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List of  abbreviations
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HSV-tk  Herpes Simplex Virus type 1- thymidine kinase
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LMO2  L�M domain Only 2
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mHag  minor Histocompatibility antigen
MHC  Major Histocompatibility Complex
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NOD  Non-obese Diabetic
OTC  Ornithine transcarbamylase
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RAG1  Recombinase-Activating Gene 1
RAG2  Recombinase-Activating Gene 2
SCID  Severe Combined Immunodeficiency 
ADA-SCID Severe Combined Immunodeficiency due to lack of  the enzyme  
  adenosine deaminase
γ-SCID  Severe Combined Immunodeficiency due to lack of  the common  
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SCT  Stem Cell Transplantation
TCR  T-cell receptor
TGFβ  Transforming Growth Factor β
Th1  T helper 1
Th2  T helper 2
TIL  Tumor Infiltrating Lymphocytes
TNFα  Tumor Necrosis Factor α
Treg  Regulatory T cell
X-GVHD Xenogeneic Graft-Versus-Host Disease
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Adoptive immunotherapy involves the transfer of  antigen-specific T cells to a tumor-
bearing host in order to mediate tumor rejection. It is one of  the most efficient ways 
to balance eradication of  malignant cells and minimize treatment-related morbidity and 
mortality. But, although promising results have been obtained, large-scale clinical applica-
tion is still limited. Moreover, safety issues regarding ex vivo manipulation of  T cells are a 
concern. The most powerful model to profit from immunotherapy is allogeneic stem cell 
transplantation (SCT). Therefore, this concept remains the basis for improvements in this 
field, in animal studies as well as clinical trials. This thesis describes the development of  an 
animal model that allows the in vivo study of  human T cells and offers the opportunity 
to investigate new immunotherapeutic techniques in the future.
 
The following paragraphs of  the introduction will describe the different T cell subsets, 
their function in general and in the context of  allogeneic SCT. Subsequently, an over-
view is given of  the results with adoptive immunotherapy in hemato-oncology so far. 
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1.1	 Subsets	and	function	of	human	T	cells

T cell function in general
T cells respond to intracellular events in target cells by the recognition of  intracellularly 
derived protein fragments presented on the cell surface by major histocompatibility 
complex molecules (MHC). Circulating T lymphocytes can potentially engage these 
peptide-MHC complexes through their T-cell receptors (TCR). There are two types of  
MHC molecules: MHC class I and II. In humans, MHC class I corresponds to the hu-
man leukocyte antigen (HLA)-A, -B, and -C molecules, and MHC class II corresponds 
to HLA-D molecules. MHC class I are displayed on the surface of  the majority of  
cells and are recognized by CD8+ T cells. MHC class II molecules are restricted to the 
surfaces of  professional antigen presenting cells (APCs), such as dendritic cells, macro-
phages and activated B cells and are recognized by CD4+ T cells.

Figure 1 shows the different T cell subsets that develop from the progenitor cell, and 
are described in the following paragraphs. T lymphocytes circulate between lymphoid 
organs, peripheral blood, and non-lymphoid organs until they encounter their spe-
cific MHC-peptide complex. Once the complex is recognized, CD8+ T cells become  
activated by the target cell. The polymorphism of  the MHC-peptide interaction and 
the heterogeneity of  the TCR lead to a high T cell specificity. To protect the host from 
inadequate T cell reactions, T cells that are strongly reactive to self-antigens are deleted 
in the thymus, a process which is called negative selection. But on the other hand, T cells 
with weak MHC recognition die of  neglect. 

T cells that circulate in the periphery after selection in the thymus can react to antigens 
only if  these are presented in an appropriate way. Already back in 1970, two signals were 
proposed to be necessary for activation of  the T cell: signal 1 is delivered by the MHC 
molecule and signal 2 is delivered by costimulatory molecules.1 An update on this sub-
ject was recently published by Riley et al..2 The natural costimulatory signal is delivered 
by B7-1 and B7-2 on the surface of  the APC to the CD28 molecule that is expressed 
on both CD4+ and CD8+ T cells. For delivering these two signals, a professional APC 
is needed. Various other costimulatory molecules have been detected, of  which the im-
portant ones are shown in Figure 2. After successful interaction with APCs, activated T 
cells undergo clonal expansion and differentiation into effector and memory cells. The 
majority of  these activated T cells will leave the lymphoid tissue and enter the circula-
tion. T cell proliferation and expansion to high numbers is a prerequisite for in vivo 
functionality. 
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Figure 3 indicates the events that follow after activation of  the CD4+ T cell by antigen. 
The most prominent role of  activated CD4+ T cells is helping APCs to initiate and 
maintain CD8+ T-cell-mediated responses. APCs can be activated through the CD40L 
on the surface of  the CD4+ T cell that cross-links the CD40 receptor on the APC.3,4 

Two types of  CD4+ cells can be distinguished on the basis of  their cytokine produc-
tion: T helper 1 (Th1) cells that produce IL-2, IFNγ and TNFα (type 1 cytokines) and 
T helper 2 (Th2) cells that produce IL-4, IL-5, IL-6 and IL-10 (type 2 cytokines). Th1 
cells mediate cytotoxic and delayed hypersensitivity reactions. Th2 are more involved 
in antibody production and humoral responses.5,6 Activation of  CD8+ T cells, with the 
help of  CD4+ T cells, leads to a clonal expansion of  antigen-specific cytotoxic T cells 
(CTL) that will kill target cells with the similar peptide-MHC class I complexes. IL-2 is 
necessary for the survival of  activated T cells. 
Besides activating the process, the MHC-antigen-TCR complex also has the ability to 
control T cell activation. After continuous antigen exposure, the activated T cells upre-
gulate the proapoptotic Fas molecules, leading to activation induced cell death (AICD) 
of  the T cell. Also, when T cells are activated, they upregulate CTLA-4, a homologue 
of  CD28, which displaces CD28 and inhibits the T cell response.

NK and NK-T  cells
Cells of  the innate immune system have an essential role in surveying and infor- 
ming the host of  a danger signal. NK cells do not express a TCR, but are activated by 
specific ligands on the surface of  target cells. After activation they produce IFNγ  and 
TNFα. IFNγ induces other cells of  the innate immune system, including macrophages 
and dendritic cells, to produce IL-12, which further activates cells mediating the innate 
response. NK cells characteristically attack MHC-mismatched cells and therefore they 
play an important role in transplant graft rejection. 

NK-T cells express both a TCR and the NK1.1 receptor. These cells are considered a 
primitive form that was contained in the evolution of  the immune system.7 They are 
activated upon contact with CD1, a MHC-like molecule, which is expressed on APCs 
and several tissues. After activation NK-T cells produce large amounts of   IFNγ  (type 
1) or IL-4 (type2). However, their exact role in the direction of  the immune reponse is 
still unclear. 
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Figure	1.		Lymphoid	cell	origin	and	subset	differentiation.

The figure shows the development of  cells from the lymphoid progenitor. The different 
subsets of  T cells are indicated.

Figure	2.		 Costimulatory	molecules	involved	in	T	cell	activation	by	antigen.

The figure shows the most important costimulatory molecules and their ligands in-
volved in activation of  the T cell following presentation of  antigenic peptides by the 
major histocompatibility complex (MHC) on the antigen presenting cell (APC). T cells 
that express CD8 react to antigen presented by MHC class I and T cells that express 
CD4 react to antigen presented by MHC class II. 
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Figure	3.		The	interaction	between	the	activated	CD4+	T	cell	and	other		
	 lymphoid	cells.

The figure represents a schematic picture of  the events that occur following CD4+ T 
cell activation by presented antigen. The interaction with other lymphoid cells is shown, 
together with the most important cytokines that are produced upon activation. Cell sur-
face (CD) markers indicated on the cells are the ones generally used for flowcytometric 
analysis. Abbreviations: TCR = T Cell Receptor, TGF = tumor growth factor, IL = 
interleukin, IFN = interferon, TNF = tumor necrosis factor, APC = antigen presenting 
cell, MHC = major histocompatibility complex, NK cell = Natural Killer cell, Th = T 
helper cell, Tc = cytotoxic T cell, Treg = regulatory T cell.
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Regulatory T cells
The role of  CD4+CD25+ regulatory T cells (Tregs) in tumor immunology is not yet well 
understood, but there is increasing evidence that these cells selectively suppress immune 
responses. Interestingly, these cells are preserved in evolution, with similar properties in 
different organisms. Tregs comprise 5% to 10% of  all CD4+ T cells and show constitu-
tive expression of  CD25 ( the α chain of  the IL-2 receptor required for high affinity 
binding), instead of  only after activation. They have a limited ability to proliferate and 
express high levels of  intracellular and surface CTLA-4, the glucocorticoid-induced 
TNF-related receptor (GITR), the forkhead transcription factor Foxp3, and produce 
cytokines IL-10 and transforming growth factor (TGF-β). Tregs can arise in response 
to persistent antigen stimulation, without inflammatory signals and especially in the pre-
sence of  TGF-β.8,9 �t has been shown by several groups that tumor immunity increased 
following depletion of  CD4+CD25+ cells.10 In concert with these data, more recently it 
was shown that lung tumors contain large numbers of  CD4+CD25+ cells, which inhibit 
the proliferation of  autologous but not allogeneic T cells.9,11 Also, there is increasing 
evidence for the existence of  elevated numbers of  Tregs in hematological malignancies. 
Marshall et al. demonstrated large populations of  infiltrating, IL-10-secreting Tregs in 
Hodgkin’s lymphoma.12 Similarly, high frequencies of  CD4+CD25high cells have been 
observed for patients with non-Hodgkin’s lymphoma and chronic lymphocytic leuke-
mia.13,14 Interestingly, besides a strong inhibitory capacity, there was shown to be a stage-
dependent increase of  Tregs in these patients. 

Selective targeting of  Tregs is still compromised, as also activated CD4+ and CD8+ T 
cells express CD25. For investigation of  Tregs it will be necessary to define alternative 
molecules that permit selective targeting of  Tregs. One of  the candidates for this role 
is Foxp3.
 
Human versus mouse T cells
The development and regulation of  T cells differs between mice and humans on several 
points, some of  which are summarized below.
Thy-1 is a GP�-linked �g superfamily molecule of  unknown function that is expressed 
on thymocytes and peripheral T cells in mice and is used as a murine T cell marker. �n 
humans, it is only expressed on neurons. Also, a specific subset of  T cells, the murine γ/δ 
T cells, also known as dendritic epidermal cells (DETC), is the predominant T cell popu-
lation in mouse skin, whereas cells bearing α/β TCRs predominate in human skin, and 
are found usually in the dermis.15,16 Another difference exists at the level of  induction of  
Th1 and Th2 response. In mice, IFN-α fails to induce Th1 cells, while in humans IFN-α 
is secreted by several cell types in response to viral infection, including macrophages, and 
acts on Th1 cells to induce their development. Also, in mice, IL-10 is considered to be a 
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Th2 cytokine, whereas in humans both Th1 and Th2 cells can make IL-10.17 CD28 is ex-
pressed on close to 100% of  mouse CD4+ and CD8+ T cells, but only on 80% of  human 
CD4+ and CD8+ T cells.18 Once activated, human T cells express MHC class II molecules, 
whereas murine T cells do not. It is not clear why this function does not exist in mice, 
but one of  the options is that it may relate to T cell homeostasis and the requirement for 
maintaining a greater diversity of  memory T cells for a relatively longer period of  time.  

1.2	 The	concept	of	allogeneic	SCT

Allogeneic SCT
Patients with hematological malignancies often need a therapy that will eliminate the 
malignant cells, but is also destructive for the patient’s own bone marrow. In allogeneic 
SCT, after high-dose chemotherapy and total body irradiation, the patient intravenously 
receives stem cells from a donor to replace the destroyed bone marrow. These CD34+ 
stem cells are either derived from the bone marrow itself  or, more commonly nowa-
days, they can be derived from the peripheral blood of  the donor after treatment with 
G-CSF. After infusion, the stem cells home to the empty bone marrow stroma of  the 
patient and, because they have multilineage potential, are capable of  producing all he-
matopoietic cell lines.

Graft-Versus-Host disease (GVHD) and Graft-Versus-Leukemia (GVL)
There is an additional effect of  allogeneic SCT. Besides stem cells, the graft contains 
donor T cells. These donor T cells have an important immunotherapeutic role. The T 
cells are essential for engraftment of  the new donor stem cells in the stromal tissues 
of  the patient, but also for the specific downtracking and killing of  residual malignant 
cells that despite aggressive treatment can remain in the patient in sufficient numbers 
to potentially evolve in relapsing disease, the so-called Graft-versus-Leukemia effect 
(GVL). This GVL effect was first described by Barnes et al. who observed the eradi-
cation of  leukemia in irradiated mice that received allogeneic but not syngeneic bone 
marrow transplants.19 To minimize residual malignant disease or to treat relapse of  dis-
ease after allogeneic SCT, donor lymphocytes can again be obtained from the donor by 
leukapheresis and infused into the patient to induce a GVL effect (donor lymphocyte 
infusion, DLI).20 However, apart from the beneficial effects of  donor T cells, high doses 
of  T cells can have a detrimental effect. Due to the recognition of  antigens on the cell 
surface of  patient’s tissues as non-self  antigens, Graft-versus-Host disease (GVHD) 
can occur, resulting in destruction of  the organs of  the patient. This is one of  the major 
complications and an important cause of  morbidity and mortality for patients receiving 
allogeneic SCT. Following DLI, the overall incidence of  GVHD is about 60%, with 
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acute GVHD grade II-IV requiring immunosuppressive therapy in 41% and severe 
GVHD grade III-IV in 22%. GVHD and infections following DLI account for an 
overall mortality of  nearly 20%.21,22

Acute and chronic GVHD
GVHD in humans can follow an acute or chronic course. Discrimination between the 
two is traditionally made by time of  onset of  clinical symptoms. Classically, acute GVHD 
occurs before day 100 and chronic GVHD after day 100 following allogeneic SCT. Acute 
GVHD is characterized by inflammatory skin, gastro-intestinal and/or hepatic disease 
and a so-called acute cytokine storm. Chronic GVHD typically presents with cutane-
ous fibrosis, involvement of  exocrine glands, myositis and hepatic disease.23,24 Because 
of  these distinct histo-pathological features, chronic GVHD is often diagnosed based 
on these features instead of  time of  onset.25 The pathophysiology of  chronic GVHD 
is not well understood. Disruption of  thymic apoptosis by conditioning regimens or 
acute GVHD may lead to impairment of  lymphocyte homeostasis and self  tolerance. 
Expansion of  autoreactive T cells will then promote B-cell activation and production 
of  autoantibodies. While CD8+ T cells producing IL-2, IFNγ and TNFα are important 
effectors in acute GVHD, chronic GVHD seems to require continuous CD4+ T cell and 
B-cell activation, and is known as Th2 disease.26,27 However, it is still unclear whether the 
disease is a separate entity or a continuation of  acute GVHD.

The association of  GVL and GVHD
The major goal of  T cell therapy in allogeneic stem cell transplantation is to obtain an 
adequate GVL effect while preventing morbidity and mortality from GVHD. It is still a 
question, whether it will be possible to separate these two entities. 

For prevention of  GVHD, several strategies have developed over the years. Different 
(combinations of) immunosuppressive drugs have been tried, with variable results. One 
often applied approach is the administration of  partially T-cell depleted grafts. Before 
SCT, the donor T cells are separated from the graft in the stem cell laboratory and 
counted in order to infuse a calculated number of  T cells per kg bodyweight into the 
patient together with the stem cells, in the hope of  achieving the rightful number to 
obtain GVL and minimize GVHD. 
The fact that host-derived APCs expressing host antigens are responsible for the initia-
tion of  GVHD has been shown in a murine model.28 Therefore depletion of  host APCs 
might prevent GVHD.29-31 After DLI however, GVL effects are far more powerful in 
mixed chimeras, that is when host APCs are still present, compared to fully allogeneic 
chimeras.32 
A more recent development is the application of  allogeneic SCT using a reduced-in-
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tensity conditioning. The argument is that a less intense preparative regimen would 
produce less organ damage, and still enable engraftment and occurrence of  the GVL 
effect. Besides prevention of  GVHD, this would also allow the application of  SCT to 
patients with pre-existent co-morbidity or older age, who were previously ineligible for 
allogeneic SCT. In the past 6 years, this approach has proved feasible for patients with 
acute and chronic leukemia, multiple myeloma and non-Hodgkin’s lymphoma.33-37 

Despite the aim of  preventing GVHD, it has to be taken into consideration that GVHD 
can be necessary for GVL. A rationale for this theory can be the generation of  a pro-
inflammatory environment caused by GVHD.38 Pro-inflammatory cytokines have been 
shown to suppress tumor growth by direct interaction with cancer cells in vitro 39 and 
via inhibition of  neoangiogenesis.40 Results of  studies that analyze GVHD and relapse 
of  disease give an indirect answer to this question and are conflicting. While large studies 
showed that development of  acute and chronic GVHD coincides with lower relapse of  
leukemia 41-43, clinical studies in chronic myeloid leukemia (CML) patients have shown less 
relapse of  leukemia for patients who received non-T-cell depleted allografts compared 
to T-cell-depleted grafts with or without GVHD, indicating a possible role for donor  
T cells in GVL, independent of  the occurrence of  clinical GVHD.44,45

Summarizing, the fear remains that aggressive treatment of  GVHD will compromise 
the GVL effect and yields a higher leukemia relapse rate. The approach of  adoptive 
immunotherapy aims for an antigen-specific separation of  GVL from GVHD. This 
approach will be discussed in the next paragraph.

1.3		 The	current	role	of	adoptive	immunotherapy	in	hemato-
	 oncology.

Table 1 shows an overview of  the development of  adoptive immunotherapy over the 
last 25 years. The different strategies that are mentioned are discussed below.  
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Table	1:		 Development	of	adoptive	immunotherapy	over	the	last	
	 	 25	years.

 immunotherapeutic strategies  references

• Allogeneic SCT  and DL�  19 - 22; 28 - 36; 39 - 45

• Lymphokine activated killer cells (LAK) 46 - 48

• Tumor-infiltrating lymphocytes (TIL) 48 - 53

• CTL clones    54 – 62

• Gene-modified T cells   63 – 74

Allogeneic SCT and DLI
Adoptive immunotherapy has been applied widely in the form of  allogeneic SCT com-
prising the infusion of  donor T cells together with the stem cell graft. To minimize re-
sidual malignant disease or relapse of  disease after allogeneic SCT, donor lymphocytes 
can again be obtained from the donor by leukapheresis and infused into the patient 
to induce a GVL effect (DLI). Donor lymphocyte infusions were first used to treat 
relapse of  CML after HLA-identical allogeneic SCT in the late 1980s.20 Several sub-
sequent studies showed the curative potential of  DL�. DL� is especially successful for 
relapsed CML, with reported response rates of  60-100%, and to a lesser extent for re-
lapsed AML (15-29%), ALL (3-18%) or multiple myeloma (33-40%).21,22,46,47. Nowadays, 
DL� has an important role in the management of  hematological malignancies following 
allogeneic SCT. However, as has been mentioned above, due to its lack of  antigen- 
specificity, GVHD is a common complication. 

LAK 
Several years after the initiation of  allogeneic SCT and DLI treatment, lymphokine-
activated killer (LAK) cells were generated from PBMCs cultured in the presence of  
high concentrations of  �L-2. LAK cells exhibit lysis of  a wide spectrum of  malignant 
cells.48,49 Treatment of  patients with LAK cells has shown some clinical efficacy as ad-
juvant to chemotherapy or radiation therapy, following curative resection of  locally 
advanced lung cancer, with an increase in survival compared to the control group. How-
ever, subsequent experiments in animal models and clinical trials showed only minimal 
responses and remained disappointing.50,51

1956

1985

1986

1992

1997
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TIL
A next step were tumor-infiltrating lymphocytes (TIL). TIL are obtained by the ex 
vivo culture of  dissociated tumor cell preparations, followed by ex vivo activation, 
expansion and subsequent re-infusion into the patient. They can lyse autologous tumor 
targets 50- to 100-fold more effective than LAK cells and mediate tumor regression in 
animal models.52 Clinical trials of  treatment with T�L showed promising results in renal 
cell carcinoma, stage II/IIIa non-small cell lung cancer and stage IV melanoma with 
response rates (complete and partial) of  patients up to 34%. Response rates were 15% 
for IL-2 therapy alone, suggesting a relative contribution of  TIL.51,53-55 In a recent trial, 
selected peptide-specific and tumor-reactive CD4+ and CD8+ oligoclonal populations 
of  T-cells derived from T�L were administered iv to 13 patients with stage �V melano-
ma after non-myeloablative conditioning, followed by IL-2 treatment. The transferred 
T cells persisted for up to seven months and were associated with proliferation in vivo 
and trafficking to tumor sites and partial or complete remissions in 7 patients. Autoim-
mune vitiligo was associated with clinical response. This was the first demonstration 
that lymphoid depletion followed by adoptive cell transfer in the face of  homeostatic 
lymphoid proliferation augmented anti-tumor T cell responses.56 
A disadvantage of  T�L is that they could only be grown from about 50% of  the pa-
tients, as in small tumor samples the numbers of  TIL are often too low for adequate ex 
vivo stimulation.

CTL clones
Another approach that evolved during the clinical trials with TIL, was the generation of  
cytotoxic T cells (CTLs). CTL-clones specific for a presented antigen were generated 
in vitro, cultured, expanded and ultimately infused into the patient. Successful clinical 
application of  CTLs has been achieved first for the management of  cytomegalovirus 
(CMV) complicating allogeneic SCT, in which treatment of  patients with CMV-specific 
CTL-clones reduced the incidence of  CMV disease.57 Similarly, treatment with EBV-
specific CTL-clones prevented EBV lymphoproliferative disease.58,59

It was anticipated that adoptive CTL transfer would also be beneficial for treatment 
of  residual disease after allogeneic SCT, if  antigens could be targeted that were not 
expressed on normal hematopoietic cells. While normal hematopoietic cells are anti-
gen-negative for the donor T cells, as both cell types are of  donor-origin, residual leuke-
mia cells may be antigen-positive and therefore function as CTL targets.60,61 Therefore, 
CTLs were generated that were directed against these so-called minor histocompatibi-
lity antigens. Minor histocompatibility antigens (mHags) are allogeneic molecules that 
are different from MHC and recognized by alloreactive donor T cells. The correlation 
between mismatches for mHags and development of  GVHD was observed by Goulmy 
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and co-workers.62 For instance, HA-1 and HA-2  mHags are expressed only on hema-
topoietic cells including leukemic cells and leukemic precursors, but not on fibroblasts, 
keratinocytes or liver cells. In this way, CTLs directed against HA-1 or HA-2 may be 
used to treat a leukemic relapse after allogeneic transplantation without the risk of   
inducing GVHD. 

Mutis et al. generated HA-1- and HA-2-specific CTLs ex vivo on synthetic peptide-
pulsed dendritic cells and showed lysis of  leukemic cells derived from acute myeloid and 
lymphoid leukemia patients whereas there was no lysis of  non-hematopoietic cells.63 
Recent results also showed successful transfer of  human mHag-directed CTLs in the 
treatment of  human leukemia in an experimental NOD-SC�D mouse model.64

A different technique to generate leukemia-specific clones is co-culturing of  leukemic 
cells and donor T cells in a limiting dilution assay and screen individual wells for an-
tileukemic activity. Falkenburg et al. showed complete remission of  accelerated phase 
CML  in a patient that received multiple infusions with leukemia-reactive CTLs gene-
rated this way.65

Gene-modified T cells
Gene modification of  T cells is a highly promising strategy to increase the recognition of  
tumor antigens, enhance anti-tumor activities and prevent T-cell malfunction. T cells can 
also be engineered to increase safety of  adoptive immunotherapy as well as to express 
tracking markers for non-invasive imaging technologies. �t is important to realise that gene 
therapy approaches involve ex vivo culture of  T cells and retroviral or lentiviral transduc-
tion. These ex vivo manipulation procedures may compromise reactivity of  the T cells 
and bear possible risks of  auto-immunity, infections or insertional mutagenesis. 

Suicide gene therapy aims at the control of  GVL and GVHD following allogeneic SCT. 
�t involves the genetic manipulation of  donor T cells ex vivo before infusion together with 
the donor graft. A suicide gene is built in that encodes for enzymes that make the T cells 
susceptible for an otherwise non-toxic drug. For instance, the thymidine kinase of  herpes 
simplex virus type 1 (HSV-tk) converts the drug ganciclovir to an active metabolite that 
inhibits DNA extension and thereby leads to cell death. In 1997, Bonini et al conducted 
the first clinical study using HSV-tk gene-modified T lymphocytes in allogeneic SCT, with 
no toxicity observed and successful treatment with ganciclovir of  2/8 patients who deve-
loped acute GVHD.66 However, in some patients who developed chronic GVHD, not all 
transgenic cells could be eliminated and immunogenicity of  the transgenic T cells was a 
late complication. Also, treatment with ganciclovir for CMV disease may be necessary be-
fore the donor lymphocytes have eliminated residual leukemic cells. Currently, new suicide 
systems, for instance CD20-anti-CD20, are under investigation.67,68 

Proefschrift Roos van Rijn.indb   23 19-10-2006   16:47:35



Preclinical evaluation of  human T lymphocytes in RAG2-/-γc-/- mice     •     Rozemarijn S. van Rijn

24

Another interesting option is genetic engineering of  the TCR.69 Chimeric antigen  
receptor-modified T cells (CARs) offer the possibility to generate large numbers of  tu-
mor-specific effector cells for adoptive immunotherapy. CARs link antigen recognition 
with T cell activation via fusion of  the antigen binding domains of  a monoclonal anti-
body with the intracellular signaling domains of  molecules of  the TCR complex. T cell 
modification with these genes has shown highly specific antigen recognition, cytokine 
secretion and killing in vitro and also tumor growth retardation in murine models.69-73 
Incorporation of  domains from costimulatory molecules, including 4-1BB, inducible 
T-cell costimulator (ICOS) and OX40, into chimeric receptors has also been shown to 
improve T cell function and is highly promising, but only in vitro so far.74,75

A new approach is the combination of  mHag-directed therapy and TCR engineering by 
the transfer of  mHag-specific TCR genes into donor PBMCs, which has been success-
ful in vitro for HA-2 mHags.76,77

In vivo costimulation and cytokines
An important question for clinical application of  immunotherapy is whether function of  
adoptively transferred T cells requires in vivo costimulation or cytokine administration. 

In a xenogeneic setting, where human T cells are engrafted in mice, it is assumed that 
costimulation is not available. One study showed successful eradication of  prostate 
cancer by adoptively transferred gene-modified T cells in such a setting, suggesting that 
function is feasible without the absolute need for costimulation in vivo.78 Despite this 
observation, in vivo costimulation may be important to promote T-cell proliferation, 
survival and/or memory development, thereby sustaining the effector-to-tumor cell 
ratio. 

Also, in vivo cytokine treatment may sustain T cells. The largest experience is with IL-2, 
which clearly prolongs and enhances the anti-tumor activity of  transferred CD8+ cells. 79 
The biggest problem of  in vivo cytokine treatment is toxicity.

Summary

Adoptive T-cell immunotherapy today has several limitations. The majority of  T-cell-
defined tumor antigens identified are non-mutated differentiation antigens which are 
recognized as self-antigens. Therefore, the risk of  autoimmunity remains a critical 
point. Due to ex vivo manipulation procedures, T cells lose their reactive potential. 
Therefore, it is often laborious and expensive to obtain sufficient numbers of  func-
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tional T cells for clinical application. Furthermore, the potency of  the T cell response 
may be undermined by several tumor escape mechanisms, such as antigen loss and HLA 
down-regulation, rendering T cells anergic or resulting in AICD. While leukemias may 
respond well to T-cell therapy, solid tumors may be more difficult to attack due to their 
mass and location. Other problems, that were mentioned previously, concern the issue 
of  safety. To solve these problems, the new immunotherapeutic approaches will need 
preclinical investigation in vivo. 

Animal studies for the preclinical study of  immunotherapy are generally based on the 
concept of  allogeneic SCT and DL�. Most models involve the study of  mouse T cells 
in a mismatched murine environment. However, besides the possibility of  functional 
differences between human and mouse T cells, these models lack the possibility to study 
the effect of  ex vivo manipulation procedures on human T cells before clinical applica-
tion. Also it would be an advantage to study an individualized response of  human T 
cells to co-engrafted patient material. 

The preclinical study of  human T cells in vivo is only possible by transfer of  human 
cells into immunodeficient mice. Since Mosier in 1988 for the first time showed the 
feasibility to engraft human PBMCs in mice with severe immunodeficiency (SCID), 
several of  these xenograft models have been developed. However, the engraftment of  
human T cells was mainly low, due to residual innate immunity of  the mice and the fact 
that only intraperitoneal instead of  intravenous transfer was effective. Moreover, lym-
phomas occur in a substantial number of  SCID mice and the mice can show ‘leakiness’ , 
that is the development of  functional murine B or T cells. These complications hamper 
long-term observation of  engraftment of  human cells. Adjustments have been made to 
these xenograft models in time, which will be described in the next chapter. 

In this thesis, a new model is proposed for engraftment of  human T cells by intrave-
nous transfer of  huPBMCs into RAG2-/-γc-/- double mutant mice. The next chapter 
contains a historical overview of  the development of  xenograft models for the in vivo 
study of  human T cells so far. Chapters 2 and 3 describe the development and the his-
topathological findings of  the huPBMC-RAG2-/-γc-/-  model. Chapters 4 to 6 describe 
the in vivo studies of  human ex vivo manipulated T cells and regulatory T cells.
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Chapter 2
The development of  xenograft models for the in vivo study  

of  human T cells.
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Human T cells can engraft in immunodeficient mice. The historical development of  
xenograft models for the study of  human T cells is shown in Table 1 and amplified in 
the following paragraphs. The overview reflects the research groups that were success-
ful in developing original models.  

In 1988, Mosier et al. transplanted human PBMCs for the first time into mice with se-
vere combined immunodeficiency (SCID).1 This resulted in the maintenance of  mature 
T and B cells and high levels of  immunoglobulins in the peripheral blood. 

The model was followed by several groups, but there were some setbacks.2-8 Although 
intraperitoneal transfer was successful, intravenous transfer of  up to 108 huPBMCs was 
ineffective. Other problems were a highly variable engraftment with very low maximal 
levels of  human lymphoid cells in the peripheral blood (0.1-2%) and the development 
of  human Epstein-Barr virus (EBV)-induced B-cell lymphomas over an extended pe-
riod after human cell transfer when EBV-positive donor cells were used. 
Also, surprisingly little X-GVHD was observed in the huPBMC-SCID chimeras, raising 
questions towards the alloreactivity of  the human T cells in the murine environment. 
Of   800 huPBMC-SC�D mice reconstituted with 20-50x106 huPBMCs observed, only 
8 mice injected with huPBMCs from the same donor displayed clinical symptoms con-
sistent with a mild transient X-GVHD.9 In vitro studies of  chimera-derived long-term 
surviving human T cells suggested anergy of  the T cells, as they were refractory to 
stimulation with anti-CD3 antibody , but proliferated in response to exogenous Il-2 .10

However, later on it was shown that failure to develop X-GVHD was a direct con-
sequence of  a low degree of  T-cell chimerism (<10% human T cells) in most (80%) 
huPBMC-SC�D mice.11 Although high numbers of  engrafted human T cells can usually 
be found in the peritoneum or spleen of  the mice, only the number of  human T cells 
in the peripheral blood has been found to directly correlate with the development of  
X-GVHD. Low T-cell chimerism depends on the dose of  huPBMCs and the conditio-
ning regimen, but the main reason is a host-versus-graft reaction by the residual innate 
immune system of  the SCID mice: natural killer (NK) cells, granulocytes and macro-
phages.12-15 
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Several groups addressed this problem to obtain a better engraftment of  human T cells. 
This was done in two general ways: 1. treatment of  the SC�D mice with antibodies that 
mediate cell kill of  different parts of  the innate immune system. 2. development of  
different strains of  knockout mice with increased immunodeficiency, or a combination 
of  1 and 2. 

The models that were developed over the years are described in the following paragraphs.  
Unfortunately, not all groups have measured human T cell chimerism in the peripheral 
blood. For an optimal comparison, the site at which engraftment levels were measured, 
is specified as peripheral blood, spleen, bone marrow or peritoneum in Table 1.

1.		 Antibodies	for	attack	of	the	innate	immune	system

1.1  Anti-NK-cell antibodies
In 1983, Lotzova et al found in mice that NK cells formed a barrier for the en-
graftment of  allogeneic bone marrow transplants and that rejection of  the graft 
could be prevented by the administration of  NK1.1 antiserum.16 This was confirmed 
by other groups.17,18 Anti-NK-cell antibodies were then also used to facilitate 
engraftment of  huPBMCs.19-21 Besides NK1.1 antiserum, other antibodies like TM-β1 
or anti-asialo GM1 were used for in vivo NK cell depletion.19,20,22-24 Similar results were 
obtained by diminishing NK-cell-derived interferon-γ with administration of  anti-
murine interferon-γ monoclonal antibody.14

1.2  Irradiation
Another way to reduce host resistance was sublethal irradiation (100-400 cGy) 25 or a 
combination of  irradiation with anti-asialo GM1.26 Unfortunately, SCID mice are ex-
tremely radio-sensitive due to their inherent DNA repair defect and typically develop 
murine thymomas a few months after irradiation, which can be a problem for long-term 
observations.27 

1.3  Granulocyte or macrophage depletion
Granulocyte depletion by treatment of  the mice with anti-murine granulocyte monoclonal  
antibody and in vivo macrophage depletion by administration of  clodronate both re-
sulted in increased engraftment of  human cells.12,14,28 

1.4  In vitro activation of  huPBMCs
Additional studies have demonstrated that activation of  the freshly isolated huPBMCs 
before transfer facilitates engraftment and trafficking in the SCID host.25,29 
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Activation of  lymphocytes may induce adhesion molecules on the lymphocyte cell sur-
face and permit trafficking of  the cells to the murine lymphoid organs. However, little is 
known about the role of  these homing receptors. Activation may also increase cytokine 
responsiveness of  the transferred lymphocytes and promote their proliferation and en-
graftment. Activation regimens that have been tried include treatment with anti-CD3 
antibody 25,29, chemokines 30, superantigens 31 and the administration of  human growth 
hormone.25,27 All these methods resulted in increased human cell engraftment, function 
or trafficking to the peripheral lymphoid organs of  the SCID mice. Interestingly, acti-
vation with �L2 in vitro or in vivo has been found to inhibit human cell engraftment in 
these mice, which is suggested to be caused by the effect of  IL2 on host effector cells 
resulting in an increased host resistance.25,29

2.  Development of knockout mice with increased immunodeficiency

2.1  Normal strains of  mice
One strategy is the engraftment of  human cells in highly irradiated normal strains of  
mice. Lubin et al. successfully engrafted huPBMCs into Balb/c mice that received split 
total body irradiation of  4 Gy followed by 10 Gy 3 days later, before ip transfer of  the 
human cells. The mice were radioprotected for the high-dose irradiation with iv infused 
SCID bone marrow. Sporadically X-GVHD was observed with maximal engraftment 
levels of  up to 32% in peripheral blood.32 

2.2  Newborn mice
Pflumio et al. transferred huPBMCs ip into newborn SCID mice, which still lack NK 
cell activity in the first weeks after birth, and reported more than 10% human cells after 
4 weeks in 40% of  mice, with a subsequent development of  lethal X-GVHD as they 
mention ‘in a significant number’ of  mice.33

2.3  BNX mice
The bnx mouse strain was constructed by a combination of  3 recessive mutations, 
beige, nude and xid.34 The spontaneous beige mutation is an analog of  the human 
Chediak-Higashi syndrome in mice, and is associated with neutropenia and a lack of  
NK cytotoxic activity. The nude mutation affects the development of  the thymic epi-
thelium. Engraftment is comparable to SC�D mice.35 Bnx mice are severely immune 
deficient for T and B cells, but they still possess a certain amount of  natural immunity, 
like intermediate levels of  NK cells and macrophages. 
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2.4  NOD-SCID mice
The non-obese diabetic (NOD) mice are characterized by deficiency of  complement 
(2 base-pair deletion in a 5’ exon of  the murine C5 gene), molecularly undefined de-
fects of  macrophage function (defective regulation of  colony-stimulating factor-1 and 
interferon-γ receptors, and reduced secretion of  Il-1) and NK function. Introducing 
the scid mutation onto the NOD background by several groups has produced NOD/
LtSz-SC�D 36 and NOD/Shi-SC�D 37 mouse strains with diminished innate immunity. 
Knocking out the gene for β2-microglobulin in NOD-SCID mice results in a total ab-
sence of  MHC class I and a total loss of  NK activity.38,39 Compared to SC�D mice these 
mice have the advantage of  a higher engraftment of  human cells without the need for 
exogenous cytokines. Disadvantages are their comparable increased sensitivity to radia-
tion and relatively short life span because of  the common development of  thymomas 
within a few months. They also exhibit a significant residual macrophage activity and 
can show ‘leakiness’, that is the development of  functional B- or T-cells over time. 

2.5  RAG1  deficient mice
Another mouse strain is the recombinase-activating gene 1-knockout (RAG1-), which 
exhibits a total absence of  mature T and B cells because of  an arrest in their develop-
ment.40 The advantage of  the RAG1-knockout compared to SC�D mice would be the 
absence of  ‘leakiness’. However, engraftment levels of  human T cells and human im-
munoglobulins were reported to be significantly lower compared to the NOD-SCID 
strains: following ip transfer of  50x106 huPBMCs, human CD3+ cells were only detect-
able (<1%) in RAG1-knockout mice compared to levels up to 30% in peripheral blood 
within 20 days for NOD-SC�D mice.41 High levels of  engraftment of  20x106 human T 
cells  to 30-40% engraftment levels in the spleen, were reported also by ip transfer of  
huPBMCs into NOD/LtSz-RAG1null mice, which are also claimed to be more radiore-
sistant, have an increased mean life span due to later onset of  T-cell lymphoma devel-
opment and do not show leakiness.42 Even higher engraftment levels to 50-60% were 
obtained by ip transfer of  20x106 huPBMCs into the more recently developed NOD/
LtSz-RAG1nullPfpnull mouse strain. A targeted mutation in the perforin (Pfp) structural 
gene, the major mediator of  NK cell cytotoxicity, produced mice that lack NK cell cyto-
toxic function in addition to the NOD/LtSz-RAG1 already incorporated defects.43 

2.6  RAG2-/-γc-/- mice
In 1998, Goldman et al developed the RAG2-/-γc-/- mouse strain, which was also used 
for the model described in this thesis.44 Inactivation of  the lymphoid-specific recombi-
nase-activating RAG2 gene, like the RAG1 gene described above, in humans and mice, 
completely abrogates the production of  thymus-derived T lymphocytes and peripheral 
B lymphocytes, although numbers of  splenic macrophages and NK cells are increased. 
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The common cytokine receptor γ chain (γc) is a functional subunit of  the receptors for 
IL-2, IL-4, IL-7, Il-9, IL-15 and IL-21, and plays an important role in lymphoid develop-
ment. Also there is an absolute dependence on γc for development of  NK cells and for 
export and survival of  NK-T cells from the thymus. �nactivation of  the gene is respon-
sible for human X-linked SCID, and in homozygous mutant mice results in abnormal 
T-cell lymphopoiesis, dysfunction of  residual peripheral T-lymphocyte cell populations 
and absence of  NK cell function. Pilot studies with ip injection of  20-40x106 huPBMCs 
showed high but variable levels of  engraftment from 0.1-77% in the spleens and high 
plasma levels of  human immunoglobulins. Four to ten weeks following transfer of  the 
huPBMCs, a mild X-GVHD was observed, characterized by lymphocyte infiltration in 
the liver and fibrosis of  the spleen.44 

2.7   Stem cell engraftment for the study of  human  lymphoid cells
Apart from the transfer of  huPBMCs to study human T cells in vivo, a different ap-
proach used, is the engraftment of  human CD34+ stem cells in immunodeficient mice 
resulting in development of  human T cells within the humanized murine environ-
ment.

In 1988, in the same month that Mosier published his results on transfer of  huPBMCs, 
Mc Cune reported the development of  mature human T and B cells following trans-
plantation of  human fetal liver hematopoietic cells, human fetal thymus, and human 
fetal lymph node under the kidney capsule of  SC�D mice.45 Three months later Kamel-
Reid & Dick transplanted human bone marrow into bnx mice, but although myeloid 
cells engrafted to 0.1-1.0% in the bone marrow and spleen,  human lymphoid cells were 
not observed.46 The levels of  engraftment of  human stem cells could be increased by 
the exogenous administration of  a cocktail of  human hematopoietic growth factors, 
which then did result in outgrowth of  immature and mature lineages including detec-
table lymphoid progenitors.35 Other groups improved this model of  implanting fetal 
tissues together with stem cells into immunodeficient mice, generally resulting in a slow 
appearance of  about 2% of  functional human T cells in the peripheral circulation.47-50

Recently, several groups reported relatively high engraftment levels of  functional T 
cells following transplantation of  CD34+ cord blood cells into variant strains of  NOD-
SC�D mice.51-55 Engraftment levels of  up to 60% human T cells in the thymus were 
reported in an adapted NOD-SCID model, that included pretreatment of  the mice with 
TM-β1.54 �ntrahepatic injection of  CD34+ cord blood cells into RAG2-/-γc-/- newborn 
mice regenerated adaptive immunity mediated by significant numbers of  functional T 
and B cells.55 Similar results were obtained in newborn NOD-SCID-IL2rγnull mice by 
�shikawa et al.52 Very recently, reconstitution of  a functional human immune system was 
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described in NOD-SC�D mice through combined fetal thymus/liver transplantation 
under the kidney capsule and CD34+ cord blood cells iv with very high engraftment 
levels in peripheral blood (26-46%).56

The advantage of  these models over direct transfer of  huPBMCs for the study of  hu-
man T cells in vivo is that the stromal environment permits differentiation of  human 
hematopoietic cells within the implanted tissue, leading to the possibility of  a physi-
ologic homeostatic proliferation of  the lymphoid cells in a humanized model. How-
ever, the procedures generally require fetal material, are time consuming and techni-
cally complicated. In addition, high levels of  T cell chimerism have not been obtained 
so far, so that for instance experiments with ex vivo manipulation of  the human  
T cells have not yet been feasible. Therefore, the huPBMC model still remains the most ac-
cessible and simple means to examine human lymphocyte function and activity in vivo.
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Abstract
  
The safe application of  new strategies for the treatment of  graft-versus-host disease 
(GVHD) is hampered by the lack of  a clinically relevant model for preclinical testing. 
Current models are based on intraperitoneal transfer of  human peripheral blood mono-
nuclear cells (huPBMCs) into NOD-SC�D (nonobese diabetic-severe combined immu-
nodeficient)/SCID mice. Intravenous transfer would be preferred but this has always 
been ineffective. 
We developed a new model for xenogeneic GVHD (X-GVHD) by intravenous transfer 
of  huPBMCs into RAG2-/-γc-/- mice. Our results show a high human T-cell chimerism 
of  more than 20% (up to 98%) in more than 90% of  mice, associated with a consist-
ent development of  X-GVHD within 14 to 28 days and a total mortality rate of  85% 
shorter than 2 months. 
After murine macrophage depletion, engraftment was earlier and equally high with low-
er doses of  huPBMCs. Human macrophages were also absent in these mice. Purified 
huCD3+ cells showed a similar X-GVH effect with contribution of  both CD4 and CD8 
phenotypes. 
Human immunoglobulins and cytokines were produced in diseased mice. One of  30 
mice developed chronic X-GVHD with skin histology similar to human GVHD. 
In conclusion, we present a new model for X-GVHD by intravenous transfer of   
huPBMCs in RAG2-/-γc-/- mice. Murine and human macrophages do not seem to be 
necessary for acute X-GVHD in this model. 
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Introduction
  
Graft-versus-host disease (GVHD) is a major complication of  allogeneic bone marrow 
transplantation (alloBMT) and donor lymphocyte infusion (DL�). Development of  new 
treatment modalities would be favored by the availability of  a clinically relevant animal 
model. In such a model, intravenous transfer of  human T lymphocytes should lead to 
the consistent development of  a xenogeneic GVHD (X-GVHD), which resembles hu-
man GVHD. 

Human peripheral blood mononuclear cells (huPBMCs) can engraft in severe combined 
immunodeficient (SCID) mice, depending on the route of  administration.1 Although 
intravenous transfer of  up to 108 huPBMCs has always been ineffective, intraperitoneal 
transfer of  huPBMCs into SC�D mice has been successful.1-5 However, surprisingly lit-
tle X-GVHD has been observed in these huPBMC-SCID chimeras.1,2,6-10 

Failure to develop X-GVHD has been shown to be a direct consequence of  a low de-
gree of  T-cell chimerism (< 10% human T lymphocytes) in most (80%) huPBMC-SC�D 
mice.4 Low T-cell chimerism depends on the dose of  huPBMCs and the conditioning 
regimen but the main reason is a host-versus-graft reaction by the residual innate im-
mune system of  the SCID mice (natural killer [NK] cell and macrophage activity).11-14 

Several groups have addressed this problem in order to obtain a better engraftment of  
human cells.11-16 For example, pretreatment of  SCID mice with clodronate-containing 
liposomes for macrophage depletion led to a prolonged circulation of  huPBMCs after 
intravenous transfer of  huPBMCs, although the engraftment rate of  human cells was 
less than 10% and development of  X-GVHD was not observed.14 In vivo NK-cell deple-
tion in SCID mice with the use of  different antibodies, directed toward NK cell-specific 
membrane markers (eg, anti-asialo-GM1, TM-β1, and anti-NK1.1) or NK cell products 
(antimurine interferon γ[IFNγ]), resulted in significantly higher engraftment rates.12,15,16 
Enhanced engraftment of  huPBMCs was also observed in nonobese diabetic (NOD)-
SCID/SCID mice, a strain with diminished NK cell function, low complement activity, 
and abnormal macrophages.15,17 Although X-GVHD sometimes occurred in these mice 
with a T-cell chimerism of  more than 10%, few groups have designed models specifi-
cally suited for the development of  XGVHD. Pflumio et al18 transferred huPBMCs into 
newborn SCID mice, which still lack NK cell activity, and reported more than 10% hu-
man cells after 4 weeks in 40% of  mice, with a subsequent development of  X-GVHD 
in most of  the mice. Sandhu et al12 developed a very successful model for X-GVHD in 
which SC�D mice received a regimen of  anti-asialo-GM1 and 3 Gy irradiation followed 
by 30 to 50 x 106 human peripheral blood leukocytes (huPBLs) intraperitoneally. After 2 
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weeks, a lethal X-GVHD developed in almost all mice and approximately 60% human 
T lymphocytes were found in the murine spleens. Tsuchida et al19 used the same model 
and found a slightly lower mortality of  70% only in the mice with more than 50% hu-
man cells in the peripheral blood (PB). 

However, for comparison with alloBMT and DLI settings in humans, these models have 2 
disadvantages. First, although intraperitoneal transfer is successful, an intravenous transfer 
of  huPBMCs would be preferred to better mimic the clinical situation. Second, besides 
their residual host resistance, NOD-SCID/SCID mice may show leakiness (restoration 
of  functional B and T cells) and they have a tendency for spontaneous tumor formation 
(lymphomas, sarcomas, or thymomas).
We developed a new model for X-GVHD by intravenous transfer of  huPBMCs in RAG2-

/-γc-/- double-mutant mice. These mice have a more stable phenotype compared with 
NODSCID/SCID mice: no B, T, or NK cell activity, no leakiness, and no spontaneous 
tumor formation.20-22 We improved this model by depletion of  murine macrophages us-
ing clodronate-containing liposomes. Our results show a high engraftment rate of  human 
cells, with a T-cell chimerism of  at least 20% in more than 90% of  mice, and a consistent 
development of  X-GVHD. 
 

Materials	and	methods
  
Mice and conditioning regimen 
RAG2-/-γc-/- mice were obtained from the Netherlands Cancer Institute (Amsterdam, 
The Netherlands).20 They were bred and maintained in microisolator cages under speci-
fied pathogen-free conditions at the Central Laboratory Animal Institute (Utrecht Uni-
versity) and received sterile water and irradiated pellets ad libitum. Female (first and 
second experiment) or male (third experiment) mice were used at 8 to 34 weeks of  age. 
Mice received total body irradiation with a single dose of  350 cGy (gamma irradiation 
from a linear accelerator) before injection of  huPBMCs on the same day. Control mice 
were irradiated but did not receive huPBMCs. 

Preparation and transplantation of  huPBMCs 
Buffy coats were obtained from healthy human blood donors at the Bloodbank of  the 
University Medical Center Utrecht. HuPBMCs were isolated by Ficoll Hypaque (Phar-
macia, Uppsala, Sweden) density centrifugation and washed twice in phosphate-buffered 
saline (PBS). Cells were then counted and resuspended in PBS/0.1% HSA (human serum 
albumin) in concentrations from 5 to 30 x 106 cells/0.2 mL. Cell suspensions of  0.2 mL 
were injected intravenously into the irradiated mice via the tail vein. Human CD3+ cells 
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were purified from huPBMCs by lysis of  monocytes, granulocytes, and B lymphocytes 
using Lymphokwik solution (One Lambda, Canoga Park, CA). In order to obtain purified 
CD4+ or CD8+ cells, CD4+ or CD8+ cells were depleted from the CD3+ cell population 
using anti-huCD4 or anti-huCD8 pure antibodies (Becton Dickinson, Mountain View, 
CA) and goat antimouse magnetic beads (Miltenyi Biotech, Bergisch Gladbach, Germany) 
in combination with the VarioMACS cell separation device (Miltenyi Biotech). 

Preparation of  clodronate-containing liposomes 
Clodronate-containing liposomes were prepared as described earlier with several modifica-
tions.23 Briefly, a mixture of  egg-phosphatidylcholine, egg-phosphatidylglycerol (both from 
Lipoid, Ludwigshafen, Germany), and cholesterol (Sigma, St Louis, MO) were dissolved 
in ethanol in a molar ratio of  10:1:1.5 and evaporated to dryness by rotation under re-
duced pressure. The lipid film was hydrated in an aqueous solution containing clodronate 
(Cl2MDP, concentration 60 mg/mL, Bonefos; Schering, Weesp, the Netherlands). Remov-
al of  unencapsulated clodronate was achieved by repeated washing with PBS, pH 7.4, by 
means of  ultracentrifugation (Beckman Optima LE-80K; Palo Alto, CA) at 200 000g for 30 
minutes. After the last washing step, the pellet was resuspended in PBS at a concentration 
of  90 mM phospholipid. Phospholipid concentration was determined according to Fiske 
and Subbarov as modified by King.24 The concentration of  clodronate was determined 
spectrophotometrically at a wavelength of  238 nm after extraction and binding to Cu2+. The 
final clodronate concentration of  the liposome formulation was within the 2 to 2.5 mg/mL 
range. Mice received 0.2 mL of  the liposomal suspension intravenously one day before 
injection of  the huPBMCs. 

HuPBMCs, plasma, and organ collection from the huPBMC-RAG2-/-γc-/-  
chimeras 
Mice were bled once a week under anesthesia from the retro-orbital vein. Blood was 
collected in EDTA (ethylenediaminetetraacetic acid)-coated cups. Erythrocytes were 
lysed with lysis buffer (0.17 M NH4Cl/0.1 mM EDTA/0.1% KHCO3) . The cells were 
washed with PBS and then prepared for FACS (fluorescence-activated cell sorter) analy-
sis. Plasma was isolated from the remaining blood and stored at -80°C for later deter-
mination of  human immunoglobulins and cytokines. �f  mice were killed they were 
first anesthesized and bled from the retro-orbital vein, after which they were killed by 
cervical dislocation. Organs were isolated and prepared for histology and immunohisto-
chemistry. Both femora were taken out and bone marrow (BM) was obtained for FACS 
analysis. Part of  the spleen was used for histology and immunohistochemistry while the 
other part was used for FACS analysis. 
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FACS analysis 
Single-cell suspensions from the PB, BM, and spleen were incubated for 20 minutes 
on ice with a mixture of  appropriate fluorescently labeled monoclonal antibodies. Af-
ter washing with PBS/1% fetal calf  serum (FCS), 3- or 4-color fluorescent analysis 
of  human antigens was performed on a Calibur flow cytometer (Becton Dickinson). 
Fractions of  human cells were analyzed with Cell Quest software (Becton Dickinson). 
The proportion of  human cells was calculated as follows: % huCD45+ = [huCD45+ 
(huCD45+ + mCD45+)] x 100%. The antibodies used for recognition of  the specific sur-
face molecules were mouse CD45-peridinin chlorophyll-a protein (PerCP) (pan-murine 
leukocytes), human CD45-allophycocyanin (APC; pan-human leukocytes), huCD3-
fluorescein isothiocyanate (FITC; pan-T cells) and huCD19-phycoerythrin (PE; pan-B 
cells) Simultest, huCD4-FITC (T-helper cells)/huCD8-PE (T-cytotoxic cells) Simultest, 
huCD14-PE (pan-monocytes/macrophages), and huCD56-PE (NK cells). All antibod-
ies were purchased from Becton Dickinson. 

Histology and immunohistochemistry 
Organs were stored in formaldehyde or frozen in liquid nitrogen and stored at -80°C 
until usage. Cryostat sections of  6 µm were put on uncoated slides and stained with 
hematoxylin-eosin for histology. Similar sections for immunohistochemistry were air 
dried, fixed in acetone, and incubated with the following antibodies: CD45-horserad-
ish peroxidase (HRP) (DAKO, Glostrup, Denmark), huCD3-FITC, huCD4-FITC, and 
huCD8-F�TC (Becton Dickinson). Control sections were incubated with immunoglo-
bulin (Ig)-HRP (DAKO). Endogenous peroxidase was blocked by hydrogen peroxidase 
in a sodium-citrate buffer (pH 5.8) containing sodium azide. Sections for CD45 were 
counterstained with hematoxylin, mounted with coverslips using pertex, and analyzed 
microscopically. Sections for immunofluorescence were incubated with rabbit anti-
F�TC peroxidase (DAKO) followed by trichostatin A (TSA)-direct kit (Dupont/NEN 
Life Science Products, Boston, MA) for amplification of  the fluorescence signal. Ad-
ditionally, nuclei were counterstained with propidium iodide (Sigma-Aldrich, St Louis, 
MO). Subsequently, sections were analyzed by a fluorescence microscope. 

Measurement of  human immunoglobulins and cytokines 
Total human IgM, IgG, and IgA in murine plasma were quantitated by a Beckman Coul-
ter nephelometer (Fullerton, CA), Immage Immunochemistry System. Human granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) was measured by enzyme-linked 
immunosorbent assay (ELISA) using a commercially available kit (PharMingen, San 
Diego, CA; catalog no. 2609 KI). Other human cytokines were measured by a multiplex 
cytokine assay system (Bio-Plex; Bio-Rad Laboratories, Hercules, CA) with simultane-
ous detection of  12 human cytokines in a single sample, as described before.25 Data 
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analysis was done with Bio-Plex Manager software (Bio-Rad Laboratories) with a 5-
parametric-curve fitting. 

Molecular analysis of  the Vβ repertoire of  human T lymphocytes 
Single-cell suspensions were prepared of  samples of  the huPBMCs before injection 
in the mice and of  PB, BM, and spleen samples obtained at days 2 and 16 in the third 
experiment. Single-step RNA isolation was performed with TR�zol Reagent (Gibco 
BRL, Carlsbad, CA) using manufacturer’s instructions. For cDNA synthesis 6 µg of  
total RNA and 1 µg of  a specific T-cell receptor (TCR) Cβ primer (5’-CTCCTTC-
CCATTCACCCACCAGCTCAGCTC-3’) were used in a 60-µL mix containing 1 x First 
Strand buffer, 10 mM dithiothreitol (DTT), 200 U Superscript Reverse Transcriptase (all 
from Gibco BRL), and 0.8 mM deoxynucleoside triphosphate (dNTP; Promega, Madi-
son, WI), and 40 U Rnase H Inhibitor (Promega) in MilliQ water. For the polymerase 
chain reaction (PCR) primers, we followed the nomenclature of  TCR Vβ gene families 
of  Ferradini et al26 and Wilson et al.27 Vβ primers were used separately in combination 
with the GS-Cβ primer 5’-AGATCTCTGCTTCTGATGGCTC-3’.Vβ primers were 
described previously.28 The PCR mix contained 0.2 µL cDNA, 1 x PCR buffer (Per-
kin-Elmer, Roche Molecular Systems, Branch-burg, NJ), 2 mM MgCl2, 0.4 mM dNTP 
(Promega), 2 pmol Vβ primer, 2 pmol 5’-carboxy-fluorescein phosphoramidite-labeled 
GS-Cβ primer, and 0.8 U AmpliTaq DNA polymerase (Perkin-Elmer). The PCR was 
run under optimized conditions. Capillary electrophoresis was performed on an AB� 
PRISM 310 Genetic Analyzer (Perkin-Elmer). In each injection, PCR products of  2 
different TCR-Vβ families with nonoverlapping fragment lengths were combined. Data 
were analyzed with GeneScan Analysis software and processed with Genotyper DNA 
fragment analysis software (Applied Biosystems, Foster City, CA). 

Results	

Engraftment of  huPBMCs and analysis of  donor variability 
�n a small-scale pilot experiment we observed a rapid engraftment of  human cells after 
intravenous administration of  huPBMCs of  a single donor to irradiated mice (data 
not shown). �n order to evaluate the reproducibility of  that observation and the extent 
of  donor variability, we repeated the experiment with cells derived from 10 different 
donors. 
Following sublethal irradiation with 350 cGy, 30 mice received 30 x 106 huPBMCs 
each from 10 different donors (3 mice per donor group). Three other mice were irradi-
ated but did not receive huPBMCs and served as controls. Engraftment was monitored 
weekly by FACS analysis of  PB. The human cells engrafted well with 9 of  10 donors. 
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Low proportions of  huCD45+ cells could already be detected at day 6 in 90% (27/30) 
of  mice. From day 14 to 28 a huge increase in human cells, range 24% to 96%, occurred 
in 93% (28/30) of  the mice. This increase in human cells was associated with an acute 
X-GVHD syndrome characterized by rapid and severe weight loss (>10%), hunched 
posture, ruffled fur, reduced mobility, tachypnea, and anemia. The control mice did not 
show any of  these symptoms. 
Two engraftment patterns could be discriminated. These patterns can be described as 
early engraftment (pattern I, 5 donors) with a high mortality within 28 days, and late 
engraftment (pattern II, 4 donors) with a more variable mortality. Typical examples of  
these patterns are shown in Figure 1. Early mortality within 28 days occurred in 60% 
(18/30) of  mice with a total mortality of  85% (26/30) within 2 months. Late engraft-
ment usually showed a decrease in the proportion of  huCD45+ cells after 4 to 6 weeks, 
followed by a second or third increase in human cells. These increases were associated 
with acute further weight loss and death of  the mice. Weight loss was the most obvious 
sign preceding the increase in human cells and illness of  the mice. The age of  the mice 
was not related to the engraftment rate (data not shown).
The increase in human cells consisted mainly of  CD3+ T lymphocytes (day 20: mean, 
98%; range, 86%-100%) containing both CD4 and CD8 subsets. CD4/CD8 ratios were 
variable between the mice as shown in Table 1. A small but consistent CD4+/CD8+ 
population (range, 2%-26%) could be detected in all mice. 
The CD4/CD8 ratio or fraction of  CD4+/CD8+ T lymphocytes both seemed to be 
independent of  the increase in huCD45+ cells or the development of  X-GVHD. B 
cells were low to absent in PB. One mouse (9A; Table 1) survived 3 increases in T lym-
phocytes (at days 21, 42, and 80) and developed a chronic X-GVHD syndrome with 
overt hair loss, inflammation of  the skin, and slow further weight loss. 
Of  note, the fraction of  CD4+/CD8+ T cells was relatively high in this mouse 
(12%-29%), only late in time. The mouse was killed after 3 months and im-
munohistochemical analysis showed human cells in all organs but especial-
ly in lungs, spleen, and skin. Skin histology showed apoptotic keratinocytes 
surrounded by huCD45+ cells (Figure 2) comparable with human GVHD.  
A lymphocytic bronchitis was seen in the lungs. The spleen showed extensive fibrosis 
with loss of  normal structures. Focal bile duct damage was present in the liver. �mmu- 
nofluorescent imaging of  the skin showed infiltration of  human CD3+ T lymphocytes.
In conclusion, this first experiment showed an efficient engraftment by intravenous 
transfer of  huPBMCs in RAG2-/-γc-/- mice. Almost all donors showed a high engraft-
ment rate with the subsequent development of  acute X-GVHD. 
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Figure 1.  Different huPBMC engraftment patterns.
 The first experiment for engraftment of  huPBMC by intravenous transfer into irradiated  
RAG2-/-γc-/- mice was performed with 10 different donors. Engraftment occurred with 
9/10 donors. After 2-4 weeks an increase in human CD45+ cells was observed (right 
Y-axis) and X-GVHD developed in the mice, characterized by a rapid and severe weight 
loss (left Y-axis). Two patterns of  engraftment could be discerned: pattern I, “early” 
engraftment (5 donors) and pattern II, “late” engraftment (4 donors). Two groups are 
shown as representative examples. Symbols ,  , and Ο indicate 3 different mice.  = 
death of  the mouse. �nterrupted lines = % human CD45+ cells. Closed lines = weight 
(as a percentage of  the initial weight).
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donor mouse

hCD45 CD4/CD8 CD4+8+ hCD45 CD4/CD8 CD4+8+ hCD45 CD4/CD8 CD4+8+

1 A 48.0 1.2 20.0 - - - - - -
B 35.0 1.5 18.0 - - - - - -
C 39.0 1.4 24.0 96.0 0.3 8.0 - - -

2 A 11.0 0.5 0 - - 5.0 - - -
B 7.5 0.6 7.0 - - 14.0 - - -
C 1.1 1.0 0 - - 10.0 - - -

3 A - - - - - - - - -
B 84.5 0.4 9.0 - - - - - -
C 77.0 3.4 10.0 - - - - - -

4 A 82.0 1.5 8.0 - - - - - -
B 93.5 1.3 9.0 - - - - - -
C - - - - - - - - -

5 A 0.1 - 0 24.5 0.1 2.0 4.0 0.4 13.0
B 0.7 0.3 0 43.5 0 12.0 62.5 2.8 4.0
C 18.5 0.4 10.0 - - - - - -

6 A 0.3 2.0 0 8.0 0.2 15.0 - - -
B 0 0 0 0 0 0 0 0 0
C 0 0 0 0 0 0 0 0 0

7 A 14.0 0.7 24.0 - - - - - -
B - - - - - - - - -
C 84.5 1.0 14.0 - - - - - -

8 A 3.5 1.2 21.0 24.5 0.2 10.0 20.5 0.6 10.0
B 6.0 1.0 13.0 14.0 0.3 16.0 - - -
C 27.5 0.9 15.0 35.0 0.2 12.0 - - -

9 A 21.5 2.0 12.0 6.0 1.0 18.0 10.5 0.7 29.0
B 55.0 2.0 14.0 17.0 1.2 20.0 - - -
C 41.5 2.4 12.0 31.0 1.8 13.0 - - -

10 A 91.0 2.3 15.0 - - - - - -
B 73.5 0.7 26.0 - - - - - -
C - - - - - - - - -

day 14 day 28 day 63

Table 1. Engraftment of  10 huPBMC donors in RAG2-/-γc-/- mice: proportion 
of  CD45+, CD4/CD8 and CD4+CD8+ cells in peripheral blood in time.

Table 1
HuPBMC of  10 different donors were injected into 30 mice (3 mice per donor group). 
Engraftment rates of  human cells (%hCD45) as a fraction of  total (mouse + human) 
CD45+ cells, CD4/CD8 ratios and fractions (%) of  CD4+8+ cells in peripheral blood 
are shown. One mouse (9 A) developed chronic X-GVHD with a high number of  
CD4+8+ cells.  Death of  mice without further data is indicated by ” – “ . 
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Figure 2.  Skin histology of  a mouse with X-GVHD, compared with a 
  control mouse and with human GVHD.

A. Histology of  the skin in a normal control mouse. (H&E).

B. Histology of  the skin in a mouse suffering from X-GVHD. Arrows indicate dys-
keratotic keratinocytes in the epidermis (E) and impairment of  a hairfollicle (H) 
with dyskeratotic cells, accompanied by some lymphocytes (H&E).

C. Histology of  the skin in human GVHD. Arrows indicate dyskeratotic keratino-
cytes in the epidermis (E) and a hairfollicle (H), surrounded by lymphocytes 
(H&E). 

Control	Mouse

Mouse	with	X-GVHD

Human	GVHD
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Titration of  huPBMC dose and engraftment after macrophage depletion 
In the second experiment, in order to further enhance engraftment, in vivo macrophage 
depletion was performed using clodronate-containing liposomes.29 Also, the minimum 
dose of  huPBMCs for reproducible engraftment with a consistent development of  
acute X-GVHD was determined by a cell dose titration. 
Thirty-one mice were irradiated and huPBMCs from a random single donor were iso-
lated. Groups A and B of  12 mice each were formed. Group A was treated with the 
clodronate-containing liposomes injected intravenously on day -1. Then groups A and 
B both received huPBMCs in a dose titration of  5, 10, 20, and 30 x 106 on day 0. Each 
dose was given to 3 mice. Three other mice received only sham liposomes without 
clodronate and served as controls for the clodronate treatment. Two other mice re-
ceived only clodronate-containing liposomes, and 2 mice did not receive liposomes 
or huPBMCs. These mice served as controls for liposome and huPBMC treatment, 
respectively. 
Results are shown in Figure 3. In the previous experiment, an increase in human cells 
in the mice occurred after 14 to 28 days with the subsequent development of  acute X-
GVHD. In this experiment, an increase in human cells occurred again, but earlier, after 7 
to 21 days in the liposome pretreated group A. This increase was also associated with acute 
X-GVHD in the mice, consisting of  the previously mentioned symptoms with weight loss 
as the most obvious parameter. Control mice did not show any of  these symptoms and 
gained weight in time (data not shown). 
Early mortality within 21 days was 83% (10/12 mice) in group A compared with 42% in 
group B (5/12 mice). Total mortality within 2 months was also higher in group A com-
pared with group B (83% [10 of  12 mice] versus 58% [7 of  12 mice]. This difference 
in mortality between groups A and B is likely to be caused by the in vivo macrophage 
depletion in group A. Lower doses of  huPBMCs correlated to a higher variability in 
engraftment and a later increase in human cells. However, later engraftment could even-
tually lead to the same level of  human T lymphocytes in the PB and the development 
of  an equally severe X-GVHD. 
The combined data from group B and the first experiment show that 30 x 106  
huPBMCs is a sufficient dose for a consistent engraftment, with an early increase in 
human cells and development of  acute X-GVHD. After liposome treatment, similar 
results can be obtained with a dose of  10 x 106 huPBMCs. 
In both groups A and B, huCD45+ cells were almost all CD3+ T lymphocytes (mean, 
99%; range, 97%-100%), comparable with the first experiment. 
Liposome treatment did also not affect CD4/CD8 ratios and the proportion of  CD4+/
CD8+ T lymphocytes (Table 2). Of  note, in all mice from this experiment, the T cells 
showed a CD4/CD8 ratio greater than 1.0 in PB initially, compared with a highly vari-
able initial CD4/CD8 ratio between the different donor groups in the first experiment. It 
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can also be seen that an increase in human cells from days 7 to 21 was associated with a 
reversal of  the CD4/CD8 ratio in almost all mice. 
In order to further  analyze the human cells that were responsible for the X-GVH ef-
fect, we injected huPBMCs and purified populations of  huCD3+, huCD4+, or huCD8+ 
cells of  the same donor after liposome treatment and irradiation in an additional 14 
mice. Results showed a similar engraftment of  16 x 106 purified huCD3+ cells compared 
with 30 x 106 huPBMCs (containing 16 x 106 huCD3+ cells) with 100% mortality of  the 
mice due to X-GVHD within 3 weeks in both groups. 
Purified populations of  13 x 106 huCD4+ or 3 x 106 huCD8+ cells of  this same donor 
showed engraftment but with milder X-GVHD symptoms and no death of  the mice. A 
similar X-GVH effect and mortality by purified huCD3+ cells (15 x 106) was observed 
for a second random donor in 6 additional mice. These data are consistent with the 
observation in the previous experiments of  high percentages of  CD3+ human T lym-
phocytes, consisting of  both CD4+ and CD8+ cells, in the peripheral blood during the 
development of  X-GVHD. 
In conclusion, this experiment showed a positive effect of  in vivo macrophage deple-
tion on the engraftment of  huPBMCs in RAG2-/- γc-/- mice. Furthermore, these results 
indicate that human CD3+ T lymphocytes are responsible for the X-GVHD effect, with 
the contribution of  both CD4 and CD8 T-cell phenotypes. 
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Figure 3.  Influence of  in vivo macrophage depletion and huPBMC dose on  
engraftment.

Macrophage depletion with clodronate-containing liposomes was performed in group 
A (left column, + Lipo). A cell dose titration was performed in groups A and B with 
doses of  5, 10, 20 and 30.106 huPBMC per group. An increase in human CD45+ cells 
(right Y-axis) was associated with X-GVHD, characterized by weight loss (left Y-axis). 
Symbols ,  , and Ο indicate 3 different mice in each dose group.  = death of  the 
mouse. �nterrupted lines = % human CD45+ cells. Closed lines = weight (as a per- 
centage of  the initial weight).
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day 7 day 14 day 21 day 62

group PBMC.106 hCD45 CD4/CD8CD4+8+ hCD45 CD4/CD8CD4+8+ hCD45 CD4/CD8CD4+8+ hCD45 CD4/CD8CD4+8+

A + lipo 5 3.5 4.1 0 42.0 N.D. 5.0 61.5 0.1 8.0 3.5 1.3 4.0

5 0.3 2.4 0 24.0 0.4 20.0 19.0 0.1 13.0 0.8 0 25.0

5 0.3 6.3 0 35.0 1.2 9.0 83.0 0.8 5.0 - - -

10 5.0 1.9 1.0 70.5 2.7 5.0 - - - - - -

10 6.0 2.2 0.3 77.5 1.5 7.0 - - - - - -

10 4.5 2.7 2.0 78.5 1.3 10.0 93.0 0.9 6.0 - - -

20 1.5 4.9 0 77.5 2.1 9.0 - - - - - -

20 8.0 3.7 4.0 75.5 3.7 4.0 - - - - - -

20 8.5 2.6 1.0 72.0 3.7 5.0 - - - - - -

30 5.5 3.3 0.4 67.5 2.6 6.0 97.0 3.5 3.0 - - -

30 8.0 3.2 1.0 82.5 3.5 6.0 - - - - - -

30 21.5 3.4 2.0 - - - - - - - - -

B - lipo 5 0.1 0.5 0 0.6 0 0 1.0 0.3 26.0 22.0 0 4.0

5 0 0 0 0.6 1.0 0 0.3 0 0 0.3 12.3 7.0

5 0.1 0 0 4.5 1.4 10.0 0 0 0 0 0 0

10 0.1 0 0 5.5 0.5 0 17.5 0.4 17.0 62.5 1.3 14.0

10 0.2 2.0 0 16.5 0.7 8.0 80.5 0.1 25.0 - - -

10 0.1 0 0 23.0 0.5 15.0 - - - - - -

20 0.7 7.6 0 83.0 0.9 13.0 - - - - - -

20 0.1 1.0 0 0.6 0.8 0 3.0 0.3 16.0 30.0 0.5 18.0

20 0 0 0 0.2 0 0 0 0 0 0.7 1.6 7.0

30 0.4 3.9 0.6 57.5 0.5 17.0 - - - - - -

30 0.3 4.4 0 38.5 0.3 24.0 33.0 0.2 12.0 - - -

30 0.6 0 0 5.0 1.0 15.0 48.0 0.2 14.0 - - -

Table 2.  Influence of  huPBMC dose titration and macrophage depletion on  
engraftment of  human CD45+ cells, CD4/CD8 ratios and fractions 
of  CD4+CD8+ cells in peripheral blood.

Table 2. In group A macrophage depletion was performed, using clodronate-contai-
ning liposomes (lipo). Groups A and B received a huPBMC doses of  5, 10, 20 and  
30 x 106. Engraftment rates of  human cells, (hCD45) as a fraction of  total (mouse + 
human) CD45+ cells, CD4/CD8 ratios and fractions of  CD4+/CD8+ cells in peripheral 
blood are shown. Death of  mice without further data is indicated by “ – “.  N.D. = no 
data, sample error.
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Distribution of  human cells in the organs 
In a third experiment, we analyzed the distribution of  human cells in the organs, the 
production of  human cytokines and immunoglobulins, and the molecular Vβ repertoire 
of  the human T cells after engraftment. 
Fifteen mice were treated with clodronate-containing liposomes on day -1, followed by 
350 cGy irradiation and 10 x 106 huPBMCs intravenously on day 0. Mice were killed on 
day 2 (group I, 5 mice), day 7 (group II, 5 mice), and day 16 (group III, 5 mice). The 
third group was killed as soon as weight loss became obvious and FACS analysis of  PB 
the previous day had confirmed a high proportion of  human cells. 
Table 3 shows the results of  FACS analysis of  PB, BM, and spleen. Engraftment rates 
of  T and B cells were different for the various compartments. At all time points engraft-
ment was highest in the spleen and lowest in the BM. Remarkably, a significant propor-
tion of  B cells was found in BM and spleen but not in the PB. In contrast, CD4/CD8 
ratios were similar in PB, BM, and spleen. CD56+CD3- cells (NK cells) were very low 
to absent in all compartments at days 2, 7, and 16. Human CD14+ cells were absent in 
all compartments at days 2, 7, and 16, while the initial population (day 0) showed 32% 
CD14+ cells. 
Histology and immunohistochemistry (huCD45, huCD3, huCD4, huCD8) were per-
formed on tongue, lungs, liver, spleen, gut, kidneys, and skin of  the 15 mice that were 
killed on days 2, 7, and 16. Macroscopic evaluation showed splenomegaly in all mice. 
Hematoxylin-eosin-stained sections of  the spleens showed damage to the internal struc-
tures with lymphocytic infiltrates and fibrosis (data not shown). Immunohistochemistry 
showed human CD45+ cells in all organs examined. Although numbers were low the 
first week after injection of  huPBMCs, a huge increase in huCD45+ cells had occurred 
in all organs at day 16 comparable with the increases in human cells observed in PB, 
BM, and spleen. Cell numbers were highest in lungs, liver, spleen, and kidneys, while 
lower numbers were seen in tongue, gut, and skin (Figure 4). 
Immunofluorescent imaging established extensive infiltration of  human CD3+ T lym-
phocytes in lungs, liver, and spleen. Most (65%) human lymphocytes in these organs 
were CD8+ (liver as an example in Figure 5) with different distribution patterns for 
CD4+ and CD8+ T lymphocytes. CD4+ cells were surrounding periportal areas of  the 
liver and peribronchial areas in the lungs. CD8+ cells were more diffusely spread through 
the tissue. 
In conclusion, this third experiment showed infiltration of  human CD45+ cells and 
CD3+, CD4+, and CD8+ T cells in all organs examined with different engraftment rates 
for human B and T cells in PB, BM, and spleen and a disappearance of  donor CD14+ 
cells (macrophages) and CD56+CD3- cells (NK cells). 
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day 2 day 7 day 16
mean ± SD mean ± SD mean ± SD

% % %

PB CD45+   11.9 ± 4.8     7.9 ± 3.6    66.3 ± 11.3
CD4+   32.4 ± 1.5   39.4 ± 7.0    45.6 ± 3.0
CD8+   52.2 ± 2.2   49.4 ± 6.3    38.6 ± 5.4
CD4+8+     0.1 ± 0.1     0.3 ± 0.4    11.2 ± 1.3
CD19+     4.8 ± 0.4     3.8 ± 1.8      0.2 ± 0.1
CD14+     0.4 ± 0.4     0.0 ± 0.0      0.1 ± 0.0
CD56+   14.6 ± 4.0   11.4 ± 3.2      2.9 ± 4.7

BM CD45+     1.4 ± 0.4     1.0 ± 0.7      8.1 ± 2.8
CD4+   42.3 ± 9.2   57.6 ± 11.2    34.8 ± 7.9
CD8+   33.0 ± 11.5   30.6 ± 13.2    23.8 ± 3.7
CD4+8+     2.3 ± 2.5     1.0 ± 2.9    12.4 ± 3.2
CD19+   12.0 ± 1.6   10.4 ± 7.5    30.0 ± 7.0
CD14+     0.6 ± 0.9     2.2 ± 3.0      1.5 ± 1.0
CD56+     1.8 ± 2.0     3.6 ± 3.4      0.2 ± 0.4

spleen CD45+     9.1 ± 5.6   12.3 ± 4.9    81.6 ± 4.4
CD4+   33.0 ± 10.2   28.0 ± 4.0    40.8 ± 7.3
CD8+   52.0 ± 4.9   51.2 ± 4.0     32.2 ± 8.5
CD4+8+     0.4 ± 0.9     2.6 ± 1.1      7.8 ± 1.5
CD19+     7.2 ± 4.4     2.2 ± 1.8    11.8 ± 2.9
CD14+     0.0 ± 0.0     0.6 ± 0.9      1.0 ± 0.6
CD56+     6.4 ± 4.4     6.0 ± 2.6      0.1 ± 0.1

Table 3.  Engraftment of  human cells in PB, BM and spleen at days 2, 7 and 16.

Table 3. 
Mice received clodronate-containing liposomes, followed by 350 cGy irradiation and 
10 x 106 huPBMC. Fifteen mice were sacrificed on days 2 (5 mice), 7 (5 mice) and 16 (5 
mice). Human cells in PB, BM and spleen were analyzed by FACS. Mean percentages ± 
standard deviations were calculated from the data of  5 mice for each measurement. The 
figure shows engraftment of  human CD45+ cells, CD4+CD8+ T cells, B cells (CD19+), 
monocytes/macrophages (CD14+) and NK cells (CD56+CD3-). 
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Figure 5. Immunofluorescent imaging of  infiltration of  human CD3+, CD4+, and 
CD8+ T lymphocytes in the liver of  a mouse with acute X-GVHD. Immunofluorescent 
imaging was performed of  the lungs, liver, and spleen of  5 mice with acute X-GVHD 
in the third experiment. Infiltration of  human T lymphocytes, indicated by green fluo-
rescence, was present at day 16 in all organs. An example is shown of  infiltration of  
human CD3+, CD4+, and CD8+ T lymphocytes in the liver of  one mouse compared 
with a control slide. Original magnification, x 10.

Figure 4.  Infiltration of  human CD45+ cells in the 
organs of  the huPBMC-RAG2-/-γc-/-  
chimeras.

�mmunohistochemical evaluation (huCD45) was per-
formed in 15 mice in the third experiment. Infiltration 
of  human CD45+ cells at day 16 is shown in the various 
organs of  the mice (right column) compared with control 
mice (left column).

Proefschrift Roos van Rijn.indb   64 19-10-2006   16:47:51



Chapter 3 •  a new xenograft model for graft-versus-host disease by intravenous transfer of 
 human peripheral blood mononuclear cells in rag2-/-γc -/- double-mutant mice

Measurement of  human cytokines 
�n order to analyze the subtypes of  human T cells involved in the development of  X-
GVHD, human cytokines were measured in plasma of  mice from the previous experi-
ment obtained at days 2, 7, and 16 (4 mice at each time point). Levels of  human tumor 
necrosis factor α(TNFα) were also measured after 3 months in 1 mouse from the first 
experiment that had developed a chronic X-GVHD. These cytokines were chosen as they 
have been suggested to be involved in the development of  acute human and xenogeneic 
GVHD.11,12,30-32 
The various cytokines that were produced by the human cells in the mice are shown in  
Table 4. There was an intermediate production of  human IFNγ, GMCSF, IL-6, IL-10, 
and IL-13 and a high production of  IL-1α, IL-2, IL-15, and IL-18. In contrast, there was 
a low production of  IL-4 and IL-8. Levels of  human TNFα were undetectable at days 2, 
7, and 16. However, human TNFα was detectable in the mouse with chronic X-GVHD 
from the first experiment without macrophage depletion, although the level was low  
(24 pg/mL). Human cytokines seemed to be produced mainly during the increase and 
proliferation of  human cells in the mice, except IFNγ and IL-13 that were highest at day 
16 when the mice had already developed a severe acute X-GVHD. 
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day 2 day 7 day 16
cytokines mean range mean range mean range

pg/ml pg/ml pg/ml pg/ml pg/ml pg/ml

hIL1a 973  522-2061 1609 1110-1948 1225 693-2463
hIL2 1410    676-2453 2917   2659-3150 2138   822->5000
hIL4 21      11-42 40      28-68 31     12-62
hIL6 350      91-983 552      74-1255 355     53-892
hIL8 74      32-153 120      99-158 50     29-74
hIL10 385    118-953 794    632-1082 416   140-1027
hIL13 102      39-276 158    108-191 191   111-381
hIL15 2302  1343-4019 4964  3161->5000 2572 1002->5000
hIL18 2212    907-4622 3283  1704->5000 2000 1003-4562

hTNFa 1       0-4 0       0-0 1      0-4
hIFNg 45     14-110 81     48-108 238    21-569

hGM-CSF 0       0-0 0       0-0 268  167-387

hCD45% 14       6-20 8       4-14 74    52-87

Table 4. Production of  human cytokines in plasma of  mice at days 2, 7 and 16

Table 4. 
Data show the human cytokines that were produced in 12 of  15 mice, sacrificed at days 
2 (n=5), 7 (n=5) or 16 (n=5) after treatment with clodronate-containing liposomes, 
350 cGy irradiation and 10.106 huPBMC. Samples of  3 mice (1 out of  each sacrificed 
group) were not measurable because serum amounts were too low. Mean plasma levels 
(pg/ml) and range were calculated from the samples of  4 mice for each cytokine. 
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Molecular analysis of  the Vβ repertoire of  human T lymphocytes 
Molecular analysis of  the T lymphocytes in the initial huPBMC population and of  
the T lymphocytes that were derived from the chimeras at day 16 showed a Gaussian-
like distribution in all Vβ families, indicating a polyclonal population of  T cells with a  
normal Vβ repertoire of  the T-cell receptor (Figure 6). 

Figure 6.  Molecular analysis of  the Vβ repertoire of  human T lymphocyte  
receptors before and after engraftment.

RNA was isolated from single-cell suspensions of  PB, BM and spleen as described in 
Methods. Patterns of  Vβ families of  T lymphocytes in the initial population of  huPB-
MC and after engraftment in PB, BM and spleen, measured as the relative fluorescence 
intensity, showed a Gaussian distribution, indicative of  a polyclonal repertoire of  T cell 
receptors. Vβ2 and Vβ22 are depicted as representative examples. Other Vβ families 
showed similar patterns. 

Measurement of  human immunoglobulins 
Human immunoglobulin levels in the huPBMC-RAG2-/-γc-/-chimeras were determined 
at days 2, 7, and 16. At days 2 (5 mice) and 7 (5 mice), immunoglobulin levels were un-
detectable. At day 16, an increase in human CD45+ cells, including B cells, had occurred 
and mice had developed signs of  acute X-GVHD. Plasma levels in these mice5 were 
high for IgM and IgG (mean ± SD: IgM, 0.3 ± 0.1 mg/mL; IgG, 1.5 ± 0.8 mg/mL). 
Levels of  �gA remained undetectable. 
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Discussion

In the present study we introduce a new model for X-GVHD by intravenous transfer 
of  huPBMCs in RAG2-/-γc-/- mice. �n this model we observed a high engraftment rate 
of  human cells after 2 to 4 weeks, with a T-cell chimerism of  at least 20% in more than 
90% of  mice. This high engraftment rate was associated with the development of  acute 
X-GVHD and a mortality rate of  85% of  the mice within 2 months. 

Almost all donors showed a good engraftment, although different engraftment patterns 
occurred. Variability of  engraftment between donors is a known phenomenon in huPB-
MC-SC�D chimeras.2,3,15,33 Analysis of  immunologic parameters (phenotype markers, 
functional data, and human leukocyte antigen [HLA] type) has not resulted in predicting 
successful reconstitution in SC�D mice.2 Therefore, in SCID mice it was recommended 
to characterize reconstitution of  a specific donor each time before using their cells for 
experiments with large numbers of  animals.2 In contrast, we have seen only one failure 
of  19 donors tested until now, so random donors can be used for these experiments. 

In vivo macrophage depletion of  murine macrophages in liver and spleen using clo-
dronate-containing liposomes showed an earlier and more consistent engraftment of  
huPBMCs and development of  X-GVHD. The best time point for intervention in the 
earlier developing X-GVHD after murine macrophage depletion is currently under in-
vestigation. The disappearance of  human donor CD14+ cells so soon after huPBMC 
injection suggests that the donor macrophages were also depleted by the liposomes. �t 
cannot be excluded that they were absent, because of  a failure to thrive in the mouse 
host, as literature data in huPBMC-SCID chimeras have also reported the absence of  
human CD14+ cells.2,7 This may also explain the absence of  donor CD56+/CD3- cells 
(NK cells). Nevertheless, we concluded from their absence that it is unlikely for both 
cells to play a significant role in the development of  acute X-GVHD in this model. 

Histology results showed splenomegaly with fibrosis and damage of  structures in the 
spleen. Immunohistochemistry showed infiltration of  human CD45+ cells in all organs. 
FACS analysis showed high numbers of  human cells in the spleen, whereas lower num-
bers were found in the BM. These observations might be characteristic for huPBMC 
mouse chimeras, as acute X-GVHD in huPBMC-SCID models showed similar histo-
logy results and distribution patterns of  CD45+ cells.3,6,7,32 B cells are likely to reside in 
lymphoid compartments where they may be activated in an autonomous way or in a 
direct way by murine host antigens, maybe even reinforced by activated CD4+ T cells.7 
This is reflected by the highly elevated plasma levels of  IgG and IgM. Immunoglobu-
lin production in huPBMC-SC�D models could be high already with low numbers of  
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B cells and was generally used as an indication of  good engraftment of  the human 
cells.1,2,10 

Considering these findings, several questions remain to be answered. 
First, why for the first time in the development of  huPBMC mouse chimeras is the 
intravenous instead of  intraperitoneal transfer of  huPBMCs effective? Several groups 
have tried intravenous transfer of  huPBMCs without success.1,3,5 The intravenously in-
jected huPBMCs were found in the lungs within 1 hour but could not be detected 
anywhere else in the mice thereafter unless extreme doses of  huPBMCs were injected 
(up to 4 x 108).5,30 �t was proposed that human accessory cells in the huPBMC were 
close at hand in the peritoneum for their help with the activation and proliferation of  
the human T cells and they would be too much dispersed throughout the mouse after 
intravenous transfer.7 

We propose instead that the main cause of  the failure of  engraftment by intravenous 
transfer in huPBMC-NOD-SC�D/SC�D chimeras is the residual innate immune system 
of  the mice (macrophages, NK cells). For huPBMC-SCID chimeras it has been shown 
that macrophages play a major role in the host resistance.13,14,34 In one study, engraft-
ment by intravenous transfer of  huPBMCs was successful after macrophage depletion. 
Although in this study T-cell chimerism was less than 10% and there were no signs of  
X-GVHD, this might have been due to the low number of  huPBMCs injected (6 x 
106).14 
The earlier and more consistent engraftment of  human cells after treatment with clo-
dronate-containing liposomes is probably the result of  an extra reduction in the number 
of  residual macrophages in liver and spleen, the organs that seem most fit for initial 
proliferation of  the human cells after intravenous injection.
Furthermore, a number of  studies have shown that NK cells are capable of  mediating 
the rejection of  lymphoid cells in both humans and mice.3,11,12,30,35,36 The main reason for 
our findings of  a very high T-cell chimerism with development of  X-GVHD after in-
travenous transfer may be the total absence of  NK-cell activity in the RAG2-/-γc-/- mice.  
�t is possible that the same results can be obtained by intravenous transfer of   
huPBMCs into NOD-SCID/SCID mice after NK-cell depletion. However, although 
various study groups achieved a better engraftment by depletion of  NK cells before 
injection of  huPBMCs, they all followed the existing successful protocols for intraperi-
toneal transfer.12,15,16,35 Therefore, this possibility remains to be investigated. 

A second question concerns the pathogenesis of  acute and chronic X-GVHD in these 
mice. After injection of  the huPBMCs, only a small number of  human cells could be 
detected in the PB, BM, spleen, and all other organs examined in the first week. So it 
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seems likely, that most cells disappear. After 2 weeks, a huge increase in T lymphocytes 
occurred consisting of  a polyclonal population with a normal Vβ repertoire that was 
comparable with the T lymphocytes in the initial huPBMC population. This is in con-
trast with the observed skewing of  the Vβ repertoire of  the T lymphocytes that proli-
ferate in huPBMC-SCID chimeras, suggestive of  selection of  a minority of  T cells that 
respond to murine antigens.6,7,9 These findings suggest that in our model xenospecific 
selection of  T-cell clones does not occur. Instead, the response of  the human T lym-
phocytes to murine antigens may be similar to a normal physiologic antigen response in 
humans, which is not associated with changes in T-cell-receptor spectratype.

As the observed increase in human T lymphocytes consisted of  both CD4+ and CD8+ 
cells, it seems that both subsets play a role in the development of  acute X-GVHD. This 
was confirmed by injection of  purified populations of  human CD3+, CD4+, and CD8+ 
T cells, in which both CD4 and CD8 subsets seemed to contribute to the X-GVH  
effect that was obtained by injection of  huCD3+ cells alone or by huPBMCs of  the 
same donor. CD4/CD8 ratios are donor dependent and do not show a consistent pat-
tern in time. This has also been a general observation in huPBMC-SC�D models.2-4 

High plasma levels of  a variety of  human cytokines were measured in the mice. Cytokine 
production was associated with proliferation and increase of  human cells in the mice. 
Compared with data in humans, this may be a representation of  the “cytokine-storm” that 
is an important component of  acute GVHD in humans and mice.11,12,31,37 Both T-helper 1 
(IL-2, IL-18, IFN ) and T-helper 2 (IL-4, IL-10, IL-13) and inflammatory cytokines (IL-1, 
IL-6) seem to play a role in the development of  acute X-GVHD in this model. 

Another important cytokine in acute human GVHD is considered to be TNFα, mainly 
produced by recipient human macrophages after T-helper 1 activation.37,38 The absence 
of  human TNFα in these mice indicates that this cytokine is not important for the de-
velopment of  acute X-GVHD in this model. 
However, it may be that soluble TNFα does not reflect the whole biologic activity of  this  
cytokine that is known to exist also in an active transmembrane form.39 

In conclusion, the acute X-GVHD in the huPBMC-RAG2-/-γc-/- model may be compa-
rable with acute human GVHD in the sense of  a cytokine storm generated by activated 
CD4+ and CD8+ T lymphocytes. However, there are differences in the types of  cy-
tokines that are produced compared with human GVHD and we have not yet analyzed 
activation of  host cells by interaction with human T lymphocytes. 

In this set of  experiments chronic X-GVHD, with skin histology comparable with human 
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GVHD, was observed in one mouse, in which macrophages were not depleted. Plasma 
levels of  human TNFα were detectable in this mouse, in contrast to the mice that deve-
loped acute X-GVHD. This might indicate a role for human TNFα in the development 
of  chronic but not acute X-GVHD. 
There was also a remarkably high CD4+/CD8+ population in this mouse, only late in time. 
These cells are likely to be mature, activated T lymphocytes that can coexpress CD4 and 
CD8, and this observation also suggests a relationship with the development of  chronic 
X-GVHD.6 Development of  a chronic X-GVH syndrome was a general observation in 
recent experiments in mice that survived acute X-GVHD and contained human cells 
in the peripheral blood over several months (unpublished data). We plan to investigate 
the reproducibility of  chronic X-GVHD and the possible differences between acute and 
chronic X-GVHD in these mice in future experiments. 

In conclusion, we developed an easily applicable and efficient model for X-GVHD that 
has features comparable with human GVHD. This is the first time an intravenous in-
stead of  intraperitoneal transfer with a high engraftment rate of  human T lymphocytes 
has been achieved in mice, which gives a better comparison with clinical alloBMT and 
DLI settings. Therefore, this model will be very valuable for the development of  new 
therapies for GVHD. Furthermore, murine and human macrophages do not seem to 
be necessary for the development of  acute X-GVHD in this model, which raises ques-
tions on the role of  macrophages in human GVHD and opens up new possibilities for 
research in this area. 
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Abstract

In this study we report on the spectrum of  histopathological findings in a xenogeneic 
graft-versus-host disease (X-GVHD) model, obtained after injection of  human pe-
ripheral blood mononuclear cells (huPBMC) into immune deficient RAG2-/-γc-/- mice. 
Histopathological changes were very similar to observations in human (h)GVHD. In 
the first place, variable T cell-mediated epithelial or muscular damage was observed in 
several organs. Secondly, mild to severe fibrosis was found in skin, liver, lungs, spleen 
and bone marrow The most striking finding was liver-pathology resembling an auto-
immune hepatitis with large numbers of  plasma cells and the deposition of  human �gG 
and IgA. These findings suggest a significant contribution of  B cell immunity to the 
development of  GVHD. As a consequence, the huPBMC/ RAG2-/-γc-/-  mouse model 
provides the unique opportunity to study the contribution of  B cells to the pathogen-
esis of  chronic GVHD.
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Introduction

Graft-versus-host disease (GVHD) is a serious complication of allogeneic stem cell 
transplantation1. To investigate the pathogenesis of this disorder and to study the effect 
of new treatment modalities, clinically relevant animal models are of great importance.  
We were able to develop a model for GVHD by intravenous transfer of huPBMC in 
RAG2-/-γc-/- mice2.  These mice have a stable phenotype: no B cell, T cell or NK cell 
activity, and no complications such as leakiness or spontaneous tumor formation3. Our 
results showed a high degree of engraftment of human cells, with a T cell chimerism 
of at least 20% in more than 90% of mice and the consistent development of xeno-
geneic GVHD (X-GVHD). Histological investigation of relevant organs in some mice 
in the initial study showed morphological changes very similar to those seen in human 
(h)GVHD2. In this study we report on the whole spectrum of histological and immu-
nohistochemical findings in this X-GVHD model and compare them with those seen 
in hGVHD. 
We conclude that X-GVHD shares important histopathological characteristics with 
hGVHD and systemic B cell-mediated autoimmune diseases. Importantly, our results 
implicate a role for B cells in the pathogenesis of X-GVHD, confirming similar suspi-
cions in hGVHD. To our knowledge, this is the first model that that permits the study 
of the role of human B cells in the onset and progression of GVHD.

Material	and	methods

Male RAG2-/-γc-/- mice of 8 to 34 weeks of age received sublethal total body irradi-
ation with a single dose of 350 cGy before injection of 30 x 106 human peripheral 
blood mononuclear cells (huPBMC) on the same day2. Two irradiated mice that did 
not receive  huPBMC served as controls. One day prior to total body irradiation and  
huPBMC injection clodronate containing liposomes were given to deplete macrophages 
from some mice (A,F and K) 2,4,5. 

The development of symptoms of GVHD was checked daily by measurement of the 
weight, mobility and ruffled fur. As soon as the loss off body weight reached 20%, the 
mice were anesthesized and bled from the retro-orbital vein. Subsequently, they were 
killed by cervical dislocation. Spleen, bone marrow, liver, heart, kidneys, lungs, small 
bowel and colon were removed, biopsies were taken from the skin and the tongue, 
and all tissues were stored in formaldehyde or were directly frozen. Slides were stained 
with hematoxylin-eosin for routine histological examination. A reticulin staining was 
performed to measure the reticulin content of the bone marrow. A sirius red staining 
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was used to score fibrosis in skin, lungs and spleen. Frozen sections for indirect immu-
nofluorescence were air dried, fixed in acetone and incubated with anti-huCD3-FITC, 
anti-huCD4-FITC and anti-huCD8-FITC (Becton Dickenson). Sections for direct im-
munofluorescence were fixed in acetone, air dried and incubated with anti-huIgG-FITC 
(Kallestad), anti-huIgA-FITC (Kallestad), anti-huC3c-FITC (Behring), anti-huKappa-
FITC (DAKO) and anti-huLambda-FITC (DAKO). 

Results	and	Discussion

Ten mice that had received huPBMC were examined. They had lost >20% of their body 
weight and were autopsied after two to twelve weeks. The two control mice did not show 
clinical or histological abnormalities and did not lose weight; they were killed after six 
weeks. 

Macroscopic examination revealed a ruffled fur in all mice that had received huPBMC. 
In addition, five mice had an erythematous skin with loss of hair. The histological fin-
dings in the skin, tongue, liver, lung and spleen are summarized in Table 1 and partly 
shown in Figure 1. In all organs lymphocytic infiltrates and tissue damage was observed. 
These lymphocytic infiltrates consisted of T lymphocytes with a predominance of CD4 
positive cells (75-85%). Surprisingly, the liver and spleen of all mice contained mild to 
extensive plasma cell infiltrates that stained positive for either human kappa or lambda 
light chains and showed no signs of monotypia. In addition, in 3/8 mice a linear deposi-
tion of both human IgG and IgA was found at the epidermal-dermal junction. In mouse 
C the same pattern was present, but only in the IgA staining.

The kidneys contained variable numbers of lymphocytes, mainly localized in the interstitium. 
The lungs of the treated mice contained a mild to severe lymphoplasmacellular infiltrate. In 
three mice there was damage of the bronchial epithelium. Five of the mice showed peribron-
chial fibrosis. Eight of the mice showed no cardial abnormalities. 2/8 mice had a small amount 
of lymphocytic infiltrate diffusely in between the cardiomyocytes and in the left ventricle there 
were a few foci of lymphocytes with damage of the myocytes. All mice showed a mild to mo-
derate fibrosis in the bone marrow. The bowels contained a very mild lymphocytic infiltrate, 
but there were no signs of epithelial damage or diarrhoea.

In summary, the histopathological findings in most organs are very similar to the findings in 
hGVHD6. There was variable T cell-mediated epithelial or muscular damage in skin, tongue, 
lungs, liver and heart. Fibrosis was found in skin, liver, lungs, spleen and bone marrow. The 
mice autopsied very early (A, F and K) showed no signs of fibrosis, but contained lymphocytic 
infiltrate in almost all organs. The mice autopsied after six weeks demonstrated less lymphocytic 
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infiltrate, more plasma cells and more fibrosis. Mouse H had severe fibrosis of the liver, spleen, 
skin and lungs. In later experiments, five more mice sacrificed after twelve weeks showed histo-
logy comparable with mouse H (data not shown).
Importantly, the livers of the affected mice showed an auto-immune hepatitis with 
large amounts of plasma cells and even the deposition of human immunoglobulins. A 
honeycomb-like pattern was present in the IgA staining, with an IgA-positive surface 
of the periportal hepatocytes in the liver of mouse C, D, G, I and M. Many clinical 
manifestations of hGVHD are very similar to those of autoimmune diseases such as 
lupus erythematosus and scleroderma7. In chronic hGVHD autoantibody formation is 
a common feature8. For example, the presence of anti-mitochondrial antibodies or anti-
centromere antibodies in hGVHD is associated with vanishing bile ducts in the liver, 
like in primary sclerosing cholangitis9,10. Autoimmune hepatitis has also been described 
in patients following SCT, but is generally considered to be different from hepatitis due 
to chronic hGVHD. We assume that autoimmune hepatitis after SCT is not a co-inci-
dental finding, but a manifestation of chronic hGVHD, like other autoimmune features 
that are reported in chronic hGVHD (Canninga et al, in preparation). 

Although the final damage to the tissues in chronic hGVHD is probably caused by T cells, 
the autoantibodies are produced by B cells, providing evidence for a participating role of  
B cells in the pathogenesis of GVHD. The beneficial effect of anti-CD20 Ab in GVHD 
reported in small scale clinical studies is also consistent with a critical role of B cells in 
GVHD-pathology 11,12. The consistent development of extensive auto-immune hepatitis 
with plasma cells and antibody-deposits in the mice makes that RAG2-/-γc-/- mice can 
serve as a good model for the role of B cells in chronic GVHD.
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Table 1. Histological and immunofluorescence findings in skin, tongue, liver, lung 
and spleen.  

Table	1
*:  mild; **: moderate; ***: severe; -: absent; +: present.
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Figure 1.    Histology of chronic X-GVHD. 
A) skin of control mouse (Sirius red 20x), B) skin of mouse G (Sirius red 20x) The 
collagen (red) extends into the subcutaneous fatty tissue, compare with A. C) mouse H, 
the spleen is completely replaced by fibrotic tissue (H&E 100x). D) liver of mouse A 
with lymphoplasmacellular infiltrate with hepatocyte damage (H&E 100x). E) mouse C, 
plasmacellular infiltrate in the liver (H&E 400x) F) liver of mouse D, the IgA staining not 
only shows plasma cells, but also linear deposits of IgA at the surface of the hepatocytes. 
G): skin, negative control IgA.  H) skin of mouse D, linear deposition of IgA at the 
epidermal-dermal junction. 
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Abstract
	
Objective
Recent clinical trials of  adoptive immunotherapy showed diminished reactivity of  human 
T cells upon ex vivo manipulation. For a safe and effective clinical application of  human T 
cells, it is necessary to improve ex vivo manipulation procedures and evaluate their impact on 
in vivo functionality. However, there is no preclinical model for quantitative assessment of  in 
vivo functionality of  human T cells. In this study, we investigated the feasibility of  using the 
huPBMC-RAG2-/-γc-/- xenogeneic mouse model. As a first example, we compared 3 differ-
ent ex vivo culture conditions for human T cells. 
Methods
RAG2-/-γc-/- mice received cultured human T cells that were stimulated via CD3 alone 
or costimulated via CD28 (CD3/28) and/or human 4-1BB (CD3/28/4-1BB). Engraft-
ment levels and survival of  the cells were measured. The dynamics of  the human T cell 
phenotypes were analyzed during culture and in vivo, as well as the mechanism of  the 
xenoresponse.
Results
Engraftment potential was improved 2-fold for costimulation compared to CD3 alone 
(p<0.001). Phenotypic analysis showed a strikingly similar pattern of  development to-
wards CD4+ and CD8+ effector and effector-memory cells, suggesting antigen-driven 
survival and expansion. All parameters used to analyze different effects on in vivo T cell 
functionality, like culture condition, engraftment levels, survival of  the cells over time or 
xenogeneic Graft-versus-Host-Disease, were absolutely independent of  the distribution 
of  the T cell population in vivo following contact with xeno-antigen. 
Conclusion
 The huPBMC-RAG2-/γc-/- xenogeneic transplant model is the most sensitive to date 
for in vivo functional evaluation of  human T cells.
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Introduction

Adoptive immunotherapy is an elegant way to balance eradication of  tumor cells 
and minimization of  treatment-related morbidity. However, this strategy requires 
ex vivo manipulation of  human T cells. Recent clinical trials of  adoptive immuno-
therapy showed low reactivity and short-term survival of  manipulated T cells, rai- 
sing major concerns towards the effect of  ex vivo manipulation procedures on pre- 
servation of  T cell functionality.1-3 Moreover, in one clinical allogeneic stem cell trans-
plantation trial, an impaired potential of  ex vivo manipulated donor T cells to provide  
Epstein-Barr-Virus (EBV)-specific memory responses may have been the cause of  a rela-
tively high incidence (3/12) of  EBV-associated lymphoproliferative disease post-trans-
plantation.3,4 

For a safe and effective clinical application of  human T cells, it will therefore be ne-
cessary to improve ex vivo manipulation procedures and evaluate their impact on in vivo 
functionality in a preclinical setting. �n the BNML rat leukemia model we have shown 
that the culture procedure is a critical parameter.5 Both experimental and clinical stud-
ies have demonstrated that decreased in vivo functionality of  ex vivo manipulated human 
T cells may be caused by insufficient in vitro stimulation.1,4-7 Stimulation with anti-CD3 
antibody and IL-2 during culture can be considered standard in clinical protocols, but 
activation through the T cell receptor alone has been shown to induce anergy of  T 
cells.8-10 Many data on human T cells in vitro and non-human T cells in vivo suggest 
that costimulation via the CD28 receptor may overcome the induction of  anergy and 
improve in vivo functionality of  cultured T cells. 4,8-12 In addition, several studies have 
reported on the effect of  stimulation via 4-1BB 13-15. 4-1BB is a costimulatory member 
of  the TNF receptor family and is expressed primarily on activated CD8+ T cells, and to 
a lesser degree, on CD4+ T cells. �ts ligand (4-1BBL) is expressed on antigen presenting 
cells, including activated B cells, macrophages and dendritic cells. Mouse-4-1BBL has 
been shown to protect mouse T cells from activation-induced cell death by upregula-
tion of  the anti-apoptotic protein Bcl-XL, with a specific preservation of  the memory 
CD8+ T cell response to viruses. 13,15-20 Costimulation via 4-1BB may thus preserve the 
virus-specific memory of  donor T cells, which may add to the defense of  an immune 
deficient host. 

However, although there may be ways to improve ex vivo manipulation procedures, a 
relevant model for preclinical evaluation of  human T cells in vivo is currently lacking. 
Human peripheral blood mononuclear cells (huPBMCs) have been engrafted in mice 
with severe combined immunodeficiency (SCID) but engraftment levels of  human T 
cells were generally low (<10%) and unpredictable.21-24 We were recently able to estab-
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lish high levels of  human T cell engraftment in RAG2-/-γc-/- mice. These mice show 
an absence of  B, T or NK cells and compared to SCID mice, they have the advantage 
of  a relatively stable phenotype without the development of  spontaneous tumors over 
time. �ntravenous injection of  huPBMCs containing 15x106 fresh T cells into RAG2-

/-γc-/- immune deficient mice leads to such a high chimerism, that lethal xenogeneic 
Graft-versus-Host disease (X-GVHD) occurs within 3 weeks in >80% of  mice.25 This 
model can be considered the most sensitive in vivo model for engraftment of  human  
T cells to date. 

We decided to investigate the feasibility of  using the huPBMC-RAG2-/-γc-/- model for 
quantitative in vivo assessment of  ex vivo manipulated human T cells. We therefore in-
jected escalating doses of  human T cells that were cultured and stimulated via CD3 
alone or costimulated via CD28 (CD3/28) or via CD28 and human 4-1BB (CD3/28/4-
1BB) into RAG2-/-γc-/- mice, and analyzed T-cell reactivity, engraftment levels and sur-
vival of  the cells over time. In addition, we analyzed the dynamics of  the human T cell 
population during culture and in vivo and the mechanism of  the xenoresponse. Despite 
the limitations that are inherent to a xenogeneic transplant model, our results show 
the possibility to quantify manipulation effects on human T cells in vivo in huPBMC- 
RAG2-/-γc-/- mice.

Materials	and	methods

Mice
Rag2-/-γc-/- (H-2Db) mice (11-23 wks) were obtained from the Netherlands Cancer �n-
stitute (Amsterdam, The Netherlands) and bred and housed in microisolater cages at 
the Central Animal Facility of  the University of  Utrecht under specific pathogen free 
conditions. Before injection of  huPBMCs, mice received 350 cGy total body irradia-
tion and macrophages were depleted by clodronate-containing liposomes, as described 
previously.25 

A clear classification for acute and chronic X-GVHD is not available from literature. 
One of  the reasons is the fact that X-GVHD almost never occurs reproducibly in im-
munodeficient mice. 

We defined acute and chronic X-GVHD as based on the following symptoms: 
Acute X-GVHD was diagnosed when mice exhibited all four of  the following symptoms:  
1. weight loss >20% 2. ruffled fur 3. reduced mobility and 4. death within 3 weeks. 
Chronic X-GVHD was diagnosed when mice exhibited all four of  the following symptoms:  
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1. weight loss >10% 2. hair loss (partial nudity of  the skin) or inflammation of  the skin 
(erythema/scaling), one of  both was enough 3. >1% human T cells in the peripheral 
blood 4. survival from acute X-GVHD. 

In severe acute or chronic X-GVHD, anemia characterized by a hematocrit <30% is 
also commonly observed in the mice. However, this was not used as an obligatory 
symptom.

Culture procedures
HuPBMCs were obtained from buffy coats of  healthy donors from the Bloodbank 
of  the University Medical Center Utrecht and isolated by Ficoll Hypaque (Pharmacia, 
Uppsala, Sweden) density centrifugation. Cells were stimulated with either 1) 10 ng/ml 
soluble anti-CD3 (Orthoclone OKT3, Janssen-Cilag BV, Tilburg, The Netherlands) at 
1x106 c/ml with addition of  300 �U/ml human recombinant interleukin 2 (�L-2) (Pro-
leukin, Chiron, Amsterdam, The Netherlands), 2) anti-CD3/anti-CD28 coated mag-
netic beads (anti-CD3/28 beads) (XcyteTM Dynabeads®, Xcyte Therapies, Inc, Seattle, 
WA) added at 3 beads per CD3+ cell followed by culture at 1x106 CD3+ cells/ml with 
300 IU/ml IL-2, or 3) with artificial antigen-presenting cells expressing human CD32 
and human 4-1BBL.26 CD32-4-1BBL cells were irradiated with 10 Gy and loaded with 
anti-CD3 (OKT3) and anti-CD28 (clone 9.3) monoclonal antibodies at 0.5 µg/ml for 
10 min at RT. HuPBMCs were mixed with the anti-CD3/28/4-1BB cells at a 2:1 ratio 
of  CD3+ cells to anti-CD3/28/4-1BBL cells and cultured in culture medium consisting 
of  RPMI (Gibco-BRL, Paisly, Scotland), 10% fetal calf  serum (FCS, Integro, Zaan-
dam, the Netherlands), streptomycin (100 µg/ml) (Gibco-BRL) at 370 C and 5% CO2 
atmosphere. The number of  huCD3+ cells in huPBMCs measured by flowcytometry 
determined the cell dose for injection.

Phenotypic analysis of  fresh, cultured, or huPBMC-RAG2-/-γc-/- chimera- 
derived human cells
Cells were incubated for 20 min. on ice with appropriate fluorescent-labeled monoclonal 
antibodies. After washing with PBS/1% FCS, four-color fluorescent analysis of  human 
antigens was performed on a Calibur flow cytometer using CellQuest software (Becton 
Dickinson, Mountain View, CA). The proportion of  human cells was calculated as fol-
lows: %huCD45+=[huCD45+:(huCD45++mCD45+)] x 100%. Murine peripheral blood 
was obtained from the orbital vein and after erythrocyte lysis, cells were incubated for 20 
min. on ice with appropriate fluorescent-labeled monoclonal antibodies and analyzed by 
flowcytometry in the same way. CD4-allophycocyanin (APC), CD8-APC, CD16- phy-
coerythrin (PE), CD45-APC, CD45RA-phycoerythrin-cyanin5 (PE-Cy5), CD27-fluo-
rescein isothiocyanate (FITC), CCR7-PE, Simultest CD4-FITC/CD8-PE, Simultest 
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CD3-F�TC/CD19-PE and mouse CD45-peridinin chlorophyll-a protein (PerCP)  were 
purchased from Becton Dickinson or BD Pharmingen (San Diego, CA). 

T cell proliferation assay with huPBMC-RAG2-/-γc-/- chimera-derived human T 
cells
Spleens were collected from RAG2-/-γc-/- mice that showed a 71%-93% engraftment of  
human cells in PB following injection of  15x106 fresh huPBMCs. Single cell suspensions 
of  the spleens were stored in liquid nitrogen until further use. At the time of  the ex-
periment, cells were thawed and irradiated splenocytes from healthy RAG2-/-γc-/- mice 
that did not receive human cells, were added as a target at a ratio 1:1. Recombinant IL-2  
(Proleukin, Chiron) was used at 300 IU/ml. OKT3 (Orthoclone OKT3, Janssen-Cilag BV) 
was used at 10 ng/ml. Anti-mouse major histocompatibility complex (MHC) II M5/114 
was used at 50 or 100 µg/ml.27 Anti-CD4 and anti-CD8 blocking antibodies (Pharmingen, 
San Diego, CA, USA) were used at 10 µg/ml. Culture medium consisted of  RPMI/10% 
FCS. After 4 days, 1 µCi [3H]thymidine was added. Eight hours later cells were harvested 
and the incorporation of  the label was counted by liquid scintillation. 

Statistical analysis
Statistical analysis was performed with SPSS for Windows software (Microsoft, USA), 
using a 2-way ANOVA, followed by a Bonferroni post hoc test.

Results

High impact of  culture time on engraftment potential and X-GVHD-inducing 
capacity of  human T cells
We have previously demonstrated that intravenous (iv) transfer of  huPBMCs into  
RAG2-/-γc-/- mice consistently leads to development of  acute X-GVHD.25 We also showed 
that this X-GVHD is caused by the T cell fraction and that both purified CD4+ and CD8+ 
cells were able to induce X-GVHD. Therefore, in subsequent experiments the protocol 
was modified to normalize for T cell content of  the injected PBMCs so that the dose con-
tained 15x106 T cells (see Figure 1). �njection of  lower doses led to more heterogeneous 
engraftment levels and less consistent development of  acute X-GVHD.
Next, we addressed the xenoreactive potential of  cultured T cells after polyclonal stimula-
tion. Similar to the protocols that were used in clinical trials, huPBMCs were stimulated ex 
vivo with anti-CD3 and IL-2 and cultured for 7 or 16 days. Iv injection of  fresh huPBMCs, 
containing 15x106 CD3+ T cells, into the mice, showed high engraftment levels in peri-
pheral blood associated with the development of  acute X-GVHD in all mice and 100% 
mortality (Figure 2A). However, following 7 days of  culture, the same dose of  15x106 
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human T cells showed significantly lower engraftment levels, no signs of  acute X-GVHD 
and 100% survival of  mice (Figure 2B). Strikingly, following 16 days of  culture, there 
was no engraftment of  human T cells at all (Figure 2C). These data show a high impact 
of  culture time on engraftment potential and X-GVHD-inducing capacity of  human T 
cells.

Figure 1. Reproducible development of  acute lethal X-GVHD in RAG2-/-γc-/- 
mice following intravenous injection of  15x106 human T cells.
This figure shows an example of  the reproducible development of  lethal acute X-
GVHD within 21 days following the iv injection of  huPBMCs, the dose for each mouse 
containing 15x106 human T cells. Percentage of  human CD45+ cells in the peripheral 
blood (right y-axis) and weight of  the mice (left y-axis) as a percentage of  the initial 
weight, were set against time in days (x-axis). Symbols , , , and  indicate the 4 
different mice in the group. Open symbols indicate weight, closed symbols indicate % 
human CD45+ cells. † indicates death of  the mouse. This example shows that following 
an iv dose of  15x106 human T cells, a high increase in human CD45+ cells (99% CD3+ 
cells) in the peripheral blood of  the RAG2-/-γc-/- mice is generally associated with weight 
loss and death of  the mice due to acute X-GVHD. 
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Figure 2.  Impact of  culture time on engraftment potential and X-GVHD-indu- 
cing capacity of  human T cells.
HuPBMCs of  the same donor were cultured for 7 or 16 days and stimulated with anti-CD3 
antibody (OKT3). Fresh and cultured cells (doses containing 15x106 T cells) were injected 
into RAG2-/-γc-/- mice at day 0. Percentage of  human CD45+ cells in the peripheral blood 
(right y-axis) and weight of  the mice (left y-axis) as a percentage of  the initial weight, were 
set against time in days (x-axis). Symbols , , , and  indicate the different mice in 
the group. Open symbols indicate weight, closed symbols indicate % human CD45+ cells. 
† indicates death of  the mouse. Figure A: fresh huPBMCs, containing 15x106 T cells. 
Fgure B: 15x106 human T cells of  the same donor, after 7 days culture with anti-CD3. 
Figure C: 15x106 human T cells of  the same donor, after 16 days culture with anti-CD3. 
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X-GVHD-inducing capacity of  cultured human T cells depends on cell dose 
and culture condition 
To further evaluate diminished engraftment potential and X-GVHD-inducing capa-
city of  human T cells after culture, huPBMCs of  the same donor were cultured for 7 
days with either anti-CD3 and IL-2 or anti-CD3/28 and IL-2. At day 7, increasing cell 
doses (15-90x106 T cells) were injected iv into a total of  25 RAG2-/-γc-/- mice. For both 
anti-CD3 and anti-CD3/28 cultured cells engraftment levels were lower compared to 
fresh huPBMCs. However, maximal engraftment levels increased with increasing T-cell 
dose, example shown in Figure 3. Mice receiving fresh cells all died within 4 weeks of  
X-GVHD. Lethal X-GVHD occurred for anti-CD3 cultured cells only at about 6 times 
the dose of  fresh cells (90x106 vs 15x106 T cells) compared to about 3 times the dose for 
anti-CD3/28 stimulated and cultured cells (data not shown). These data indicate that 
decreased reactivity of  human T cells following ex vivo manipulation may not only be 
overcome by increasing the T cell dose, but also by in vitro costimulation. 

Figure 3.  Engraftment levels of  cultured 
human T cells depend on cell dose. 
HuPBMCs of  4 donors were cultured and 
stimulated via CD3 alone (CD3), via CD3 
and CD28 (CD3/28) or via CD3, CD28 and 
4-1BB (CD3/28/4-1BB). After 7 days, cell 
doses containing 15x106 T cells were injected 
intravenously into RAG2-/-γc-/- mice. This 
figure shows an example of  3 groups of  mice 
that received fresh cells or CD3/28 cultured 
huPBMC of  the same donor. Figure A: 15x106 
fresh cells. Figure B: 15x106 CD3/28 cultured 
cells. Figure C: 60x106 CD3/28 cultured cells. 
Percentage of  human CD45+ cells in the pe-
ripheral blood (right y-axis) and weight of  the 
mice (left y-axis) as a percentage of  the initial 
weight, were set against over time in days (x-
axis). Symbols , , , and  indicate the 
different mice in the group. Open symbols 
indicate weight, closed symbols indicate % 
human CD45+ cells. † indicates death of  the 
mouse. The figure shows an example of  the 
effect of  increasing cell dose of  cultured T 
cells on engraftment potential.
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In vitro costimulation improves in vivo functionality of  cultured human T cells 
To further investigate the influence of  in vitro costimulation on in vivo functionality of  human 
T cells, 4 different experiments were performed in which huPBMCs of  4 different donors 
were cultured for 7 days and anti-CD3, anti-CD3/28 and anti-CD3/28/4-1BBL culture 
conditions were compared. A total of  68 RAG2-/-γc-/- mice were injected iv with fresh or 
cultured huPBMCs (15- 60x106 T cells). 

To our knowledge, X-GVHD was not described following iv injection of  cultured hu-
man T cells, although sporadic cases were described following intraperitoneal transfer.28 
Table 1 shows the percentage of  mice developing acute and chronic X-GVHD after 
injection of  cultured T cells in these experiments. Median range of  acute lethal X-
GVHD, was only 17 - 43% following injection with cultured cells. The results show 
that increasing the cell dose up to 60x106 cells does not sufficiently compensate for this 
loss of  acute X-GVHD-inducing potential as a result of  ex vivo culture, for all culture 
conditions. Additional ligation of  4-1BB gave an earlier rise of   engraftment levels, in-
dependent of  the injected dose (data not shown).
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Table 1. Percentage of  mice developing X-GVHD after injection of  cultured  
T cells.

T cell dose
 15 x 106 30 x 106 60 x 106
Acute X-GVHD
CD3 25 20 38

(4/16) (1/5) (3/8)
CD3/28 25 40 43

(4/16) (2/5) (3/7)
CD3/28/4-1BB 20 17 n.d.

(1/5) (1/6) n.d.

Chronic X-GVHD
CD3 42 0 20

(5/12) (0/4) (1/5)
CD3/28 25 100 25

(3/12) (3/3) (1/4)
CD3/28/4-1BB 25 20 n.d.

(1/4) (1/5) n.d.

Table 1.  RAG2-/-γc-/- mice were injected intravenously with huPBMCs of  4 different 
donors that were cultured for 7 days and stimulated via CD3 alone (CD3), via CD3 
and CD28 (CD3/28) or via CD3, CD28 and 4-1BB (CD3/28/4-1BB). Indicated are 
the percentages of  mice developing acute (=lethal) or chronic X-GVHD. The absolute 
number of  mice developing X-GVHD from the total number of  treated mice is indi-
cated between brackets.

Moreover, a significant fraction of  mice receiving cultured cells developed chronic X-
GVHD. While acute lethal X-GVHD was invariably associated with high levels of  en-
graftment of  human T cells in peripheral blood, chronic X-GVHD developed in mice 
with engraftment levels ranging from 1-75%. These results indicate that the biological 
mechanisms underlying acute and chronic X-GVHD may be distinct. 
For this reason, ultimate development of  X-GVHD could not be considered a reliable 
endpoint for the difference in reactivity of  cultured T cells that were ex vivo stimulated 
with different methods before injection. As Hoffman-Fezer G. et al demonstrated in 
SCID mice, T-cell chimerism can be considered an adequate parameter for develop-
ment of  X-GVHD (in SCID mice at least 10%).29 To quantify in vivo T cell functionality, 
we therefore analyzed engraftment potential, defined as the combination of  engraft-
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ment levels and survival of  the human cells over time. For this, the fraction of  human 
CD45+ cells in the peripheral blood was plotted against the time and the areas under 
the curves were compared, as shown in Figure 4. Statistical analysis showed a 2-fold 
improvement in engraftment potential for CD3/28-costimulated human T cells com-
pared to CD3-stimulated cells (p<0.001), despite variation due to inter-donorvariability 
(Figure 4). Additional ligation of  4-1BB did not increase engraftment potential of  the 
cultured T cells compared to stimulation via CD3/28 alone. 

Summarizing, we show for the first time for human T cells in vivo the impact of  culture 
condition on X-GVHD-inducing capacity and engraftment potential. These results in-
dicate that in vitro costimulation may preserve engraftment potential of  human T cells 
following ex vivo manipulation. Furthermore, we observed that cultured cells were able 
to induce chronic X-GVHD in a substantial number of  mice.

Figure 4. In vitro costimulation significantly improves engraftment potential 
and survival in vivo of  cultured human T cells.
HuPBMCs of  4 donors were cultured and stimulated via CD3 alone (CD3), via CD3 
and CD28 (CD3/28) or via CD3, CD28 and 4-1BB (CD3/28/4-1BB). After 7 days, 
cell doses containing 15x106 CD3+ T cells were injected intravenously into RAG2-/-γc-

/- mice. The left part of  the figure shows the percentage of  human CD45+ cells in the 
peripheral blood (right y-axis) and weight of  the mice (left y-axis) as a percentage of  
the initial weight, set against time in days (x-axis). Symbols , , , and  indicate 
the different mice in the group. Open symbols indicate weight, closed symbols indi-
cate % human CD45+ cells. † indicates death of  the mouse. For statistical analysis, the 
areas under the curves (AUCs) of  CD45+ human cells over time were determined as a 
reflection of  engraftment level and survival of  the cells in vivo, of  which an example is 
shown.  The right part of  the figure shows the 95% confidence interval for the normal 
logarithm values of  the AUCs set against the 3 different stimulation conditions: 1 = via 
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CD3 (CD3), 2 = via CD3 and CD28 (CD3/28) and 3 = via CD3 and CD28 and 4-1BB 
(CD3/28/4-1BB), indicating the significant difference (p<0.001) between CD3 alone 
and costimulation. Between CD3/28 and CD3/28/4-1BB there was no significant dif-
ference in AUCs.  

Influence of  costimulation on human T cell phenotypes in vitro and in vivo
To further investigate the influence of  the different culture conditions on the distribu-
tion of  human T cell subsets, phenotypic analysis was performed in vitro and in vivo. 
HuPBMCs of  5 different donors were cultured for 7 days and stimulated via CD3, 
CD3/28 or CD3/28/4-1BB. �n a similar experiment huPBMCs of  4 additional donors 
were included. Fractions of  human CD3+, CD4+, CD8+ T cells and natural killer (NK) 
cells (CD3-CD56+) were determined. CCR7, CD45RA and CD27 were combined with 
anti-CD4 or anti-CD8 antibodies to analyze within the CD4+ and CD8+ populations the 
CD45RA+CD27+CCR7+ (naïve phenotype), CD45RA+CD27+CCR7-, CD45RA+CD27-

CCR7+ and CD45RA+CD27-CCR7- (effector phenotypes), CD45RA-CD27+CCR7+ 
(central memory phenotype) or CD45RA-CD27+CCR7- or CD45RA-CD27-CCR7- (ef-
fector memory phenotypes) T cells.4,30,31 Table 2 shows the in vitro results of  5 do-
nors. The second experiment with 4 additional donors showed similar results (data not 
shown). Almost all cultured cells around day 7 were CD3+ cells. Interestingly, for 3 out 
of  9 donors (donor 3, 5 and 9) there was a relative expansion of  NK cells after 1 week 
stimulation with anti-CD3/28/4-1BBL: 46% for donor 3 and 12% for donor 5 and 
15% for donor 9. After restimulation with anti-CD3/28/4-1BBL the fraction of  NK 
cells at day 19 increased to 71% in donor 3 (donor 5 and 9 were not analyzed at day 19). 
After one week of  culture, cells of  naïve (CD45RA+CCR7+), effector (CD45RA+CCR7-

), central memory (CD45RA-CCR7+) and effector memory (CD45RA-CCR7-) pheno-
types were all present. Consistent changes in the distribution of  specific phenotypes 
could not be observed. Fresh and cultured cells from donor 4 were injected into 39 
RAG2-/-γc-/- mice (groups 4-6 mice,  doses of  15-60x106 T cells). Earlier, higher and 
more consistent engraftment levels were observed in mice that received costimulated 
cells compared to anti-CD3 alone, as described above. Phenotypic analysis showed a 
different CD4/8 ratio: CD3/28/4-1BB stimulated human T cells showed an early re-
versal at day 9 compared to a much later reversal at day 20 for anti-CD3/28 stimulated 
T cells and no reversal at all for anti-CD3 stimulated T cells (Table 3). This indicates 
that in vitro costimulation may preferentially preserve in vivo functionality of  human 
CD8+ T cells, with a stronger effect of  stimulation via CD3/28/4-1BB compared to 
CD3/28 alone. 
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Table 2. Phenotypic analysis of  7-days cultured huPBMCs: comparison of  3 
different ex vivo conditions. 

Table 2. HuPBMCs from 5 different donors were cultured for 8 days (donors 1, 2 and 3) or 
7 days (donor 4 and 5) and stimulated via CD3, CD3 and CD28 (CD3/28) or CD3, CD28 
and 4-1BB (CD3/28/4-1BB). The CD4 and CD8 subsets were defined as follows: naïve: 
CD45RA+CD27+CCR7+; effector: CD45RA+CD27+CCR7- or CD45RA+CD27-CCR7+ 
or CD45RA+CD27-CCR7-; central memory: CD45RA-CD27+CCR7+; effector memory: 
CD45RA-CD27+CCR7- or CD45RA+CD27-CCR7-. �ndicated are the percentages of  cells 
with a particular phenotype. These percentages represent the percentages of  CD4 or CD8 
cells only and not the percentage of  all CD3 T cells. NK cells were phenotyped by CD3-
CD56+ (indicated as CD56). n.d. = no data. HuPBMCs of  4 additional donors were cul-
tured in a similar way and with similar results (data not shown in this Table). 

Table 3. CD4/CD8 ratios of  engrafted human T cells over time

day 0 day 9 day 12 day 20 day 35  day 44

CD3 0.8 1.1 ± 0.2 

(n=14)

1.2 ± 0.3 

(n=13)

1.2 ± 0.7 

(n=13)

1.0 ± 0.3 

(n=11)

1.2 ± 0.9 

(n=11)

CD3/28 0.6 1.5 ± 0.4 

(n=14)

1.0 ± 0.2 

(n=14)

0.4 ± 0.3 

(n=13)

0.6 ± 0.0 

(n=11)

0.6 ± 0.5

 (n=9)

CD3/28/

4-1BB

1.8 0.4 ± 0.1 

(n=10)

0.4 ± 0.1 

(n=11)

0.2 ± 0.1 

(n=10)

0.7 ± 0.0 

(n=9)

0.9 ± 1.0 

(n=8)

Table 3.  HuPBMCs of  donor 4 were cultured and stimulated via CD3 alone (CD3), via 
CD3 and CD28 (CD3/28) or via CD3, CD28 and 4-1BB (CD3/28/4-1BB). After 7 days, 
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cell doses containing 15x106 CD3+ T cells were injected intravenously into RAG2-/-γc-/- mice 
and phenotypic distribution of  the T cell population was followed over time. Data show the 
development of  the mean CD4/CD8 ratios ± SD over time. Numbers of  mice for calcula-
tion of  the mean at the different time points are indicated between brackets.

Human T cells follow a xenoantigen-driven response in vivo that is indepen-
dent of  donor, engraftment level or culture condition
To use the huPBMC-RAG2-/-γc-/- model as a read-out system for in vivo functionality of  
human T cells, the distribution of  the human T cell population should follow a near-
physiologic antigen-driven response. Phenotypic analysis of  the T cell population in vivo 
showed a strikingly similar distribution of  the different phenotypes over time, as reflected 
by very low standard deviations (Table 4). Within 2 weeks, the pattern showed a deve-
lopment towards phenotypes compatible with effector or effector memory T cells. After 
several weeks, almost only effector memory T cell phenotypes remained, suggesting anti-
gen-driven survival and expansion. One mouse that survived up to day 19 after injection 
with fresh huPBMCs of  the same donor showed a comparable pattern. We repeated this 
experiment with fresh huPBMCs, and observed a similar pattern within the same time 
span (19 mice, data not shown). Importantly, this observation was independent of  vari-
ability between donors, culture condition, engraftment levels or severity of  disease due to 
X-GVHD. In conclusion, these data show the feasibility of  using the huPBMC-RAG2-/-

γc-/- model for the in vivo evaluation of  in vitro effects on human T cells, without interfer-
ence of  read-out parameters by the xenoantigen-driven survival and expansion.

Mouse MHC II is directly involved as an antigen for chimera-derived human T 
cells in the ex vivo xenoreaction
To address the question whether the human T cells reacted in response to mouse 
xenoantigens in vivo, mixed lymphocyte reaction (MLR)-assays were performed (Fig-
ure 5). Usually, IL-2 is not necessary for mimicking a xenoreaction in vitro. However, 
�L-2 was added because from literature it is known that the in vitro proliferation and �L-2 
production of  chimera-derived T cells generally is too weak.23,32,33

Addition of  mouse splenocytes to chimera-derived human T cells induced a stronger 
proliferation compared to �L-2 alone (73% versus 100%). Proliferation of  human T 
cells could be partially blocked by anti-mouse MHC II antibodies. Proliferation was also 
partially blocked by anti-human-CD4 antibody and was almost completely blocked by 
anti-human-CD8 antibody. These results indicate that the xenoreaction involves at least 
mouse MHC II and human CD8+ and CD4+ T cells. 
As a control for toxicity of  the antibodies, anti-human CD4 and CD8 antibodies were 
tested for toxicity on CD8+ and CD4+ clones, respectively, and these were not lysed 
(data not shown).
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Table 4. Phenotypic analysis of  engrafted human CD4 and CD8 T cells over 
time.

day 19  day 12 day 20

Fresh CD3 CD3/28 CD3/28/4-

1BB

CD3 CD3/28 CD3/28/4-

1BB

 (n=1)  (n=12) (n=14) (n=10)  (n=12) (n=13) (n=10)

CD4

Naive 6 14 ± 5 15 ± 6 9 ± 3 5 ± 1 5 ± 5 6 ± 2

Effector 24 45 ± 5 36 ± 9 22 ± 3 35 ± 7 25 ± 5 31 ± 10

Central memory 4 4 ± 1 8 ± 3 3 ± 1 3 ± 2 5 ± 3 5 ± 1

Effector memory 66 37 ± 6 40 ± 5 65 ± 4 58 ± 8 64 ± 9 57 ± 10

CD8

Naive 6 17 ± 11 13 ± 4 8 ± 5 6 ± 2 4 ± 1 4 ± 2

Effector 45 67 ± 11 66 ± 7 46 ± 3 46 ± 8 48 ± 6 48 ± 10

Central memory 1 2 ± 1 3 ± 1 1 ± 0 3 ± 2 2 ± 1 2 ± 1

Effector memory 48 14 ± 3 19 ± 5 47 ± 2 45 ± 7 45 ± 7 46 ± 12

day 35 day 44

CD3 CD3/28 CD3/28/4-

1BB

CD3 CD3/28 CD3/28/4-

1BB

   (n=6) (n=8) (n=8)  (n=1) (n=7) (n=6)

CD4

Naive 2 ± 1 2 ± 1 3 ± 3 2 6 ± 12 7 ± 12

Effector 21 ± 7 20 ± 8 18 ± 5 15 15 ± 7 11 ± 2

Central memory 2 ± 1 2 ± 1 4 ± 7 3 3 ± 5 3 ± 4

Effector memory 74 ± 9 76 ± 8 74± 8 80 76 ± 14 79 ± 19

CD8

Naive 4 ± 1 2 ± 1 4 ± 5 4 2 ± 2 2 ± 1

Effector 18 ± 5 26 ± 9 18 ± 6 17 16 ± 9 8 ± 5

Central memory 4 ± 2 3 ± 2 3 ± 2 6 2 ± 1 3 ± 1

Effector memory 75 ± 5 69 ± 9 75 ± 7 73 79 ± 8 86 ± 7

Table 4. HuPBMCs of  donor 4 were cultured and stimulated via CD3 alone (CD3), 
via CD3 and CD28 (CD3/28) or via CD3, CD28 and 4-1BB (CD3/28/4-1BB). Af-
ter 7 days, cell doses containing 15x106 CD3+ T cells were injected intravenously into 
RAG2-/-γc-/- mice and phenotypic distribution of  the T cell population was followed 
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over time. One mouse that received fresh cells of  the same donor and survived up to 
day 19, was also analyzed. The CD4 and CD8 subsets were defined as follows: naïve: 
CD45RA+CD27+CCR7+; effector: CD45RA+CD27+CCR7- or CD45RA+CD27-CCR7+ 
or CD45RA+CD27-CCR7-; central memory: CD45RA-CD27+CCR7+; effector memory: 
CD45RA-CD27+CCR7- or CD45RA+CD27-CCR7-. �ndicated are the percentages of  
cells with a particular phenotype. Numbers of  mice for calculation of  the mean ± SD 
at the different time points are indicated between brackets. 

Figure 5. Mouse MHC II is directly involved as an antigen for chimera-derived 
human T cells in the ex vivo xenoreaction
Spleens were collected from RAG2-/-γc-/- mice that showed a 71%-93% engraftment of  
human cells in PB following injection of  15x106 fresh huPBMC and frozen. Thawed 
cells were incubated with irradiated target splenocytes from healthy RAG2-/-γc-/- mice 
that did not receive human cells at a ratio of  1:1. The figure shows the cpm of  prolifera-
tion of  chimera-derived human T cells as effector cells (E)  to irradiated target spleno-
cytes (T). Background is indicated by medium only (med), target cells only (T), effector 
cells only (E) or Il-2 alone. Blocking antibodies used were anti-human CD4, anti-human 
CD8 and anti-mouse MHC class II.
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Discussion
A safe and effective clinical application of  adoptive immunotherapy is hampered by di-
minished reactivity of  human donor T cells following ex vivo manipulation.1-7 Although 
there may be ways to improve ex vivo manipulation procedures, a preclinical model for 
quantitative assessment of  in vivo functionality of  human T cells is required. �n this 
study, we investigated the feasibility of  using the huPBMC-RAG2-/-γc-/- model.25 As 
a first example, we showed for human T cells how different in vitro culture conditions 
affect their in vivo functionality. As a quantitative read-out we compared engraftment 
levels and survival of  the cells over time. 

A clear classification of  acute and chronic X-GVHD is not available from literature. 
One of  the reasons is the fact that X-GVHD almost never occurs reproducibly in im-
munodeficient mice unless there is a severe pretreatment that may also contribute to its 
development. Moreover, a different pattern is seen after intraperitoneal vs intravenous 
transfer of  human T cells. A small number of  groups have actually addressed this ques-
tion. Pflumio et al. (1993) described acute lethal X-GVHD after intraperitoneal transfer 
of  huPBMCs, as the mice being ‘sick’ with a massive infiltration of  human cells in liver, 
lung and spleen by histological analysis.34 Hoffmann-Fezer et al. (1993) described acute 
X-GVHD after intraperitoneal transfer of  huPBMCs only immunohistologically as a 
distribution of  human cells in the organs of  the mice.29 For chronic X-GVHD, Murphy 
et al (1992) found  in intraperitoneally transferred huPBMC-SC�D mice only the ob-
servation of  extramedullary hematopoiesis, characterized as expansion of  the red pulp 
of  the spleen microscopically.35 In the field of  allogeneic murine GVHD, some groups 
attempted to define a scoring system but in variable ways. Anderson et al. (2004) used 
weight of  the mice together with analysis of  skin lesions, administering points accor-
ding to the diameter of  superficially denuded skin area <1 cm to >2 cm with additional 
points for scaling or lesions on ears, tail or paws and included these scores in the com-
parison of  severity of  T cell function.36 Cooke et al scored chronic allogeneic murine 
GVHD by a system using 3 grades of  weight loss, immobilization, hunched posture, 
fur texture changes and skin integrity (scaling to denuded).37 Others used weight loss 
only to describe clinical allogeneic GVHD. Our classification of  acute and chronic X-
GVHD was based on a combination of  these previous models.

There was a high impact of  culture on engraftment potential of  the human T cells in 
RAG2-/-γc-/- mice. Results showed development of  lethal X-GVHD, which is associated 
with high engraftment levels, only after administration of  about 6-fold the dose of  fresh 
cells. Strikingly, following 16 days of  culture, human T cells that were only stimulated 
via CD3 showed no engraftment at all. The compatibility of  these data to those of  de-
creased reactivity of  similarly cultured and stimulated T cells in several clinical trials and 
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experimental murine or rat allogeneic bone marrow transplantation models is important 
for establishing the value of  studying human T cells in this xeno-model.1,3,5,6,38 
Reasons for the diminished activity of  cultured T cells have shown to be the lack of  
appropriate homing receptors like CCR7, the inability to produce IL-2 and entry into 
a proapoptotic and replicative senescent state.39 Moreover, very recent results indicated 
that current culture conditions preferentially activate and expand regulatory T cells re-
sulting in a suppressed proliferation of  cultured cells.40 As a next step we will further 
explore in our model the effect of  prolonged culture conditions and regulatory T cells 
on in vivo functionality of  human T cells.

For 3/9 donors, 4-1BBL costimulation induced a high proliferation of  NK cells. Recent 
reports showed expression and increased cell activation of  NK cells by 4-1BB liga-
tion.41,42 These data suggests the possibility to selectively expand human NK cells on the 
CD32-4-1BBL cell line for clinical use of  alloreactive NK cells in allogeneic stem cell 
transplantation and immuno-gene therapy for cancer.43,44 

There was a highly significant improvement of  engraftment potential for costimulated 
human T cells compared to anti-CD3 alone, despite a large inter-donorvariability be-
tween the 4 different experiments. These in vivo results for human T cells in a xenograft 
model are compatible with results for mouse T cells in several allogeneic mouse models 
or for human T cells in vitro.4,8-12 Ligation of  4-1BB did not have an additional effect. 
However, we did observe an early reversal of  the CD4/8 ratio in vivo for 4-1BBL- 
costimulated human T cells, indicating a relative preservation of  CD8+ memory T cells. 
We also found that costimulation via CD3/28/4-1BB relatively preserved CD4+ and 
CD8+ memory T cells until day 12 in vivo. Earlier reports showed a specific role for 
the 4-1BB/4-1BBL interaction in the preservation of  the mouse memory CD8+ T cell 
response to viruses.16,19,20 Preservation of  immunological memory during ex vivo ma-
nipulation may quickly restore immunity in immunocompromised hosts, for example 
after allogeneic stem cell transplantation. Moreover, it may prevent a higher incidence 
of  EBV lymphoma as was observed in one clinical trial with ex vivo manipulated T 
cells.3,4 For this reason, intensive costimulation via 4-1BB may be of  additional value to 
costimulation via CD3/28 alone and needs further investigation. 

Extensive in vivo proliferation of  the T cells was confirmed by an in vivo Brdu-labeling 
experiment (data not shown). The partly spontaneous proliferation of  chimera-derived 
human T cells by exogenous IL-2 confirms their previous activation in vivo by xenoan-
tigen, and is a well-known phenomenon from SCID-chimeras.23,24 Xeno-proliferation in 
vitro was at least partially blocked by anti-human CD4 and almost completely blocked by 
anti-human CD8 antibody. This suggests involvement of  both CD4+ and CD8+ T cells 
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in the xenoreaction, which is consistent with our previous results from experiments 
with CD4+ or CD8+ depleted populations of  huPBMC.25 Tary-Lehmann et al. have 
shown that in the huPBMC-SC�D model CD4+ T cell lines recovered from chimeric 
mice were mouse class ��-restricted. 23 Therefore, we presume that this is the case in our 
model as well. Whether CD8+ T cells recognize mouse class � is presently unknown. 
Since blockade of  human CD8 showed an inhibition as well, it seems that CD8+ T cells 
also contribute to the xenoreaction. However, for analysis of  class I involvement an 
anti-mouse-class I blocking antibody would be required, which to our knowledge is not 
readily available. Alternatively, the quantitatively stronger blockade of  CD8 prolifera-
tion in vitro may not reflect the in vivo situation, but may be an effect of  the type of  
antibody itself  (stronger effect of  the anti-CD8 antibody as compared to the anti-CD4 
antibody). 

Human T cell phenotypes in the huPBMC-RAG2-/-γc-/- model were shown to follow 
a strikingly similar distribution towards effector and effector memory cells over time, 
as reflected by the very low standard deviations. All parameters used to analyze diffe- 
rent effects on in vivo functionality of  the T cells, like engraftment levels, survival of  the 
cells over time, development of  X-GVHD or the influence of  different in vitro culture 
conditions were absolutely independent of  the development of  the T cell population in 
vivo due to the contact with xenoantigen. We think this is an interesting finding that is 
essential for the feasibility to analyze human T cells in a xenograft model. At present it 
is unknown whether the xeno-reactive cells are naïve cells that are primed in the xeno-
environment or cross-reactive memory T cells that were already present in the injected 
population. The absence of  lymph nodes and thymus in these mice does not suggest a 
role for homeostatic proliferation. However, this cannot be excluded on those grounds 
at present. 

An important remaining question is, whether it will be possible to measure T cell reac-
tivity towards other antigens in this model. For example, to assess the efficacy of  HIV 
vaccination in humans, huPBMCs of  vaccinated donors were injected into HIV-infec-
ted huPBMC-SCID mice. Since such PBMCs inhibited HIV replication in the chime-
ras, it was demonstrated that protective immunity had been induced in the vaccinated 
donors.45 

Summarizing, our data indicate that the huPBMC-RAG2-/-γc-/- model is characterized 
by an antigen-driven process, with xenoreactivity as the stimulus for shaping the human 
T cell repertoire. In this paper, we demonstrated that despite the xenoreaction that leads 
to differentiation of  the T cell population, the effect of  different ex vivo procedures on 
human T cells can still be evaluated in vivo.
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This model may also be a more sensitive way to address other antigen-specific responses 
of  human T cells compared to SCID models, as RAG2-/-γc-/- mice show a more defec-
tive innate immunity. In this case, the goal of  the experiment has to be defined well, in 
order not to be disturbed by a xenoreaction. 

In conclusion, these data show the possibility to assess in vivo the impact of  ex vivo ma-
nipulation of  human T cells. The huPBMC-RAG2-/-γc-/- xenogeneic transplant model 
can be considered the most sensitive and clinically relevant model to date for in vivo 
analysis of  human T cells. 
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Abstract

Purpose: Effective prevention of  Graft-versus-Host Disease (GvHD) is a ma-
jor challenge to improve the safety of  allogeneic stem cell transplantation (SCT) 
for leukemia treatment. �n murine transplantation models administration of  natu-
rally occurring CD4+CD25+ regulatory T cells (Tregs) can prevent GvHD. To-
wards understanding the role of  human Treg in SCT, we studied their capac-
ity to modulate T-cell-dependent xenogeneic(x)-GvHD, in a new model where  
x-GvHD is induced in RAG2-/-γc-/- mice by intravenous administration of  human 
PBMC. 
Experimental Design: Human PBMC, depleted of  or supplemented with autologous 
CD25+ Tregs were administered in mice at different doses. The development of  x-
GvHD, in vivo expansion of  human T cells and secretion of  human cytokines were 
monitored at weekly intervals.
Results: Depletion of  CD25+ cells from human PBMC significantly exacerbated 
x-GvHD and accelerated its lethality. In contrast, co-administration of  Treg-enriched 
CD25+ cell fractions with autologous PBMC significantly reduced the lethality of  x-
GvHD. Treg-administration significantly inhibited the explosive expansion of  effector 
CD4+ and CD8+ T cells. Interestingly, protection from x-GvHD after Treg-administra-
tion was associated with a significant increase in plasma levels of  IL-10 and IFN-γ, 
suggesting the de novo development of  TR1 cells. 
Conclusions: These results demonstrate for the first time the potent in vivo capacity of  
naturally occurring human Treg cells to control GvHD-inducing autologous T cells, and 
indicate that this xenogeneic in vivo model may provide a suitable platform to further 
explore the in vivo mechanisms of   T-cell downregulation by naturally occurring human 
Tregs.
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Introduction

Allogeneic stem cell transplantation (allo-SCT) is a powerful approach in the treat-
ment of  hematological malignancies as it mediates a powerful Graft-versus-Tumor  
effect (GvT)1,2. Unfortunately, the therapy is often complicated with life threaten-
ing Graft-versus-Host disease (GvHD)3. Recently, several murine studies indicated 
the possibility to prevent GvHD by administration of  naturally occurring regulatory  
T cells (Treg), a small subset of  CD4+ T cells displaying constitutive expression of   
the IL-2 receptor α chain CD254. It was reported that, depletion of  Tregs from grafts 
accelerated the lethality of  GvHD, while co-administration of  donor Tregs amelio-
rated or even prevented GvHD 5-8. Moreover, some studies  demonstrated prevention 
of  GvHD without abrogating GvT after Treg-administration9-11. In humans, naturally 
occurring Tregs are present within the CD4+CD25high subset, express the transcrip-
tion factor Foxp312, and effectively suppress auto-, allo- and antigen-specific T cells13-15. 
Their role on GvHD and GvT is however not well understood. The available data on 
this issue have been generated exclusively by in vitro analyses of  patient samples and are 
somewhat conflicting. For instance, while some studies reported inverse correlations 
between Foxp3+ CD4+CD25high  Treg with acute or chronic GvHD16, 17, other studies 
failed to demonstrate such an association18 or showed the opposite19. To date, no stud-
ies have been reported on the in vivo modulation of  GvHD by (co)administration of  
human Treg with effector donor T cells. 
�n this study we explored the in vivo capacities of  human Tregs to control GvHD-in-
ducing autologous T cells using a recently developed xenogeneic(x)-GvHD model in 
RAG2-/- common γ-chain(γc)-/- mice. In these mice, intravenous (iv.) administration of  
human PBMC induces a cytokine storm associated, CD4+ and CD8+ T cell dose de-
pendent lethal x-GvHD20. We demonstrate that depletion of  Treg from administered 
human PBMC significantly exacerbates the symptoms and accelerates the lethality of  
x-GvHD. In contrast, co-administration of  Treg cell-enriched CD25+ cell-fractions pre-
vented or significantly inhibited lethal x-GvHD. Protection from x-GvHD by Treg cells 
was associated with a significant reduction of  human T cells from the circulation and 
with a significant increase in plasma levels of  IL-10 and IFN-γ.
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Material	and	Methods

Mice and conditioning regimen
RAG2-/-γc-/- mice were bred in micro isolator cages under specified pathogen-free con-
ditions and received sterile water and irradiated pellets ad libitum. Female or male mice 
at 8-20 weeks of  age were used in the experiments as described previously20. Briefly, one 
day before injection of  human PBMC, mice were depleted of  monocytes by iv. injection 
of  clodronate-containing liposomes. Two to five hours before injections, mice received 
total body irradiation with a single dose of  350 cGy gamma irradiation from a linear 
accelerator. 

Separation of  human PBMC into CD25+ and CD25- fractions
Human PBMC were isolated from buffy-coats of  blood bank donors by Ficoll Hypaque 
(Pharmacia, Uppsala, Sweden) density centrifugation. The percentages of  CD3+CD25+ 
and CD3+CD25- cells were determined by FACS analysis. Where indicated, a part of  
the isolated human PBMC was fractionated into CD25+ and CD25- subsets using PE-
conjugated anti-CD25 antibodies (Becton Dickinson, San Jose CA, USA) and an im-
munomagnetic cell separation system (Auto-MACS, Miltenyi Biotech, Bergisch Glad-
bach, Germany). The cell fractions were phenotyped by FACS analysis. Results of  a 
representative experiment are illustrated in Figure 1. Unfractionated PBMC contained 
3% of  CD4+CD25high T cells (Figure 1a). After separations, the CD4CD25high cells 
were exclusively found in the “CD25+-selected” fractions (Figure 1 b and c). �n these 
fractions, non-CD4+ cells comprised of  9% CD8+CD25+ and 8% CD25+ B cells. No 
CD14+ or CD56+ cells were detected. The “CD25+-depleted” fractions were devoid of  
CD4+CD25high cells (Figure 1c) and contained only low percentages of  CD4+ cells ex-
pressing intermediate CD25 levels. Both CD25+ -depleted cell fractions and unfraction-
ated PBMC contained similar levels of  CD8+CD25- (19%), CD14+(15%), CD19+(12 %) 
and CD56+(8%) cells. 

Detection of  Foxp3 gene transcripts in the CD25+ and CD25- fractions 
cDNA from “CD25+-selected” and “CD25+-depleted” cell fractions were amplified by 
PCR using a β-actin specific primer set (5’-GTG CTA TCC CTG TAC GCC TCT-3’; 
5’-AGG ACT CCA TGC CCA GGA AG G-3’) and a foxp3 specific primer set (5’-
GAG AAG CTG AGT GCC ATG CA-3’; 5’-TTG ATC TTG AGG TCA GGG GCC 
AGG-3’). The foxp3 expression was predominantly found in the CD25+-selected cell 
fraction (figure 1d). These results were confirmed using two other foxp3 primer sets 
and in quantitative real time PCR (data not shown).
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In vivo administration of  Treg cell-depleted (CD25-) and Treg cell enriched 
(CD25+) human PBMC   
Unmodified PBMC, CD25+-depleted or CD25+-selected cell fractions were resuspended 
in PBS + 0.1% human serum albumin (HSA) and injected via the tail vain in a final volume 
of  0.2 ml. The counts of  CD25 negative T cells in the PBMC were used as reference to 
equalize the injected T cell doses in different groups of  mice. In repletion experiments, 
the CD25+ cells were mixed with unmodified autologous human PBMC just before injec-
tion. The development of  x-GvHD was monitored weekly as described20.  In short, mice 
were monitored for body weight, mobility (0 = mobile; 1= limited mobility; 2= hardly 
mobile) and general appearance (0= normal fur; 1= ruffled fur; 2= ruffled fur + red swol-
len skin; 3= ruffled fur + red swollen skin + patchy alopecia). In case of  severe x-GvHD, 
mice were sacrificed by cervical dislocation. x-GvHD diagnosis was given if  the weight 
loss was above 10%, and the scores for general appearance and mobility were at least 1. 

In vivo monitoring of  human T cells and cytokines 
The engraftment and expansion of  human CD4+ and CD8+ T cells, and the plasma le-
vels of  human cytokines were monitored in 100-120 μl peripheral blood obtained once 
a week from the retro-orbital vein under anesthesia as described24. T cell subsets were 
monitored by FACS analyses. Where indicated, circulating human T cells were enume-
rated by addition of  pre-labeled reference beads (Flow count Fluorospheres; Beckman-
Coulter Fullerton CA) at 1000 beads /ml in each sample. �n these assays the erytrocytes 
were removed by a lysis-no wash procedure and the sample volumes were adjusted to 
500 μl prior to the addition of  reference beads.  
The concentrations of  human cytokines IL-1, IL-2, IL-4, IL-5, IL-10, IL-13, IFN-γ and 
TNF-α were determined using a multiplex cytokine assay system (Bio-Plex, Bio-Rad 
Laboratories, Hercules, California) using 10 μl of  murine plasma isolated from peri- 
pheral blood, as described previously20. Data were analysed using the Bio-Plex Manager 
software (Bio-Rad Laboratories) with five-parametric-curve fitting. 

Statistical analyses 
Univariate analyses and survival analyses were conducted using GraphPadPrism (ver-
sion 4.0; www.graphpad.com). Differences between groups were tested either in non-
parametric nonpaired t tests or in log-rank tests. The differences were considered statis-
tically significant if  the p value was < 0.05.
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Results

Depletion of  CD25+ cells  from infused human PBMC significantly exacerbates 
the symptoms and accelerates the lethality of  x-GvHD in  RAG2-/-γc-/- mice.
�n RAG2-/-γc-/- mice, the severity of  x-GvHD induced by human PBMC is dependent 
on the administered T cell dose20. This allowed us to study the effect of  Treg-depletion 
on the severity of  x-GvHD at different T cell doses. Treg-depletion with CD25+ immu-
nomagnetic beads completely removed CD4+CD25high cells from the “CD25+-depleted” 
fractions (Figure 1). The CD25+-depleted cells showed little or no foxp3 expression, in-
dicating the efficacy of  the Treg cell-removal (Figure 1d). Test groups of  mice received 
“high”, “intermediate” and “low” doses of  Treg-depleted PBMC containing 13x106 , 
8x106 and  4x106  CD25- T cells, respectively. Control groups received unmodified PBMC 
containing equivalent amounts of  CD25- T cells. As expected, the lethality of  x-GvHD 
correlated well with the administered T cell dose in the control groups (Figure 2a). At 
low doses only a small fraction of  control mice developed clinical x-GvHD (Figure 2b). 
Depletion of  CD25+ cells had dramatical effects: the lethality was accelerated at high 
doses (p<0.001), the incidence of  lethal x-GvHD was increased at intermediate doses  
(p=0.025) and the development of  clinical x-GvHD was increased at low doses 
(p=0.037) (Figure 2b). Peripheral blood analyses revealed that at intermediate doses 
CD25+-depletion increased the expansion rates of  human T cells. Significant differenc-
es from the control group was visible at day 30 (Figure 3a). More importantly, Treg-de-
pletion caused progressive expansion of  human T cells in a significantly higher numbers 
of  mice (18/20) as compared to the control group (6/6), which appears crucial for the 
development of  lethal x-GvHD. At low doses, CD25+-depletion significantly accele-
rated the expansion of  human T cells in mice developing clinical x-GvHD. However, 
the mice did not develop lethal GvHD because at this low dose human T cells did not 
show progressive expansion even after CD25+ cell depletion (Figure 3c). Analysis of  
the CD4/CD8 ratios revealed significant expansion of  CD4+ cells in the first week, fol-
lowed by expansion of  CD8+ cells. There was no influence of  CD25+-depletion on the 
CD4/CD8 ratios at any time and treatment dose (data not shown). 

Co-administration of  human CD25+  cells  with autologous PBMC significantly reduces 
the incidence of  lethal  x-GvHD in the RAG2-/-γc-/- mice 
Since the CD25+-depletion experiments indicated a significant role for human Tregs 
on the development of  x-GvHD, we evaluated whether Treg co-administration could 
prevent/ameliorate GvHD. High doses of  PBMC containing 13x106 CD25- T cells 
were mixed with 4-6x106 CD25+-selected cells, which were significantly enriched 
for CD4+CD25high foxp3+ T cells (Figure 1b and d). Co-administration of  Treg-en-
riched fractions significantly reduced the development of  lethal x-GvHD (p=0.025;  
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Figure 4a). In all mice that were protected from lethal-GvHD after Treg administration, 
expansion rates of  human T cells were significantly lower as compared to the control mice 
(Figure 4b). Furthermore extremely high CD4/CD8 ratios were observed in the first 
week, suggesting the preferential expansion of  CD4+CD25+ Tregs (Figure 4c). 

Control of  x-GvHD by naturally occurring Treg cells is associated with  
increased plasma levels of  IFN-γ and IL-10
To gain more insight into the human Treg-mediated downregulatoin of  GvHD, we 
monitored plasma levels of  several human cytokines after coadministration of  high 
doses of  PBMC plus 6x 106 CD25+ cells. Since a significant but partial protection from 
x-GvHD was observed (Figure 5a) protected and unprotected mice were analyzed 
separately. �n the protected mice the numbers of  circulating human T cells and the ini-
tial levels of  IFN-γ and IL-10 were significantly lower as compared to the control group 
and to the unprotected mice (p<0.001) (Figure 5b,c,d). �n the protected group plasma 
levels of  IFN-γ and IL-10 increased significantly after week 3. In contrast, the levels of  
IFN-γ and IL-10 decreased gradually in the control group and in the unprotected mice. 
All other cytokines tested (IL-1, IL-2, IL-4, IL-5, IL-13 and TNF-α) were detected only 
at low levels in all subjects (data not shown). 

Figure 1.   Separation of  CD25+ and CD25- cells in human PBMC. 
A representative example of  MACS sorting of  human PBMC into CD25+ and CD25- 
cell fractions. a,b,c) FACS analyses of  cells in PBMC (a),  CD25+-selected (b) and 
CD25+-depleted (c) fractions after labeling with CD4 (x axes) and CD25 (y axes). The 
numbers indicate the percentage cells in the corresponding gates. d) The foxp3 gene 
expression in the CD25+-selected  and CD25+-depleted fractions as determined by RT-
PCR. Similar results were obtained in all experiments.
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Figure 2.The impact of  CD25+ depletion on x-GvHD induced by human 
PBMC.

a) Kaplan-Meier survival estimates of  RAG2-/-γc-/- mice that received high dose of  un-
modified (n=13) or CD25-depleted (n=4) PBMC  containing 13 x106 CD25- T cells or 
intermediate dose of  unmodified (n=12) or CD25+-depleted (n=20) PBMC containing 
8 x106 CD25- T  cells. Data are pooled from three independent experiments. The p va-
lues indicate the statistical differences between groups as calculated in long-rank tests.
b) Kaplan-Meier estimates of  mice remaining free of  x-GvHD after injection of  low 
dose of  unmodified (n=7) or CD25+- depleted (n=6) PBMC containing 4x106 CD25- T 
cells. Clinical scoring of  GvHD is outlined in the material and methods section. The p 
value indicate the statistical difference between the groups in a log rank test. 
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Figure 3. Monitoring of  the human T cell engraftment and expansion after 
CD25+-depletion.  

Mean percentages of  circulating human T cells in mice treated with intermediate (a) 
or low (b) dose of  unmodified, or CD25+-depleted PBMC. �n all groups mice with or 
without (lethal) GvHD are shown separately to illustrate the differences associated with 
the clinical outcome. Error bars indicate the standard error of  the mean. * Statistical 
analyses: In (a) difference between CD25-depleted PBMC, survival <30 days ( ) 
and PBMC, survival <30 days ( ) at day 35 was significant (p= 0.04) in a two tailed 
unpaired t test.  In (b) the differences between the mice that received unmodified PBMC 
( ) and those developed GvHD after CD25+-depletion ( ) were significant at 
days 21 (p= 0.03, 28 (p=0.04) and 35 (p= 0.03) in two-tailed unpaired t tests.   

Proefschrift Roos van Rijn.indb   121 19-10-2006   16:48:27



Preclinical evaluation of  human T lymphocytes in RAG2-/-γc-/- mice     •     Rozemarijn S. van Rijn

122

Figure 4. The impact of  CD25+ cell 
co-administration on x-GvHD in-
duced by autologous human T cells.
a) Kaplan-Meier survival estimates of  
RAG2-/-γc-/- mice that received high dose 
of  unmodified PBMC (13 x106 CD25-T 
cells) only (n=14) or PBMC plus CD25+ 
cells 4-6 x106 cells/mice (n=10). Data 
are pooled from three independent ex-
periments. The p value indicates the 
statistical difference between groups as 
calculated in a long-rank test.
b) mean percentages of  circulating hu-
man T cells and c) CD4/CD8 ratios 
in mice treated with high dose of  un-
modified or CD25+-cell added PBMC. 
Groups of  mice with or without lethal 
GvHD (survival shorter or longer than 
30 days) are shown separately to illus-
trate the differences associating with the 
clinical outcome. Error bars indicate the 
standard error of  the mean. *,** Statis-
tical analyses: the differences between 
mice treated with unmodified PBMC, 
survival <30 days ( ) and CD25+-
added PBMC, survival >30 days ( ) 
were significant  at days 14 (p= 0.03, 21 
(p=0.004) and 28 (p= 0.02) in two-tailed 
unpaired t tests.   
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Figure 5. Control of  x-GvHD by infu-
sion of  naturally occurring Treg cells 
is associated with increased plasma 
IFN-γ and IL-10 levels.
a) Kaplan-Meier survival curves of  mice 
that received whole PBMC (n= 6) or 
CD25+ T cell-added PBMC (n=7) con-
taining 13x106 CD25- T cells. The CD25+ 
T cells were added at a dose of  6x106 
cells/mice. The differences between the 
groups were significant in a two tailed 
logrank test (p=0.02) b) Absolute num-
bers of  circulating human T cells;  c and 
d) The mean plasma IFN-γ (c) or IL-10 
(d) levels in mice after administration of  
human PBMC. Open circles: x-GvHD 
mice that received whole PBMC (n=6); 
Survival less than 30 days (n=5) or more 
than 30 days (n=2) are respectively not 
or well protected from X-GVHD.
Error bars indicate the standard error of  
the mean.
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Discussion

The new in vivo x-GvHD model in the RAG2-/-γc-/- mice enabled us for the first time to 
demonstrate the potent in vivo capacities of  human Tregs to control GvHD-inducing 
autologous T cells: depletion of  CD25+ T cells significantly exacerbated the symptoms 
and lethality of  x-GvHD and co-administration of  CD25+ T cells significantly inhibited 
the peripheral human T cell expansion and reduced the lethality of  x-GvHD. Further-
more we observed that protection from x-GvHD by CD25+ cells was associated with 
significant increases in the plasma levels of  IFN-γ and IL-10.
These results are consistent with several previous murine studies and suggest that  hu-
man Tregs may indeed represent useful immunotherapeutic tools for GvHD preven-
tion. Nevertheless, some precaution may be necessary in interpreting our results as we 
study the effects of  human Tregs in a xenogeneic system. Although this T cell mediated 
x-GvHD is associated with a cytokine storm and display skin lesions similar to allo-
GvHD22, it may be still not entirely comparable with the clinical allo-GvHD. Our model 
has also some differences from murine BMT models. For instance in our system, we 
enriched or depleted Tregs by a simplified procedure based on CD25+ selection. The 
effective separation of  CD4+CD25high and foxp3 expressing cells indicated that this 
simplified procedure was sufficient to enrich or deplete the naturally occurring human 
Treg cells from human PBMCs. The CD25+-selected cells contained some CD8+CD25+ 
T cells. However, it is unlikely that these cells can downregulate x-GvHD, because we 
and others have shown in clinical studies that human CD8+CD25+ T cells, like many 
preactivated CD4+CD25+ cells, are associated with the development, rather than inhibi-
tion of  GvHD21, 22. 
In our model, protection from lethal x-GvHD by Treg was associated with inhibition 
of  the expansion of  CD4+ and CD8+ human T cells. These results are consistent with a 
previous murine study in which inhibition of  GvHD by Treg cells was shown to be due 
to a strong reduction in the expansion of  CD4+ and CD8+ T cells rather than inhibition 
of  their functional activities, like cytokine secretion10.  Thus, murine and human Tregs 
appear to downregulate GvHD primarily by inhibiting the proliferation of  T cells.  The 
exact inhibitory mechanisms employed by Tregs are however not well known. �n mice 
the in vivo effects of  Tregs are frequently associated with regulatory cytokines �L-10 
and/or TGF-β23-27.  �t was proposed that Tregs induce �L-10 producing TR1 like and/or 
TGF-β producing Th3-like suppressor T cells28. Remarkably, in our model protection 
from x-GvHD was also associated with significant increases in plasma levels of  IL-10. 
We also observed the production of  IFN-γ, which is known to be produced by human 
TR1 cells next to TGF-β and IL-1029. Thus, it seems relevant to further investigate the 
involvement of  TR1 cells and TR1-associated cytokines in our model. For instance it 
will be interesting to study whether administration of   neutralizing anti-�L-10 and/or 
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TGF-β antibodies will revert the inhibition of  GvHD by Tregs. Nevertheless, such ex-
periments are not only complex but also require high numbers of  Tregs which can not 
be isolated from a single buffycoat. Therefore, we recently started generating Tregs by 
retroviral transduction of  CD4+CD25- cells with Foxp3 genes30. These in vitro generated 
and expanded Tregs may enable us to address the in vivo downregulatory mechanisms 
of  Tregs more thoroughly. Generation of  high numbers of  Tregs may also enable us to 
study whether and at which conditions Treg may be used for the treatment of  an estab-
lished x-GvHD. However, the most intriguing question which still needs to be answered 
is whether the administration of  human Treg will permit a graft versus tumor effect, as 
suggested by murine studies. We think our in vivo model is suitable to address this issue, 
as we recently succeeded in generating a human myeloma model by engrafting luciferase 
positive human myeloma cell lines in the RAG2-/-γc-/- mice31 and our preliminary results 
indicate the feasibility of  converting this model into a DL�-based GvT model by infu-
sion of  human lymphocytes. 
In conclusion, our current results demonstrate for the first time the potent in vivo capac-
ity of  human Treg to control x-GvHD inducing autologous T cells. Further studies in 
this useful model may shed more light into the in vivo suppressor mechanisms of  human 
Tregs, and into their impact on the GvT effect. 

Acknowledgements: We thank Dr. H. Rozemuller for stimulating discussions and for  
Dr. G. Rijkers for cytokine measurements. 
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Chapter 7
The huPBMC-RAG2-/-γc-/- human-to-mouse chimera for in vivo 

evaluation of  human T cells.
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Abstract

Currently, transfer of  huPBMCs into immunodeficient mice is the only way to inves-
tigate human T cell function in vivo. We recently developed a model for reproducible 
engraftment of  human T cells by iv transfer of  huPBMCs into RAG2-/-γc-/- mice. �n 
this paper, we describe our experience from analysis of  a database of  more than 500 
huPBMC-RAG2-/-γc-/- human-to-mouse chimeras and present new data and extended 
data to previously published results. 
Acute lethal X-GVHD generally occurs within 3 weeks after iv transfer of  huPBMCs 
(15x106 CD3+ cells) into RAG2-/-γc-/- mice. Analysis of  the database showed X-GVHD 
in 99% of  68 mice following fresh huPBMCs (15x106 CD3+ cells), including 87% acute 
lethal X-GVHD and 12% chronic X-GVHD. For 14 different donors, analysis showed 
no significant effect of  donor variability on development of  acute X-GVHD. Interven-
tion in acute X-GVHD by FK506 sc from day 0 of  transfer of   huPBMCs showed 
100% survival of  mice, in contrast with FK506 administered at later time points. Treat-
ment with prednisolone iv, anti-CD3 antibody iv or IL-2 ip did not abrogate acute X-
GVHD. 
Further analysis of  the database showed the overall impact of  culture and stimula-
tion condition on development of  X-GVHD for 216 mice. Cell dose and survival of  
mice showed a significant linear correlation for fresh huPBMCs in 86 mice (r2 = 0.8, 
p<0.008) and cultured huPBMCs in 130 mice (r2= 0.8, p<0.007) cells, with a negative 
effect of  culture on acute X-GVHD-inducing capacity of  human T cells. In contrast 
to fresh huPBMCs (15x106 CD3+ cells), only 44% of  mice developed acute or chronic 
X-GVHD after iv injection of  the same cell dose of  anti-CD3 cultured and stimulated 
huPBMCs and 57% of  mice after CD3/28 costimulated huPBMCs. 
In conclusion, the huPBMC-RAG2-/-γc-/- xenogeneic transplant model can be consid-
ered the most sensitive model to date for evaluation of  human T cells in vivo and will be 
a valuable addition to current allogeneic mouse T cell- mouse models. Future studies 
will involve further exploration of  the influence of  CD3/28 stimulation on develop-
ment of  X-GVHD.
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Introduction
 
Human peripheral blood mononuclear cells (huPBMCs) can engraft into mice with se-
vere combined immunodeficiency (SCID), but the establishment of  a functional immune 
system has proved to be difficult. HuPBMC-SCID models showed a highly variable en-
graftment with low maximal levels of  human lymphoid cells in the peripheral blood (0.1-
2%).1-19 Because of  low T-cell chimerism, only mild xenogeneic Graft-versus-Host disease 
(X-GVHD) was observed in these mice. Low T-cell chimerism depends on the cell dose 
of  huPBMCs and the conditioning regimen, but the main reason is a host-versus-graft 
reaction by the residual innate immune system of  the SC�D mice consisting of  natural 
killer (NK) cells, granulocytes and macrophages.6,9,14,17,20-23

To reduce innate immunity, Goldman et al. developed the RAG2-/-γc-/- mouse strain.24 �nac-
tivation of  the lymphoid-specific recombinase activating RAG2 gene in humans and mice 
completely abrogates the production of  thymus-derived T lymphocytes and peripheral B 
lymphocytes, although numbers of  splenic macrophages and NK cells are increased.25,26 The 
common cytokine receptor γ chain (γc) is a functional subunit of  the receptors for IL-2, IL-4, 
IL-7, Il-9, IL-15 and IL-21 and plays an important role in the development of  lymphoid cells, 
including NK and NK-T cells.27-29 Consequently, RAG2-/-γc-/- mice lack B, T, NK and NK-T 
cells. �ntraperitoneal (ip) injection of  20-40x106 huPBMCs in these mice showed high but still 
variable levels of  engraftment from 0.1-77% in the spleens and high plasma levels of  human 
immunoglobulins. Four to ten weeks following transfer of  the huPBMCs, a mild X-GVHD 
was observed, characterized by lymphocyte infiltration in the liver and fibrosis of  the spleen.

Recently, we developed a model for reproducible engraftment of  human T cells by intra-
venous (iv) transfer of  huPBMCs into macrophage-depleted in RAG2-/-γc-/- mice (Chap-
ter 3). 30 Initially, our goal was to develop a model for X-GVHD. In our first paper, based 
on 14 donors and 96 mice, we demonstrated a sensitive engraftment of  human T cells 
characterized by low numbers of  human cells in the peripheral blood and organs of  the 
mice the first days after iv injection, followed by a strong increase of  both CD4+ and 
CD8+ cells reproducibly associated with the development of  acute lethal X-GVHD. The 
T cell repertoire of  engrafted T cells was less diverse than for fresh huPBMCs before 
injection, but still highly polyclonal. Infiltration of  the human T cells was shown  in most 
organs and production of  both Th1 and Th2 cytokines as well as �gM and �gG could 
be measured at high levels at the time of  proliferation. Human B cells also engraft and 
reside in the bone marrow (Chapter 3).30 In a second paper, we demonstrated the effect 
of  regulatory T cell depletion and reinfusion on the development of  X-GVHD (Chapter 
6). We further investigated the feasibility of  using the model for in vivo evaluation of  hu-
man T cells. In a third paper, based on 6 donors and 108 mice, we investigated the effect 
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of  different ex vivo culture and stimulation conditions of  human T cells on engraftment 
and X-GVHD-inducing capacity (Chapter 5). Phenotypic analysis in vivo showed the de-
velopment of  all cells into central and effector memory T cells. �n an in vitro assay for 
xenoreactivity chimera-derived human T cells were demonstrated to be at least specific 
for mouse MHC class II.

In this manuscript, we describe the results of  an overall analysis of  engraftment and 
X-GVHD-inducing capacity of  human T cells from a total of  36 donors and a database 
of  more than 500 RAG2-/-γc-/- mice. Part of  these mice were included in experiments 
that were published previously. In addition, we present data on donor variability, in vivo 
proliferation data and the results of  prevention and intervention strategies for acute 
X-GVHD.

Material	and	methods

RAG2-/-γc-/- mice
RAG2-/-γc-/- mice (8-34 weeks) were obtained from the Netherlands Cancer �nstitute 
(Utrecht, The Netherlands), bred and maintained in microisolater cages under specified 
pathogen-free conditions at the Central Laboratory Animal �nstitute (Utrecht Univer-
sity). Mice received sterile water and irradiated pellets ad libitum. Before injection of  
huPBMCs on the same day, mice received a single dose of  350 cGy (gamma irradiation 
from a linear accelerator). For analysis of  peripheral blood, mice were bled from the 
orbital vein once a week under general anesthesia.

Clodronate-containing liposomes  
To enhance engraftment, 446 mice received 0.2 mL clodronate-containing liposomes 
iv for in vivo macrophage depletion. Clodronate-containing liposomes were prepared as 
described earlier at a final concentration of  2 to 2.5 mg/mL range and injected iv one 
day before huPBMC transfer(Chapter 3).30

Preparation and transplantation of  huPBMCs
Buffy coats were obtained from healthy volunteers at the Sanquin Bloodbank, 
Utrecht, The Netherlands. HuPBMCs were isolated by Ficoll Hypaque (Phar-
macia, Uppsala, Sweden) density centrifugation. Cells were counted and resus-
pended in PBS/0.1% HSA (human serum albumin). Cell suspensions of  0.2 mL 
were injected iv into the irradiated mice via the tail vein. Cell doses were based on 
the number of  CD3+ T cells: <10x106 (107 mice), 10-13x106 (71 mice), 15x106 (259 
mice), 20x106 (259 mice), 30x106 (22 mice), 40x106 (19 mice), >60x106 (18 mice).  
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To account for donor variability, mice in the same group were reconstituted with cells 
from a single donor for each experiment. HuPBMCs were always freshly isolated and 
administered on the same day.

Measurement of  BrdU incorporation in vivo
Four mice received huPBMCs iv (cell dose containing 15x106 CD3+ cells). From the 
same day on mice received 1 mg 5-bromo-2’-deoxyuridine (BrdU) (Sigma-Aldrich, St. 
Louis, MO, USA) dissolved in PBS ip every 12 hours for 3 days. At day 13, the time at 
which severe acute X-GVHD had developed, mice were sacrificed under anaesthesia 
and peripheral blood was collected. Single cell suspensions of  lymphoid organs were 
prepared as described below and cells were labeled with the appropriate antibodies. 
Next, cells were fixed, permeabilized and stained for BrdU with a BrdU-APC flow kit 
according to the manufacturer’s instructions. BrdU-APC flow kit was purchased from 
BD PharMingen (San Diego, California, USA). Propidium iodide (PI) was used for cell 
cycle distribution analysis. After washing with PBS/1% fetal calf  serum (FCS), fluores-
cent analysis was performed on a Calibur flow cytometer (Becton Dickinson).

Culture procedures 
HuPBMCs were cultured for 7 days and stimulated with 1) 10 ng/ml soluble anti-CD3 
(Orthoclone OKT3, Janssen-Cilag BV, Tilburg, The Netherlands) at 1x106 c/ml with 
addition of  300 IU/ml human recombinant interleukin 2 (IL-2) (Proleukin, Chiron, Am-
sterdam, The Netherlands), 2) costimulated with anti-CD3/28 coated magnetic beads 
(XcyteTM Dynabeads®, Xcyte Therapies, Inc, Seattle, WA) added at 3 beads per CD3+ 
cell followed by culture at 1x106 CD3+ cells/ml with 300 IU/ml IL-2, or 3) costimulated 
with artificial antigen-presenting cells expressing human CD32 and human 4-1BBL. 
CD32-4-1BBL cells were irradiated with 10 Gy and loaded with anti-CD3 (OKT3) and 
anti-CD28 (clone 9.3) monoclonal antibodies at 0.5 µg/ml for 10 min at RT. 
HuPBMCs were mixed with the anti-CD3/28/4-1BB cells at a 2:1 ratio of  CD3+ cells 
to anti-CD3/28/4-1BBL cells and cultured at 0.5x106 c/ml. As we previously showed 
that 4-1BB had no additional effect on engraftment or X-GVHD (Chapter 5), the two 
methods for CD3/28 costimulation were combined as one category for analyses.

Experimental designs 
Our database includes a total of  518 mice that received huPBMCs iv on day 0.  
Some of  the experiments performed with these mice were designed to prevent or treat 
acute lethal X-GVHD:
Five mice were treated with 3mg/kg FK506 subcutaneously (sc) daily for 3 weeks from 
day 0 of  transfer of  15x106 CD3+ cells in huPBMCs, 6 mice at >10% weight loss fol-
lowing engraftment of  huPBMCs and development of  acute X-GVHD, and 5 mice at 
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>25% engraftment of  human cells in peripheral blood. Development of  X-GVHD and 
engraftment levels were compared with control mice that received only 15x106 fresh 
huPBMCs iv or FK506 sc. 
A similar experiment was performed to investigate the effect of  prednisolone on acute 
X-GVHD. 
Thirty-seven mice were treated with 10 mg/kg prednisolone ip daily for 10 days: 15 
mice from day 0 of  transfer of  15x106 huPBMCs, 17 mice from day 7 of  transfer of  
huPBMCs and 5 mice at >10% weight loss following transfer of  huPBMCs and deve-
lopment of  X-GVHD. Mice were compared to groups that received only 15x106 fresh 
huPBMCs iv or prednisolone ip. 
BrdU labeling was performed in four mice. Cultured huPBMCs were administered to 
125 mice: 67 mice received anti-CD3 antibody stimulated cells and 58 mice received 
CD3/28 costimulated cells. The other mice were used in different engraftment experi-
ments with fresh cells or regulatory T cell depletion experiments. 
 
Collection of  human cells from the huPBMC-RAG2-/-γc-/- chimeras
Blood was collected in EDTA (ethylenediaminetetraacetic acid)-coated cups. Ery- 
throcytes were lysed with lysis buffer (0.17 M NH4Cl/0.1 mM EDTA/0.1% KHCO3). 
The cells were washed with PBS and then prepared for FACS (fluorescent-activated cell 
sorter) analysis. 

Phenotypic analysis of  fresh, cultured or chimera-derived human cells
Single-cell suspensions were incubated for 20 minutes on ice with appropriate fluo-
rescently labeled monoclonal antibodies. After washing with PBS/1% fetal calf  serum 
(FCS), 3- or 4-color fluorescent analysis of  human antigens was performed on a Calibur 
flow cytometer (Becton Dickinson). Fractions of  human cells were calculated with Cell 
Quest software (Becton Dickinson). The proportion of  human cells was calculated as 
follows: % huCD45+ = [huCD45+ (huCD45+ + mCD45+)] x 100%. The antibodies 
used for recognition of  the specific surface molecules were: mouse CD45-peridinin 
chlorophyll-a protein (PerCP) (pan-murine leukocytes), human CD45-allophycocyanin 
(APC;pan-human leukocytes), huCD3-fluorescein isothiocyanate (FITC; pan-T cells)/
huCD19-phycoerythrin (PE; pan-B cells) Simultest and huCD4-F�TC (T-helper cells)/
huCD8-PE (T-cytotoxic cells) Simultest. All antibodies were purchased from Becton 
Dickinson or BD Pharmingen (San Diego, CA).

Acute and chronic X-GHVD 
Acute GVHD was defined by obligatory symptoms of  1) at least 10% chimerism of  
human T cells 2) weight loss >10% of  initial weight 3) ruffled fur 4) immobility and 5) 
death within 30 days. Chronic GVHD was defined by  obligatory symptoms of  1) >1% 
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human T cells detectable in the peripheral blood 2) weight loss >10% of  initial weight 
3) skin abnormalities like hair loss, erythema and scaling 4) survival of  the mice or death 
beyond 30 days. 

Statistics
Statistical analysis was performed with SPSS for Windows software or Graphpad Prism 
using a 2-way ANOVA, followed by a Bonferroni post hoc test. 
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Results

Donor variability.
In total, 36 different huPBMC donors were used for the experiments with 518 mice.  
Figure 1 depicts donor variability for 14 different donors, only for the mice that re-
ceived freshly isolated huPBMCs with a cell dose of  15x106 CD3+ cells and were not 
treated with any specific agents during development of  X-GVHD. Acute X-GVHD 
was defined by typical symptoms as described in the Material and Methods section, 
including death of  the mice within 30 days. As described previously, lethal X-GVHD 
in huPBMC-RAG2-/-γc-/- mice is always associated with high levels (>90%) of  human 
CD3+ cells in the peripheral blood. If  engraftment occurs slowly, X-GVHD runs a 
milder course (Chapter 3).30 Survival in days can therefore be considered to be a reflec-
tion of  xenoreactive potential. The wide range of  survival in days between the mice 
that were treated with one donor, indicates the variability that is inherent to the mouse 
model. Significant differences between the donors were not observed. 

Figure 1.  Donor variability for engraftment of  fresh huPBMCs in 
  RAG2-/-γc-/- mice.
The figure shows the survival in days (median ± range, Y-axis) of  a total of  62 mice that 
received huPBMCs (cell dose 15x106 CD3+ cells) from 14 healthy donors (X-axis, A to 
N). The boxes comprise the standard deviation of  the mean for each donor if  >3 mice. 
Numbers of  mice (n) for calculation of  the means are mentioned with the columns for 
each donor. Experiments were terminated after 45 days.
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BrdU labeling of  engrafted human T cells confirms their in vivo proliferation.
In vivo proliferation of  the human T cells was established by BrdU incorporation of  the 
cells. At day 13 following transfer of  15x106 CD3+ cells, acute X-GVHD had developed 
in all mice at which point the mice were killed. FACS analysis showed 78-87% CD45+ 
human cells in the peripheral blood of  the mice (n=4). Almost all human cells were 
BrdU-positive (range 81-87%). Cell cycle distribution of  the BrdU positive cells was 
analysed using P� staining. Figure 2 shows a representative example of  the BrdU posi-
tive cells and their cell cycle distribution in vivo. 

Figure 2.  BrdU labeling of  engrafted human T cells confirms their in vivo 
  proliferation
The figure shows the BrdU labeling of  engrafted human T cells in RAG2-/-γc-/- mice 
(n=4). Mice received huPBMCs iv at day 0 (each cell dose containing 15x106 CD3+ 
cells) and from that day on 1 mg BrdU was administered ip every 12 hours for 3 days. At 
day 13 acute X-GVHD had developed and mice were sacrificed. Peripheral blood was 
collected and single white blood cell suspensions were stained with anti-BrdU antibody 
and P�. Percentages BrdU positive cells and CD45+ human cells in the peripheral blood 
of  the mice at day 13 are indicated in the table on the left of  the figure. The histogram 
plot in the middle of  the figure shows a representative example for one mouse of  the 
BrdU positivity on the X-axis against the numbers of  the cells measured by flowcytom-
etry on the Y-axis. In the right histogram plot, the DNA content of  these BrdU positive 
cells is measured by the PI fluorescence on the X-axis against the number of  cells on 
the Y-axis, indicating the cell cycle distribution. 

Intervention in acute lethal X-GVHD by FK506 and prednisolone.
The following experiments focused on ways to influence engraftment and treat acute 
X-GVHD. Administration of  FK506 3mg/kg sc each day for 3 weeks resulted in 100% 
survival of  mice from X-GVHD, but only if  administered from day 0. Intervention in 
acute X-GVHD with FK506 for 3 weeks at the point of  >10% weight loss or >25% 
engraftment levels of  human cells in the peripheral blood, resulted in less effective 
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treatment (see Figure 3). The effect of  prednisolone on X-GVHD was tested in a 
similar way. In repeated experiments, prednisolone 10 mg/kg ip each day for 10 days 
from either day 0, at >10% weight loss or at >25% engraftment levels, did not show any 
preventive effect and all mice died of  acute X-GVHD. 

Figure 3. Influence of  FK506 on engraftment of  human T cells and development 
of  X-GVHD.
Fresh huPBMCs (cell doses containing 15x106 T cells) were injected iv into RAG2-/-γc-

/- mice at day 0 and mice were treated with FK506 sc each day for 3 weeks, starting at 
different time points. Percentage of  human CD45+ cells in the peripheral blood (right 
Y-axis) and weight of  the mice (left Y-axis) as a percentage of  the initial weight, were set 
against time in days (X-axis). Symbols  , , ,and  indicate the different mice 
in the group. Open symbols indicate weight, closed symbols indicate % human CD45+ 
cells. † indicates death of  the mouse. 1A: mice were treated with FK506 from day 0. 
1B: mice were treated with FK506 from the time point at which >25% human CD45+ 
cells were measured in the peripheral blood. 1C: mice were treated with FK506 from 
the time point at which mice had lost >10% of  their weight as a symptom of  acute X-
GVHD.

The impact of  culture on acute X-GVHD-inducing capacity of  huPBMCs.  
We also investigated the feasibility of  using the model for in vivo evaluation of  human T 
cells following ex vivo manipulation. As an example of  ex vivo manipulation, huPBMCs 
were cultured for 7 days and stimulated via CD3 or costimulated via CD3 and CD28. �n 
addition to previous results (Chapter 5), we evaluated the overall impact of  culture of  
huPBMCs on their capacity to induce acute lethal X-GVHD compared to the capacity 
of  fresh huPBMCs. We analyzed a total of  86 mice that received cultured huPBMCs 
and 130 mice that received freshly isolated huPBMCs (see Figure 4). All mice that 
died within 30 days, had previously developed symptoms of  acute X-GVHD as weight 
loss, ruffled fur, immobility in association with an increase in human CD3+ cells in the 
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peripheral blood. Cell dose and survival in days showed a significant inverse linear cor-
relation for both fresh (r2 = 0.8, p<0.008) and cultured (r2= 0.8, p<0.007) cells, with 
a lower survival for higher cell doses of  huPBMCs administered. The figure is limited 
in the sense that experiments were terminated at +45 days so that maximum survival 
values may in fact  have been higher, but mainly in the low-dose ranges. From these data 
involving a large group of  mice, it can be concluded that there is an overall strong nega-
tive effect of  culture for only 7 days on acute X-GVHD-inducing capacity of  human T 
cells, which is consistent with our former data (Chapter 5). 

Figure 4. The impact of  cell dose and culture on acute X-GVHD-inducing 
capacity of  huPBMCs.   
The figure shows cell dose (X-axis) of  fresh or cultured huPBMCs that were transferred 
into RAG2-/-γc-/- mice against survival in days of  the mice (Y-axis). Data for 7-days 
cultured cells stimulated with anti-CD3 antibody or CD3/28 costimulation were com-
bined. Mean survival is depicted for 130 mice that received fresh huPBMCs and for 86 
mice that received cultured huPBMCs. There was a linear relationship for cell dose and 
survival of  mice (r2 0.8, p<0.008 fresh cells and r2, p<0.007 cultured cells). The figure 
is limited in the sense that experiments were terminated at +45 days so that maximum 
survival values may in fact  have been higher, but mainly in the low-dose ranges.

Comparison of  the influence of  fresh huPBMCs to anti-CD3 or anti-CD3/28 cul-
tured and stimulated huPBMCs on development of  acute and chronic X-GVHD.
In addition to previous results (Chapter 5), we evaluated the overall influence of  stimulation 
condition on the development of  acute or chronic X-GVHD. We compared all mice that re-
ceived a similar cell cell dose of  15x106 T cells in huPBMCs. This cell dose was chosen, based 
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upon the observation that 15x106 human T cells reproducibly cause acute lethal X-GVHD 
in more than 80% of  mice within 3 weeks (Chapter 3).30 Of  a total of  68 of  mice that received 
fresh huPBMCs, almost all mice (99%) developed X-GVHD, of  which 87% showed acute  
lethal X-GVHD and 12% developed chronic X-GVHD. In contrast to fresh huPBMCs 
(15x106 CD3+ cells), only 44% of  mice developed acute or chronic X-GVHD after iv 
injection of  the same cell dose of  anti-CD3 cultured and stimulated huPBMCs and 57% 
of  mice after CD3/28 costimulated huPBMCs. 

Table 1 shows all administered cell doses of  huPBMCs in relationship to the develop-
ment of  acute or chronic X-GVHD. Importantly, in this analysis the cut-off  point for 
acute lethal X-GVHD was chosen at 30 days. The different cell doses ranged from 2.5 
to 90x106 T cells in huPBMCs. Only mice are shown, that were not involved in experi-
ments with immunosuppressive agents, but showed a natural course of  development 
of  X-GVHD. Cell doses are shown for anti-CD3 or costimulated huPBMCs and com-
pared to fresh cells and to the standard cell dose of  15x106 that reproducibly causes 
acute lethal X-GVHD for fresh cells. Survival of  mice from acute lethal X-GVHD is 
higher for the low cell doses compared to the higher cell doses, which is compatible 
with Figure 4. For a cell dose of   30x106 costimulated cells there was a higher number 
of  mice that developed symptoms of  chronic X-GVHD compared to the same cell 
dose of  anti-CD3 stimulated cells (5/10 vs 0/5). �n the high-dose categories almost 
all mice died from acute X-GVHD. However, only small numbers of  mice could be 
included, because individual experiments were always performed with the same human 
donor, so the maximal number of  huPBMCs was limited to the ethically approved 
maximum donation of  500 ml blood. 
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Table 1.  Effect of  huPBMC cell dose on development of  acute and chronic  
X-GVHD

Table 1 shows all administered cell doses of  huPBMCs in relationship to the develop-
ment of  acute or chronic X-GVHD. The different cell doses ranged from 2.5 to 90x106 
T cells in huPBMCs. Only mice are shown, that were not involved in experiments with 
immunosuppressive agents, but showed a natural course of  development of  X-GVHD 
following injection with human cells. Cell doses (number of  CD3+ cells in huPBMCs) 
are indicated for fresh huPBMCs and anti-CD3 or anti-CD3/28 stimulated huPBMCs. 
The standard cell dose of  15x106 huPBMCs for a reproducible development of  acute 
X-GVHD in mice is indicated in bold script for each stimulation condition. The cell 
doses can be related to the absolute numbers of  mice that survived following huPBMC 
transfer and to development of  acute lethal X-GVHD or chronic X-GVHD. 

 

condition 106 T cells n aGVHD at risk for cGVHD %cGVHD survival 
cGVHD

fresh 2.5 3 1 2 2 100% 2
5 21* 3 17 14 82% 13
8 6 2 4 2 50% 3

10 33 11 22 10 45% 18
15 68 59 9 8 89% 1
16 7 7 0 0  0% 0
20 13 11 2 2 100% 0

total 151 56 38 68%

anti-CD3 10 10 2 8 4 50% 8
15 16 4 12 3 25% 10
30 5 1 4 0 0% 4
40 6 1 5 3 60% 3
60 8 3 5 1 20% 5
90 3 3 0 0 0% 0

total 48 34 11 32%

CD3/28 6 5 2 3 1 33% 3
10 11 2 9 2 22% 8
15 21 2 19 10 53% 14
30 10 2 8 5 63% 7
40 5 3 2 1 50% 1
60 7 2 5 2 40% 4

total 59 46 21 46%

* one mouse died due to embolism following iv injection
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Discussion

Currently, transfer of  huPBMCs into immunodeficient mice is the only way to inves-
tigate human T cell function in vivo in a preclinical model. The most significant short-
comings of  the previously developed models are the variable extent of  engraftment 
due to residual innate immunity, the intraperitoneal transfer, ‘leakiness’ of  the mice and 
the development of  murine thymomas or human EBV lymphomas, that get in the way 
of  long-term observation. In most models, no X-GVHD developed following engraft-
ment of  human cells, due to a generally low T-cell chimerism and probably anergy of  at 
least part of  the human T cell population.31

In this paper, we describe our experience with the huPBMC-RAG2-/-γc-/- human-to-
mouse model from a database of  more than 500 mice. Advantages of  this model over 
previous ones are the high sensitivity for engraftment of  human T cells, the possibility 
of  iv transfer, no ‘leakiness’ of  the mice and no development of  tumors. The study 
of  X-GVHD in this model is interesting, because of  the clinically relevant iv transfer 
of  huPBMCs and the striking histopathological similarities of  X-GVHD compared to 
human GVHD following allogeneic stem cell transplantation. For instance, the skin 
showed inflammation, desquamation, microscopic infiltrates of  human lymphocytes 
around hair follicles and apoptotic keratinocytes (Chapter 3).30 Instead, for exploring 
the antigen-specificity of  human T cells in vivo, the development of  X-GVHD may be 
interfering. Therefore, before application of  the model, the specific experimental ques-
tions have to be well-defined. 

Initially, the huPBMC-RAG2-/-γc-/- model was developed as a X-GVHD model. Acute 
lethal X-GVHD is associated with high levels of  human T cells in the peripheral blood 
and can reproducibly be induced by iv transfer of  15x106 of  fresh huPBMCs.30 �n this 
manuscript, we confirmed in a cell labeling assay that the increase of  human T cells in 
the peripheral blood of  the mice at the time of  development of  lethal X-GVHD, was 
due to in vivo proliferating human T cells that had incorporated BrdU. 

Some considerations have to be made regarding the use of  the model for future stud-
ies. 
Intervention in acute X-GVHD as soon as symptoms develop, has shown to be diffi-
cult. Probably, this is because the high proliferation of  human T cells and the concomi-
tant cytokine storm occur within 3-5 days. At the time that overt symptoms of  acute 
X-GVHD develop, the damage will already be done. This was confirmed by the fact 
that FK506 sc from day 0 of  transfer of  the huPBMCs showed 100% abrogation of  
lethal acute X-GVHD in contrast with FK506 administered at later time points. 
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Intervention with prednisolone, even from day 0, did not show any prevention of  acute 
X-GVHD. However, clinical trials in humans have also shown contradictory effects of  
prednisolone following allogeneic stem cell transplantation on the prevention of  acute 
GVHD.7,32 A recent prospective randomized study showed a positive effect on reduc-
tion of  acute GVHD, but prednisolone was administered as a prophylaxis.33 This sug-
gests that an effect of  prednisolone on X-GVHD might be obtained only if  treatment 
started long before the transfer of  huPBMCs. 
Activation of  the human T cells in vivo may increase cytokine responsiveness of  the 
transferred lymphocytes and promote their proliferation and engraftment. Activation 
regimens that have been tried include treatment with anti-CD3 antibody 34,35, chemok-
ines 12, superantigens 36 and the administration of  human growth hormone.12,35-37 All 
these methods resulted in increased human cell engraftment, function or trafficking to 
the peripheral lymphoid organs of  the SCID mice. In contrast, activation with IL2 was 
found to inhibit human cell engraftment in mice, which is suggested to be caused by the 
effect of   �L2 on host effector cells resulting in an increased host resistance. 35,37 We did 
not observe any significant effect of  3 days high-dose IL2 ip or anti-CD3 antibody iv on 
engraftment of  human T cells in huPBMC-RAG2-/-γc-/- mice (data not shown). 

Recently, we performed pilot studies for the intervention in X-GVHD by depletion 
and re-infusion of  human CD4+CD25+ regulatory T cells. Preliminary results showed 
an increase in acute X-GVHD-inducing capacity for CD4+CD25+ depleted huPBMCs 
and increased survival of  mice following titrated re-infusion of  CD4+CD25+  cells with 
autologous huPBMCs (Chapter 6). In future experiments, we plan to further explore 
the manipulation of  X-GVHD in this model.

The second consideration concerns the mechanism of  X-GVHD. Although there are 
striking similarities to human GVHD, the exact mechanism of  human T cell activation 
is not known. 
Depletion experiments indirectly suggested CD8+ T cells are needed for acute lethal 
X-GVHD, indicating a role for direct activation of  CD8+ cells via murine MHC class I 
(Chapter 3).30

A direct activation of  human CD8+ T cells was demonstrated previously in SC�D mice. 38,39  
In contrast, CD4+ T cells are generally thought to be the main effector cells in a xe-
nograft model, related to the high number of  murine epitopes available for host antigen 
presentation by murine MHC class II. 40 Several studies have confirmed the importance 
of  CD4+ instead of  CD8+ T cells for development of  X-GVHD.40,41 One group repor-
ted that chimera-derived human CD8+ T cell clones were cytolytic but did not display 
antigen-specificity to murine target cells, whereas CD4+ T cell clones did. 42

In vitro proliferation assays we performed showed inhibition of  the xenoreaction by 
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MHC class II antibodies, suggesting activation of  CD4+ human T cells via murine MHC 
II (Chapter 5). However, we observed long-term survival and development of  both hu-
man CD4+ and CD8+ T cells towards memory and effector-memory cells (Chapter 5). 
We also observed that both human CD4+ and CD8+ T cells infiltrated the organs of  
the mice with type-specific distribution patterns (Chapter 3).30 These findings suggest 
that both CD4+ and CD8+ T cells are activated instead of  only CD4+, and each subtype 
contributes in its own way to development of  X-GVHD. 
Human B cells were also shown to engraft and reside in the bone marrow (Chapter 
3).30 They might act as antigen-presenting cells to provide a second signal. However, 
the polyclonal antibody production of  the human B cells suggests a merely nonantigen-
specific effector mechanism of  B cells, possibly through the effect of  cytokines or other 
inflammatory mediators resulting from the encounter of  CD4+ T cells with antigens 
presented by host APCs. 40,43 �nvestigation of  the exact mechanism of  antigen presenta-
tion will be very important especially  to see whether the this model can be used for the 
study of  chronic X-GVHD. 

Apart from X-GVHD, we also showed data on the feasibility of  using the huPBMC-
RAG2-/-γc-/- model as a preclinical model for the evaluation of  human T cells in vivo. 
For 14 different donors, no significant effect of  donor variability on acute X-GVHD 
was observed. In SCID mice, donor variability is a well established phenomenon.10,44 We 
have previously described donor variability in our model, but this regarded non-macro-
phage depleted mice (Chapter 3).30 Macrophage depletion resulting in a more consistent 
engraftment of  human T cells may have reduced the extent of  donor variability. 
For the overall number of  mice that were included in our experiments we found a signifi-
cant linear correlation of  higher huPBMC cell dose and development of  acute X-GVHD. 
There also was a clear impact of  culture of  huPBMCs compared to fresh cells. This dose-
dependent reduction in reactivity and X-GVHD-inducing capacity of  human T cells is 
consistent with several clinical trials, in which ex vivo manipulated and cultured T cells were 
used. 45-47 Reasons for the diminished activity of  cultured T cells have shown to be the lack 
of  appropriate homing receptors like CCR7, the inability to produce IL-2 and entry into a 
proapoptotic and replicative senescent state.48 Moreover, very recent results indicated that 
current culture conditions preferentially activate and expand regulatory T cells resulting 
in a suppressed proliferation of  cultured cells.49 For further studies to improve ex vivo ma-
nipulation procedures for human T cells, the huPBMC-RAG2-/-γc-/- model may be used 
to quantify their impact on in vivo functionality. 

Costimulation of  T cells during culture may preserve their reactivity and X-GVHD-in-
ducing capacity in general. CD28 costimulation has previously been shown to prevent 
cell death during primary T cell activation and to enhance proliferation.50 As more hu-
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man T cells will respond to antigen, more proliferation will occur and relatively more 
human T cells will survive long-term that are capable of  sustaining a symptomatic 
(chronic) X-GVHD in mice that survive acute X-GVHD. There may also be a specific 
relationship of  CD28 costimulation to development of  chronic X-GVHD. In a par-
ent-into F1 mouse model, inhibition of  CD28 engagement was shown to reverse acute 
and chronic GVHD, indicating a role for CD28 in development of  GVHD.51 Another 
group has shown that CD28/B7 interaction is important in the generation of  acute 
GVHD.52 A recent report showed blockage of  CD28 to inhibit Th-2 mediated murine 
chronic GVHD, which was associated with enhanced expansion of  regulatory CD8+ 
T cells.53 These data indicate a role for CD28 in engraftment potential of  human T 
cells. As cultured huPBMCs caused acute lethal X-GVHD only in a minority of  mice, 
numbers of  mice were insufficient to observe a different mortality for stimulation via 
CD3/28 or CD3 alone. However, in the overall analysis, there was a tendency towards 
more chronic GVHD following iv injection of  CD28-costimulated huPBMCs. Further 
experiments including larger numbers of  mice are needed to establish the relationship 
between CD3/28 costimulation and the development of  chronic X-GVHD. 

In conclusion, our results show that the huPBMC-RAG2-/-γc-/- xenogeneic transplant 
model offers the most sensitive model to date for evaluation of  human T cells in vivo. 
We think this model will be an interesting and valuable addition to current allogeneic 
mouse T cell- mouse models. Future studies will involve preclinical use of  the model for 
a quantitative evaluation of  human T cells following ex vivo manipulation, the influence 
of  human regulatory T cells on X-GVHD and further exploration of  the influence of  
CD3/28 costimulation on the development of  chronic X-GVHD. 
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In this thesis, a new model is introduced for the preclinical evaluation of  human T 
lymphocytes in RAG2-/-γc-/- mice. Several issues that remain from the findings in the 
previous chapters, are summarized and discussed in this final chapter.

Why developing a  preclinical model for adoptive immunotherapy with human 
T cells?
Since the introduction of  allogeneic SCT and DLI, the field of  adoptive T-cell immu-
notherapy has evolved rapidly. Over the last years, several treatment strategies have been 
developed, directed towards improving the antigen-specificity of  donor T cells. 

Clinical trials of  treatment with TIL showed promising results in renal cell carcinoma, 
stage ��/���a non-small cell lung cancer and stage �V melanoma with partial and com-
plete responses of  patients up to 54%.1-5 Successful clinical application of  CTL clones 
has been achieved with CMV- or EBV-specific clones for CMV or EBV disease com-
plicating allogeneic SCT, and also with leukemia-reactive clones in a patient with accele-
rated phase CML.6-9 

In particular genetic modification of  T cells seems a promising strategy. The first clini-
cal trial with genetically manipulated T cells was conducted in 1990 by Rosenberg et al., 
who introduced the neomycin bacterial resistance gene as a marker into T�L for patients 
with metastatic melanoma.10 In 1997, ‘suicide gene’ therapy of  human T lymphocytes was 
successfully applied. Infusion of  HSV-tk-positive donor T cells caused acute GVHD and 
upon administration of  the drug ganciclovir, GVHD could be abrogated.11-13 Another in-
teresting option is genetic engineering of  the TCR, although so far only preclinical results 
are available.14,14-19

�t is important to realise that ex vivo manipulation procedures often compromise the 
reactivity of  the T cells. In addition, the gene therapy approaches bear the risks of  auto-
immunity or insertional mutagenesis. 

A general characteristic of  gene therapy has been the relatively short time from bench 
to bedside. Since 1990, the number of  clinical gene therapy trials literally exploded 
with over 300 trials until 2004.20 The major success came in 1997 by Fischer et al., who 
transduced the γ-chain gene into autologous bone marrow stem cells from children with  
γ-SCID, a disease in which the γ-chain on stem cells is deficient, and reinfused these 
transduced cells into these patients.21 The first results of  this trial showed a complete 
cure of  10 out of  17 γ-SCID children, preventing them from an allogeneic SCT. How-
ever, in 2002, Li et al. suggested in a preclinical mouse study the oncogenic disruption 
of  a gene called Evi1 by a Moloney murine leukemia virus based vector encoding a 
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truncated form of  the LNGFR (low-affinity nerve growth factor receptor).22 This pu-
blication increased the big concern of  possible oncogenic mutagenesis of  cells follow-
ing random retroviral introduction of  genes into the genome, and led to the hold of  
gene therapy trials in Germany. In the same year, a most serious adverse event occurred, 
as two children from the highly successful γ-SCID trial developed acute lymphocytic 
leukaemia due to insertion of  the γ receptor-gene-carrying vector near the LMO2 pro-
to-oncogene promoter.23 A third child, already diagnosed at the same time with three 
retroviral vector insertions and two additional insertions next to oncogenes, developed 
acute leukemia a year later.24 Consequently, all stem cell gene therapy clinical trials were 
put on hold in the USA, France, Italy and the Netherlands. In the UK only one-by-one 
case studies continued.20 Although these adverse events had only occurred with ex vivo 
manipulated pluripotent stem cells, general concerns also implicated the ex vivo ma-
nipulation of  T lymphocytes, especially because of  their high proliferative capacity. No 
insertional mutagenesis has been observed so far in the suicide gene therapy trials for 
31 patients who showed long-term persistence of  LNGFR-gene transduced T cells for 
more than 80 months.25 However, the concern remains. 

Currently, safety issues have become a most important aspect of  T-cell immunotherapy. 
As Christopher Baum put it in an editorial for the American Society of  Gene Therapy: 
‘the balance of  risk and benefit in gene-based and other experimental therapies should 
rely on experience rather than expectations’.24 Safety will require more preclinical work, 
instead of  a rushed clinical application. Especially for the analysis of  insertional mu-
tagenesis or efficiency of  the therapies, preclinical in vivo animal models are of  great 
value.

Advantages and disadvantages of  the huPBMC-RAG2-/-γc-/- model.
Advantages of  the huPBMC-RAG2-/-γc-/- model compared to previous allogeneic 
murine models or xenogeneic models in SCID mice, are the sensitivity of  the mice 
for engraftment of  human T cells as reflected by a high T-cell chimerism of  at least 
20% in more than 90% of  mice following a relatively low dose of  15x106 T cells in 
huPBMC, the possibility of  the more clinically relevant intravenous instead of  intra-
peritoneal transfer, and the fact that the mice do not show ‘leakiness’ or spontaneously 
develop tumors in time. Acute xenogeneic GVHD can be reproducibly induced and 
shows striking clinical and histopathological similarities to human GVHD, such as a 
concomitant cytokine storm, polyclonal Ig production and human lymphocytes infil-
trating the organs and skin, typically with the infiltration of  hair follicles and apoptosis 
of  keratinocytes. Chronic X-GVHD can be induced with lower doses of  huPBMC or 
following the infusion of  T cells that are less reactive, for instance by ex vivo culture 
procedures with CD28 costimulation. 
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The question may be what the value is of  a xenogeneic human-to-mouse model com-
pared to the existing allogeneic mouse-to-mouse models. 

Certainly, a model for the study of  human T cells bypasses the evolutionary differences 
between mouse and human T cells. Another advantage is the feasibility to evaluate the 
effect of  ex vivo manipulation procedures on human T cells, as is described in Chapters 
5 to 7. In addition, it has been demonstrated that RAG2-/-γc-/- mice show a facilitated 
engraftment of  human myeloid cells and allow the engraftment of  human tissues and 
leukemias.26 This offers the opportunity to preclinically test actual donor or patient 
material for evaluation of  a patient-individualized response to a variety of  treatment 
modalities.

One disadvantage of  the xenomodel is donor variability. To decrease variability in the 
model, experiments have to be limited to the use of  a single donor and thus a maxi-
mal number of  fresh white cells obtained from 500 ml of  whole blood. This was also 
one of  the problems in previous huPBMC-SC�D models.27 However, in Chapter 7, we 
demonstrated in an overall analysis of  14 different huPBMC donors, for a cell dose of  
15x106 T cells, no significant differences between the donors regarding the induction 
of  lethal acute X-GVHD. 

Another disadvantage may be the development of  lethal X-GVHD, if  for the intended 
experiment it is not a focus of  interest. This will account primarily for the use of  high 
doses of  fresh T cells (>15x106) or Treg-depleted huPBMCs, as these cells induce acute 
lethal X-GVHD reproducibly. For the experiments with ex vivo cultured T cells, lethal 
X-GVHD was not found to be a problem. 

An obvious limitation of  the model (and of  previous huPBMC-SC�D models) is the 
duration of  peripheral T cell reconstitution. If  the mice survive acute X-GVHD, hu-
man T-cell chimerism is partial and transient, especially after the administration of  cell 
doses lower than 15x106. Although part of  this observation may be due to disappea-
rance from the blood and infiltration of  the T cells in the organs, as was described for 
the mice that developed chronic X-GVHD (see Chapter 3), also a significant number 
of  initially proliferating T cells may not survive long-term. Reasons may be anergy 
of  repeatedly stimulated T cells or defective peripheral circulation in the absence of  
functional lymph nodes or thymus. Short-term observational experiments may not be 
a problem, as human alloresponses against tumor cells in previous SCID mouse mod-
els have been shown to generally occur after a minimum of  7 days survival of  infused  
T cells.28 For the long-term observation of  human T cells, the interesting idea of  hu-
manizing the model by transplanting human lymphoreticular tissues into the mice,  
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according to the more recently developed huPBMC-SC�D models described in Chapter 
2, may offer a solution. 

Another important issue is the interference of  the xenoreaction with evaluation of  the 
T cells. For a reflection of  alloreactivity, the severity of  the xenoreaction can be used as 
a read-out. However, it may interfere with studies on antigen-specificity of  the T cells 
in vivo. However, despite the xenoreaction, as described before in Chapter 2, previous 
huPBMC-SC�D models have shown in vivo functionality of  human T cells against a 
variety of  alloantigens. In Chapter 5, we showed that all parameters used to analyze dif-
ferent effects on in vivo T cell functionality, like culture conditions, engraftment levels, 
survival of  the cells in time or X-GVHD, were absolutely independent of  the distribu-
tion of  effector and effector memory cells of  the T-cell population in vivo following 
contact with xeno-antigen, which is hopeful for the study of  T-cell function in vivo. 
However, whether the demonstration of  specific responses of  human T cells towards 
human antigens in vivo will be comparable to those found in the huPBMC-SC�D models 
has yet to be confirmed in analogous experiments using for instance antigen-specific  
T cell clones.

What is the exact mechanism of  antigen presentation and recognition in the 
huPBMC-RAG2-/-γc-/- model?
�n the previous chapters an effort was made to determine the mechanism of  antigen 
recognition in the huPBMC-RAG2-/-γc-/- xenomodel. 

Results from the experiments described in Chapter 5 suggest an antigen-driven process, 
with xenoreactivity as the stimulus for shaping the human T cell repertoire. Normally, 
expansion of  the T cell pool during an immune response is followed by a deletion phase 
in which most of  the newly generated effector cells are eliminated at the end of  the  
response, thereby restoring total T cell numbers to normal levels.29 This pattern is simi-
lar to the observations in the huPBMC-RAG2-/-γc-/- model. 

There are two possible ways for human T cells to become activated in the murine envi-
ronment. One way is the direct antigen presentation, in which donor APCs present the 
xeno-antigen. The other way is the indirect antigen presentation, in which the xeno-an-
tigen is presented by host-originating antigen-presenting cells (APCs). �n direct antigen 
presentation, the donor-type APC presents antigens to CD4+ and CD8+ T cells along 
with an appropriate second signal (costimulator) required for T cell activation. Such a  
T cell will be specific for graft antigens directly on the surface of  donor cells. In indirect 
antigen presentation, graft antigens will be picked up and processed by the host-type 
APC and presented in association with class II MHC. Responsive CD4+ T cells will not 
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be directly graft-specific but rather specific for graft antigens in association with host 
class II MHC.30 Also possible is a non-antigen specific (bystander) effector mechanism, 
possibly through the toxic effect of  cytokines or other inflammatory mediator cells, like 
granulocytes and monocytes, that encounter human T cells. 

In a xenomodel, the indirect presentation of  xeno-antigen would be expected to have 
an advantage over the direct way of  antigen presentation, as, in the case of  humans ver-
sus mice, the big difference between donor and host phenotypes results in an extremely 
high number of  presented epitopes. As murine APCs express MHC class II, CD4+ 
T cells therefore were generally thought to be the main effector cells in a xenograft 
model.31 The xenosituation may be a disadvantage for the direct pathway as the number 
of  different epitopes presented by host-APCs will cause over-stimulation without co-
stimulation and thus anergy of  the human T cells instead of  activation. However, in 
previous studies involving huPBMC-SCID mice, it was demonstrated that clones of  hu-
man T cells are able to directly recognize native H-2 MHC class II antigens on murine 
stimulator cells.30 Presentation by MHC class II still suggests a primary involvement of  
CD4+ cells. 

�n the huPBMC-RAG2-/-γc-/- model, pattern of  proliferation, long-term survival, and 
type-specific organ infiltration patterns of  CD4+ and CD8+ T cells suggest that each 
subtype responds to antigen (Chapters 3 and 4). The proliferation of  the human T cells 
in association with the development of  acute as well as chronic X-GVHD suggests 
an adequate response instead of  anergy. In vitro proliferation assays, using huPBMC-
RAG2-/-γc-/- chimera-derived human T cells, showed inhibition of  the xenoreaction by 
MHC class II antibodies, suggesting activation of  human CD4+ T cells via murine 
MHC II (Chapter 5). 

Human B cells were also shown to engraft and reside in the bone marrow (described 
in Chapter 3). They might act as antigen-presenting cells to provide a second signal. �n 
contrast, the polyclonal antibody production of  the human B cells suggests a merely 
nonantigen-specific effector mechanism of  B cells, possibly through the toxic effect 
of  cytokines or other inflammatory mediators resulting from the encounter of  human  
T cells.31,32 

�t would be interesting to know whether the xeno-reactive cells are naïve cells that are 
primed in the xeno-environment or cross-reactive memory T cells that were already 
present in the injected huPBMC population. To investigate this, experiments were per-
formed using the PKH26 fluorescent cell linker compound. HuPBMC were stained 
with PKH before injection into the mice and FACS analysis was performed to analyze 
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which different T cell subsets were derived from the initial population. However, by the 
time the responding human T cells had proliferated enough to reappear in the blood 
in large numbers, the PKH signal was too low for subset analysis, suggesting that the 
proliferation occurred from a very small part of  the initial population (data not shown 
in this thesis). Higher PKH concentrations, CFSE labeling or T cell subset depletion 
experiments may offer a solution to this problem. 

Summarizing, although an initiation was made to investigate antigen presentation and 
recognition in the huPBMC-RAG2-/-γc-/- chimeras, the exact mechanism is still un-
known. Especially for the study of  Tregs and chronic X-GVHD in this model, further 
experiments will be necessary to determine the type of  presenting APC, as well as the 
role of  cytokine production and B cells in this model.

Other hypotheses to explain the immunological mechanism of  the xenoreac-
tion.
In the literature, other hypotheses have been made to explain the expansion of  human 
T cells in immunodeficient mice, that contradict a physiological antigen-driven proli-
feration.

One concerns the role of  homeostatic proliferation. Homeostatic proliferation is difficult 
to distinguish from antigen-driven proliferation and comprises the generation of  memory 
T cells by homeostatic mechanisms that maintain the total size of  the T cell pool at a 
near-constant level. Proliferation of  human T cells would then be explained by lymphoid 
homeostasis in a previously T-cell deficient mouse. Homeostatic proliferation occurs pri-
marily in the T cell areas in the spleen (periarteriolar lymphocyte sheaths) and the paracor-
tex of  the lymph nodes. During this process, T cells can also acquire effector-memory-like 
properties.33,34 Although this is an interesting theory, the absence of  functional lymph 
nodes and thymus in these mice does not suggest a role for homeostatic proliferation. 
Also, this theory does not explain the differences in T-cell chimerism in different mouse 
strains with comparable T-cell deficiency. In addition, a more ‘benign’ proliferation of   
T cells would be expected, not resulting in lethal acute or chronic X-GVHD.35 

Another hypothesis is the comparison to a superantigen response. This comparison was 
made initially for the huPBMC-SC�D models. A superantigen response is described as a 
typical reaction of  T cells to proteins that are secreted by various bacteria and presented 
by MHC class II. Costimulation that is needed in the normal antigen response, is not 
necessarily needed in the superantigen response. Superantigen stimulation of  the T cells 
leads to rapid proliferation with a concomitant cytokine storm. Although CD4+ T cells 
are the predominant responsive population, CD8+ cells can also react. The stimulation 
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is followed by anergy or apoptosis of  the T cells, resulting in a rapid deletion in vivo.36 
In a xenomodel, reminiscent of  the T cell response to superantigens, costimulation was 
thought to be deficient, with initial extensive clonal expansion triggered, followed by 
contraction of  clonal size.29,37 

Anergy of  human T cells was demonstrated in huPBMC-SC�D chimeras.38 �t cannot 
be excluded that anergy also occurs in the RAG2-/-γc-/- mice. But instead of  a superan-
tigen-like response, a part of  the non-proliferating population may be the outcome of  
a frustrated T-cell response where the antigen can not be cleared and continued stimu-
lation occurs or it can be a normal reaction to the xeno-antigen, in which the specific  
T cells remain and become memory cells. Moreover, a superantigen response does not 
explain the differential responses in the case of  costimulated and cultured T cells or 
regulatory T-cell-depleted cell populations and is also in contrast with the typical histo-
logical distribution patterns of  CD4+ and CD8+ T cells and long-term development of  
chronic X-GVHD. 

Summarizing, neither homeostatic proliferation or a superantigen-like response seem 
sufficient hypotheses to explain the mechanism of  human T cell proliferation in the 
RAG2-/-γc-/- mice and a physiological (xeno)antigen-driven response remains the most 
likely one. 

Is the huPBMC-RAG2-/-γc-/- xeno-model comparable to the allogeneic trans-
plant model in man?
For human T cells, there is obviously a major difference between the murine RAG2-/-

γc-/- environment and the human host. Therefore, it is important to define these diffe-
rences. In this thesis, an effort was made to characterize several of  these aspects, such as 
differences in cytokine production (no production of  TNFα), localisation of  X-GVHD 
sites (relatively low infiltration of  the gut) and the influence of  the xenoreaction on 
the distribution of  the T-cell population. Especially, the extrapolation of  X-GVHD to 
human GVHD has to be made with caution. Some similar findings were described in 
Chapters 3 and 4 and these may be used for further research. 

It must be mentioned that any animal model will always be only an animal model, with 
its inherent limitations. At the most, animal models may reflect one specific human in 
vivo situation, which allows experimental interventions that are impossible to perform 
in man. If  the combined results of  such a reflection in each different model are simi-
lar, this will strengthen the idea that a finding may also be observed in humans. In this 
sense, the huPBMC-RAG2-/-γc-/-  model will be a valuable addition to the previous ones, 
but conclusions should be based on the combined results of  all. The most important 
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issue for an adequate extrapolation will be the further definition of  the differences, 
and this must be a focus of  future studies, such as host- or donor-type APC depletion 
experiments and further investigation of  the role of  macrophages and CD4+ and CD8+ 
subsets in the development of  chronic X-GVHD. 

Future perspectives of  the huPBMC-RAG2-/-γc-/- model.  
The huPBMC-RAG2-/-γc-/- model can be used for preclinical studies on human T cells 
in vivo. This  may contribute to a safe and efficient application of  T-cell and monoclonal 
antibody therapies, but also the study of  the immune system, autoimmune diseases, 
viral pathogenesis and xenotransplantation. 

The approach with genetically manipulated T cells is promising but cumbersome at 
present. As mentioned earlier, results of  adoptive immunotherapy with T cells in man 
are still infrequent and safety aspects are of  great concern. The generation of  active 
gene-modified T cells with high proliferative capacity could in itself  result in malignant 
disease. In addition, these T cells have the potential to become transformed or gain 
autoimmune reactivity. At present, retroviruses are the most efficient type of  vector for 
genetic manipulation of  T cells, but these result in genomic insertion of  transgenes at 
sites that are semirandom, and may prefer actively transcribed sites like in the case of  
the LMO2 activation. 

Questions to be answered for these therapies may be: are the genetically modified  
T cells immunogenic, do ex vivo gene transduced T cells home to the tumor site, do they 
proliferate in vivo, are additional cytokines required in vivo? Expressing constitutive or 
inducible markers in T cells may allow the tracking of  cell migration and activation us-
ing non-invasive imaging technologies. The inclusion of  regulatable suicide mechanisms 
may ensure the safety of  adoptive-cell therapy. Before applying these techniques to the 
patient, this should be investigated in a preclinical animal model. 

The model may also be used to study the human immune system, viral infections or 
autoimmune diseases. Such experiments have already been performed successfully in 
(NOD)-SCID mice. For example, to assess the efficacy of  HIV vaccination in humans, 
huPBMCs of  vaccinated donors were injected into HIV-infected huPBMC-SCID mice. 
Since such PBMCs inhibited HIV replication in the chimeras, it was demonstrated that 
protective immunity had been induced in the vaccinated donors.39 Efficient levels of  
primary HIV-1 virus infections were established in huPBMC-SCID mice.40 �nteres- 
tingly, it was shown that levels of  viremia differed in different immunodeficient mouse 
strains.41 Furthermore, type I diabetes has been a focus of  study in SCID mice with 
respect to the transplantation of  allogeneic islet cells. To study the rejection in the  

Proefschrift Roos van Rijn.indb   159 19-10-2006   16:48:54



Preclinical evaluation of  human T lymphocytes in RAG2-/-γc-/- mice     •     Rozemarijn S. van Rijn

160

human setting, human islet cells were transplanted under the kidney capsule of  SCID 
mice followed by the injection of  allogeneic PBMC.42,43 The huPBMC-RAG2-/-γc-/- 
model can be expected to be a more sensitive model for such experiments.

Also of  interest for the study of  human T cells in vivo, although complicated, is the 
design of  humanized RAG2-/-γc-/- mice.44,45 Gimeno et al. achieved repopulation of  
myeloid and lymphoid subsets within 8 weeks in newborn RAG2-/-γc-/- mice by in-
traperitoneal injection of  CD34+ precursor cells derived from human fetal liver.46 �n 
theory, this technique offers the possibility to study lineage development of  human  
T cells and to investigate in vivo the response of  human T cells towards human antigens, 
that may have been developed in a repopulated murine thymus to be non-responsive 
towards their murine environment. 

As a final remark, it must be emphasized that especially for the study of  the physiology 
and pathophysiology of  human T cells in this model, more research has to be performed 
to obtain insight into the exact mechanism of  antigen presentation and recognition.

General	conclusion
Adoptive T-cell immunotherapy is a highly promising strategy to treat patients with 
malignant disease while minimizing toxicity. Safety concerns need to be weighed against 
potential benefits, and greater risk may be justified in patients with otherwise incurable 
disease. However, this may never be a reason to omit the available models of  preclinical 
evaluation. Several of  these exist for the study of  non-human T cells in vivo. However, 
for the study of  human T cells in vivo, a xeno-model is the only option.

In the near future, despite the discussed limitations, the huPBMC-RAG2-/-γc-/- model 
is likely to provide new insights in the study of  human lymphoid cells and disease pro-
cesses. 
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Figure 2.  Skin histology of a mouse with X-GVHD, compared with a control 
  mouse and with human GVHD.
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Figure 4.  Infiltration of human CD45+ cells in the organs of the huPBMC- 
  RAG2-/-γc-/- chimeras.
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Figure 5.  Immunofluorescent imaging of infiltration of human CD3+, 
  CD4+, and CD8+ T lymphocytes in the liver of a mouse with acute  
  X-GVHD. 
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Figure 4.1 Histology of chronic X-GVHD. 
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Summary in English

The ultimate goal of  treating patients with a malignancy is to eradicate the malignant 
cells, while keeping hold of  damage to the healthy cells of  the body. Therefore, the treat-
ment has to be as specific as possible for only the malignant cells. Chemotherapy is often 
not specific enough, especially if  high doses are needed in order to control the disease.  
A promising new treatment option is adoptive immunotherapy. Adoptive immunotherapy 
concerns the administration to a patient of  immunogeneic cells (T lymphocytes) from a 
donor, that have the ability to track down and kill the malignant cells. To make the do-
nor-derived T lymphocytes more specific for only malignant cells, a certain period in the 
laboratory (in vitro) is necessary to manipulate the cells before they are administered to 
the patient. During this manipulation period the cells are cultured and in order to improve 
their in vivo functionality certain subsets of  T lymphocytes can be selected, made more 
active or even genetically transformed. Optimal conditions during this procedure are of  
great importance for the ultimate efficacy of  the donor T lymphocytes. The results of  the 
first clinical trials with adoptive immunotherapy are promising, but they also lead to the 
conclusion that for a good in vivo functionality of  the T lymphocytes, a lot of  work still 
has to be done.

For a safe and effective application of  adoptive immunotherapy in patients, the manipu-
lation procedures have to be optimized and their effect on in vivo functionality of  the 
manipulated T lymphocytes has to be studied preclinically in an animal model. How-
ever, a good preclinical animal model for quantitative analysis of  human T lymphocytes 
is not available. Since 1988, T-cell-containing human peripheral blood mononuclear 
cells (huPBMCs) have been engrafted into immunodeficient mice, but the numbers of  
circulating human T lymphocytes were always very low. This thesis describes the deve-
lopment and application of  a new model for the preclinical study of  human T lympho-
cytes by transfer of  huPBMCs into RAG2-/-γc-/- immunodeficient mice.

Summary of  the Chapters
Chapter 1 (�ntroduction) describes the different subsets and functions of  T lym-
phocytes. T lymphocytes express a T cell receptor (TCR), which allows the cells to spe-
cifically make contact with antigenic proteins on the malignant cell and activate other 
cells of  the immune system. CD8+ ‘cytotoxic’ and CD4+ ‘helper’ T lymphocytes respec-
tively recognize major histocompatibility (MHC) I and MHC II self  proteins and initi-
ate an immune response in different ways. According to recent findings, CD4+CD25+ 
double positive ‘regulatory’ T lymphocytes are suggested to have an important regula-
tory function in the T-cell-antigen response. The differences that are described between 
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human and murine T lymphocytes indicate the additional value of  a human-to-mouse 
model (xenogeneic) compared to the already existing mouse-to-mouse models (alloge-
neic). Also in this chapter, the concept of  allogeneic stem cell transplantation is being 
discussed. The infusion of  donor T lymphocytes together with donor stem cells as a 
bone marrow replacing therapy for patients with leukemia, in whom as a side effect of  
the eradication of  leukemic cells the healthy bone marrow cells are also destroyed, is 
the oldest and most successful example of  adoptive immunotherapy. However, in their 
traditional form the T lymphocytes are not specific for leukemia cells alone. Therefore, 
besides the tracking down of  residual leukemic cells (‘graft-versus-leukemia’ effect), 
they may also cause damage to the organs of  the patient (‘graft-versus-host’ disease). 
During the last 25 years, improvements in the specificity of  the donor T lymphocytes by 
manipulations in the laboratory before infusion into the patient have resulted in treat-
ments with lymphokine-activated T cells (LAK cells), tumor-infiltrating lymphocytes 
(TIL), cytotoxic T cell clones (CTL) and genetically modified T cells, with variable clini-
cal results.

�n Chapter 2 a historical overview is given of  the development of  xenogeneic models 
for the in vivo study of  human T lymphocytes. In general, there are two ways to obtain 
a better engraftment of  human T lymphocytes in mice. First, further reduction of  the 
innate immune system of  the mice by: a) in vivo natural killer (NK) cells, granulocyte 
and/or macrophage depletion by exogenous antibodies, b) irradiation of  the mice and 
c) administration of  exogenous cytokines to the mice in order to stimulate the human T 
lymphocytes in vivo. Secondly, the development of  genetically mutated knockout mice 
with a diminished innate immunity. Among these are beige nude xid (BNX) mice, (non 
obese diabetic-) severe combined immunodeficient (NOD-) SCID mice, recombinase-
activating gene 1 (RAG-1) knockout mice and the RAG2-/-γc-/- mice, which are used in 
this thesis. A different group is formed by ‘humanized’ mice, which after transplantation 
of  human stem cells can produce their own human T lymphocytes. Although this last 
development is very interesting, the method is laborious and the number of  circulating 
human T lymphocytes that can be obtained from these chimeric mice for manipulation 
experiments is still low. Therefore, a model for direct infusion is still the most feasible 
and simple way to evaluate human T lymphocytes in vivo. 

In the next chapters, the development of  the huPBMC-RAG2-/-γc-/- model is de-
scribed. Chapter 3 describes the first experiments in which  is demonstrated that infu-
sion of  huPBMCs leads to engraftment of  human T lymphocytes in RAG2-/-γc-/- mice.  
RAG2-/-γc-/- mice are more immunodeficient than SCID mice, because apart from a total 
absence of  murine B or T lymphocytes, they also lack functional NK cells. In this chapter, 
it is shown that further reduction of  the innate immunity of  the RAG2-/-γc-/- mice by 

Proefschrift Roos van Rijn.indb   170 19-10-2006   16:49:36



Summary

171

intravenous pretreatment with clodronate-containing liposomes for macrophage deple-
tion enhances the engraftment of  human T lymphocytes even more. Following clodro-
nate-containing liposomes pretreatment and an intravenous dose of  15x106 T cells in  
huPBMCs, there is a reproducible T cell chimerism in the peripheral blood of  20-98% 
within 10 days, which is so high that acute lethal graft-versus-host disease develops in all 
mice. This acute graft-versus-host disease is characterized by loss of  weight >20%, ruffled 
fur, reduced mobility and death of  the mice within 3 weeks. In this chapter, it is also shown 
that acute graft-versus-host disease is preceded by a cytokine storm. �f  the mice do not die 
of  acute graft-versus-host disease, a significant percentage of  mice develop chronic graft-
versus-host disease, characterized by loss of  weight >10%, hair loss, erythema or scaling 
of  the skin and >1% human T cells in the peripheral blood. An interesting finding is the 
similarity of  the histopathology of  xenogeneic graft-versus-host disease in the skin of  the 
mice to human graft-versus-host disease after allogeneic stem cell transplantation.

�n Chapter 4, these histopathologic findings in xenogeneic graft-versus-host disease in 
the huPBMC-RAG2-/-γc-/- model are further analyzed and compared with human graft-
versus-host disease following allogeneic stem cell transplantation. Human B cells also 
engraft and reside mainly in the bone marrow of  the mice. In the liver, plasma cells can be 
found with deposition of  human immunoglobulins �gG and �gA. This suggests that B cell 
immunity plays a role in the pathogenesis of  xenogeneic graft-versus-host disease.
 
The next three chapters of  the thesis describe applications of  the huPBMC-RAG2-/-γc-/- 
model. Chapter 5 describes how the effect of  different culture methods on the func-
tionality of  human T lymphocytes can be quantitatively evaluated in vivo. On the T 
cell surface, besides the TCR (CD3), various other receptors are expressed, like CD28 
and 4-1BB. These receptors can be stimulated together with CD3, so-called costimula-
tion of  the T lymphocyte. In this chapter, it is shown that costimulation during the cul-
ture process of  human T lymphocytes improves in vivo functionality following engraft-
ment in RAG2-/-γc-/- mice. This is consistent with results from experiments with cultured  
(allogeneic) murine T lymphocytes in mice, further emphasizing the additional value of  
the xenogeneic huPBMC-RAG2-/-γc-/- model  compared to allogeneic models. �t is also 
demonstrated that over time the T cell population in vivo shows a development towards 
mainly effector and effector-memory T lymphocytes, suggesting an antigen-driven sur-
vival and expansion of  the T cell population.
An interesting observation is that all parameters used to analyse the different effects on 
in vivo T cell functionality, like culture condition, T cell chimerism in the peripheral 
blood, survival of  the cells over time or the development of  graft-versus-host disease, 
are completely independent of  this distribution and development of  the T cell popula-
tion in vivo.
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Chapter 6 describes the way in which CD4+CD25+ T lymphocytes regulate the xenoge-
neic graft-versus-host disease caused by T lymphocytes of  the same donor (autologous). 
Depletion of  CD25+ cells from huPBMCs before infusion of  the cells into RAG2-/-γc-/- 
mice was shown to decrease the time to development and increase the severity of  xeno-
geneic graft-versus-host disease. Reinfusion of  CD25+ depleted fractions together with 
huPBMCs protected against xenogeneic graft-versus-host disease. Reinfusion of  the regu-
latory T lymphocytes led to a significant production of  the for regulatory T lymphocytes 
characteristic cytokines interleukin 10 (IL-10) and interferon γ (IFN-γ). The possibility to 
manipulate graft-versus-host disease by depletion and reinfusion of  autologous regulatory 
T lymphocytes suggests an interesting treatment perspective for the future. 

Chapter 7 contains a summary of  the experiments that were performed using the 
huPBMC-RAG2-/-γc-/- model in the years of  the research for this thesis (2001-2006). 
From a database of  more than 500 RAG2-/-γc-/- mice, data have been analysed on donor 
variability, intervention in acute graft-versus-host disease and differences in functionality 
between fresh and cultured huPBMCs. The results show no significant effect of  donor 
variability  for 14 different huPBMC donors on the development of  acute graft-versus-
host disease. �ntervention in acute graft-versus-host disease can be obtained by FK506 
(tacrolimus), a strong T cell immunosuppressive agent. Administration of  FK506 from 
day 0 led to otherwise 100% survival of  mice from acute lethal graft-versus-host dis-
ease. Prednisolone showed no protective effect for acute xenogeneic graft-versus-host 
disease. Statistical analysis showed a linear relationship between cell dose and develop-
ment of  acute xenogeneic graft-versus-host disease for fresh as well as cultured cells. 
There was a significantly negative effect of  culture of  human T lymphocytes before 
infusion, for whatever culture condition used, on the capacity to induce acute xenoge-
neic graft-versus-host disease. The results also show that about half  of  the mice that 
survive acute xenogeneic graft-versus-host disease, develop overt symptoms of  chronic 
graft-versus-host disease.

�n Chapter 8, the background and possible applications of  the huPBMC-RAG2-/-γc-/- 
model are discussed. �mportant issues for future investigations are improvement of  the 
long-term survival of  the human T lymphocytes in the mice and a more profound analy-
sis of  the exact mechanism of  the in vivo antigen presentation and activation of  the T 
lymphocytes. This would also enable a better comparison between xenogeneic graft-ver-
sus-host disease and human graft-versus-host disease and the possibility of  developing a 
model for chronic graft-versus-host disease.
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In conclusion, this thesis describes the development and application of  a new pre-
clinical model for the in vivo study of  human T lymphocytes. For a safe and effective 
application of  adoptive immunotherapy, it is important that the effect of  previous ma-
nipulation of  human T lymphocytes is evaluated in preclinical models. This model may 
make such an evaluation possible.
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Samenvatting in het Nederlands
 
Het doel van de behandeling van patiënten met een maligniteit is eradicatie van de maligne 
cellen, met daarbij het beperkt houden van schade aan de gezonde cellen van het lichaam. 
Om deze reden dient de behandeling zo specifiek mogelijk te zijn voor alleen maligne 
cellen. Chemotherapie is vaak niet specifiek genoeg, zeker niet als hoge doses nodig zijn 
om de ziekte te bestrijden. Een veelbelovende nieuwe behandelingstechniek is adoptieve 
immuuntherapie. Adoptieve immuuntherapie betreft het toedienen aan een patiënt van 
afweercellen (T-lymfocyten) van een donor, die de maligne cellen kunnen opsporen en 
doden. Om de T-lymfocyten specifiek te maken voor alleen maligne cellen is na afname 
van de cellen van de donor een periode in het laboratorium nodig (in vitro), waarbij de 
cellen worden gemanipuleerd voordat ze worden toegediend aan de patiënt. Bij deze ma-
nipulatie worden de cellen gekweekt en om een betere werking in vivo te verkrijgen, kun-
nen bepaalde subsets worden geselecteerd, actiever worden gemaakt of  zelfs genetisch 
worden veranderd. Optimale omstandigheden bij deze procedure zijn van groot belang 
voor de uiteindelijke effectiviteit van de donor-T-lymfocyten. De resultaten van de eerste 
klinische trials met adoptieve immuuntherapie zijn veelbelovend, maar leiden ook tot de 
conclusie dat er nog veel aan de functionaliteit van de T-lymfocyten valt te verbeteren. 

Voor een effectieve en veilige toepassing van adoptieve immuuntherapie bij patiënten 
dienen de manipulatieprocedures dus geoptimaliseerd te worden en dient de in vivo-
functionaliteit van de gemanipuleerde T-lymfocyten preklinisch in een diermodel be-
studeerd te worden. 
Het probleem is echter, dat er geen goed preklinisch diermodel bestaat voor kwanti-
tatieve analyse van humane T-lymfocyten. Sinds 1988 zijn humane afweercellen wel in 
immuundeficiënte muizen getransplanteerd, maar de hoeveelheid circulerende humane 
T-lymfocyten bleef  altijd zeer laag. Dit proefschrift beschrijft de ontwikkeling en toe-
passing van een nieuw model voor de preklinische bestudering van humane T-lym-
focyten, door infusie van T-cellen bevattende humane perifere mononucleaire cellen 
(huPBMC’s) in RAG2-/-γc-/--immuundeficiënte muizen.

Samenvatting van de hoofdstukken
�n Hoofdstuk 1 (�nleiding) worden de verschillende subsets en functies van T-lymfo-
cyten beschreven. T-lymfocyten bezitten een T-celreceptor (TCR) waarmee zij specifiek 
contact kunnen maken met een antigeen eiwit op de tumorcel en andere cellen van het 
immuunsysteem kunnen activeren. De verschillen die worden beschreven tussen hu-
mane en muizen-T-lymfocyten benadrukken de aanvullende waarde van een humane-
T-cel-in-muis-(xenogeen)-model ten opzichte van reeds bestaande muizen-T-cel-in-muis- 
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(allogene)-modellen. Er zijn CD4+ “cytotoxische” en CD8+ “helper” T-lymfocyten, die 
respectievelijk major histocompatibiliteitscomplex (MHC) I en MHC II lichaamseigen 
eiwitten herkennen en de afweerreactie in gang zetten. Daarnaast bestaan er CD4+CD25+ 
dubbel positieve “regulatoire” T-lymfocyten, die naar recente inzichten een belangrijke 
regulerende functie voor de T-cel-antigeenrespons lijken te hebben. Vervolgens wordt 
het concept van allogene stamceltransplantatie besproken. De gezamenlijke infusie van 
donor-T-lymfocyten met donorstamcellen als beenmergvervangende therapie voor leuke-
miepatiënten, bij wie door de eradicatie van leukemiecellen ook het gezonde beenmerg is 
vernietigd, is de oudste en meest succesvolle vorm van adoptieve immuuntherapie. In de 
traditionele vorm zijn de T-lymfocyten echter niet leukemiecel-specifiek, zodat naast het 
opsporen van resterende leukemiecellen (“graft-versus-leukemie”-effect) ook schade aan 
de organen van de patiënt kan optreden (“graft-versus-host”-ziekte). De verbeteringen in 
specificiteit van de donor T-lymfocyten door manipulatie in het laboratorium voorafgaand 
aan infusie in de patiënt, hebben in de afgelopen 25 jaar geresulteerd in behandelingen 
met lymfokine-geactiveerde T-cellen (LAK-cellen), tumorinfiltrerende lymfocyten (TIL), 
cytotoxische T-celklonen (CTL) en genetisch gemodificeerde T-cellen, met wisselende 
klinische resultaten.

�n Hoofdstuk 2 wordt een historisch overzicht gegeven van de ontwikkeling van xe-
nogene modellen voor de in vivo bestudering van humane T-lymfocyten. Globaal zijn 
er twee manieren om een betere engraftment van humane T-lymfocyten in muizen te 
verkrijgen. Ten eerste, het verder reduceren van de eigen afweer van de muizen door: a) 
natural killer (NK)-cellen, granulocyten en/of  macrofagen bij de muizen uit te schakelen 
met exogene antilichamen, b) bestralen van de muizen en c) toedienen van exogene cy-
tokines aan de muizen om de humane T-lymfocyten in vivo te stimuleren. Ten tweede, 
de ontwikkeling van genetisch gemuteerde knock-out-muizen met een verminderde ei-
gen afweer. Hieronder vallen beige nude xid (BNX)-muizen, (non obese diabetic-) se-
vere combined immunodeficient (NOD-) SCID-muizen, recombinase-activating gene 
1 (RAG-1) knock-out-muizen en de in dit proefschrift gebruikte RAG2-/-γc-/--muizen. 
Een aparte groep vormen nog “gehumaniseerde” muizen, die door transplantatie van 
humane stamcellen in een later stadium zelf  humane T-lymfocyten aanmaken. Hoewel 
deze laatste ontwikkeling zeer interessant is, is de methode bewerkelijk en is de ho-
eveelheid uit de chimere muizen te verkrijgen humane T-lymfocyten voor manipulatie-
experimenten nog te laag. Een model voor directe infusie van humane T-lymfocyten is 
daarom vooralsnog het simpelst en meest praktisch. 

�n de volgende hoofdstukken wordt de ontwikkeling beschreven van het huPBMC-
RAG2-/-γc-/--model. Hoofdstuk 3 beschrijft de eerste experimenten waarin wordt 
aangetoond dat infusie van huPBMC’s leidt tot engraftment van humane T-lymfocyten 
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in RAG2-/-γc-/--muizen. RAG2-/-γc-/--muizen zijn meer immuundeficiënt dan SCID- 
muizen doordat er, naast afwezigheid van eigen B- en T-lymfocyten, ook geen func-
tionele NK-cellen circuleren. �n dit hoofdstuk wordt aangetoond dat verdere verminde-
ring van de eigen afweer van de RAG2-/-γc-/--muizen door intraveneuze voorbehandeling 
met clodronaat-liposomen voor macrofaagdepletie de engraftment van humane T-lym-
focyten nog verbetert. Bij een clodronaat-liposomenvoorbehandeling gevolgd door een 
intraveneuze dosis huPBMC’s die 15 miljoen T-cellen bevat, is er een reproduceerbaar 
T-celchimerisme in het perifere bloed van 20-98% in 10 dagen tijd, hetgeen zo hoog 
is dat acute letale graft-versus-host-ziekte ontstaat. Deze acute graft-versus-host-ziekte 
wordt gekenmerkt door gewichtsverlies >20%, verandering van de vacht, verminderde 
mobiliteit en dood van de muizen binnen 3 weken. �n dit hoofdstuk wordt tevens aange-
toond dat acute graft-versus-host-ziekte voorafgegaan wordt door een cytokinestorm. 
Als de muizen niet overlijden, ontwikkelt een significant percentage chronische graft-
versus-host-ziekte, gekenmerkt door gewichtsverlies >10%, haaruitval, erytheem of  
schilfering van de huid en >1% humane T-cellen in het perifere bloed. Een opvallende 
bevinding is de overeenkomst van de histopathologie van xenogene graft-versus-host-
ziekte van de huid van de muizen met humane graft-versus-host-ziekte na allogene 
stamceltransplantatie.

Hoofdstuk 4 gaat dieper in op de histopathologische bevindingen bij xenogene graft-
versus-host-ziekte in het huPBMC-RAG2-/-γc-/--model en de vergelijking met humane 
graft-versus-host-ziekte na allogene stamceltransplantatie. Humane B-cellen engraften 
ook en zijn met name in het beenmerg van de muizen terug te vinden. �n de lever zijn 
plasmacellen terug te vinden met depositie van humane immuunglobulines �gG en �gA. 
Dit suggereert dat B-celimmuniteit een rol speelt bij de pathogenese van xenogene 
graft-versus-host-ziekte. 

De volgende drie hoofdstukken van het proefschrift beschrijven toepassingen van 
het huPBMC-RAG2-/-γc-/--model. �n Hoofdstuk 5 wordt beschreven hoe het effect 
van verschillende kweekmethoden op de functionaliteit van humane T-lymfocyten in 
vivo kwantitatief  geëvalueerd kan worden. Op de T-celmembraan bestaan naast de 
TCR (CD3) diverse andere receptoren, zoals CD28 en 4-1BB. Deze receptoren kun-
nen gezamenlijk worden gestimuleerd, zogeheten costimulatie van de T-lymfocyt. In 
dit hoofdstuk wordt aangetoond dat costimulatie gedurende het kweekproces van 
humane T-lymfocyten leidt tot een betere in vivo functionaliteit na engraftment in 
RAG2-/-γc-/--muizen. Dit is in overeenstemming met resultaten uit experimenten met 
gekweekte muizen-T-lymfocyten in muizen, hetgeen de aanvullende waarde van het 
xenogene huPBMC-RAG2-/-γc-/--model ten opzichte van allogene modellen benadrukt. 
Er wordt tevens aangetoond dat in de tijd de T-celpopulatie zich in vivo ontwikkelt tot 
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voornamelijk effector- en effector-memory-T-lymfocyten, hetgeen suggereert dat de 
overleving en expansie van de T-celpopulatie wordt bepaald door contact met antigeen. 
Een interessante observatie hierbij is dat alle parameters die gebruikt worden om de 
verschillende effecten op in vivo T-celfunctionaliteit te analyseren, zoals kweekcondi-
tie, T-celchimerisme in het perifere bloed, survival van de cellen in de tijd of  de ont-
wikkeling van graft-versus-host-ziekte, volledig onafhankelijk zijn van deze verdeling en 
ontwikkeling van de T-celpopulatie in vivo.

Hoofdstuk 6 beschrijft de manier waarop CD4+CD25+-T-lymfocyten de xenogene 
graft-versus-host-ziekte reguleren, die veroorzaakt wordt door T-lymfocyten van 
dezelfde donor (autoloog). Depletie van CD25+-cellen uit huPBMC’s voorafgaand aan 
infusie van de huPBMC’s in RAG2-/-γc-/--muizen versterkt de xenogene graft-versus-
host-ziekte (X-GVHD). Wanneer de CD25+-gedepleteerde fracties worden gereïnfun-
deerd, beschermt dit tegen X-GVHD. Reïnfusie van de regulatoire T-lymfocyten gaat 
gepaard met een significante productie van de regulatoire T-cel kenmerkende cytokines 
interleukine 10 (IL-10) en interferon γ (IFN-γ). De mogelijkheid om met autologe regu-
latoire T-lymfocyten graft-versus-host-ziekte te beïnvloeden, kan een interessant behan-
delperspectief  bieden voor de toekomst.

Hoofdstuk 7 is een samenvatting van de experimenten die verricht zijn met het huPB-
MC-RAG2-/-γc-/--model in de jaren van het promotieonderzoek (2001-2006). �n een data-
base van meer dan 500 RAG2-/-γc-/--muizen is gekeken naar donorvariatie, interventie in 
acute graft-versus-host-ziekte en verschillen in functionaliteit tussen verse en gekweekte  
huPBMC’s. De resultaten laten zien dat er voor 14 verschillende huPBMC-donoren geen 
significant effect is van donorvariatie op de ontwikkeling van acute graft-versus-host-
ziekte. Interventie in acute graft-versus-host-ziekte is mogelijk door FK506 (tacrolimus), 
een sterk T-celimmuunsuppressivum. Toediening vanaf  dag 0 leidde tot 100% survival 
van de muizen van acute letale xenogene graft-versus-host-ziekte. Experimenten met 
prednisolon hadden geen remmend effect op acute xenogene graft-versus-host-ziekte. 
Analyse toont aan dat de relatie tussen celdosis en ontwikkeling van acute xenogene graft-
versus-host-ziekte lineair is voor zowel verse als gekweekte cellen, met een significant 
negatief  effect van vooraf  kweken van humane T-lymfocyten volgens welke methode 
dan ook, op de capaciteit in vivo om acute xenogene graft-versus-host-ziekte te induceren. 
Verder toont de analyse dat ongeveer de helft van alle muizen die geen acute graft-versus-
host-ziekte ontwikkelen na toediening van humane T-lymphocyten, chronische graft-ver-
sus-host-ziekte ontwikkelen. 
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�n Hoofdstuk 8 worden de achtergronden en mogelijke toepassingen van het huPBMC-
RAG2-/-γc-/--model nader toegelicht. Belangrijke punten voor toekomstig onderzoek 
zijn verbetering van de langetermijnsurvival van de humane T-lymfocyten in de muizen 
en nadere analyse van het exacte mechanisme van antigeenpresentatie en -activatie van 
de T-lymfocyten in vivo. Dit is tevens een voorwaarde voor een betere vergelijking van 
xenogene met humane graft-versus-host-ziekte en de eventuele ontwikkeling van een 
model voor chronische graft-versus-host-ziekte.

Concluderend laten de resultaten van dit proefschrift de ontwikkeling en toepassing 
zien van een nieuw preklinisch model voor in vivo bestudering van humane T-lymfo-
cyten. Voor een veilige en effectieve toepassing van adoptieve immuuntherapie is het 
van het grootste belang dat het effect van voorafgaande manipulatie van T-lymfocyten 
in preklinische modellen wordt getest. Dit model voor humane T-lymfocyten biedt  
hiervoor een waardevolle mogelijkheid. 
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