als 

behandeling van levensbedreigende of invaliderende, veelal aangeboren ziekten van het bloed- of 

afweersysteem, zoals ernstige afweerstoornissen en ziektes van de rode bloedcellen 

(hemoglobinopathieën). Ook wordt deze therapie toegepast om het hematopoïetische systeem van 

patiënten met bloed- en lymfeklierkanker te herstellen na zeer intensieve chemotherapie en/of 

bestraling. 

Bij een HSCT worden eerst de stamcellen en witte bloedcellen van de patiënt vernietigd met 

chemotherapie of bestraling, waardoor er ruimte in het beenmerg ontstaat voor de stamcellen van 

de donor. Om te voorkomen dat de stamcellen van de donor worden afgestoten door het 

afweersysteem van de patiënt, wordt ook het afweersysteem van de patiënt uitgeschakeld 

voorafgaande aan de stamceltransplantatie. Het is belangrijk dat de witte bloedgroep van de donor 

en patiënt zo veel mogelijk overeenkomen. Dit is nodig om de zogenaamde “aanvalsziekte”, 

graft-versus-host disease, te voorkomen. Bij graft-versus-host disease vallen de witte bloedcellen 

van de donor de gezonde weefsels van de patiënt aan, wat bijvoorbeeld kan leiden tot ernstige 

diarree, huidproblemen of benauwdheid.  

Na de stamceltransplantatie groeit er vanuit de stamcellen van de donor een compleet nieuw 

afweersysteem. Het volledig herstel van dit afweersysteem (immuun reconstitutie) kost ongeveer 

een jaar. Met name in de eerste maanden zijn patiënten vatbaar voor infecties. Daardoor kunnen 

virussen die bij gezonde mensen weinig klachten veroorzaken voor deze patiënten tot 

levensbedreigende ziekte leiden. Om de kans op graft-versus-host disease te verkleinen, krijgt de 

patiënt rondom de transplantatie afweer-onderdrukkende medicijnen. Deze medicijnen remmen 

niet alleen de graft-versus-host disease veroorzakende (allo-reactieve) afweercellen, maar ook de 

cellen die nodig zijn om infecties te bestrijden. Hierdoor is het extreem belangrijk om niet te veel, 

maar ook niet te weinig afweer-onderdrukkende medicijnen te gebruiken rondom de 

transplantatie. 

Voor het schrijven van dit proefschrift werd de relatie tussen virale infecties en het herstel van het 

afweersysteem onderzocht. In het bijzonder werd het herstel van T-cellen en Natural Killer (NK)-

cellen bestudeerd. T-cellen zijn cellen van het aangeleerde afweersysteem die een onmisbare rol 

hebben in de specifieke afweer tegen infecties. T-cellen doen dit onder andere door virus-

geïnfecteerde cellen te doden en een goed gecoördineerde afweerreactie te organiseren. NK-cellen 

zijn cellen van het aangeboren afweersysteem die met name in de vroege fase van een infectie 

kunnen bijdragen aan het gevecht tegen een virusinfectie. Dit doen NK-cellen door het doden van 

virus-geïnfecteerde cellen, maar recent is steeds meer duidelijk geworden dat NK-cellen door 

middel van de productie van signaalstoffen ook een rol spelen in het activeren en aansturen van 

andere afweercellen. Echter de precieze rol van NK-cellen in gezondheid en ziekte is nog steeds 

niet helemaal duidelijk. In bloed van gezonde donoren circuleren twee subpopulaties van NK-
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cellen die te onderscheiden zijn door de mate van expressie van het celmembraan eiwit CD56: 

CD56
bright 

en CD56
dim 

NK-cellen. De CD56
bright

 NK-cellen vormen 10% van de NK-cellen, 

produceren vooral signaalstoffen en hebben in rust een lage cytotoxiciteit (cel-dodende 

capaciteit). CD56
bright

 NK-cellen worden gezien als voorlopers van CD56
dim

 NK-cellen, die van 

nature een sterke cytotoxiciteit hebben.  

Het herstel van het afweersysteem is een belangrijke voorspeller voor een goede uitkomst van 

patiënten met virale infecties na HSCT. Een beter begrip van de interactie tussen verschillende 

spelers van het afweersysteem na transplantatie kan leiden tot mogelijkheden om het herstel van 

het afweersysteem na een stamceltransplantatie te beïnvloeden en complicaties te verminderen. 

 

Onderzoeksresultaten 

In het eerste deel van dit proefschrift (Hoofdstuk 2-4) ligt de nadruk op de interactie tussen 

virusinfecties en het herstel van de afweer door T-cellen. 

 

In Hoofdstuk 2 wordt beschreven dat een reactivatie van het cytomegalovirus (CMV) kort na 

HSCT een langdurige, dynamische en specifieke afdruk achterlaat op het T-cel-compartiment. We 

bekeken de samenstelling van het cellulaire afweersysteem op 1 en 2 jaar na HSCT in 131 

kinderen die een stamceltransplantatie kregen vanwege leukemie. 46 van de 131 kinderen kregen 

een CMV-reactivatie binnen de eerste 3 maanden na HSCT. Patiënten die kort na HSCT een 

CMV-reactivatie kregen, reageerden met een expansie van CD8
+
 T-cellen, en zelfs een jaar later 

was er nog steeds sprake van een uitgesproken toename van laat gedifferentieerde CD8
+
 

geheugen-T-cellen (EM en EMRA). Deze expansie werd gevolgd door een regressie in het tweede 

jaar na transplantatie. Dit patroon werd niet gezien na vroege Epstein-Barr virus- (EBV) en 

adenovirus-infecties. CMV-reactivatie had geen significante invloed op CD4
+
 T-cel- en NK-cel 

aantallen één jaar na HSCT. Tevens werd het herstel van naïeve T-cellen, die nodig zijn voor een 

gebalanceerd en gezond afweersysteem, niet negatief beïnvloed door vroege CMV-reactivaties na 

HSCT. 

 

In Hoofdstuk 3 beschrijven we de ontwikkeling van een klinisch toepasbare methode om in één 

procedure virus-specifieke T-cellen gericht tegen CMV, EBV en adenovirus uit het bloed van een 

gezonde donor te selecteren. Deze virus-specifieke cellen kunnen worden gebruikt om de T-cel-

immuniteit tegen deze virussen te herstellen na HSCT zonder de kans op graft-versus-host disease 

te vergroten. Voor deze experimentele behandeling wordt momenteel vooral een interferon-γ 

capture assay gebruikt. Echter, niet alle virus-specifieke cellen produceren interferon-γ na 

activatie. Daarom zochten wij naar alternatieven voor het interferon-γ capture assay. Hiervoor 

vergeleken wij de expressie van verschillende activatiemarkers op T-cellen na stimulatie met 

virale peptide pools. Op deze manier identificeerden we CD25 als een goede kandidaat. Het 

percentage van de T-cellen dat CD25 tot expressie bracht na stimulatie was 3-7 maal hoger dan 

het percentage T-cellen dat interferon-γ produceerde. Dit geeft aan dat een groter deel van de 

virus-specifieke cellen kan worden gedetecteerd -en vervolgens geselecteerd- met deze methode. 

Omdat CD25 ook tot expressie komt op regulatoire T-cellen (Treg), bevat het cel-product dat op 
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deze manier wordt geproduceerd ook regulatoire T-cellen. Hierdoor is dit cel-product niet alleen 

verrijkt voor virus-specifieke cellen en daarmee vrij van alloreactieve cellen (cellen die graft-

versus-host disease veroorzaken), maar onderdrukken de CD25-geselecteerde cellen in de 

laboratoriumsetting ook alloreactieve cellen. 

 

In Hoofdstuk 4 werd de effectiviteit van preëmptieve behandeling met het medicijn cidofovir 

tegen adenovirus-infecties na HSCT bestudeerd. Preëmptieve behandeling is een speciale vorm 

van preventieve behandeling en wordt toegepast bij medicijnen met veel bijwerkingen: 

behandeling wordt dan pas gestart wanneer het virus gedetecteerd wordt in het bloed, maar 

vóórdat het virus klachten geeft. Er werden 42 episodes van adenovirus-reactivatie in 36 patiënten 

bestudeerd. Een snelle daling van de adenovirus virale load (hoeveelheid virus-DNA per ml 

bloed) tijdens de cidofovir-behandeling was geassocieerd met een gelijktijdig herstel van T-cellen 

(n=20) en waarschijnlijk waren de T-cellen verantwoordelijk voor de snelle daling van het virus. 

In de afwezigheid van T-cellen (n=22) steeg de virale load in driekwart van de gevallen niet door 

tijdens cidofovir-behandeling. De vraag is echter of dit alleen door cidofovir kwam: een daling 

van de virale load in de afwezigheid van T-cellen werd alleen gezien bij patiënten die 

tegelijkertijd een expansie van NK-cellen had. In slechts 2 van de 6 patiënten waarbij geen T-, 

maar ook geen NK-cellen aanwezig waren, bleef de adenovirus viral load stabiel gedurende 

tenminste 3 weken cidofovir-therapie. In de andere 4 patiënten steeg de virale load door ondanks 

cidofovir-therapie. Deze resultaten onderstrepen het belang van T-cel-herstel voor de 

bescherming tegen ziekte en sterfte door adenovirus-infecties na HSCT. Ook geven deze 

resultaten aan dat er nieuwe, effectievere medicijnen nodig zijn. Ten derde suggereren deze 

resultaten dat NK-cellen een rol kunnen spelen in de bescherming tegen adenovirus-infecties in de 

periode dat T-cellen niet aanwezig zijn. 

 

In het tweede deel van dit proefschrift ligt de nadruk op NK-cellen. 

 

In Hoofdstuk 5 wordt één van de beperkingen van het onderzoek doen met ingevroren en 

ontdooide witte bloedcellen besproken. In vers bloed bestaat het NK-cel-compartiment uit twee 

subpopulaties (CD56
bright

CD16
+/- 

en CD56
dim

CD16
+
). Echter, bij de beoordeling van ingevroren en 

ontdooide witte bloedcellen van patiënten in de eerste maand na HSCT werd een derde 

subpopulatie gezien met een CD56
dim

CD16
- 
fenotype. Deze cellen waren niet aanwezig in vers 

bloed dat direct na afname bij de patiënt werd geanalyseerd. Omdat dit artefact alleen werd gezien 

onder specifieke omstandigheden kort na HSCT zouden deze cellen abusievelijk kunnen worden 

aangezien voor een relevante nieuwe NK-cel-subpopulatie. Dit onderstreept het belang van het 

valideren van onderzoeksresultaten gebaseerd op ontdooide witte bloedcellen uit de biobank met 

vers geïsoleerde witte bloedcellen. 

 

In Hoofdstuk 6 werd het herstel van de T- en NK-cel-immuniteit geëvalueerd in 93 kinderen die 

een allogene HSCT kregen vanwege leukemie. Gemiddeld duurt het 4 tot 8 weken totdat de eerste 

T-cellen na een stamceltransplantatie terugkomen, terwijl NK-cellen al na 3 weken herstellen. Dit 
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biedt de mogelijkheid om naar de rol van NK-cellen te kijken in de (tijdelijke) afwezigheid van T-

cellen. 

Kort na de transplantatie werd een expansie van CD56
bright

 NK-cellen (>300 cellen/μl bloed) 

gezien in een subgroep van 38 patiënten. Bij al deze 38 patiënten duurde het meer dan zes weken 

voordat T-cellen terugkwamen, terwijl de expansie van deze normaal kleine CD56
bright 

NK-cel-

populatie niet werd gezien in patiënten bij wie de T-cellen binnen vier weken na transplantatie 

terug kwamen. Deze cellen CD56
bright 

NK-cellen kort na HSCT hadden een hoge expressie van 

chemokine-receptoren die een rol spelen bij de migratie van afweercellen naar ontstekingsreacties 

en van het molecuul cutaneous lymphocyte antigen dat betrokken is bij de migratie van cellen 

naar de huid. In tegenstelling tot CD56
bright

 NK-cellen van gezonde donoren waren CD56
bright

 NK-

cellen kort na transplantatie wel cytotoxisch. Deze resultaten tonen aan dat CD56
bright

 NK-cellen 

afhankelijk van de omstandigheden verschillende functionele eigenschappen kunnen hebben. 

Wanneer er geen T-cellen zijn, kunnen CD56
bright

 NK-cellen snel expanderen. Ook krijgen zij in 

deze omstandigheden functionele capaciteiten die zij normaal niet hebben. Patiënten met een 

expansie van CD56
bright

 NK-cellen ten tijde van een vertraagd T-cel-herstel hadden een klinische 

uitkomst vergelijkbaar met die van patiënten met een snel T-cel-herstel. Dit suggereert dat 

CD56
bright

 NK-cellen kunnen compenseren voor de afwezige T-cellen. 

 

In Hoofdstuk 7 beschrijven wij de ontdekking van een nieuwe NK-cel-populatie in humane 

lymfoïde organen. Deze ‘lymphoid tissue NK-cellen’ (ltNK) werden geïdentificeerd door hun 

gelijktijdige expressie van de weefselretentie-marker CD69 en de chemokine-receptor CXCR6. 

Deze populatie vormde 30-60% van de NK-cellen in beenmerg (n=20), milt (n=7) en lymfklier 

(n=3) maar was niet detecteerbaar in perifeer bloed. ltNK-cellen hebben een uniek expressie-

patroon van oppervlaktemarkers in vergelijking met CD56
bright 

en CD56
dim 

NK-cellen in bloed. 

Deze ltNK-cellen hadden een interferon-γ (signaalstof) productie die vergelijkbaar was met die 

van CD56
dim 

NK-cellen. Hun cytotoxiciteit was meer vergelijkbaar met CD56
bright 

NK-cellen 

aangezien
 
zij activatie nodig hadden om cytotoxisch te worden. Na HSCT hadden CD69

+
CXCR6

+ 

lymphoid tissue NK-cellen een vertraagd herstel in vergelijking met CD56
bright 

en CD56
dim 

NK-

cellen. De identificatie van deze NK-cel-populatie in lymfoïde organen biedt mogelijkheden om 

de interacties met andere afweercellen en de rol van NK-cellen in de werking van het menselijk 

afweersysteem verder te onderzoeken. 

 

Discussie en Conclusie 

In dit proefschrift worden nieuwe inzichten in de complexe en ineengevlochten relatie tussen 

virale infecties, T-cellen en Natural Killer (NK) cellen na allogene hematopoïetische 

stamceltransplantatie in kinderen beschreven.  

In de periode waarin T-cellen (nog) niet hersteld zijn na HSCT, hebben patiënten een groot risico 

op complicaties door virusinfecties. Wanneer een patiënt getroffen wordt door zo’n virusinfectie, 

is het van het grootst belang om de periode tot het moment dat T-cellen weer herstellen zo goed 

mogelijk te overbruggen. Door voortschrijdende ontwikkelingen in het vakgebied zou het kunnen 

dat een aantal van de hoofdstukken in dit proefschrift over een aantal jaar in een ander perspectief 



 Nederlandse samenvatting  | 

 

 

179 

S 

komen te staan. Bijvoorbeeld zou het kunnen dat het gebruik van het medicijn cidofovir 

binnenkort niet meer gebruikt wordt, omdat er een nieuw middel (brincidofovir) op de markt 

geïntroduceerd wordt dat in de eerste onderzoeken veel effectiever lijkt te zijn. Echter, ook dat 

nieuwe medicijn zal op een kritische manier moeten worden geëvalueerd, en de werkzaamheid zal 

op dezelfde manier als cidofovir moeten worden gerelateerd aan het herstel van het 

afweersysteem. Het preventief toedienen van virus-specifieke T-cellen tegen verschillende 

virussen zal waarschijnlijk niet de standaard worden voor alle kinderen die een HSCT ondergaan. 

Dit komt doordat steeds minder kinderen een vertraagd T-cel-herstel zullen hebben door 

gepersonaliseerde dosering van chemotherapie en afweer-onderdrukkende medicijnen. Optimaal 

T cel herstel voor iedereen is echter een illusie. Er zullen dus patiënten blijven die zeer gebaat zijn 

bij virus-specifieke T-cel-therapie. Het blijft daarom van belang deze patiënten zo goed en zo 

vroeg mogelijk te identificeren zodat zij optimaal kunnen profiteren van deze vorm van 

behandeling.  

Waar het belang van het herstel van T-cel-immuniteit voor de bescherming tegen virusinfecties 

kort na HSCT klip en klaar is, hebben wij laten zien dat de interactie tussen T-cellen en virussen 

verder gaat. Heel hoge aantallen CD8
+
 T-cellen die regelmatig gezien worden in de jaren na 

HSCT kunnen worden verklaard door vroege CMV-infecties. Wij lieten echter ook zien dat dit 

komt door een expansie van laat gedifferentieerde geheugencellen bovenop een verder normaal en 

gebalanceerd afweersysteem. In hoeverre de vroege CMV infecties en de afweer-reactie hiertegen 

van invloed zijn op lange termijn immuun-pathologie is nog onopgehelderd en moet nog wel 

bestudeerd worden in studies naar de late effecten van HSCT voor (inmiddels volwassen 

geworden) kinderen. 

Naast antivirale medicatie en adoptieve immunotherapie kunnen NK-cellen een rol spelen in de 

bescherming tegen virusinfecties wanneer T-cellen niet aanwezig zijn om hun taak te volbrengen. 

Wij zagen een sterke expansie van CD56
bright 

NK-cellen in patiënten met een vertraagd T-cel-

herstel na HSCT. Deze cellen waren fenotypisch en functioneel anders dan CD56
bright 

NK-cellen 

in gezonde donoren. Een verdere verkenning van de relatie tussen de expansie van deze CD56
bright 

NK-cellen en het optreden van specifieke virusinfecties is echter noodzakelijk. Op deze manier 

zou de T-cel-deficiënte periode na HSCT als model kunnen worden gebruikt om de rol van NK-

cellen in antivirale immuniteit verder te onderzoeken. De identificatie van de markers CD69 en 

CXCR6 om een unieke NK-cel-populatie in lymfoïde organen te onderscheiden van circulerende 

NK-cellen, maakt het mogelijk om de interacties van weefsel-residente NK-cellen met andere 

immuuncellen verder te onderzoeken. Genexpressie-analyse zou een hint kunnen geven over de 

specifieke functie van weefsel-residente NK-cellen. Daarnaast kunnen met  immunohistochemie 

en confocal microscopie de fysieke interactie van NK-cellen met andere afweercellen worden 

onderzocht.  

In vergelijking met “gewone” NK-cellen in het bloed van gezonde donoren, hebben weefsel-

residente NK-cellen en CD56
bright 

NK-cellen kort na HSCT een uniek fenotype en een unieke 

functie. Dit illustreert dat de humane NK-cel-biologie veel complexer is dan de huidige modellen 

die gebaseerd zijn op NK-cellen uit het bloed van gezonde donoren laten zien. Daarom is een 

herevaluatie nodig van de relatie tussen verschillende humane NK-cel-populaties en hun rol in het 

menselijk afweersysteem.  
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