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“Success is not final, failure is not fatal: it is the courage to continue that counts”
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ABSTRACT
Mice with human immune systems have evolved over the last three decades. Over the
years, these humanized mouse models have provided us with valuable information on
human immunity. Recent developments in recipient mouse strains and engraftment
protocols have resulted in models with high level of de novo formation of human
immune cells. Here we describe the development and improvements of humanized
BALB/c/Rag2-/-/IL2Rγ-/- and NOD/SCID/IL2Rγ-/- mice and employ such mice or
studies on various aspects of human immunity.
We show that engraftment with human cells depends on the recipient strain and
conditioning regiment. While we confirm that T cells that developed in the mouse are
functional and respond to allogeneic cells and mitogens in vitro, no rejection was
observed in vivo after transplantation of human β-islets under the kidney capsule of
humanized mice (Paper I).
In a second study, we showed that human CD56dim NK cells in humanized mice and in
recipients of a bone marrow transplant are subject to further differentiation. We
observed that CD57 and killer cell immunoglobulin-like receptors (KIRs) are acquired
during differentiation of CD56dim cells. (Paper II)
Infection studies in humanized mice have thus far been almost exclusively limited to
infections with pathogens specifically targeting human immune cells. We explored the
use of humanized mice for mycobacterial infections, which are not restricted to
infection of human cells. We found that humanized mice contained higher bacterial
titers in comparison to controls. While this finding could be attributed to dysfunctional
T cell responses and impaired anti-mycobactericidal responses by human macrophages,
we found that humanized mice infected with Mycobacterium bovis BCG or
Mycobacterium tuberculosis developed organized granulomas similar to those found in
humans. Furthermore, we demonstrated that human CD4+ cells impair mycobacterial
control but are essential for the development or maintenance of granulomas (Paper
III).
Finally, we used humanized mice to shed light on Epstein Barr Virus induced latency.
Infections with this human specific virus resulted in a CD4/CD8 T cell ratio skewed
towards CD8 and the differentiation of T cells from naïve to effector memory cells. A
variable number of infected mice showed tumors and B-cell proliferation ex vivo. In
vivo depletion of CD8+ cells increased the frequency of tumors and ex vivo
proliferation of transformed B cells. Surprisingly, ex vivo proliferation of B cells from
CD8+ cell depleted or non-depleted mice was inhibited in presence of cyclosporine A,
suggesting that CD4+ T cells exerted a supporting effect on cells displaying a latency
type which otherwise would not proliferate in vitro. This finding was confirmed by
analysis of viral promoters in CD4+, CD8+ and non-depleted infected animals (Paper
IV).
In conclusion, our studies show that current humanized mouse models can be used to
improve our knowledge of various aspects of human immunity, such as alloreactivity,
the ontogeny of hematopoietic cells, the immunobiology of human-lymphoid specific
as well as non-species specific microorganisms and the regulation of granuloma
formation in infectious and non-infectious diseases.
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1 INTRODUCTION
Laboratory mice have been of instrumental importance in our current
understanding of immunology. Their small size, rapid reproduction rate, genetic
similarity to humans and possibilities to modify genes and proteins make for a very
good model to expand our knowledge. While their importance is obvious, mice are not
humans and therefore limitations in the translatability of data found in mice do occur.
For these reasons other experimental models, notably primate models, are in use. These
models are more laborious, expensive, more variable and limited when it comes to
modifications. Hence, a small animal model that, at least in part, more closely
resembles humans would be welcome.
Mice engrafted with human immune cells have been used to study human
immune responses and human immune responses in mice for the last three decades.
During this period such models have been improved and they have been used for an
increasing array of studies. In this thesis the term “humanized mouse” is used for mice
carrying human immune cells.
In the work presented here I describe the generation of such mice and determine
their applicability in different studies on human immune cells in vivo.
1.1

IMMUNE CELLS AND THEIR DEVELOPMENT

1.1.1 Early development
Cells from both the innate and adaptive immune system develop from
hematopoietic stem cells in a sequence of processes which are tightly regulated by a
multitude of soluble molecules, including growth factors, cytokines and chemokines
(Figure 1). In mammals this process moves from the yolk sac via the aorta-gonadmesonephros (AGM)-region to the fetal liver in fetal and neonatal life and is finally
established in the bone marrow in adult life (reviewed in 1). In addition to these sites,
hematopoietic stem cells have been found in the placenta and umbilical arteries

2-4

.

During their development from stem cells to specialized immune cells, these cells pass
through various progenitor stages during which they gradually loose their capacity to
self renew. The CD34 molecule is expressed on the majority of hematopoietic cells that
harbour repopulating capacities including CD34+CD38- hematopoietic stem cells, and
1

is therefore an appropriate marker for isolation of such cells for transplantation

5,6

.

Immune cells either develop completely in the bone marrow or migrate to peripheral
sites to continue with their differentiation.

Figure	
  1:	
  Overview	
  of	
  human	
  hematopoiesis.	
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1.1.2 Innate immune cells

Cells of the innate immune system can recognize a large variety of common
structural patterns of microorganisms via germline encoded pattern recognition
receptors (PRRs). Granulocytes and monocytes/macrophages are able to phagocytose
and kill microbes in their phagosomes and lysozomes using toxic compounds and
enzymes 7.
Dendritic cells form the link between the innate and adaptive immune system.
After activation at a site of infection they migrate to draining lymph nodes where they
present antigen to T and B cells, thereby initiating the adaptive immune response 7.
1.1.2.1 NK cells
Natural killer cells (NK cells) are cytotoxic lymphocytes, which are able to
distinguish between healthy and unhealthy cells in the same individual as well as
between congenic and allogeneic cells 8. As such, they have a role in the defence
against tumors and infection. They develop from the common lymphoid progenitor
(CLP) in the bone marrow under influence of IL-2 and/or IL-15 9. In peripheral tissues
they can be divided into CD56bright and CD56dim cells, based on their expression of the
adhesion molecule CD56 10-12. The former of these two populations is considered to be
less mature and they are further characterized by absence of the Fc receptor CD16 and
low or no presence of inhibitory killer cell immunoglobulin like receptors (KIRs).
CD56dim cells on the other hand do express CD16 as well as KIRs 10,12.
Unlike other immune cells, elimination of target cells by NK cells is based on the
lack of inhibiting signals delivered by receptors recognizing self molecules. This
mechanism was postulated in 1981 as the missing self hypothesis and proven several
years later 13,14. NK cell activation depends on the interaction of a variety of activating
and inhibitory receptors on the surface of the NK cell with their respective ligands on a
potential target cells. The net signal of these interactions is decisive on whether the NK
cell will kill the target cell or not

15-17

. Inhibitory receptors, including most KIRs,

recognize MHC class I molecules, which are expressed by most healthy cells in the
body. Activating receptors on the other hand recognize ligands that are upregulated in
cells that have undergone stress, have been infected by a microbe or have undergone
malignant transformation

18-20

. Although ligands for activating receptors can be

expressed by healthy cells as well, the input of the inhibitory receptors will prevent the
3

NK cell from becoming activated and killing the target cell. In ailing cells the
expression of MHC class I molecules is often down regulated or absent, decreasing the
chances of recognition and elimination by CD8+ cytotoxic T cells, but tilting NK cells
towards an activated state

21,22

. Activated NK cells will release pro-inflammatory

cytokines like interferon- γ (IFN-γ), Tumor Necrosis Factor- α (TNF-α) and
Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF) and kill target cells
through release of vesicles containing perforins, and granzymes 7.
Surprisingly, mice lacking MHC class I molecules have NK cells that are not
autoreactive. The reason for this lies in the finding that NK cells need to be licensed or
educated (hereafter called NK cell education) before they have the ability to kill target
cells 23. This education process relies on the acquisition of at least one KIR recognizing
a self-MHC-I molecule

23,24

. If this does not occur NK cells become inert. This

indicates that NK cells are subject to change in functionality and phenotype during their
lifespan. Findings presented in this thesis and by others further illustrate the
differentiation of CD56dim cells.

1.1.3 Cells of the adaptive immune system

Together with B- cells, T-cells form the adaptive immune system. B cells
develop form the common lymphoid progenitor in the bone marrow and become
antibody-producing cells in the periphery 7.
After the initial development in the bone marrow, T cell precursors migrate to
the thymus where they will develop into functional mature T cells. In the initial stages
of T cell maturation progenitors acquire a random T cell receptor through
rearrangement of gene segments. This process involves a number of

molecules

including the RAG-1 and -2 proteins as well as Prkdc (a DNA-dependent serine
threonine protein kinase). Lack of any of these proteins thus results in failure to
produce mature T and B cells, since the receptor rearrangement is mediated by the
same proteins in B cells as well 7.
As receptor rearrangement is random, T cells expressing receptors are selected
depending on their ability to recognize antigen-MHC complexes on thymic epithelium
cells and bone marrow derived antigen presenting cells (APC). Therefore, developing T
cells expressing CD4 and CD8 molecules on their surface will undergo a two step
selection process in the thymus

25

: first, cells expressing receptors capable of
4

recognizing complexes of host derived antigen in native MHC class I or class II
molecules expressed on thymic epithelial cells are selected and loose expression of
CD4 or CD8 respectively. Cells unable to recognize such complexes will undergo
apoptosis. After positive selection, T cells whose receptors have strong affinity for selfMHC-peptide complexes on bone marrow derived APC (DCs and macrophages) are
eliminated by apoptosis as well. Only cells passing this selection process survive and
migrate to secondary lymphoid organs as naïve cells and become activated after
recognition of cognate peptide presented in MHC molecules of dendritic cells that
simultaneously express co-stimulatory molecules like CD80, CD86 and CD40 which
are required for activation of the T cell 7.
1.1.3.1 Types of T cells
Based on the recognition of MHC class II or class I T cells can be divided into
CD4+ T helper (Th) cells and CD8+ cytotoxic T (Tc) cells. The latter will recognize
peptides presented by MHC-I molecules on dendritic and target cells. Recognition of
peptides derived from viral proteins can result in the lysis of infected cells through
release of vesicles containing granzymes, perforins and FAS ligand 7.
At present, four subsets of CD4+ T cells have been described in vivo based on
their cytokine profile and transcription factors 7. Th1 cells using the T-bet transcription
factor produce cytokines like IFN-γ, and are important in the control of intracellular
bacterial and protozoal infections. Th2 cells on the other hand are characterized by the
use of the GATA-3 transcription factor and the production of cytokines like IL-4, IL-5
and IL-10, which mediate immune responses towards extracellular pathogens such as
worms. A third type of CD4+ T cell are Th17 cells, which use RORγT and produce IL17, which causes inflammation and recruitment of leukocytes. Th17 cells are critical for
the control of fungal infections. Unlike the aforementioned types of CD4+ T cells, the
function of regulatory T cells (Tregs) is to dampen immune responses in order to prevent
immune-mediated inflammatory damage. They perform this action via the release of
anti-inflammatory cytokines TGF-β and IL-10 and use FoxP3 as characteristic
transcription factor.

5

1.1.3.2 T cells in transplantation immunology
While proper selection in the thymus prevents T cells from attacking self cells,
selection does not eliminate cells that are able to recognize MHC-peptide complexes on
cells from transplanted organs. The consequence of this is that allogeneic organ
transplants are prone to be rejected by the immune system if no preventive measures
are taken. T cell mediated rejection can be either acute or chronic. Alloreactive T cells
and antibodies mediate acute rejection shortly after transplantation. Recognition of alloantigens results in killing of target cells by CD4+ and CD8+ T cells, while antibody
deposition on cells from the graft results killing via the complement system 7.
In chronic rejection, usually observed in MHC-matched transplants, graft
destruction is caused by cytokines derived from antigen specific CD4+ T cells after
activation by APCs in the graft. These cytokines activate macrophages and thereby
induce a delayed type hypersensitivity (DTH) response which leads to damage of
vessel walls in the graft and subsequent smooth muscle cell proliferation which in turn
leads to occlusion of the vessel and reduced blood flow to the transplant 7. Given the
importance of T cells in graft rejection, measures to prevent rejection are focused on
suppressing T cell function. The introduction of treatment with T cell suppressive drugs
like cyclosporine A in the early 1980s has resulted in a marked increase in graft
longevity 7.
1.2

TUBERCULOSIS

Tuberculosis (TB) is caused by Mycobacterium tuberculosis (M. tuberculosis). It
is estimated that one-third of the world’s population is infected with the bacteria

26

.

However, in the vast majority of infected individuals the bacteria are kept in check for
life by the host’s immune system and no active disease develops. These individuals are
healthy but remain chronically infected. In 5 to 10% of newly or chronically infected
individuals disease does develop which results in an annual death toll of approximately
2 million 27,28. Over the last decades the incidence of active TB has increased and this
has only recently come to a stand still 26. The steep increase has been attributed to coinfections with HIV, which greatly enhances the risk to develop active disease due to
impaired immune responses 28, and the appearance of multi-drug resistant (MDR) and
extreme-drug resistant (XDR) strains of M. tuberculosis

29

. In addition, the available

vaccine, Mycobacterium bovis-bacillus Calmette-Guérin (BCG) has been in use for
6

over 90 years in humans, does not show reliable protection against pulmonary TB 30,31,
which is the most prevalent form of the disease in adults.
1.2.1 Mycobacterial infection and immune responses

M. tuberculosis infects pulmonary cells after inhalation of aerosol droplets
carrying the bacterium 7. In the lung bacteria are ingested by alveolar macrophages,
which are activated through recognition of bacterial cell wall components by pattern
recognition receptors (PRRs) like Toll Like Receptors (TLRs) and NOD receptors 32-35.
Activated macrophages release pro-inflammatory cytokines and chemokines, which
recruit and activate neutrophils, macrophages and NK cells to the site of infection 36,37.
Dendritic cells activated after taking up mycobacteria will migrate to the draining
lymph node where they can in turn activate antigen-specific CD4+ and CD8+ T cells
which will be exported to the periphery and recruited to the site of infection. These T
cells can activate microbicidal mechanisms of macrophages through the release of
IFN-γ or by killing the infected cells 38-40.
1.2.2 Granuloma
Despite the potent specific immune responses it generates, M. tuberculosis has
developed mechanisms to dampen the immune responses which prevent the immune
system from eradicating the infection 41. Phago-lysosome fusion and the acidification of
phagosomes are blocked by M. tuberculosis and the infection also inhibits IFN-γ
mediated activation of macrophages 42. As a consequence of these actions the bacteria
can survive in macrophages, which leads to chronic antigen stimulation. This leads to
recruitment of more inflammatory cells, notably macrophages and antigen-specific T
cells, which leads to the formation of granulomas

43,44

. The granuloma form a

microenvironment shielded from surrounding tissue in which there is a balance
between mycobacterial growth and killing as infected macrophages are in close
proximity of surrounding T cells. In humans, granulomas are composed of a core of
macrophages, some of which differentiate into multi-nucleated giant cells whereas
others turn into epithelioid cells. Surrounding this macrophage core is a cuff of antigen
specific T cells, the majority of which is CD4+. A fibrotic cuff surrounding the lesion
and caseous necrosis of macrophages forming a caseous center characterizes welldeveloped granulomas 45.
7

The role of the granuloma in host-pathogen interaction is subject to debate 46.
Most data suggests that mycobacteria are contained in the granuloma. In support of this
idea, TB is more prone to be reactivated in latently infected individuals who are
immunosuppressed like for instance HIV infected individuals. In these individuals the
granuloma structure is lost 47. Furthermore, rheumatoid arthritis patients that are treated
with antibodies against TNF-α, a cytokine essential for proper granuloma formation,
have also been found to reactivate TB

48

. Recent findings in a zebrafish model of

granuloma formation suggests however that the granuloma is a ‘safe haven’ where
mycobacteria can replicate relatively unharmed after which they can move out of the
granuloma in an infected macrophage and form a new granuloma in a distal site

49,50

.

Therefore, models that would allow for increased understanding of granuloma
development and maintenance are welcome to shed more light on the immunological
function of this structure.
1.2.3 Current mouse model for Tuberculosis
As mycobacteria are not confined to infecting one species, much of the
information found in the previous paragraphs is based on studies in animals. It is
therefore not surprising that most of the currently available information is based on
studies in mice. Indeed, there is a resemblance in many key features of the human and
mouse protective immune responses to TB including the role of CD4+ T cells, IFN-γ
and TNF-α

41,44

. Upon closer examination differences become evident though. Mouse

granulomas do not show the caseous necrosis that is characteristic for human
granulomas. Also, granulomas are less sharply defined and the relative location of T
cells and macrophages is different

51

. Giant cells, derived from fusion of epitheloid

macrophages and the fibroblast-derived collagen capsule are absent in the mouse

51

.

Another important point is that while most infected humans remain healthy for years,
all infected mice will show development of active disease.
In addition to the mycobacteria specific immune responses, there is also a
growing need to understand the role of HIV co-infections in the reactivation of TB 47.
Unlike mycobacteria, HIV only can infect human cells, impeding the use of mice as an
experimental model. Therefore, new models overcoming the limitations listed above
are needed.

8

1.3

EPSTEIN-BARR VIRUS

Epstein-Barr Virus (EBV), a human specific virus that belongs to the herpes
viruses, was first found in a Burkitt’s lymphoma cell line

52,53

. Shortly after its

discovery it was shown that EBV was capable of transforming B cells in vitro

54,55

.

Apart from Burkitt’s lymphoma EBV has also been associated to Hodgkin lymphoma,
post-transplant lymphoproliferative disorders (PTLD), NK and T cell lymphomas and
nasopharyngeal carcinoma 56. Despite these associations, EBV is not the sole causative
agent of these tumors, as EBV negative forms of all these tumors have been described.
More importantly, EBV is carried by 95% of the world’s population and is harmless in
most individuals

57

. Generally, primary infection occurs in early childhood and is

asymptomatic. Individuals that contract the virus in early adulthood or later can
develop a self-limiting disease known as infectious mononucleosis (IM) or kissing
disease due to its oral transmission. This disease is characterized by massive expansion
of NK cells and CD8+ T cells and consequently lymphadenopathy, hepatitis and
splenomegaly 58-60.
1.3.1 EBV latency

As mentioned above, EBV is harmless in the vast majority of individuals
carrying the virus, as it is present in a latent form in B cells which are kept under
control by the immune system. In latently infected cells the viral genome is contained
in a circular episome

61

. Based on the expression of 9 latent genes, EBV Nuclear

Antigens (EBNA) 1-6 (also known as 1, 2, 3A, 3B, LP and 3C) and Latent Membrane
Proteins (LMP) 1, 2A and 2B, several types of latency have been classified. Two
untranslated RNAs, the Epstein-Barr encoded RNAs (EBERs), are expressed in all
latency types. In vitro infection of B cells gives rise to highly proliferative
lymphoblastoid cell lines (LCLs), which are immortalized B cells expressing a type III
latency in which all 9 latent proteins are expressed. Based on PCR data, a model for the
establishment of EBV latency in vivo has been proposed 62. In this model, naïve B cells
are transformed by EBV and turn into type III latency expressing cells. Specific
cytotoxic CD8+ and CD4+ T cells eliminate most of these rapidly proliferating and
highly immunogenic cells, but some escape to germinal centers (GCs) in lymph nodes.
During this process the expression of latent proteins is limited to EBNA1 and the LMPs
9

which is the signature of latency II. LMP1 mimics a constitutively active CD40 and
mediates passage through the GC without T cell help

63,64

. LMP2A mimics B cell

receptor (BCR) signalling and allows for survival of infected B cells in the GC without
recognition of cognate antigen 64. In addition, LMP1 down regulates Bcl-6 and in doing
so allows entry of infected B cells into the memory B cell pool 57,65. Here only EBNA1
(latency I) or no latent proteins are expressed (latency 0) and the infected cells become
invisible to the immune system. EBV occasionally enters the lytic cycle, which results
in the production of new virions.
Cells expressing other than type III latency do not spontaneously proliferate in
vitro. These latency types are associated to different malignancies like Burkitt’s and
Hodgkin’s lymphoma though. In vitro studies on Burkitt’s and Hodgkin’s lymphoma
derived cell lines revealed that IL-4, -10, -13 and -21 could induce a shift from latency I
to latency II 66-68, whereas IL-21 and CD40L promoted the transition from latency III to
II 67,69. Since EBV only infects human cells studies on in vivo models are very limited,
but the use of humanized mice, which is discussed below, has allowed for new insights
in EBV immunobiology.
1.4

EVOLUTION OF HUMANIZED MICE

1.4.1 Development of recipient mouse strains
As immunocompetent mice will reject xenogeneic transplanted cells, studies on
human

immunity

in

mice

have

heavily

relied

on

the

development

of

immunocompromised mice. The first step towards generating mice with human
immune responses was made with the discovery that human immune cells were able to
engraft mice carrying a spontaneous mutation in Prkdcscid in the early 1980s 70. In these
SCID mice B and T cell development was severely impaired which prevented them
from rejecting transplanted human cells

71

. While this was a major step in the

development of humanized mice, there were many limitations. The engraftment level of
human cells was low and de novo formation of human immune cells was absent. As
Prkdc is involved in DNA repair the mice were also extremely radiosensitive

72

.

Furthermore, over time some mouse B and T cell populations would appear in these
mice, a phenomenon known as leakiness 73. These problems could be circumvented in
mice carrying targeted deletions for RAG-1 or RAG-2

74

, which, as is the case for

Prkdc, are involved in formation of antigen receptors on B and T cells.
10

However, a problem that could not be resolved by mutating the RAG genes was
the high NK cell activity in these mice, which impaired the grafting of human cells 75,76.
It was found that some strains generated by crossing of CB17/SCID mice with various
other mouse strains were better recipients of human hematopoietic cells than others 77.
This difference was attributed to a variation in NK-cell activity levels between them.
NOD mice carrying the Prkdc

SCID

mutation (NOD/SCID mice) had particularly low NK

cell activity and proved to be better recipients for human hematopoietic cells than other
strains. In addition, the phagocytes system of NOD/SCID mice also had defects, and
this phenotype aided in the tolerance of mice to human grafts

78-80

. Although

NOD/SCID mice were better in supporting human grafts than SCID mice, they were
not completely devoid of NK cell activity and on top of that their life span was short as
they were prone to develop thymic lymphomas

77

. Despite a variety of additional

mutations on this strain there were no big improvements on the front of human cell or
tissue engraftment until the generation of NOD/SCID mice in which the IL-2 receptor
gamma-chain was rendered non-functional through targeted mutation 81-84. The IL2Rγchain is the common signalling subunit in the receptors for IL-2, IL-4, IL-7, IL9- IL-15
and IL-21 and deficiency of this molecule results in defective lymphoid development
85

. However, signalling via this receptor is critical for NK cell development

86

.

-/-

Generation of either NOD/SCID or BALB/c/RAG-2 mice lacking the IL2Rγ resulted
in strains completely deficient in mouse B, T and NK cells.
At present, NOD/SCID/IL2Rγ-/- (NSG) or BALB/c/RAG-2-/-/IL2Rγ-/- (BRG)
mice are the standard recipients for generation of humanized mice. NSG mice have
shown stronger engraftment 87. Although one difference with BRG mice is the impaired
macrophage function in NSG mice, it has recently been shown that the homology to the
human signal-regulatory protein alpha (SIRP-α) in these mice is responsible for the
difference in engraftment potential between them

88-90

. SIRP-α on phagocytic cells

interacts with CD47 on hematopoietic cells and proper interaction results in decreased
phagocytosis of target cells 91. SIRP-α of NSG mice is more homologous to its human
counterpart in comparison to the same protein in BRG mice 90, as a result of which less
human hematopoietic cells are phagocytized and more cells can engraft the mouse.
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1.5

CURRENT HUMANIZED MOUSE MODELS

1.5.1 Hu-PBL-SCID

Studies in CB17/SCID mice showed that an easy and relatively fast way to study
human immunology in mice was to inject peripheral blood mononuclear leukocytes
(PBL) into these mice 70. These cells will repopulate the mice and allow for studies on
human tropic diseases such as HIV, Dengue virus and EBV

92-95

. Although recall

responses have been observed in these mice, primary responses are hardly, if at all
present

96,97

. Furthermore, in this model T cells are educated on the thymus of the

human donor and are therefore HLA restricted. A direct consequence of this HLA
specificity is that human T cells can cause a xeno-GVHD reaction

98,99

, as a result of

which long term studies of the human immune system in this model are limited.
The model has however been shown very useful for studies on acute graft
rejection

100

. Over time and using various approaches, human skin allografts and

human islet allografts have been studied successfully in Hu-PBL mice. The elimination
of murine NK cells in BRG and NSG mice has allowed for stable systems to study the
role of human T cells after co-transplantation of human PBMCs and allogeneic tissues
like skin or β-islets 101-104.
1.5.2 HIS mice

More sophisticated models rely on the transplantation of human CD34+
hematopoietic stem cells. Such cells can be derived from cord blood, fetal liver or
peripheral blood after GM-CSF induced mobilization from the bone marrow. Although
cells derived from fetal liver are more immature and more abundant, allowing for
generation of more mice from the same donor, ethical constraints limit their
availability. Cord blood is more easily available and transplantation of CD34+ cells
derived from this source still results in strongly engrafted mice. Mobilized CD34+ cells
from adult individuals are less potent than the other options 105.
Sub-lethally irradiated BRG or NSG mice transplanted with human CD34+ cells
show multilineage reconstitution consisting of B and T cells, NK cells, myeloid and
plasmacytoid dendritic cells and macrophages

84,106

. Engrafted mice, designated

Humane Immune System (HIS)-mice, furthermore show formation of primary and
12

secondary lymphoid organs

84

. The majority of the human cells are B and T

lymphocytes. Development of the latter cell type depends on the age at which the mice
are transplanted. If CD34+ cells are delivered intravenously to adult mice only few T
cell develop whereas intrahepatic transplantation into new-born mice results in higher
levels of T cell reconstitution

84

. The fact that T cells develop at all in the mouse

thymus can be called surprising given the positive and negative selection based on
interaction between the T cell receptor and MHC on thymic epithelial and bone marrow
derived APC cells respectively. An explanation for T cell development without
generation of xenoreactivity can be found in studies describing that non-epithelial cells
or hematopoietic cells can also mediate the positive selection

107-109

. The work

discussed later in this thesis was performed on this model.

Figure	
  2:	
  Schematic	
  overview	
  of	
  the	
  generation	
  of	
  HIS	
  mice	
  
1.5.3 BLT mice

In order to circumvent the issue of T cell education in the mouse thymus,
McCune et al. transplanted a combination of human fetal liver, thymus and lymph node
under the kidney capsule of CB17/SCID mice, which gives rise to a human organoid
that provides a microenvironment capable of supporting human T cell education

110

.

Although human T cells are abundant in this model, they are mainly confined to the
organoid and thus reconstitution of other organs is poor 110-112.
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As it was shown that transplantation of human CD34+ cells in adult NOD/SCID
mice resulted mainly in systemic B cell development

76,95

, models in which mice first

received a transplant of human fetal liver and thymus and were subsequently injected
with human CD34+ cells derived from the same fetal liver proved to be very promising.
In such mice, designated Bone marrow-Liver-Thymus (BLT-) mice, a functional
human immune system with both systemic human T and B cell repopulation developed
113,114

. Since T cells develop in a syngeneic thymus-like structure, the T cell selection is

proper in this model. However, as this model requires human fetal material, ethical
constraints can form a major hurdle in maintaining this model.
1.5.4 Improving reconstitution of existing models

Although the models described above allow for reconstitution with human
immune cells, a lot of effort has been put into further improving these models in order
to make them more representative of the human immune system in terms of ratios of
different immune cells and their function.
Several strategies aimed at improving the initial engraftment of CD34+ cells. One
approach has been the manipulation of CD34+ cells in vitro prior to transplantation
through expansion in presence of different growth factors, cytokines and/or lentiviral
transduction

115-118

. Additionally, the effect of different routes of administration of

HSCs has been investigated

81,83,119,120

. On the other hand, alternative ways for

conditioning of the recipient mice have been proposed

121

. Although promising results

have been obtained, transplantation of non-manipulated cells in mice conditioned by
sublethal irradiation is still the standard.
Various approaches have led to improvements in the repopulation of different
types of human immune cells. Development and frequency of human T cells improved
after transplanted mice were treated with human IL-7 and SCF or after in vivo lentiviral
vector delivery of human IL-7

122-124

. In other studies the genetic manipulation of the

recipient mice by knocking in human cytokine gene has been explored. NSG mice
expressing human GM-CSF, SCF and IL-3 showed markedly elevated levels of
functional FoxP3+ Tregs

125

, whereas BRG mice expressing human IL-3 and GM-CSF,

M-CSF or thrombopoietin showed improved reconstitution of alveolar macrophages,
macrophages or overall engraftment respectively

126-128

. Improved myeloid

differentiation was also observed in mice with membrane bound SCF
14

129

. Transiently

elevated levels of NK cells, DCs, macrophages and red blood cells (RBCs) were
observed after hydrodynamic delivery of plasmids expressing selected cytokines

130

.

Although one report suggested otherwise 83, mature RBCs are generally not observed in
humanized mice. It has been suggested that RBCs are phagocytosed by mouse
macrophages as mice depleted of macrophages displayed both human and mouse RBCs
in their blood 131.
1.5.5 NK cells in humanized mice
Several groups used HIS mice to study NK cells. All subsets of NK cells occur at
low frequency in the thymus, liver and spleen but hardly in the bone marrow of
humanized mice 132. Similar to NK cells in human cord blood, NK cells in humanized
mice require preactivation by IL-15 in order function similarly to human adult
peripheral blood human NK cells

133

. The low frequency of human NK cells was

explained by the finding that murine IL-15, which is secreted by both hematopoietic
and non hematopoietic cells, does not cross react with the human IL-15 receptor. In
humanized BRG mice, administration of a complex of human recombinant IL-15
resulted in increased numbers and frequencies of NK cells 132,134. Notably, as a result of
this treatment the less mature CD56bright-CD16 negative NK population is converted to
CD56dim-CD16 positive cells, indicating that the treatment results in maturation of NK
cells 132. In line with this, transient in vivo expression of IL-15 in NSG mice resulted in
an increased frequency of NK cells 130. Whether this treatment also induced a switch to
CD16 positive cells was not investigated. In terms of functionality, humanized mouse
derived NK cells responded to IL-15 with production of IFN-γ and granzyme B.
Furthermore, in co-cultures with the NK cell sensitive K562 tumor cell line they
responded with IFN-γ production, degranulation and cytotoxicity. This tumor killing
function was also observed in vivo and dependent on NK cells as depletion of CD56
positive cells inhibited this effect

135

. In conclusion, based on data presented thus far

HIS mice seem to provide a solid model to study human NK cells in vivo.
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1.5.6 Humanized mice for studies of human infection

Humanized mice provide a good platform for in vivo studies of pathogens with a
tropism restricted to human immune cells. As the discovery of HIV and the
development of the first humanized mouse models both occurred in the early 1980s,
many studies on the immunobiology of this virus have been performed using these
models. Even though human cell engraftment was limited in the initial humanized
mouse models, mice reproduced the CD4+ T cell depletion observed in humans. These
models proved useful to study the efficacy of anti-retroviral drugs 111,136-138.
Over the last decade the HIS and BLT models in which functional T cells formed
de novo, have allowed for more detailed and extensive studies on HIV immunobiology.
In both models HIV infection could occur via the natural mucosal routes of entry 139,140.
Cellular and humoral immune responses have been described in response to infection
and the depletion of subsets of CD4+ T cells has been also found

141,142

. Furthermore,

humanized mice have been used successfully in various studies addressing new
therapies and vaccination strategies

143-147

. Taken together, in the recently developed

humanized mouse models HIV infection behaves similar to infection in humans in
many regards, making it a solid platform for studies on infection with this pathogen.
Infections with Dengue virus (DENV) have also been performed in humanized
mice. Infection with DENV resulted in clinical signs resembling those in humans
94,148,149

. Using humanized NSG mice transgenic for HLA-A2 (NSG-A2), Jaiswal et. al.

found antigen specific T cells

150,151

. As with HIV, antigen-specific antibodies were

found in response to the infection 152. In general, antigen-specific antibody responses, if
present at all are, very low and generally of the IgM isotype 153. The recently developed
HLA-class II NOD/RAG-1-/-/IL2Rγ-/- mice showed improved antibody titers as well as
class switching in response to vaccination with tetanus toxoid, which illustrates the
importance of help from properly educated CD4+ T cells for antibody production in
humanized mice 154.
As indicated previously, humanized mice have permitted in vivo studies of EBV
infections. Transfer of EBV positive PBMCs into SCID mice resulted in
lymphoproliferative disease (LPD) 92, indicating that in these models the infection that
is contained in healthy individuals cannot be controlled. Since levels of human T cells
in these models were low, these experiments illustrated the importance of functional T
cell responses in order to keep EBV transformed B cells in check. As was the case for
16

HIV, the more recently developed humanized mouse models allowed for better studies
of EBV immunobiology 155-163. Although LPD can still develop in these models 156,161,
infection leads to a marked expansion of CD8+ T cells, which respond by producing
IFN-γ after restimulation with autologous LCLs

160,163

. The development of LDP has

been associated to dose of the viral inoculum; a low dose of virus (105 Raji Infectious
Units (RIU)) was controlled by the immune system whereas a 10 fold higher dose
resulted in EBV-driven tumor formation

162

. As expected, it was demonstrated that T

cells control the infection. Depletion of CD3+, CD4+ and/or CD8+ T cells resulted in
diminished control and frequent tumor formation

160,163

. Although specific T cell

responses were detected, these were mainly directed towards subdominant EBV
epitopes. In order to find immuno-dominant T cell epitopes Strowig et. al. used NSGmice carrying a human HLA-A2 transgene and found that this modification resulted in
immune-dominant peptide specificities against EBV antigens

160

. Recently a study by

White et. al. indicated that results obtained in EBV infected humanized mice can be
translated to human infections as they showed that infection of humanized mice with an
EBNA3B deficient EBV displayed a strong resemblance to the outcome in human
patients

164

. In conclusion, humanized mice provide a representative model for EBV

infection.
Although most studies have focused on viral infections in humanized mice,
recently several groups reported the use of humanized mice for studies with Salmonella
typhi

165,166

. Infection with these bacteria gave rise to an immune pathology that

resembled human typhoid fever. Of interest, the background of the humanized mouse
made a difference in the outcome of infection; for humanized NSG mice the infection
was lethal 165, whereas for humanized BRG mice it was not 166.
In summary, the recently developed humanized mouse models are a welcome
addition to the field of infection biology. Even though they may not be able to fully
resemble the human immune response at present, the current data is already promising
and gives good reason to explore the use of these models for other infections.
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2 SCOPE OF THE THESIS
To set up a humanized mouse model in which human immune cells develop de novo
and use this model to study different aspects of human immunity.
2.1

SPECIFIC AIMS

Paper 1: Despite immunosuppressive treatments, graft rejection is still a major
problem in the field of tissue transplantation. We used humanized mice to determine if
this model could be used to study rejection of transplanted human allogenic β-islets, the
treatment to overcome type I diabetes, in vivo.
Paper 2: Studies on differentiation of human immune cells in vivo are still few. Here
we used humanized mice and hematopoietic stem cell transplant (HSCT) recipients to
confirm newly found differentiation steps in CD56dim NK cells in vivo.
Paper 3: Although various animal models are available for studies on mycobacterial
infections, key elements of the human immune response are missing. To overcome
these limitations we used humanized mice as a model to study human immune
responses to mycobacterial infections.
Paper 4: Previous studies have validated the use of humanized mice for studies on
EBV immunobiology. Based on these findings, we used humanized mice to get better
insights in EBV induced latency.
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3

RESULTS AND DISCUSSION

3.1

DEVELOPMENT OF HUMANIZED MICE
Throughout this thesis different approaches were used to generate humanized

mice for our studies. These HIS mice were generated according to the original protocol
by Traggiai et. al. in which new-born recipient mice are transplanted with human
CD34+ cells after sub-lethal irradiation

161

. This protocol is illustrated in figure 2. In

papers I and II BRG mice were used, whereas in papers III and IV NSG mice were the
recipient strain. While both mice lack mature T, B and NK cells we observed that use
of the latter strain resulted in better and more stable engraftment in comparison to BRG
mice even when we treated the pregnant dams with the myeloablative compound
busulfan to precondition the new-borns (Figure S1, paper III). These results are in line
with data presented by others 87,105.
3.2

PAPER I

In this paper we assessed whether humanized mice could be used for studies on
human allograft rejection in vivo. We generated humanized mice by transplanting CB
derived CD34+ cells in new-born BRG mice after preconditioning with busulfan in
utero and irradiation prior to transplantation. Before assessing transplant rejection in
vivo, we first determined the reactivity of human T cells derived from engrafted mice in
a mixed lymphocyte reaction (MLR) to autologous and allogeneic dendritic cells. As
was shown by others, reactivity to autologous mouse and human cells was minimal,
whereas responses to allogeneic cells were detected (Figure 1).
Transplantation of pancreatic islets is used as a method to restore the pancreatic
endocrine function in patients suffering from type I diabetes (T1D). Despite
immunosuppressive measures grafted islets are subject to rejection over time

167

. We

reasoned that humanized mice could be an appropriate model to study this rejection in
detail and if so could be used to improve current treatments. In order to assess graft
rejection in vivo, we transplanted human allogeneic pancreatic islets under the kidney
capsule of humanized mice. Histological analysis of kidney sections containing the
transplant and stained for insulin at 14 and 35 days after transplantation showed no
19

signs of rejection compared to non-humanized BRG controls. Furthermore, after
staining with anti human CD3 antibodies we did not observe any infiltration of human
CD3+ T cells in the graft (Figure 2). To confirm these findings further, we evaluated
the levels of C-peptide in the serum of transplanted mice. This method is commonly
used in human recipients of islet grafts and is based on the fact that pro-insulin is
cleaved into insulin and C-peptide 168. In line with the histology results we did not find
differences in C-peptide levels between humanized and non-humanized mice (Table 1).
Thus despite the promising ex vivo results, we were not able to establish humanized
mice as a model to study rejection of human allografts.
While our results suggest that the HIS model is not suitable for rejection studies,
work by Brehm et. al. showed that rejection of human β-cells was possible in
humanized NOD/Rag1-/-/IL2rγ-/-/Ins2Akita mice

169

. These mice spontaneously develop

hyperglycemia, which can be restored to normoglycemia by transplantation of mouse
or human islets. When these mice were engrafted with human CD34+ cells as newborns and transplanted with allogeneic human islets as adults the graft was rejected in
60% of the mice and mice became hyperglycemic again.
These findings imply that the reason why we did not observe rejection lies in the
HIS model we used. In our model the frequency of human cells in the spleen was lower
and less consistent than that observed by Brehm et. al. (38.8 ± 29.7% in our study vs
50.98 ± 4.9%). A study by Kirkiles-Smith et al. on rejection of human skin in SCIDbeige mice transplanted with human CD34+ cells showed that poorly reconstituted
animals did not reject skin 170. Based on these findings the lower reconstitution can be
thought of as one reason for the failure of graft rejection in our study. An other possible
explanation for the lack of rejection could be the lower number of islets that we
transplanted (300 or 500) in comparison to Brehm et. al. (4000), thereby providing less
allo-antigens to induce rejection. Thus, even though our studies were not showing signs
of allograft rejection, it should be possible to perform such studies after further
optimization of the model.
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3.3

PAPER II
NK cells are commonly divided into CD56bright and CD56dim cells, where the

former subset is the less mature and the latter is believed to be terminally differentiated
12

. The recent findings on NK cell education and responses similar to those of the

adaptive immune system, like expansion and contraction of a specific subset and the
formation of memory cells

171

, in response to in cytomegalovirus (CMV) infections

prompted us to investigate whether CD56dim cells could undergo further differentiation.
We found that human CD56dim cells did indeed differentiate further. During this
process the number of KIRs increased, the expression of the inhibitory receptor
NKG2A was lost and the expression of CD57 increased. Although all these changes
were found to be independently associated with reduced proliferative capacity in
response to cytokine stimulation, we found that in NK cells expressing CD57, a marker
that on T cells has been found to be associated with replicative senescence,
proliferation in response to cytokines was virtually absent (figure 1 and 2).
Since CD56dim cells seemed to acquire KIRs and CD57 in parallel, we wanted to
determine if NK-cell education and the acquisition of self-KIRs was associated to
acquisition of CD57. We found similar CD57 expression on educated and non-educated
NK cells, indicating that the acquisition of these molecules was a parallel yet uncoupled
event. In line with these data, we found that CD57 positive cells were less responsive to
cytokine stimulation compared to CD57 negative cells, whereas no such difference was
observed between educated and non-educated cells (figure 5 and 6).
In order to strengthen our findings with in vivo data we studied NK cell
reconstitution in humanized mice as well as in humans after hematopoietic stem cell
transplantation (HSCT). In order to drive differentiation of NK cells in humanized
BRG mice we made use of the previously reported finding that weekly treatment with
trans-presented human IL-15 increased the frequency of NK cells and induced
differentiation from CD56bright to CD56dim cells 132. Mice were analysed for expression
of CD57 after 1 and 4 weeks of treatment. CD57 positive cells appeared after 1 week
and further increased after 4 weeks in the spleen, liver and blood but not in the bone
marrow or thymus, even though the total number of NK cells increased in all these
organs. In line with our previous data, CD57 expression on NK cells mice was
associated with the acquisition of KIRs and lack of proliferative capacity. Interestingly,
NK cells in HSCT recipients also showed a gradual appearance of KIR+ and CD57+
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cells over time whereas these cells were not present in the first weeks after
transplantation (figure 3 and 4).
To further confirm that CD57+KIR+ NK cells were in a late stage of
differentiation we transferred sorted CD57-KIR- or CD57+KIR+ cells into nonreconstituted BRG mice, treated them with trans-presented IL-15, and analysed the
expression of both markers one week after transfer. We found that CD57+KIR+ cells
had retained the same phenotype, whereas CD57-KIR- cells had started to increase the
expression of CD57 and, albeit to a lesser extend that of KIRs (figure 3).
Our findings in this paper allow for further dissection of NK cell differentiation.
Other differentiation markers have also been proposed to further delineate the CD56dim
NK cell subset 172-175. It remains to be investigated if the findings of these studies can
be unified into one model. Of relevance for such studies is our observation that, for the
markers we investigated, differentiation of NK in humanized mice closely resembles
that observed in humans.
3.4

PAPER III
While humanized mice are well established as a model for pathogens only

infecting human immune cells, their use for pathogens that have a broader host tropism
has not been explored very much. We investigated if humanized mice could be used to
study human immune responses to mycobacterial disease.
In order to investigate the human immune response to mycobacterial infections
we infected humanized NSG mice with 1x106 M. bovis BCG i.v. or 250 M. tuberculosis
bacilli via aerosol infection. After 4 weeks we found that frequencies of human CD4+T
cells in the spleen and CD3+ T cells in the liver and lung were increased compared to
non-humanized infected NSG mice. Both CD4+ and CD8+ T cells showed a shift from
a naïve CD45RA+CCR7+ phenotype to a CD45RA-CCR7- effector memory phenotype
and more IFN-γ and TNF-α positive cells were detected after stimulation with mitogen.
Corroborating this data we found that mRNA transcript levels of IFN-γ and the IFN-γ
regulated T cell chemotactic chemokines CXCL9 and CXCL10 were significantly
higher in lungs and livers of infected mice (Figure 1, 2, 5).
Messenger RNA levels of the macrophage tactic chemokine CCL2 were also
slightly higher in infected animals and lungs and livers of infected mice did indeed
contain increased frequencies of human myeloid cells in lungs and livers (Figure 5).
These findings suggested that the infection had elicited a strong immune response.
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Therefore it was surprising to find that BCG titers were higher in lungs and livers of
humanized mice compared to the non-humanized controls (Figure 3).
The higher bacterial burden in humanized mice indicated that the presence of
human immune cells had a detrimental effect on the bacterial control. Since
macrophages are the primary target cell for mycobacteria we investigated if human
macrophages were more susceptible to infection by BCG and if these bacteria
replicated more in human macrophages compared to mouse macrophages. After
incubation of human and mouse macrophages with BCG we found slightly more
bacteria associated to human cells, but no difference in the growth rate was observed in
the following days (figure S4). Whether elimination of mycobacteria by human
macrophages was impaired in vivo was addressed next by determining mRNA
transcripts of the IFN-γ inducible enzymes GP91phox (a component of NADPH
oxidase) and iNOS, both of which have been found to be important in control of M.
tuberculosis infection 176,177. No changes in transcript levels were found in response to
infection, suggesting that this part of the immune response to TB infection was not
functional in humanized mice (figure S4).
Although T cells should have a protective role in TB infection, we also
investigated if they contributed to the increased bacterial burdens in humanized mice.
We hypothesized that even though they showed an activated phenotype after infection,
T cells might have functional impairments. Therefore we analysed the expression of the
Programmed Death-1 (PD-1) and CD57 molecules on T cells in infected and control
mice. Signalling through PD-1 results in down-regulation of T cell function

178

. As

discussed in paper II, CD57 is a marker for replicative senescence in T cells and NK
cells

179

. We found that the frequency PD-1 and CD57 expressing cells was greatly

increased after infection, indicating that even though the T cells had an activated
phenotype, their function was impaired (figure 2 and S3). In line with these findings,
Brainard et. al. have described that high levels of PD-1 expression in HIV infected
humanized mice correlated with increased viral titers 180.
Based on these findings we decided to study the role of T cells in the control of
BCG infection by depleting mice of CD4+ or CD8+ T cells via inoculation of specific
antibodies. While depletion of CD8+ cells did not have any effect, depletion of CD4+
cells paradoxically resulted in reduced bacterial numbers compared to non-depleted
control mice (figure 3).
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Despite the lack of bacterial control, histological analysis of lungs and livers from
BCG-infected mice showed granulomas similar to those found in human TB, whereas
such lesions were absent in non-humanized infected mice (figure 4 and 6). The
granulomas were well defined and consisted of a core with mainly human CD68
positive macrophages, epithelioid cells and occasional multinucleated giant cells. CD3+
lymphocytes and a fibrotic capsule surrounded the core. Notably, mycobacteria
preferentially located in the macrophage core of the granuloma (figure 4 and S6).
M. tuberculosis infection of humanized mice and non humanized mice gave rise
to macroscopically visible granulomas in liver and lungs (figure 6). Although it has
been shown that granuloma like structures can develop in mice devoid of T cells 181,182
we were surprised to find lesions that looked similar upon macroscopic examination in
the lungs of controls. However, histological examination of livers and lungs showed
that the pathology induced by the infection was more severe in livers from humanized
mice (figure 6). Similar to the BCG induced granulomas, CD3+ cells located in the
periphery of the granuloma and multinucleated giant cells were only detected in
humanized mice (figure S6). Central necrosis was observed in lung granulomas of both
humanized and non-humanized mice, in the former the extent of necrosis was strikingly
bigger, suggesting that this feature of human TB granulomas was supported by human
cells (figure 6). Further studies are required to shed light on this observation though.
Reactivation of TB in individuals that have contracted HIV is believed to be a
result of break down of granulomas due to a reduction in CD4+ T cells

47

. By using

mice deficient in T cell subpopulations we found that CD4+ but not CD8+ cells were
indeed essential for formation and/or maintenance of granulomas in BCG-infected
humanized mice (figure 3 and 5). Together with the finding that CD4 depletion resulted
in a reduction of bacteria, our data is supporting the hypothesis that granulomas are
forming a safe environment in which bacteria can replicate relatively unharmed 49,50.
Further developments in recipient mouse strains would likely aid in improving
the cellular immune response to the infection. Given the fact that mycobacteria are not
restricted to infection of human cells, improving the human myeloid compartment
126,130

or improving antigen presentation by mouse myeloid cells through the use of

NSG mice expressing human HLA molecules

154,183

would be a step forward to a

complete model for human mycobacterial infections. Despite these limitations, our
work demonstrates that HIS mice can be used to study components of the human
immune response to mycobacterial infections, specifically the formation of granulomas.
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3.5

PAPER IV
Several studies have illustrated the viability of HIS mice for studies on the

immunobiology of EBV, which cannot infect other than human cells 156,160-163. In paper
IV we evaluated the possibilities to use humanized mice as a model to study EBV
latency.
EBV preferably infects B cells and CD21 (complement receptor 2) is essential for
the infection

184

. FACS analysis of human B cells derived from blood and spleens of

humanized mice showed that, in comparison to human cord blood B cells, CD21
expression is lower. Despite the lower expression of the receptor for EBV, ex vivo
incubation of splenocytes from humanized mice resulted in B cell transformation,
Indicating that in agreement with others, B cells from humanized mice can be infected
by EBV (figure S1).
In our in vivo studies, we inoculated 8 to 10 weeks old humanized mice with EBV
i.p. and evaluated the outcome of infection 4 weeks later. Similar to data reported by
others, we found an expansion of the CD8+ T cell compartment (figure 1 and 2)
156,160,163

. Although most of the inoculated mice were confirmed to contain EBV

transcripts (Table 1), a proportion of these mice showed B cell tumors in the spleen
whereas other mice seemed to control the infection (Figure 1). In line with this,
splenocytes proliferated after ex vivo culture only in a proportion of the mice (table 2
and figure 2). Thus, in our hands the outcome of infection with EBV proved to be
highly variable.
Previous reports showed a critical role for T cells in the control of EBV infection
in vivo, as evaluated by the appearance or increase of tumors and viral particles 160,163.
We evaluated whether T cells could modulate the ex vivo growth of infected cells.
Surprisingly, we found that inhibition of T cell function by addition of cyclosporine A
(CsA), led to reduced proliferation of infected cells compared to parallel cultures
without CsA (figure 3). FACS analysis of both cultures showed that over 97% of the
cells in the culture were CD19 positive B cells, thus eliminating the possibility that T
cell proliferation could account for the higher number of proliferating cells in absence
of CsA. Thus, it appeared that T cells provided substantial support to EBV transformed
B cells. As type III latency cells spontaneously proliferate in culture we speculated that
T cells supported proliferation of non-type III cells.
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To confirm the presence of such latency I/II cells we determined which viral
promoters were used by RT-PCR. Here we found that both C-promoter and Q-promoter
transcripts were present in spleens from infected mice, respectively confirming the
presence of type III and non-type III latency (table 1).
In order to further evaluate which T cells were responsible for the growth
stimulation ex vivo, we depleted infected mice in vivo of either CD4+ or CD8+ cells.
Whereas CD8 depletion increased the occurrence of tumors and resulted in increased
proliferation ex vivo (table 2 and figure 2), no tumors or ex vivo outgrowing cells were
found in CD4+ cell depleted mice. The proliferation inhibiting effect of CsA was
greater in splenocytes from CD8+ cell-depleted mice (figure 3), suggesting that CD4+
cells were responsible for the transition to and/or proliferation of type I/II latency cells.
In line with this, transcript levels for the EBV Q-promoter (Qp), which is associated to
type I and II latency, were higher in the majority of CD8+ cell-depleted mice compared
to non-depleted littermate controls (figure 4). The lack of Qp transcripts in 3 out of 4
CD4+ depleted mice further supported our hypothesis that CD4+ cells were promoting
the generation and/or survival of non-type III latency (table 1).
In line with our data, we recently found that soluble factors produced by CD4+
cells modulate EBV latency in vitro 69. Although other in vitro studies have shown that
several CD4+ T cell derived cytokines can support the transition to and growth of nontype III latency cells

66-68

, RT-PCR analysis of IL-4, -10 and -21 did not show any

correlation with Qp usage in splenocytes of humanized mice (data not shown).
Taken together, the results in this manuscript confirm reports by others that
different forms of EBV latency are present in humanized mice

155,156

. Our findings on

the role of CD4+ T cells in EBV latency illustrate that humanized mice can provide
valuable information about this process in vivo.
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4 CONCLUSIONS
The work presented in this thesis provides further insight in the possibilities and
limitations that currently available humanized mouse models. We confirmed that HIS
mice could be used for studies on human immune cell development and immune
responses to different pathogens. The key findings of the papers constituting this thesis
are:
-‐

Human T cells from humanized mice are functional in vitro but do not reject
allogeneic β-islets after transplantation in vivo (paper I).

-‐

NK cells in humanized mice and HSCT patients follow the same differentiation
pattern and both acquire CD57 and KIRs in a late stage of differentiation
(paper II).

-‐

Humanized mice infected with mycobacteria develop granulomas resembling
those found in tuberculosis patients, but the human transplant does not protect
the mice from the infection. The presence and features of the granulomas was
completely dependent on the human transplant and in the case of BCGinfection on the activity of CD4+ cells (paper III).

-‐

Different forms of EBV latency are present in EBV infected humanized mice.
CD4+ cells promote the induction and/or maintenance of non-type III latency
(paper IV).

Notwithstanding the promising results we obtained, our studies faced several
limitations. Notably, the BRG and NSG mice we used did not allow for proper T cell
selection. Although T cell activation was detected in response to both mycobacterial
and EBV infections, we could not detect antigen-specific cells in either study. As
shown by others, the use of HLA class I and II transgenic recipient mice would be a
major step forward in studies like ours. As mice with both transgenes have recently
been developed 154,159, the technical limitations to validate our results in a setting were
T cells are properly educated have been eliminated.
Another aspect that should not be ignored is the residual mouse immune system and
reactivity and cross reactivity, or the lack thereof, of mouse and human cytokines and
growth factors produced by both hematopoietic and stromal cells, which are required
for proper function of the immune system. The lack of cross reactivity between the
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human transplant and mouse recipient could be both at the level of the hematopoietic
cell development but also on their function due to inflammatory cytokines or
chemokines.
Given the rapid and ongoing advances in this field I do not doubt that the
limitations above will be addressed and turn humanized mouse models into more
powerful models than they already are. Parallel to the development of new recipient
mouse strains, advances have been made in the generation of hematopoietic stem cells
form inducible pluripotent stem cells. In the future, selection of appropriate recipient
mice and in vitro manipulation of HSCs could therefore allow for the generation of
‘tailor made’ humanized mice. I therefore do not expect that there will be one general
humanized mouse model. Rather, using the currently available tools, mice specific for
the question that is being addressed can be generated.
In conclusion, our results contribute to a rapidly expanding field and illustrate that
humanized mice have a strong potential for use in a variety of applications.
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