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palavras-chave 

 
Inflamação, citotoxicidade, imunidade, transplante-versus-leucemia, 
apresentação de antigenio. 
 
 

resumo 
 

 

A indução da doença do transplante contra o hospedeiro (GVHD) depende da 
activação das células dadoras T pelas células do hospedeiro que apresentam
antigenio (APCs). A teoria prevalecente descreve que estas interacções 
ocorrem nos órgãos linfáticos secundários (SLO), tais como os nódulos
linfáticos (LN), as placas de Peyer’s (PP) e o baço (SP). Esta hipótese foi 
testada usando ratinhos homozigóticos aly/aly (alinfoplasia) que não têm LN 
nem PP, usando como controlo os ratinhos heterozigóticos (aly/+) da mesma 
ninhada. Os dois grupos foram irradiados com dose letal após a remoção do 
baço aos ratinhos aly/aly (LN/PP/SP-/-), enquanto nos ratinhos aly/+ o baço foi 
deslocado e recolocado. Ambos receberam transplante de medula óssea 
(BMT) de ratinhos dadores singénicos (aly/aly, H-2b) ou de ratinhos alogénicos, 
com diferente complexo principal de histocompatibilidade (MHC) (BALB/c, H-2d

ou B10.BR, H-2k). A severidade de GVHD foi medida pela sobrevivência, e 
pelo sistema de pontuação, bem estabelecido, quer de doença clínica quer de 
doença dos órgãos alvo. Surpreendentemente, todos os ratinhos LN/PP/SP-/-
sobreviveram, desenvolvendo GVHD clinicamente significativo, comparável,
em severidade, com o observado nos ratinhos LN/PP/SP+/+. Além disso, as
análises histopatológicas demonstraram que os ratinhos LN/PP/SP-/-
receptores de BMT desenvolveram significativamente mais GVHD no fígado,
no intestino, e na pele quando comparados com os animais singénicos de
controlo. Os ratinhos LN/PP/SP-/- desenvolveram também GVHD hepático 
mais severo quando comparados com os ratinhos de controlo LN/PP/SP+/+. 
Diferenças semelhantes foram ainda observadas, logo ao 7º dia, para o GVHD
hepático entre os grupos alogénicos. Para identificar quais os órgãos extra-
linfáticos do receptor que poderão servir como sítios iniciais de exposição a 
antigenios alogénicos, na ausência de SLO, foi examinada a expansão das 
células T (CD3+), a sua activação (CD69+), e a sua proliferação (CFSE) na 
medula óssea, 3 dias depois do BMT. Em cada caso, os ratinhos LN/PP/SP-/-
transplantados com medula de dadores alogénicos apresentaram números
absolutos significativamente maiores quer de células, quer de divisões
celulares, se comparados com os LN/PP/SP+/+. Para garantir que as 
diferenças experimentais observadas nos animais aly/aly, no sistema díspar do 
MHC, não são apenas um fenómeno dependente da estirpe de ratinho, foram
transplantados ratinhos sem baço FucT dko (LN/PP/SP-/-), previamente 
tratados com o anticorpo monoclonal (mAb) anti-MadCAM-1. Após o BMT 
estes ratinhos apresentaram elevada pontuação clínica de GVHD, mostrando 
que os SLO não são necessários para a indução de GVHD. Em estudos de 
transplante-versus-leucemia usando hospedeiros homozigóticos (LN/PP/SP-/-) 
estes ratinhos morreram devido a expansão tumoral e não devido a GVHD.
Estudos in vitro mostraram que a capacidade das APCs, quer das células
dendríticas (DCs) esplénicas, quer das DCs derivadas da medula óssea, dos
ratinhos aly/aly e aly/+ eram comparável. Colectivamente, estes resultados são 
consistentes com a noção de que os SLO não são necessários para a 
activação alogénica das celulas T, sugerindo que a medula óssea pode ser um
local alternativo, embora menos eficiente, para o reconhecimento alogénico de
antígenos e consequente activação das células dadoras T. Estas observações 
desafiam o paradigma de que os tecidos linfáticos secundários são
necessários para a indução de GVHD. 
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abstract 

 
The induction of graft-versus-host disease (GVHD) fundamentally depends 
upon the activation of donor T cells by host antigen presenting cells (APCs).
The prevailing view is that these critical interactions occur in secondary
lymphoid organs (SLO), such as lymph nodes (LN), Peyer’s patches (PP) and 
spleen (SP). This hypothesis was tested by using homozygous aly/aly
(alymphoplasia) mice that are deficient in all LN and PP, while heterozygous
aly/+ littermates served as controls. Lethally irradiated, splenectomized, aly/aly
(LN/PP/SP-/-) mice and sham splenectomized aly/+ (LN/PP/SP+/+) mice 
received bone marrow transplant (BMT) either from syngeneic (aly/aly, H-2b) or 
allogeneic, major histocompatibility complex (MHC) disparate donors (BALB/c,
H-2d or B10.BR, H-2k). The severity of GVHD was assessed by survival and the 
well-established scoring systems of both clinical and target organ disease.
Surprisingly, all LN/PP/SP-/- mice survived and they developed significant 
clinical GVHD comparable in severity to LN/PP/SP+/+ mice. Moreover,
histopathologic analysis demonstrated that LN/PP/SP-/- BMT recipients 
developed significantly greater liver, intestinal tract and skin GVHD compared
to syngeneic animals. These mice also developed more severe hepatic GVHD
compared to allogeneic littermate controls. Similar differences in liver GVHD
were also seen between allogeneic groups as early as day 7. To ascertain what
extra-lymphoid host tissues might serve as initial sites for allo-antigen exposure 
in the absence of SLO, it was examined donor T cell expansion (CD3+), 
activation (CD69+) and proliferation (CFSE) in bone marrow 3 days after BMT.
In each case, it was found that LN/PP/SP-/- allo-BMT recipients had 
significantly higher absolute cell numbers as well as cell divisions compared to
allogeneic, LN/PP/SP+/+ littermate controls. To ensure that experimental 
differences seen with aly/aly animals in the MHC disparate system did not 
solely represent a strain-dependent phenomenon, we used the monoclonal 
antibody (mAb) anti-MadCAM-1 pretreated FucT dko splenectomized mice 
(LN/PP/SP-/- recipients) as recipients. These mice showed elevated clinical
GVHD scores following BMT, providing evidence that SLO are not required for 
the induction of GVHD. In graft-versus-leukemia (GVL) studies using 
homozygous (LN/PP/SP-/-) as recipients, these mice died from tumor 
expansion and not from GVHD. In vitro studies demonstrated that the allo-
stimulatory capacity of APCs, including both splenic and BM-derived dentritic 
cells (DCs), from aly/aly and aly/+ were comparable. Collectively, these data 
are consistent with the notion that SLO are not required for allogeneic T cell
activation and suggest that the bone marrow may represent an alternative,
albeit less efficient site for allo-antigen recognition and donor T cell activation. 
These observations challenge the paradigm that secondary lymphoid tissues 
are required for GVHD induction. 
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ABBREVIATIONS 

47   Integrin and lymphocyte Payer‘s patches adhesion molecule 

aGVHD   Acute graft versus host disease 

ALL   Acute lymphoid leukemia 

Allo   Allogeneic 

allo-co   Allogeneic control 

Aly   Alymphoplasia 

AML   Acute myeloid leukemia 

APC    Antigen-presenting cells 

APC-   Allophycocyanine 

APO-1/Fas/CD95  receptor that mediates cell specific apoptosis  

ATP   Adenosine triphosphate 

B7   Costimulatory molecule 

B7.1 (CD80)  Costimulatory molecule CD80 

B7.2 (CD86)  Costimulatory molecule CD86 

B7h/B7RP-1/GL-50/ 

     B7H2/LICOS  Costimulatory molecule of B7 family (ICOS ligand) 

BAFF    B cell activating factor  

BAFFR    B cell activating factor receptor 

BAL   Bronchoalveolar lavage 

4-1BB   Costimulatory molecule of TNFR superfamily 

BLI   Bioluminescence Imaging  

BMT   Bone-marrow transplant 

BSA   Bovine serum albumin 

ºC   Degree celcius 
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CC   Chemokine  

cc   cubic centimeter 

CCD   Charge coupled device 

CCL   Chemokine ligand 

CCR   Chemokine receptor  

CD/CDL  Cluster of differentiation/cluster of differentiation ligand 

CD3   T-lymphocyte surface antigen component of the TCR-complex 

CD4 T helper cell, regulatory T cell, monocytes, macrophagesand DC 

cell surface antigen 

CD8   T cytotoxic cell and natural killer cell surface antigen 

CD11c DCs, monocytes, macrophages, and neutrophils surface antigen 

CD14   Macrophage surface antigen 

CD19   B-lymphocyte surface antigen  

CD25   Lymphocyte activation marker 

CD28   Costimulatory molecule receptor for B7 family proteins 

CD30   costimulatory molecule receptor of TNFR superfamily 

CD44   Hyaluronate receptor 

CD45RB/R0/RA Leukocyte common antigen (CD45) isoform RB/R0/RA 

CD62L   L selectin 

CD69   Early activation marker of T lymphocytes and NK cells 

CD90/Thy-1  Thymocyte differentiation antigen 1 

CFDA SE   5,6-Carboxyfluorescein diacetate succinimidyl ester 

cGy   Centigray 

CMI   cell-mediated immunity 

CML   Chronic myeloid leukemia 

C02   Carbon dioxide 

CP   Cryptopatches 

51
Cr   Radioisotope Chromium 
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137
Cs   Radioisotope Caesium 

CTL   Cytotoxic T cell  

CTLA-4  Cytotoxic T-lymphocyte antigen 4 

CXC  The two N-terminal cysteines of CXC chemokines (or α-

chemokines) are separated by one amino acid, represented in this 

name with an "X". 

CXCL CXC ligand 

CXCR    CXC receptor 

DC   Dendritic cells 

DMEM   Dulbecco‘s modified Eagle‘s medium 

DMSO   Dimethyl sulfoxide 

DOB   Date of birth 

EDTA   Ethylenediaminetetraacetic acid 

EL-4   Mouse lymphoma cell line 

ELISA   Cytokine enzyme-linked immunosorbent assay 

 FACS   Fluorescence-activated cell sorting 

FasL   Cell surface receptor for apoptotic signals/Fas ligand 

FBS   Fetal bovine serum 

Fc   Constant fragment of an antibody 

FCS   Fetal calf serum 

FITC   Fluorescein Isothiocyanate 

Foxp3   Forkhead/winged-helix family of transcriptional regulators.  

FucT dko  mice deficient in alpha(1,3)-fucosyltransferase VII and alpha(2,3)-

sialyltransferase IV 

G gauge needle 

g  Grams 

GALT Gut-associated lymphoid tissue 
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GATA Family of transcription factors that binds to the DNA sequence 

"GATA‖.  

GATA3 Transcription factor GATA-binding protein 3 

G-CSF   Granulocyte-colony stimulating factor 

GFP   Green fluorescence protein 

GI   Gastrointestinal tract 

GM-CSF  Granulocyte monicyte-colony stimulating factor 

GVHD   Graft versus host disease 

GVL   Graft versus leukemia 

3
H   Radioisotope tritium 

H-2/H-2k Mouse major histocompatibility complex H-2/H-2K haplotype 

hCD2 Human CD2 gene 

HEK293 or 293T Human embryonic kidney cells 

HEV   High endothelial venules 

HIV   Human immunodeficiency virus 

HLA   Human leukocyte antigen 

HRP   Horseradish peroxidase 

HSC   Hematopoietic stem cells 

HSCT   Hematopoietic stem cell transplant 

H2SO4   Sulfuric acid 

ICAM-1  Intercellular adhesion molecule 1 

ICOS   Inducible costimulatory molecule 

ID   Identification 

IEL   Intraepithelial lymphocytes 

IFN-   Interferon gamma 

mIFN-   Mouse Interferon gamma 

Ig   Immunoglobulin 

IgA   Immunoglobulin A 
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IgG   Immunoglobulin G 

IL-   Interleukin 

ILr-   Interleukin receptor 

ILF   Isolated lymphoid follicles 

IL2ry
-/-

Rag2
-/-

 Trangenic mice homozygous for a targeted mutation on IL-2 

receptor gamma chain, and homozygous for a disruption of the 

recombination activating gene 2 

IL7r
-/-

 Transgenic mice homozigous for trageted mutation on IL7 

receptor gene 

IkB   Structurally related proteins of the NF-kB complex 

i.p.   Intraperitoneal 

Kg   Killogram 

KO   Knockout 

LCMV   Lymphocyte choriomeningitis virus 

LFA-1   Lymphocyte function-associated antigen 1 

LN/PP/Sp
-/-  

Lymph nodes/Payer‘s patches, no spleen 

LN/PP/Sp
+/+

  Lymph nodes/Payer‘s patches, spleen 

LN   Lymph node 

LNi   Lymph node inducer cells 

LNo   Lymph node organizer cells 

LPAM   Lymphocyte Payer‘s patches adhesion molecule 

LPS   Lipopolysaccharide 

LT ()   Lymphotoxin (alpha) 

LTR(/)  Lymphotoxin receptor (beta/alpha) 

M   Molarity 

MadCAM-1  Mucosal vascular addressin cell adhesion molecule 

MBL-2   Mouse lymphoma cell line 

M-CSF   Macrophage-colony stimulatory factor 
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MEKK3  Mitogen-activated protein kinase/extracellular-regulated kinase 

kinase kinase-3 

mg   Milligram 

ml   Milliliter 

MHC   Major histocompatibility complex 

miHA   Minor human lymphocyte antigens 

mLN   Mesenteric lymph nodes 

MLR   Mixed lymphocyte reaction 

MoAb   Monoclonal antibody 

NaCl   Sodium chloride 

NF-kB   Nuclear factor-kB; transcription factor  

ng   Nanogram 

NIK   NF-kB-inducing kinase 

NK   Natural killer cells 

nm   Nanometer 

NO   Nitric oxide 

O2   Oxigen 

OX40/L   Costimulatory molecule/ligand of TNFR superfamily 

p50/p52/p100  Structurally related proteins of the NF-kB complex 

P815   Mouse lymphoma cell line 

PBS   Phosphate buffered saline  

PBSC   Peripheral blood stem cells 

PE   Phycoerythrin 

PC   Peritoneal cells 

ph Power of hydrogen 

PMN   Polymorphonuclear cells 

PNAd   peripheral node addressin 

PP   Payer‘s patches 
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PSGL-1   P-selectin glycoprotein ligand-1 

rad   Radiation 

Rag1
-/-

 transgenic mice homozigous for targeted mutation of 

recombination antivating gene-1 

RBCs   Red blood cells 

RelA/B   Structurally related proteins of the NF-kB complex 

RNA   Ribonucleic acid 

rpm   Rotations per minute 

RPMI   Roswell Park Memorial Institute Medium 

SAA   Serum amyloid-A protein 

SEM   Standard error of the mean 

SLO   Secondary lymphoid organs 

Sp   Spleen 

Sp-/-   Without spleen 

Sp+/+   With spleen 

STAT4 Signal transducer and activator of transcription member 4 or 

signal transduction and transcription protein member 4 

STAT6 Signal transducer and activator of transcription member 6 

Syn   Syngeneic 

T    T cell 

TAP   Transporter associated with antigen processing 

T-bet/Tbx-21  Transcription factor member of the T-box family  

TBI   Total body irradiation 

TBS   Tris buffered saline  

TCR   T cell receptor 

TD   Thymus dependent 

Tem   Effector memory T cells 

Th   Helper T cells 
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Th1   Type 1 helper T cell 

Th2   Type 2 helper T cell 

Th17   Type 17 helper T cell 

TLR   Toll-like receptor 

TNFR   Tumor necrosis factor receptor 

TNF-α   Tumor necrosis factor alpha 

Treg   Regulatory T cells 

UCUCA  University of Michigan committee on the use and care of animals 

ULAM   Unit for laboratory animal medicine 

VCAM-1  Vascular cell adhesion molecule 1 

µCi   Microcurie 

µm   Micrometer (micron) 

µM   Micromoler 

µl   Microliter 

#    Number 

%   Percent 
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 I. GENERAL INTRODUCTION 

 

I.1. White blood cells of the immune system derive from precursors in the 

bone marrow: hematopoietic stem cells (HSC) 

Blood cells are responsible for constant maintenance and immune protection of every 

cell type of the body. This intense and constant work requires that blood cells, along with 

skin cells, have the greatest powers of self-renewal of any adult tissue [1]. All the cells from 

the blood, including red blood cells, platelets and white blood cells of the immune system, 

derive from the same progenitor or precursor cells—the HSC in the bone marrow (BM). 

Mature blood cells are traditionally categorized into two separate lineages: lymphoid and 

myeloid [2, 3]. The lymphoid lineage consists of T, B, and natural killer (NK) cells. The 

myeloid lineage includes a number of morphologically, phenotypically, and functionally 

distinct cell types including different subsets of granulocytes (neutrophils, eosinophils, and 

basophils), monocytes, macrophages, erythrocytes, 

megakaryocytes, and mast cells. Dendritic cells (DCs) have a unique developmental program 

that can be activated from either the myeloid or the lymphoid pathways (Figure 1).   

 

I.1.1. Myeloid cells:  

Macrophages are one of the three types of phagocytes in the immune system and are 

distributed widely in the body tissues, where they play a critical part in innate immunity. 



                                                                                                                                       Chapter I 

___________________________________________________________________________ 

 

_________________________________________________________________________ 

28 

Monocytes generated in the bone marrow circulate in the blood and differentiate 

continuously into macrophages upon migration into the tissues [1]. DCs are potent antigen 

presenting cells (APCs) that possess the ability to stimulate naïve T cells. They too are 

widely distributed in all tissues, especially in those that provide an environmental interface. 

They are critical for the induction of T cell responses resulting in cell-mediated immunity 

(CMI). The T cell receptors (TCRs) on T lymphocytes recognize antigen peptides bound to 

molecules of the major histocompatibility complex (MHC) on the surfaces of APCs. The 

peptide can bind proteins of two types, MHC class I (intracellular antigen peptides) and II 

(extracellular antigen peptides), which interact with and stimulate cytotoxic T lymphocytes 

(CTLs) and T helper cells (Ths), respectively [1]. 

 There are three types of granulocytes: neutrophils, eosinophils and basophils, all of 

which are relatively short lived and are produced in increased numbers during immune 

responses when they leave the blood to migrate to sites of infection or inflammation. 

Neutrophils are the most numerous and most important cellular component of the innate 

immune response. In response to many types of infections, the bone marrow releases 

increased numbers of neutrophils that enter circulation and arrive first to a site of 

inflammation. These cells are often called polymorphonuclear cells (PMN's) because of the 

polymorphic shape of the nucleus. Neutrophils and macrophages are active phagocytes but 

neutrophils distinguish themselves by containing lytic enzymes and bactericidal substances 

that allow them to kill many microorganisms effectively. Eosinophils are thought to be 

important in defense against parasitic infections because their numbers increase during a 
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parasitic infection. The function of basophils is probably similar and complementary to that 

of eosinophils and mast cells.  Mast cells are best known for their role in allergic responses, 

are also believed to play a part in protecting mucosal surfaces against pathogens [1]. 

 

Figure 1. Cellular components of the blood. 

 

I.1.2. Lymphoid cells: 

There are two major types of lymphocytes: B and T lymphocytes. B lymphocytes 

when activated, differentiate into plasma cells that secrete antibodies. There are two main 
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types of T cells. One class differentiates upon activation into CD8
+
 CTLs. They kill cells that 

are infected with intracellular pathogens, or are otherwise damaged or dysfunctional. Most 

CTLs express TCR that recognize specific antigenic peptide bound to class I MHC molecules 

[1]; whereas the second class, known as ―helper cells‖ differentiates into cells that activate 

other cells such as B cells, macrophages and other T cells. CD4
+
 helper T cells recognize 

antigen peptide bound to class II MCH molecules [1]. Helper T cells can be divided further 

in two main subtypes of cells: i) Effector CD4
+
 T cells, which on one hand provide 

protection against pathogens, and on the other hand have been implicated in autoimmune 

diseases; ii) Regulatory T cells (Tregs) that provide protection against autoimmunity and stop 

effector responses.  Effector CD4
+
 T cells can then be divided in 2 types: iii) Th1 T cells 

drive cell-mediated immune responses involving tissue damage and fighting infections 

against intracellular microorganism. They have also been implicated in autoimmunity, and 

are characterized by secrete interferon-gamma (IFN-) and tumor necrosis factor-alpha 

(TNF-). iv) Th2 T cells are involved in the development of allergic inflammation and 

clearence of helminthic infections. These cells secrete IL-4, IL-5 and IL-13 [4-6].  Recently, 

a novel type of effector CD4
+
 T cells has been described in both mice and human, named 

Th17 because the main cytokine that it produces is IL-17A.  Th17 T cells have been found to 

be responsible for autoimmune encephalomyelitis (EAE), collagen-induced arthritis (CIA) 

and bowel inflammatory disorders (BID), which were thought to be mainly due to Th1 cells 

[7-9]. Nevertheless, the expression of IFN-γ was critical in controlling these thought to be 

Th1-mediated diseases [10]. Th17 development is distinc from Th1/Th2 differentiation and.  
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These cells secrete IL-17A, IL-17F, IL-22, IL-21, CCR6, CCL20 (in humans) and IL-17A, 

IL-17F, IL-6, TNF, IL-22 (in mice) [8, 9, 11-13].  

A third lineage of lymphoid cells, called natural killer cells, lack antigen specific 

receptors and are part of the innate immune system. These cells circulate in the blood as 

large, cytotoxic lymphocytes with distinctive granules. They are able to recognize and kill 

abnormal cells including tumor cells and virus-infected cells, and are thought to be important 

in the innate immune defense against intracellular pathogens [14].  

Due to the fact BM contains the pluripotent hematopoietic stem cells that give rise to 

the lymphocytes responsible for adaptive immunity and also to myeloid lineages that 

participate in both innate and adaptive immunity, bone marrow transplantation is commonly 

used as a therapy for patients with absent or dysfunctional immune systems, individuals with 

absent or dysfunctional hematopoiesis, as well as those with hematologic malignancies. 

 

I.2. Adaptive immune responses 

I.2.1. T cell activation / costimulation / direct and indirect antigen 

presentation 

Naïve T cells circulate continuously from the bloodstream to the lymphoid organs and 

back to the blood, making contact with many thousands of APCs in the lymphoid tissues 

every day. These contacts reinforce the process of positive selection for self MHC 

recognition that occurred during T cell development. Additionally, T cell survival in the 

periphery also depends on contact with self MHC:self peptide ligands. At the same time, the 
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sampling of MHC:peptide ligands on APCs that are detected by the TCR complex on the T 

cell‘s surface, ensures an elevated probability of encountering antigens derived from 

pathogens at any site of infection. T cells that recognize their antigen on the surface of a DC 

cease to migrate, become activated, proliferate, differentiate into effector cells and re-enter 

bloodstream to migrate to sites of infection [14]. 

 Although TCR signal transduction is necessary for the activation of naïve T cells, 

TCR ligation alone is not sufficient to initiate an immune response. Both specific ligand and 

co-stimulatory signals provided by an APC are required for the clonal expansion of naïve T 

cells. For optimal activation, a secondary signal known as costimulation is needed [15]. 

CD8
+
 T cells require a stronger co-stimulatory signal than CD4

+
 cells and their clonal 

expansion depends on cognate help provided by CD4
+
 T cells [16, 17]. The best 

characterized co-stimulatory molecules are the structurally related glycoproteins B7.1 

(CD80) and B7.2 (CD86) [15, 18] (Table 1). The B7 molecules are homodimeric members of 

the immunoglobulin superfamily and are found exclusively on the surfaces of APC 

stimulating T cell proliferation. Ligation of CD28 by B7 molecules or by anti-CD28 

antibodies co-stimulates the clonal expansion of naïve T cells, whereas anti-B7 antibodies, 

which inhibit the binding of B7 molecules to CD28, inhibit T cell responses [15, 19]. CD28-

related proteins are also induced on activated T cells and serve to modify the co-stimulatory 

signal as the T cell response develops [14]. Once a naïve T cell is activated, however, it 

expresses a number of proteins that contribute to sustaining or modifying the co-stimulatory 

signal that drives clonal expansion and differentiation. One such protein is CD40 ligand 
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(CD40L) so-called because it binds to CD40 on APCs. CD40-CD40L mediates contact-

dependent signals between B and T cells and is required for the generation of thymus 

dependent (TD) humoral immune responses [20]. CD40-CD40L interactions can influence T 

cell priming and T cell–mediated effector functions; they can also upregulate costimulatory 

molecules and activate macrophages, NK cells, and endothelial cells as well as participate in 

organ-specific autoimmune disease, graft rejection, and even atherosclerosis. CD40 and 

CD40 ligand belong to the TNF family [21, 22].  

A third costimulatory molecule of the CD28 family of receptors that can enhance T 

cell responses is the inducible co-stimulator, or ICOS.  ICOS is expressed on T cells and 

binds to the ligand B7h on APCs, also called B7RP-1, GL50, B7H2, and LICOS [15, 23, 24]. 

Although it resembles CD28 in driving T cell growth, it differs from CD28 in not inducing 

IL-2 but instead it induces IL-10 [1, 25].  In contrast to costimulation, one of the CD28 

family receptors mediates coinhibition and is the cytotoxic T lymphocyte antigen-4 (CTLA-

4) that makes activated T cell less sensitive to stimulation by APCs and limits the amount of 

autocrine T cell growth factor, interleukin-2 (IL-2) that is produced. Thus, CTLA-4 on T 

cells binds to B7-1/2 molecules on APCs acting as a key negative regulator of CD28-

dependent T cell activation [15].  In addition, other costimulatory molecules have been 

described, among them there is 4-1BB, which is a member of the TNFR family and is a T 

cell costimulatory receptor that activates TCR-signaling pathways in CD8
+
 T cells [26, 27]. 

Another molecule of this family is OX40 or CD134. Unlike CD28, OX40 is absent
 
on naïve 

T cells but up-regulated after antigen
 
encounter [28, 29]. OX40 transmit a survival signal to 
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the T cell
 
preventing activation-induced cell death but up-regulating

 
anti-apoptosis gene 

expression and cytokine production. Similarly, OX40 ligand (OX40L) is expressed only at 

low levels
 
on resting APCs and is up-regulated after CD40–CD40L interactions [28]. Finally, 

the costimulatory molecule CD30 that belongs to the TNF receptor superfamily has restrict 

expression on activated T cells, B cells and macrophages [30-32]. T cell expression of CD30 

is dependent
 
on the presence of CD28 costimulatory signals or exogenous IL-4

 
during 

primary T cell activation. Once expressed on the cell surface,
 
CD30 can serve as a positive 

regulator of mature T cell function [33].   

Several processes could be inhibited to thwart T cell proliferation
 
including a 

reduction of antigen presentation by MHC, inhibition
 
of costimulatory B7 molecules, or 

depletion of T cells themselves.
 
The relevance of costimulation on GVHD has been greatly 

studied by the Blazar group, where they showed that inhibition/blockage of these 

costimulatory molecules reduced GVHD [30, 34-40].  
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Table 1. T cell costimulation: B7 family ligands and CD28 family receptors. 

Modified from Zang et al.  Clin Cancer Res, 2007 [15] 

 

I.2.2. Antigen processing pathway  

In the context of bone marrow transplantation (BMT) or hematopoietic stem cell 

transplantation (HSCT), host derived DCs serve as the primary APCs which stimulate donor 

naïve T cells directly or indirectly [41, 42].  Initially, donor naïve T cells detect allo-MHC 

antigens presented by primed host APCs in secondary lymphoid organs (SLO), which is 

fundamental to initiate rejection of the host tissue after BMT or the so-called graft vs host 

disease (GVHD). In a later stage, donors APCs also can be found in SLO presenting 

allogeneic peptides to donor T cells [43]. In direct presentation, the TCR of donor T cells 

recognize intact allo-MHC:peptide complex on host APCs, or in other words, donor T cells 

 

 

B7 family ligands 

expression        name 
  

CD28 family receptor 

name      expression          function 
 

APC B7-1 
→ 

CD28 T cells costimulation 

APC B7-2 → CTLA-4 activated T cells coinhibition 

 

APC, tissue 

 

B7h → ICOS activated T cells costimulation 

APC 
4-1BBL 

 
→ 4-1BB activated T cells costimulation 

APC 
OX44L 

 
→ OX44 activated T cells costimulation 

APC CD30L → CD30 activated T cells costimulation 
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recognize either the peptide bound to allogeneic MHC molecules or the allogeneic MHC 

molecules without peptide (MHC-mismatched [44]. In indirect presentation, donor T cells 

recognize the peptide generated by degradation of allogeneic MHC molecules presented on 

self-MHC (donor APCs) [(MHC-matched, minor MHC-mismatched histocompatibility 

antigens (miHAs)] [45, 46]. APCs can present allogeneic peptide on both MHC class I and 

MHC class II, which is the so-called cross-presentation (Fig. 2).  
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Shlomchik WD, Nat Reviews/Immunol. 2007 [46] 

Figure 2. Indirect antigen presentation in GVHD. a) Initially, donor CD8
+
 T cells 

recognize allo-peptides of polymorphic genes (miHAs). Cytosolic proteins are degraded by 

proteasomes in the host APC, and the resulting peptides are pumped by transporters 

associated with antigen processing (TAP) into the endoplasmic reticulum where they are 

loaded onto MHC class I molecules (class I pathway). The peptide–MHC class I complex is 

then exported to the cell surface where the peptide is recognized as foreign by donor CD8
+
 T 

cells. On the other hand, initial CD4
+
 T-cell activation can be directed towards antigens that 

are endocytosed by recipient- or donor-derived APCs (a, b) and processed by the class II 

pathway. b) After the initiation phase, donor APCs can activate donor CD8
+
 T cells by cross-

presenting exogenously acquired antigens (through the uptake of apoptotic recipient or shed 

proteins) on MHC class I molecules. Donor APCs can re-prime donor CD8
+
 T cells 

previously activated by recipient APCs against the same antigens expressed by recipient 

APCs. Alternatively or in addition, donor APCs can activate naïve donor CD8
+
 T cells 

against new, non-hematopoietic antigens.  

 

b) Cross-presentation pathway 

 

      - Later phase of GVHD 

a) Classical antigen processing pathway 

      

       - Initial phase of GVHD 



                                                                                                                                       Chapter I 

___________________________________________________________________________ 

 

_________________________________________________________________________ 

38 

 

I.2.3. Trafficking of T cells  

How and where T cells interact with and are activated by professional APCs involves 

complex trafficking pathways.  In a naïve animal, antigen-inexperienced T lymphocytes 

circulate from their sites of lymphopoiesis to secondary lymphoid organs (SLO), 

recirculating continuously through peripheral lymph node (LN), spleen and mucosal 

associated lymphoid tissue, like Peyer‘s patches (PP) where they scan for mature DCs 

presenting antigen in the MHC context [47-49]. In response to inflammatory signals during 

an infection by a microorganism, naïve DCs located at the site, capture, process and carry it 

to SLO. Once DCs present their antigen as a peptide-MHC complex to naïve T cells, they 

undergo differentiation into effector T cells migrating back to the site of infection via efferent 

lymphatics where they are able to mount an immune response [48, 50].  

A rigorous four-phase mechanism has to happen for this migration to occur. The 

continuous recirculation of naïve lymphocytes between blood and peripheral lymphoid 

tissues is mediated by L-selectin, which is constitutively expressed by all leukocyte classes 

[51]. On the other hand, leukocyte recruitment into inflammatory sites involves a variety of 

adhesion molecules including P-selectin glycoprotein ligand-1 (PSGL-1), endothelial E- and 

P-selectins [51, 52]. First, tethering or slowing down lymphocytes from peripheral blood flux 

occurs followed by rolling on the lumenal surfaces of high endothelial venules (HEV) in the 

LN [48]. These two events are mediated by the interaction of L-selectin (CD62L) and 

cytokines. Third, cells arrest and fourth, migrate either through endothelial cells or through 
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junctional adhesional molecules to peripheral tissues. Arrest and migration are dependent on 

chemokine receptor CCR7 and the integrin lymphocyte function-associated antigen 1 (LFA-

1) on T cell surface, and their ligands, peripheral node addressin (PNAd), CCL21 and 

intercellular adhesion molecule 1 (ICAM-1), respectively, on HEV [47-49, 53]. Previously, it 

was commonly accepted that naïve T cells could not migrate to nonlymphoid organs; 

however, recent controversial data showed that naïve T cells enter nonlymphoid tissue as part 

of their normal migratory pathway [54]. The authors suggested that naïve T cells encounter 

tissue-specific antigens and that this encounter plays a role in the development of peripheral 

tolerance.  

After T cells differentiate into effector lymphocytes, they lose expression of CD62-L 

and CCR7 acquiring the capacity to express different adhesion molecules and chemokine 

receptors equip them to migrate to inflamed tissues in the periphery. Among specific tissue-

homing molecules are E- P-selectin ligands, CXCR3 (receptor for IFN-γ-induced 

chemokines), CCR5 (receptor for CCL3, CCL4 and CCL5), just to mention a few [55, 56]. 

The same migratory constrains are valid for memory T cells. Central memory T cells (Tcm) 

express CCR7 and CD62-L allowing them to migrate to SLO since they are devoid of 

immediate effector function, although they can rapidly proliferate in secondary immune 

responses [57, 58]. On the other hand, effector memory T cells (Tem), which are capable of 

immediate effector function, lack CD62-L and CCR7 that is found in peripheral blood, 

tissues and the spleen [59]. However, recent data by Guarda and colleagues (2007) [48], 

nicely showed that effector T cells and Tem cells enter reactive draining LN in response to 



                                                                                                                                       Chapter I 

___________________________________________________________________________ 

 

_________________________________________________________________________ 

40 

migrating mature DCs, TNF, adjuvant or local infection, being nevertheless, exclude from 

resting LN. The novelty of the work was to demonstrate that effector CD8
+
 T cells were 

recruited to reactive LN, killing antigen-bearing DCs, in a CXCR3-dependent way through 

HEVs. Contrary to previous data where effector and Tem cells could reach draining LN 

through afferent lymphatics, here they reached reactive LN directly from peripheral blood 

mediated by CXCR3.   

  

I.2.4. (1,3)fucosyltransferases and FucT dko 

Synthesis of fucosylated glycans implicated in E-, P-, and L-selectin ligand activity is 

catalyzed by an ordered series of glycosylation reactions. The final reaction in this pathway 

is controlled by one or more specific (1,3)fucosyltransferases, including Fuc-TIV [60, 61] 

and Fuc-TVII [60, 62]. The selectins, L-, P-, and E-selectin, are a family of C-type
 
lectins 

expressed primarily by leukocytes and endothelial cells [63]. L-selectin is constitutively 

expressed on myeloid cells, naïve
 
lymphocytes, and central memory T cells. Carbohydrate 

ligands
 
for L-selectin are constitutively present on HEVs and inducibly present at

 
sites of 

chronic inflammation [64]. P-selectin was previously shown to be constitutively expressed
 
on 

lung endothelium [65] and E-selectin on cutaneous endothelium [66]. However, in response 

to inflammation, E- and P-selectins
 
are up-regulated

 
on endothelial cells of target tissues [64]. 

P- and E-selectins
 
have been shown to play crucial roles in T-cell recruitment

 
to inflamed 

skin and synovium [55], but their role in recruiting
 
effector cells to GVHD target organs is 

not yet clear [67].   
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Mice lacking both Fuc-TIV and Fuc-TVII
 
(Fuc-Tdko mice) do not present E, P or L 

selectin ligands on T cell (E and P) or endothelial cell (L) membranes respectively (Fig. 3). 
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Figure 3. FucT dko endothelial cells and T cells. 

Endothelial cells from these mice do express at the membrane surface P- or E-selectin, but do 

not express L-selectin ligand. In opposite, T cells express only L-selectin and do not express 

P- or E-selectin ligand. As a result, in FucT dko mice, naïve T cells cannot migrate to LN 

[60]. 

 

The absence of these selectin ligands results in abrogation of T cell trafficking to 

inflamed cutaneous sites and substantial reduction in peripheral LN total cellularity, 

including CD19
+
 B lymphocytes, CD4

+
 and CD8

+
 T lymphocytes and T cells of 

memory/effector (CD4
+
CD44

high
CD45RB

low
) phenotype [62, 68, 69].  Mutant mice do 

however have normal numbers of peripheral blood B cells, naïve T cells and memory T cells 

available and present with splenomegaly (an enlarged spleen) and elevated absolute 

leukocyte numbers compared to wild type animals. Work conducted using a lymphocytic 

choriomeningitis virus (LCMV) model to analyze CD8
+
 T cell function in vivo in FucT dko 

mice confirmed the important role of fucosylated selectin ligands for trafficking of CD8
+
 T 
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cells to the skin [70]. However, this study revealed that T cell extravasation in visceral 

organs, such as the ovaries or brain, was not impaired and therefore not selectin ligand-

dependent.  Furthermore, studies done by Schreiber et al. (2006) [71] on Mycobacterium 

tuberculosis infection, indicate that leukocyte recruitment functions dictated by Fuc-TIV and 

Fuc-TVII-dependent selectin ligand activities were not critical for inducing or maintaining T 

cell effector responses at levels necessary to control pulmonary tuberculosis.   

 

I.2.5. Th1 versus Th2 paradigm and the new Th17. 

Two decades ago, Mosmann et al. proposed that Th cells could be subdivided in two 

subpopulations, Th1 and Th2, based upon their cytokine expression profiles, describited 

previously at I.1.2. section [72]. Th1 cells produce IL-2 and IFN-γ, while Th2 cells 

synthesize IL-4, IL-5, IL-9 and IL-13. Th1 cells can be induced to differentiate in vitro by 

IL-12, which can also inhibit Th2 differentiation, and Th2 cells can be induced by IL-4, 

which in turn, inhibit Th1 differentiation [73, 74]. T-bet (also known as Tbx-21) is the master 

regulator of Th1 differentiation [73]. The signal transducer and activator of transcription-1 

(Stat1) is the major transducer of IFN- signaling, plays a critical role in the IFN--mediated 

induction of T-bet, while transcription factor Stat4 and IL-12 are important for amplifying 

Th1 responses [75, 76]. Th2 polarization is initiated via TCR signaling together with IL-4 

receptor signaling via STAT6, which, in turn, up-regulates the expression of GATA-binding 

protein 3 (GATA3), the major regulator of Th2 differentiation [77, 78].  The development of 

the new Th17 T cells depend on a lineage-specific transcription factor, identified as the 
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orphan nuclear receptor ROR-gt. ROR-t is selectively expressed in Th17 cells 

differentiated in the presence of transforming grow factor-beta (TGF-β) plus IL-6.  Stat3 is 

known to be the major signal transducer for TGF-β, IL-6, IL-21 and IL-23 inducers of IL-17 

production. Furthermore, interferon regulatory factor–4 (IRF4) has been recently reported to 

be critical for Th17 cell differentiation [11, 13, 79, 80]. 

 

I.2.6. Regulatory T cells 

In 1971, Gershon and Kondo [81] identified so-called "suppressor"
 
cells when they 

transferred antigen-specific tolerance to naïve
 
animals by transferring antigen-experienced T 

cells. Due to
 
conflicting results, the concept of T-cell suppression was ―dropped‖ in to 

obscurity in the late 1980s. However, reports
 
describing murine T cells responsible for 

suppression of anti-tumor
 
immune responses and the identification of human CD4

+
 T-cell

 

clones suppressing autologous cytotoxic antitumor immune responses
 
clearly suggested that 

in vivo mechanisms of tumor-driven cellular
 
immune suppression must exist [82, 83]. 

Furthermore, Sakaguchi and colleagues [84] helped to bring up again the interest
 
in Treg cells 

by identifying
 
a population of CD4

+
 T cells highly expressing CD25 and preventing

 

autoimmunity in a murine model. It is now clear that CD4
+
 CD25

+
Foxp3

+
 TRegs can be 

derived from two sources, namely those developing within the thymus (naturally occurring) 

and those generated in the periphery (induced Treg) [85]. Thymically derived TRegs are 

thought to originate at the transition between the double-positive and single-positive stages 

following encounter between thymocytes that bear high affinity TCRs for self-peptide with 
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their cognate antigens [86, 87]. T-reg cells keep autoimmunity in check by suppressing self-

reactive T cells and by limiting the reactivity of T cells specific to environmental antigens 

that could arguably be considered ‗self‘. Previous data suggests that the feature that 

distinguishes the TCR pool of T cells from that of naïve CD25
+
CD4

+
Foxp3

+
 T cells is an 

increase in self-reactivity [87, 88].  Cytokines also play a role in TRegs differentiation. Naïve 

mouse CD4
+
 T cells activated with TGF- and IL-2 up-regulate the expression of Foxp3 and 

develop into ―inducible‖ TRegs that suppress immune responses [89]. Recently, a new 

genetically modified mouse strain has been described, in which IL-10-producing cells can be 

tracked in vivo [90, 91]. These mice have been bred with ―Foxp3 reporter‖ mice allowing the 

characterization of three populations of CD4
+
 T cells: Foxp3

+
IL-10

+
, Foxp3

+
IL-10

-
 and 

Foxp3
-
IL10.  The results showed that both Foxp3

+
 and Foxp3

-
 thymic precursors, both of 

which are negative for IL-10 expression in the thymus, can give origin to peripheral TRegs 

cells expressing IL-10. IL-10 production by Foxp3
+/-

 cells requires peripheral signals 

delivered in response to microbial antigens abundant in the gut. 

These specialized T cells can be found in many lymphoid organs, such as thymus, 

LN, spleen, peripheral blood as well, and in nonlymphoid tissues, such as tumors, 

transplanted organs, and sites of active immune responses [82, 92-95].  

 

I.3. Innate Immunity 

The innate immunity depends upon germline-encoded receptors to recognize features 

that are common to many pathogens [14]. The binding of pathogens by these receptors gives 
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rise to very rapid responses, which are put into effect without the delay imposed by the clonal 

expansion of cells needed in the adaptive immune response. Receptors of the innate immune 

system mediate a number of different functions. Many receptors are phagocytic and stimulate 

ingestion of the pathogens they recognize. Some are chemotactic receptors and guide 

neutrophils to sites of infection. The surfaces of microorganisms typically bear repeating 

patterns of molecular structure. The innate immune system recognizes such pathogens by 

means of receptors that bind features of these regular patterns. The pathogen recognition and 

discrimination from self is due to recognition of a particular orientation of certain sugar 

residues, as well as their spacing, which is found only on pathogenic microbes and not on 

host cells [96].   

Toll receptors appear not to recognize and bind pathogens directly, but clearly are 

involved in signaling the appropriate response to different classes of pathogens [97, 98]. In 

mammals, Toll-like receptor 4, or TLR-4, signals the presence of lipopolysaccharide (LPS) 

by associating with CD14, the macrophage receptor for LPS. TLR-2, signals the presence of 

a different set of microbial constituents, which include the proteoglycans of gram-positive 

bacteria [99]. There are at least nine distinct proteins in this family in mammals, TLR1-9.   

LPS responsiveness is most commonly assessed experimentally by the ability to 

induce LPS-mediated septic shock. This syndrome is the result of overwhelming secretion of 

cytokines, particularly of TNF-α by macrophages, often as a result of an uncontrolled 

systemic bacterial infection [100, 101]. When TLR-4 binds to CD14 complexed with its 

LBP:LPS ligand, TLR-4 sends a signal to the nucleus that activates the transcription factor 
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NFκB leading to the production of several important mediators of innate immunity, such as 

IL-1, TNF- and IL-6 [100]. At the same time, Toll signaling induces costimulatory 

molecules that are essential for the induction of adaptive immune responses. B7.1 and B7.2 

are expressed by both macrophages and tissue DCs in response to LPS signaling through 

TLR-4. To encounter a CD4 T cell, the DCs must migrate to a nearby LN, and this migration 

is stimulated by TNF-α, which are also induced through signaling by TLR-4 [100].  

 

I.4. Allogeneic BMT and GVHD 

Allogeneic BMT is the only curative treatment for a number of malignant diseases 

and inherited or acquired non-malignant disorders of blood and immune systems [102]. 

Traditionally, allogeneic BMT has been the treatment of choice for adults with chronic 

myeloid leukemia (CML) and in adults and children with acute myeloid leukemia (AML) in 

first remission or who have acute lymphoid leukemia (ALL) with high risk features or 

relapsed disease. BMT originated as means to repopulate the hematopoietic stem cell (HSC) 

compartment after chemotherapy, which is often combined with myeloablative exposure to 

total body irradiation (TBI). Such BMT ―conditioning‖ is designed to immunosuppress the 

host to decrease the risk of graft rejection and reduce the number of cancer cells, the so-

called graft-versus-leukemia (GVL) effect which eradicates residual malignant cells via 

immunologic mechanisms discussed in section 4E [103-105]. Unfortunately, GVL effects are 

closely associated with GVHD, the major complication of allogeneic BMT. In 1966, 

Billingham formulated the three requirements necessary for GVHD that have been described 
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above [106]. First, the transplanted graft must contain immunologically competent cells. 

Second, the recipient must be incapable of rejecting the transplanted cells. Third, the 

recipient must express tissue antigens that are not present in the transplant donor that could 

be recognized as foreign. 

It has been well documented in humans and animal models that mature T 

lymphocytes are the immunocompetent cells in the graft that fulfill the first precondition for 

GVHD [46, 104, 107-110]. After allogeneic BMT, the severity of GVHD correlates with the 

number of donor T cells transfused [107, 111-113]. Initially HSCs were provided exclusively 

from the bone marrow space. Lately, other sources that contain HSCs and are less painful to 

obtain, have shown efficacy for hematopoietic reconstitution including peripheral blood stem 

cells mobilized (PBSC), and more recently, cord blood [114].  

The second precondition for GVHD stipulates that the recipient must be 

immunocompromised [112, 115]. A normal immune system will usually reject T cells from a 

foreign donor. This requirement is found most commonly during allogeneic BMT, where 

recipients have received myeloablative doses of radiation before BMT [116]. It can also be 

found during solid organ allografts and blood transfusion, where recipients are 

immunosuppressed due to drugs or undiagnosed inherited defects in the immune system 

[117, 118]. There are, however, exceptions for this requirement. GVHD can occur in an 

immunocompetent recipient of tissues from a donor who is homozygous for one haplotypes 

of the recipient (e.g., transfusion of blood from an HLA homozygous parent to a 
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heterozygous child). This genetic situation prevents the recipient from rejecting the donor 

cells even though she/he is not immunocompromised [119]. 

 

In the third precondition for GVHD, the expression of recipient tissue antigens not 

present in the donor, became the focus of intensive research with the discovery of the MHC 

[120]. Human leukocyte antigens (HLA) are the gene products of the MHC. HLA are 

expressed on the cell surfaces of all nucleated cells in the human body and are essential to the 

activation of allogeneic T cells [120]. During lymphocyte development, T cells are selected 

in the thymus to recognize self-MHC molecules, but when confronted with allogeneic (non-

self) MHC molecules, the activated T cells mount an attack that culminates in the destruction 

of the allogeneic tissues. The MHC differences between donor and recipient are the most 

important risk factor for the induction of GVHD [105]. In addition, there are miHAs derived 

from the expression of polymorphic genes present in the host but not in the donor responsible 

for GVH reactions, which can occur between genetically identical strains and individuals 

[121-123]. In humans, most miHAs are expressed in hematopoietic cells, which might 

account for making the host immune system a primary target for GVH response [124] and 

further explain the critical role of host APCs in causing GVHD and GVL [42]. In 

experimental murine models, different miHAs dictate the phenotype, target organ and GVHD 

kinetics [125].  

 

I.4.1.   Acute GVHD (aGVHD) Pathophysiology: A three step model 
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Experimental and clinical data support the hypothesis that GVHD results from the 

dysregulation of inflammatory cytokines cascades that occurs in 3 distinct phases: 

Phase I involves BMT conditioning regimens (chemotherapy, TBI) and activation of 

APCs: TBI is administered to recipients before inoculation of donor cells cause diffuse, 

tissue damage to a number of host tissues [112, 115, 126, 127]. The gastrointestinal tract (GI) 

is known to be highly sensitive to conditioning resulting in its damage with release of LPS 

from GI tract‘s commensual bacteria. Diffuse tissue damage and the secretion of 

inflammatory cytokines, such as TNF-, IL-1 and IL-6 results in the activation of host APCs 

[112, 128]. Increased systemic levels of these cytokines are detectable within hours after 

conditioning, and their excess can lead to vascular endothelial damage and activation [129-

132]. Furthermore, the continuous release of LPS from the GI tract to the blood stream 

further exacerbates even more the secretion of inflammatory cytokines and concomitant host 

APCs activation, as well as the secretion of inflammatory chemokines and increased 

adhesion molecule expression in damaged tissues (liver, GI tract, skin, lungs) [115, 126, 

133].  Professional APCs are critical for the activation of GVHD mediators, i.e., donor T 

cells, therefore increasing the risk for aGVHD. The tissue damage and release of conserved 

pathogen-associated molecular patterns (PAMPs), such as LPS, leads to activation of TLR4 

on APCs. LPS activation of TLR4 initiates the NF-kB signaling pathways resulting in 

cytokine secretion , such as TNF, and elevated expression of MHC/HLA molecules and co-

stimulatory molecules on the surface  of APCs [134-136].   
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Phase II is marked by donor T cell activation. Host APCs present allo-antigen to 

mature donor T cells that become activated and subsequently proliferate, secrete cytokines 

and develop into cytotoxic effector cells. Murine studies have demonstrated that host APCs 

alone are both necessary and sufficient to stimulate donor T cells to proliferate as early as 

day 3 after BMT, preceding the engraftment of donor stem cells [137-139]. In murine models 

of GVHD, when genetic differences between inbred strain combinations can be carefully 

controlled, CD8
+
 and CD4

+
 cells primarily induce GVHD by interacting with MHC Class I 

and Class II molecules, respectively. On the other hand, GVHD to minor H antigens may be 

mediated by either or both subsets [110, 140]. After allogeneic BMT, activated donor CD4
+
 

and CD8
+
 T cells secrete several cytokines including IL-4, IL-2 and IFN-. Much evidence 

has shown that both IL-2 and IFN- (also known as ―type 1‖ or ―Th1‖ cytokines) are critical 

mediators of aGVHD. In addition to having direct toxic effects on skin tissue and the GI 

tract, IFN- has been shown to ―prime‖ mononuclear cells and macrophages during GVHD 

to produce cytopathic amounts of inflammatory cytokines in response to stimulation by LPS 

[141]. This priming effect represents a critical link between Phase 2 and Phase 3 of GVHD 

pathophysiology and makes BMT recipients with aGVHD exquisitely sensitive to the effects 

of endogenous endotoxin or LPS.  Recent pre-clinical studies have shown that various innate 

and adaptive immune factors can have a negative effect on T cell activation. For instance, 

host NKT cells can negatively regulate APC interactions with donor T cells in an IL-4-

dependent way [142]. Donor NK cells, when administrated with syngeneic donor T cells, can 

directly lyse donor T cells by up-regulating NKG2D ligands on T cells and also suppress 
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APC activation, probably by killing APCs [136, 143]. Donor T regulatory cells have been 

shown to ameliorate aGVHD, however the exact mechanism of action is not really known. 

Proposed mechanisms suggest that Tregs inhibition of APCs could be mediated by the binding 

of inhibitory molecule CTL4-A to CD80/86 on APCs or by limiting APCs ability to activate 

T cells through IFN- [144, 145].  Mesenchymal stem cells (MSC) have been used in the 

treatment of GVHD due to their cellular immunosuppression role, such as inhibition of 

APCs/DCs development, proliferation, maturation and function; promotion of Treg 

differentiation; down-regulation of activation markers on effector T cells, among other 

effects, mediated by TGF-β, prostaglandin E, NO and elevate expression of B7H4 at MSC's 

surface [134, 146, 147]. 

Cellular and soluble effector mediators are involved in phase III, which culminates in 

apoptosis of target organ epithelial cells resulting from a complex cascade of both cellular 

and soluble inflammatory factors. Such as CD8
+
 CTL, Th1, NK cells, TNF-, IL-1, IFN-, 

and Nitric Oxide (NO) [46, 107, 136] (Figure. 4). These mediators, together amplify tissue 

injury of target organs by inducing preferentially apoptosis via FasL/Fas pathway in the liver 

and perforin/granzyme pathway in the GI tract and skin [107, 135, 148, 149].  Inflammatory 

chemokines, such as CCR5 and CXCR3 play a critical role in the migration of activated T 

cells from SLO to the GI tract and liver. Chemokines such as CCL2/5, CXCL2, CXCL-9, 

CCL17 and CCL27 are over-expressed and enhance the homing of cellular effectors to liver, 

spleen, skin and lungs during experiemntal GVHD [136, 150]. Integrins  and adhesion 

molecules also play a critical role in homing cellular effectors to target tissues [151-153].  
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Figure 4.  GVHD pathophisiology.  Involves phase I where recipients receive conditioning 

treatments, such as radiation, resulting in tissue damage of the gut; phase II with 

dysregulation of cytokine cascades and donor naïve T cell activation; and phase III with 

killing of target cells. 

 

There now exists strong evidence suggesting that TNF- secreted by both lymphoid 

and myeloid effector cells in conjunction with CTL-mediated cytotoxicity is responsible for 

the full spectrum of deleterious effects seen during GVHD [154-157]. Damage to the GI tract 

incurred during Phase 3 can lead to the establishment of a positive feedback loop wherein 

increased translocation of LPS results in further cytokine production, and, ultimately, 
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additional intestinal injury. Thus, the GI tract may be critical to propagating the ―cytokine 

storm‖ characteristic of acute GVHD. Increasing experimental and clinical evidence suggests 

that damage to the GI tract during acute GVHD plays a major role in the amplification of 

systemic disease [158]. 

 

I.4.2. Cytokine secretion by donor T cells 

During step 2 of aGVHD, IL-2 has a pivotal role in amplifying the immune response 

against alloantigens.  IL-2 is secreted by donor CD4
+
 T cells in the first several days after 

GVHD induction [159]. The frequency of alloreactive precursor IL-2-producing helper T 

lymphocyte (pHTL) predicts the occurrence of clinical acute GVHD, often preceding the 

onset of acute GVHD by approximately 2 weeks [160-162]. Monoclonal antibodies (MoAbs) 

against IL-2 or its receptor can prevent GVHD when administered shortly after the infusion 

of T cells [159, 163, 164], but this strategy was not particularly successful in reducing the 

incidence of severe GVHD [165, 166].   Use of anti-proliferative agents, such as MoAbs that 

target IL-2, should  be carefully managed or even avoided given  recent data indicating that 

infused Tregs have an immunosuppressive effect ameliorating GVHD, however, IL-2 is 

known to be needed to drive Treg expansion [167, 168]. 

 

TNF- is an unique inflammatory cytokine that can be secreted by both host and 

donor monocytes/macrophages, as well by donor T cells.  TNF- plays a critical role in the 3 

steps  of GVHD development. Specifically, it can activate host APCs and enhance allogeneic 
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antigen presentation, recruit effector T cells to target tissues by inducing expression of 

inflammatory chemokines on target cells,  and it can directly target tissue necrosis [169, 

170]. 

 

IFN- is a cytokine that can both amplify and suppress acute GVHD [155, 171-173]. 

In many experimental models of GVHD, IFN- levels peak between days 4 and 7 after 

transplant, before clinical manifestations are apparent.  IFN- modulates several aspects of 

the immune response of acute GVHD. First, IFN- primes macrophages to produce pro-

inflammatory cytokines and NO in response to LPS [141, 174]. Second, IFN- increases the 

expression of a variety of molecules, such as adhesion molecules, chemokines, MHC 

antigens and Fas, that result in enhanced antigen presentation and recruitment of effector 

cells into target organs [175-177].  In contrast, IFN- can have immunosuppressive effects 

when infused concurrently with BMT cells. IFN- action is thought to be dependent on the 

type of cells from which it is secreted. When secreted by NKT cells, NK cells,  Tregs and by 

MSC, IFN- can directly inhibit T cell activation by inducing apoptosis through FasL/Fas 

pathways.  In addition, IFN-  can act on APCs limiting the ability of APCs to activate T 

cells by inducing IDO (intracellular enzyme that catalyses the amino acid tryptophan) 

expression on either host or donor APCs.  IDO is an important mediator of peripheral 

tolerance. IFN- thereby can affect phase II resulting in diminished GVHD [145]. 

  

I.4.3. CD4 subsets and GVHD  
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 Several studies had tried to define how T cell polarization towards Th1 or Th2 

contributes to GVHD [178-182]. The hypothesis that acute GVHD (aGVHD) is a Th1 cell-

mediated mechanism, while chronic GVHD is Th2 cell-mediated is not well accepted at the 

present, since it is an oversimplification of the mechanisms responsible for the development 

of GVHD. Murphy and colleagues (1998) [180] observed that T cells from mice deficient in 

IL-4, a Th2-mediated cytokine, induced less GVHD, compared to controls, whereas Yang 

group (1998) [183] showed that T cells from mice deficient in IFN- (a Th1-mediated 

cytokine) induced a more severe GVHD [183]. However, other experiments done with IFN- 

deficient T cells resulted in down-regulated T cell response with less GVHD [184].  In 

summary,  both Th1 and Th2 cells contribute to GVHD and each contribute differently to its 

development resulting in a distinct spectrum of histopathology due to expression of different 

tissue specific chemokine receptors. In mouse models, it is accepted that Th1-mediated 

responses result in GI tract GVHD damage, while Th2-mediated responses result in lung and 

hepatic GVHD [46, 181].  Recent data on Th17 mediating aGVHD has been unclear, with 

initial studies showing that donor splenic cells deficient in IL-17A enhanced Th1 

differentiation and concomitant exacerbation of aGVHD, suggesting that Th17 cells play a 

critical role in the development of  aGVHD [185]. In addition, the authors also showed that 

Th17-mediated responses resulted in skin GVHD. In contrast, another study using IL17
-/-

 

donor T cells resulted in delayed GVHD development compared to normal donor T cells, 

suggesting that Th17 cells can be dispensable for GVHD induction [186]. To resolve these 

issues, more experimental data on Th17-mediated aGVHD is warranted. 
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I.4.4. Regulatory Tcells (Tregs) and GVHD 

Subpopulations of regulatory donor T cells can prevent GVHD [46, 92, 93, 187, 188]. 

Donor CD4
+
 CD25

+ 
T cells were able to suppress the early expression of donor effector T 

cells as well their capability in inducing GVHD. Nevertheless, donor TRegs did not abrogate 

allogeneic T cells graft-versus- leukemia (GVL) effect [189, 190]. Despite the suppressive 

role of TRegs on donor effector T cells within SLO, TRegs may also be important in target 

tissues, as Wysocki et al. (2005) showed that CCR5-deficient TRegs were less effective at 

suppressing GVHD, and this effect was correlated with reduce accumulation of CCR5-

deficient TRegs in GVHD target tissues [150].  The mechanisms by which Tregs,  in the context 

of GVHD, act as immunosuppressor cells is still not clear. Experimental data suggest that 

Tregs secrete anti-inflammatory cytokines TGF-β and IL-10, which can induce cell cycle 

arrest of T effector cells and increase the expression of inhibitory molecule B7H4 on 

plamacytoid DCs, results in suppression of effector cells. Additionally, Tregs secrete IFN- 

which can decrease the expression of co-stimulatory molecules and chemokine receptors on 

APCs and induce activation of NK cells that can kill effector cells directly through NKG2D 

receptor [92, 135, 145, 191].  Furthermore, Cai and colleagues recently uncovered the fact 

that suppression of GVHD and GVL by Tregs appear to function by different mechanisms. 

Tregs can eliminate effector cells (such as T, NK) through a granzyme B/perforin-

independent cytolitic mechanism and eliminate tumor cells by a granzyme B/perforin-

dependent mechanism [192]. 
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I.4.5. Interactions between donor T cells and host APCs following 

allogeneic BMT 

Although interactions between donor T cells and host APCs are fundamental to the 

development of both GVHD and GVL, the exact location where these encounters take place 

remains to be determined. The prevailing theory is that SLO are necessary to activate naïve 

donor T cells (Fig. 5) following allogeneic BMT, but published data on this topic is  

conflicting.  

Ley K. & Kansas GS. Nat Reviews/Immunol. 2004 [64] 
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Figure 5. T cell trafficking.  

T cell precursors in the BM migrate to the thymus where T cell maturation and selection 

occurs. Naïve T cells traffic from the thymus to secondary lymph organs, such as peripheral 

LN, PP, mLN and spleen where they might encounter antigens. They are activated and 

become effector cells, which then are collected in efferent lymphatic and enter the circulation 

through the thoracic duct. Effector cells migrate to non-lymphoid tissues like skin, central 

nervous system and the GI track. Ultimately, many activated T cells migrate to the liver to 

under go apoptosis. 

 

For example, PP have been reported to be important for the homing and priming of T 

cell effectors responsible for intestinal aGVHD in some models [43, 193, 194]. In particular, 

Murai et al. (2003) [193] demonstrated that aGVHD induced following non-myeloablative 

TBI was prevented when recruitment of donor T cells into PP was interrupted either by using 

antibody blockade or the congenital absence of PP. By contrast, recent data by Welniak et al. 

[116] showed that PP are not required for aGVHD after myeloablative conditioning. These 

differences might be explained by the Murai group‘s use of non-myeloablative conditioning 

and the adoptive transfer of donor T cells (without bone marrow rescue) and the ultimate 

reliance on a ―graft vs. host hematopoietic cell‖ response, wherein allo-BMT recipients died 

of marrow aplasia. Additionally, previous work has demonstrated that the pro-inflammatory 

milieu created by myeloablative conditioning has a significant impact on the trafficking of 

alloreactive T cells into target tissues [116, 195, 196]. Data using in vivo fluorescence 

imaging to track cell migration after BMT have also supported a role for SLO in the 

activation of donor T cells following allogeneic BMT [43, 197, 198].  Analysis of lymphoid 

organs at early time points following myeloablative conditioning revealed increased numbers 

of T cells in the spleen and peripheral LN, such as PP and mesenteric LN (mLN) [43]. By 
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day 4, bioluminescent imaging (BLI) signals spread into adjacent areas of PP and into the 

small bowel (ileum and jejunum).   By day 6, complete infiltration of small and large bowel 

was apparent. These findings were extended by work showing that naïve T cells require 

access to SLO to become activated, whereas memory T cells do not.  Recent findings 

expanded upon by Beilhack and collegues showed that strategies blocking T cell trafficking 

to all SLO completely abrogates bioluminescent signals and cellular infiltration into the 

intestinal tract early after BMT, resulting in long-term survival [151]. In contrast  and similar 

to our results presented here in chapter III, Shlomchik group demonstrated, using a different 

mouse model, that BMT recipients lacking all SLO developed clinical skin and colon GVHD 

[199]. 

 

I.4.6. Naïve and memory T cells 

T cells can be divided into cells that have never been activated by antigen (naïve T 

cells; CD44
-
CD62L

+
CCR7

+
CD28

+
CD45RA

+
) and antigen-experienced T cells, which 

include effector T cells (CD44
+
CD62L

-
CCR7

-
CD28

-
CD45RO

+
), central memory T cells 

(CD44
+
CD62L

+
CCR7

+
 CD28

+
CD45RO

+
) and effector memory T cells (CD44

+
CD62L

-

CCR7
-
CD28

-
CD45RO

+
) (figure 6). It became accepted in the last few years that naïve T cells 

are responsible for inducing GVHD after BMT. The initial controversy around who causes 

GVHD, naïve or memmory T cells has shifted after several authors recently, shown that 

memory T cells do not cause GVHD in MHC-matched and MHC-mismatched mouse-strain 

[43, 200, 201]. However, fewer studies demonstrated that central memory CD8
+
 T cells were 
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also inducers of GVHD, albeit milder clinical GVHD compared to naive T cells and also that 

central memory T cells can transfer GVHD to a secondary recipient [202, 203]. Therefore, at 

the present, with the help of bioluminescent techniques in GVHD after BMT, contribute to 

the prevailing theory that naïve T cells are critical cells to onset aGVHD [43].  It is important 

to indicate that the selective transfer of only memory T cells, at the time of transplant, 

improves immune reconstitution with a reduced risk for GVHD and with mediate tumor cell 

lysis through FasL and perforin/granzyme pathways [204, 205].  Effector T cells, which 

implies activated cells, also play a role in GVL responses.  

Three non-exclusive hypotheses could explain these findings. First, effector memory 

T cells do not traffic to resting lymph nodes and Peyer's patches owing to reduced expression 

of CD62L and/or CC-chemokine receptor 7 (CCR7). Second, effector memory T cells may 

have a more restricted TCR repertoire that reduces the frequency of alloreactive T cells 

below the threshold necessary to induce GVHD. Third, intrinsic properties of effector 

memory T cells — such as reduced clonal expansion — could prevent the development of 

the complete GVHD syndrome [43, 46].  

 



                                                                                                                                       Chapter I 

___________________________________________________________________________ 

 

_________________________________________________________________________ 

62 

 

Figure 6. Potential lineage differentiation of memory T cells.  

Naïve CD4
+
 T cells have multiple potential pathways for differentiating from naïve to 

effector and then to memory cells. CD4
+
 Th1 IFN-γ-producing effector cells are short-lived 

in vivo and do not efficiently develop into memory cells, thus differentiation follow a linear 

pathway. CD4
+
 IL-4-producing T cells may have multiple potential pathways of memory cell 

differentiation. CD8
+
 T cells develop into effector cells after activation. After, CD8

+
 T cells 

proceed to effector TEM and then TCM cells. TEM and TCM cells have equal cytolytic and 

cytokine producing capacity, whith TCM population having higher proliferative ability. The 

frequencies of T cells, from PBMC, expressing markers of either healthy individuals or those 

exposed to chronic viral infection are shown.  
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I.4.7. Mechanisms of Graft-versus-Leukemia (GVL) effect 

A review of the principals of the GVL effect suggests that the ability to separate GVL 

from GVHD depends upon 1) the presence of cellular effectors such as CTL, T-helper cells 

and NK cells, 2) the antigen specificity of these effectors (i.e. does the cell recognize 

antigens specific to the tumor, host tissues or both), and 3) their functional activity (i.e. the 

ability of an effector to kill a target once it is recognized) [206].  

In the development of the GVL, host APCs play a crucial role in the induction of 

GVL responses mediated by either CD4
+
 or CD8

+
 donor T cells. This cytotoxicity occurs 

either by the perforin-granzyme granule exocytosis pathway or the Fas pathway [207]. 

Teshima et al. (2002) had nicely demonstrated that aGVHD induction did not require 

alloantigen expression on host epithelial cells [208]. Furthermore, Reddy et al. (2005) have 

shown, using several chimera models that when donor T cells were allogeneic to all recipient 

tissues there was severe GVHD [209]. However, when donor T cells were allogeneic to both 

APCs and tumor tissue but syngeneic to target tissues there was moderate GVHD and robust 

GVL responses. In contrast, when donor T cells were allogeneic to both APCs and target 

tissues but were syngeneic to tumors, all mice died from tumor. Similarly, when donor T 

cells were allogeneic to APCs but syngeneic to both target and tumor tissues, a few mice died 

from tumor and not from GVHD. In summary, allogeneic APCs alone can cause moderate 

GVHD but cannot induce GVL responses, unless the alloantigen is also expressed on tumor 

cells [209]. In addition, donor APCs also contribute to GVL responses through cross-

presentation of alloantigens and tumor antigens to donor T cells. Nevertheless, host APCs 
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generate a greater alloreactive T cell killing against leukemia even when equal numbers of 

both host and donor APCs are present. It has also been shown that minor histocompatibility 

antigens, besides being responsible for the development of GVHD, among fully MHC 

matched BMT, are also the principal targets of GVL responses [210]. 

In conclusion, it is important to acknowledge that strategies targeting donor T cells or 

targeting APCs to prevent GVHD may result in the loss of important GVL responses.  

 

I.4.8. Immunologic responses and the aly/aly mouse 

To evaluate the importance of SLO in the development of systemic and target organ 

GVHD following allogeneic BMT, the unique mutant mouse (alymphoplasia; aly/aly) was 

used as BMT recipients in a well-described MHC-disparate BMT system. Ultimately, aly/aly 

splenectomized mice, lacking all SLO, were compared with genetically identical control 

mice (littermates) possessing all SLO. Aly/aly mice were originally described following a 

spontaneous autosomal mutation in the gene encoding NF-B-inducing kinase [211].  This 

mutation results in a systemic absence of LN, PP [211-213] and recently discovered the 

absence of isolated lymphoid follicles (ILF) [214, 215], but they do possess well-developed 

cryptopatches (CP) and intestinal intraepithelial lymphocytes (IEL) as well as structural 

defects of the spleen and thymus. Nanno et al. (1994) [214] previously demonstrated that IEL 

cytolitic function was highly reduced suggesting it could be due to the fact in aly/a/y mice, 

the malfunction of extra-cellular matrix components of lymphoid tissues could drastically 

reduced the cytotoxic IEL function.  
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NF-kB is one important and widely used transcription factor in eucaryotic cells that 

plays a pivotal role in many cellular responses to environmental changes [216]. It plays an 

important role in the expression of a large number of inducible genes [217] (Table 2).  Many 

of these genes are important for cellular responses to stress, injury and inflammation and, 

consequently, NF-kB can be activated by signals associated with these states: cytokines (IL-

1, TNF), bacterial and viral products [lipopolysaccharide (LPS), double-stranded RNA], by 

oxygen free radicals, UV light and -irradiation [216, 218]. Originally, NF-kB-inducing 

kinase (NIK) gene was identified as a gene that participates in the NF-kB-inducing signaling 

cascade induced by TNF, IL-1, etc [213, 219]. Subsequently, NIK was found to be involved 

only in lymphotoxin- and  receptor (LTR and LTR) signaling activating P100 which in 

turn activates the downstream  targets necessary for NF-kB activation, including the nucleous 

molecule p52 [213, 220] - the non-canonical pathway. This pathway is essential for the 

development of lymphoid organs through the regulation of lymphoid chemokines (include 3 

ligands: CCL19, CCL21 and CXCL13; and 2 receptors: CCR7 and CXCR5) and HEV gene 

expression (also called alternative pathway) (figure 7) [221, 222].  The canonical pathway 

results from TNFR/IL-1R/LPS activation signaling through cytoplasmatic p50 and  then  

nucleous molecule p50 resulting in expression of genes involved in stress responses, 

inflammation, innate immunity, cell growth, etc [216, 218].  
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Table 2. NK-kB-inducible genes involved in immune responses 

 IL-X: interleukin X;  TNF-: tumor necrosis factor alpha; LT-: lymphotoxin ; 

IFN-β: interferon beta; G-CSF: granulocyte-colony stimulating factor; M-CSF: 

macrophage-colony stimulatory factor; GM-CSF: granulocyte monicyte-colony 

stimulating factor; SAA: serum amyloid A protein; ICAM-1: intercellular adhesion 

molecule 1; VCAM-1: vascular cell adhesion molecule 1; MAdCAM-1: mucosal 

vascular addressin cell adhesion molecule; Igk: immunoglobulin k chain; MHC: 

major histocompatibility complex; TCR: T cell receptor; TAP: transporter associated 

with antigen processing. 

 

Class of gene NF-kB-dependent gene 

Cytokines/growth factors 

 

 

 

 

 

 

 

IL-1α and IL1β 

IL-2, IL-3, IL-6, IL-8, IL-12 

TNF-α 

LT-α 

IFN-β 

G-CSF 

M-CSF 

GM-CSF 

Cytokine receptors IL-2Rα 

Stress proteins 

 

 

 

SAA 

Complement factor B, C3 and C4 

α1-acid glycoprotein 

Leukocyte adhesion 

molecules 

 

 

 

ICAM-1 

VCAM-1 

MAdCAM-1 

E-selectin 

Immunoregulatory 

molecules 

 

 

 

 

Igk 

MHC class I and II 

TCRα and β 

β1-microglobulin 

TAP 
Adapted from Sun Z & Andersson R, 2002 [217] 
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LTR belongs to a superfamily of proteins, the tumor necrosis factor family (TNF) or 

TNF-LT family [223, 224]. Because LTR signaling is essential for the development of SLO 

[223, 225, 226], its impairment by the aly NIK mutation accounts for the abnormal 

development of lymphoid organs in this strain. Additionally, since LTR is exclusively 

expressed by nonlymphoid cells, the defective LTR signaling in aly/aly mice implies that 

the absence of lymphoid organogenesis is caused by a defect in non-BM-derived cells [227].  

 

 

 
 
Adapted from Weih & Caamano, Immunol Reviews, 2003 [226] 

Figure 7.   Classical and alternative pathways of NFkB. Signaling through TNFR, IL-1R 

or TLR: Toll-like receptors, activates the classic pathway (right), while BAFF/BAFF-R, 

p52 RelB 

Target genes A, B, C 
Lymphoid organ development/ 

Adaptive immunity 

p50 RelA 

Target genes C, D, E, F 
Cell survival, inflammation,  

Innate immunity 

Nucleus 

NIK MEKK3 
Cytoplasm 

CD40 LTβR BAFF-R TLR IL-1R TNFR 

CD40L LT1β2 BAFF LPS IL-1 TNF 

RelA 
p50 

IkB 

RelB 

P100 
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CD40/CD40L, or LTR/LT12 activate the alternative pathway (left). There is a significant 

cross talk between the two pathways. 

 

Matsumoto et al. (1999) demonstrated by using chimeras between LT
-/-

 mice and 

normal mice the restoration of, not only all LN and PP, but also the complete architecture of 

the spleen [227]. However, when they did the same experiment using aly/aly mice, their 

results demonstrated that lack of LN and PP genesis in aly/aly mice, most likely were due to 

the defective stromal development of the lymphoid organs, and not BM-dependent, since LN 

and PP were only in some animals partially reconstitute, although were not functional. 

Whereas in LT
-/-

 they suggest that LT expressed by circulating bone marrow-derived cells 

is essential for lymphoid organogenesis. In summary, LT KO mice or LTR KO mice 

phenotype is: LT
-/-

 mice born with systemic absence of LN, PP and disturbed splenic 

structure, LT
-/-

 born lacking LN and PP with the exception of mesenteric lymph nodes, and 

LTR
-/-

 mice born lacking LN and PP.  The aly mutation is also associated with reduced 

levels of serum IgG and complete absence of IgA [212, 213, 228, 229].  IgA is one of the key 

hallmarks of the intestinal humoral immune system [230] and PP are the major inductive 

sites for initiation of antigen (Ag)-specific IgA to a variety of intestinal Ags [231]. 

Deficiencies in cell-mediated immune function, such as impaired macrophages, are observed 

in aly/aly mice, but normal dendritic cell (DC) function was preserved [213] since they were 

able to stimulate allogeneic T cell expansion in vitro.  Yet, recent data demonstrated that DCs 

from aly/aly mice may be impaired with respect to their ability to generate CD25
+ 

CD4
+
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regulatory T cells [232] in vitro, and this may be at least in part, responsible for the decreased 

numbers of regulatory T cells in the periphery of aly/aly mice.      

Studies on vascularized solid organ grafts (such as heart and kidney) using aly/aly 

mice demonstrated that the presence of spleen is sufficient for allograft rejection [233]. In 

aly/aly splenectomized mice, alloantigens are ―ignored‖, although alloreactive T cells are 

functionally active. However, in these mice, LN are required for acute rejection of skin 

grafts.  In contrast, a study on LT- or 
-/-

 mice, which also lack secondary lymphoid organs, 

[234] demonstrated that allograft rejection (skin and heart) occurred in the absence of 

secondary lymphoid organs; initiation of immune responses and generation of memory 

responses can occur in the absence of spleen, LN, and PP, albeit much less efficiently than 

when secondary lymphoid organs are present.  

 

I.5. Significance of project 

Immunologic dysregulation occurring after allogeneic BMT represents a double 

edged sword to the clinical bone marrow transplant specialist. On one hand, T cells and 

cytokines responsible for the toxicity of GVHD limit the use of this form of therapy, but on 

the other, they enhance the therapeutic potential of BMT through the GVL effect. GVHD is 

the most significant contributor to non-relapse mortality after allogeneic BMT, and remains 

the primary barrier to broadening the scope of this treatment option for eligible patients. 

Despite enormous strides in basic immunologic sciences, the prevention, diagnosis and 

treatment of GVHD has remained unchanged in the past 2 decades. A significant body of 
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experimental data suggests that both GVHD and GVL are fundamentally dependent upon 

interactions between donor T cells and host antigen presenting cells, and subsequent cytokine 

dysregulation that result from synergistic interactions between cells of both lymphoid and 

myeloid origin [106, 110, 235]. The precise location where donor T cells see and react to 

host alloantigen has yet to be fully determined, but published data suggest a potential role for 

secondary lymphoid tissues under certain experimental conditions [193, 194].  

Aly/aly mice offer a new and unique opportunity to assess the role of secondary 

lymphoid organs in the induction and maintenance of immune responses during GVHD and 

against leukemia cells. The strengths of these in vivo models resided in the ability to test 

biologically the absolute requirement of LN, PP, and spleen in aGVHD development after 

BMT. The goal of this thesis was to demonstrate that priming of naïve donor T cells by 

remaining host APC takes place within a specific micro-environment, namely the T cells 

compartment of secondary lymphoid structures.  

Since GVHD and leukemic relapse are the two most frequently encountered 

complications of allogeneic BMT, this work had direct clinical relevance and had the 

potential to impact the way BMT patients are treated in the future.  Moreover, it resulted in a 

paradigm shift in the way transplant immunologists understand how and where T cells 

recognize host antigen following allogeneic BMT.  

 

I.5.1. Statement of Aims: 
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An improved understanding of how host antigen-dependent immune responses are 

initiated following allogeneic BMT is critical in order for investigators to develop effective 

strategies to separate GVHD from GVL. Murine studies have demonstrated that host APCs 

alone are both necessary and sufficient to activate donor T cells, but where these interactions 

occur has not been fully elucidated. The general concept of how donor T cells are activated 

during acute GVHD is based on the immunologic knowledge of naïve T cell priming, and 

thus, the prevailing view is that donor T cells are activated by APCs in secondary lymphoid 

tissues such as LN, spleen, and PP. Using well-established mouse BMT models and mutant 

animals deficient in secondary lymphoid tissues (aly/aly), the following central hypothesis 

was tested. 

 

I.5.1.1. HYPOTHESIS 

Secondary lymphoid organs including LN, PP and spleen are essential for donor T 

cell activation and subsequent cytokine dysregulation that occurs during the induction of 

GVHD. The absence of these tissues in the BMT recipient will result in the complete 

abrogation of signs and symptoms of systemic disease. 

 

I.5.1.1.1. The specific aims of my work were as follows: 

1. DEVELOP A COLONY OF ALY/ALY MICE 

a. PHENOTYPE THE ANIMALS (IgA ELISA) 

b. CONFIRM THE ABSENCE OF PP ANATOMICALLY  
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i. MICROSCOPICALLY 

c. EXPLORE IMMUNOLOGIC PROPERTIES OF HOST DCS 

i. SPLENIC AND BM DERIVED 

d. SPENECTOMIZE ANIMALS 

2. DETERMINE THE ROLE OF SLO IN GVHD 

a. 2 SYSTEMS 

b. PILOT AND EXPERIMENTAL DATA 

c. EXPLORE ALTERNATIVE SITES OF T CELL ACTIVATION 

3. DETERMINE THE ROLE OF SLO IN GVL 

4. FUTURE STUDIES 

a. TUMOR CELL TRAFFICKING 

b. INTRA VITAL MICROSCOPY OF THE BONE MARROW 
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II. ALY/ALY COLONY; IMMUNE PROPERTIES OF HOST; 

AND SPLENECTOMIES 

 

II.1. INTRODUCTION 

II.1.1. Aly/aly as a mouse model for studying GVHD  

To study the development of GVHD after allogeneic bone marrow transplantation, 

the unique mutant mice aly/aly was used as BMT recipients in a well-described MHC-

disparate BMT system. As mentioned previously, aly/aly mice present a spontaneous 

autosomal mutation in the gene encoding NF-B-inducing kinase [211]. This mutation 

results in a systemic absence of LN, PP [211-213] and isolated lymphoid follicles (ILF) [214, 

215]. They possess well- developed CP and  intestinal intraepithelial lymphocytes (IEL) 

[215], as well as structural defects of the spleen and thymus.  The IEL cytolitic function is 

highly reduced in aly/aly mice [214]. The aly mutation is also associated with reduced levels 

of serum IgG and complete absence of IgA [212, 213, 228, 229].  Deficiencies in cell-

mediated immunity are observed in aly/aly mice, but normal DC function is preserved [213] 

since they are able to stimulate allogeneic T cell expansion in vitro.   

Aly/aly mice are therefore a good resorce to adress the importance of adaptive 

immune responce in desiase stages, specifically in GVHD. 

 

The specific aims of my work were as follows: 
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1.   DEVELOP A COLONY OF ALY/ALY MICE 

c. PHENOTYPE THE ANIMALS (IgA ELISA) 

d. CONFIRM THE ABSENCE OF PP 

i. ANATOMICALLY  

ii. MICROSCOPICALLY 

e. EXPLORE IMMUNOLOGIC PROPERTIES OF HOST DCs 

i. SPLENIC AND BM DERIVED 

f. SPENECTOMIZE ANIMALS 

 

II.2. MATERIALS & METHODS 

 

II.2.1 Mice: Female C57BL/6 (H-2
b
), female and male BALB/c (H-2

d
) and female B10.BR 

(H-2
k
) mice were purchased from The Jackson Laboratory (JAX;

 
Bar Harbor, ME). 

Alymphoplasia (aly) mutant mice were originaly purchased from Japan. Homozygous aly/aly 

(H-2
b
) mice were previously described [211]. Female C57BL/6 mice deficient in alpha(1,3)-

fucosyltransferase VII and alpha(2,3)-sialyltransferase IV (Fuc-TIV/VII
-/-

 or FucT dko) were 

kindly provided by Dr. John Lowe. Male and female aly mice or female FucT dko
 
mice were 

8 to 20 weeks of age at the time of use. The mice were housed in microisolator cages and 

received normal chow
 
and autoclaved hyperchlorinated drinking water for the first 3

 
weeks 

after
 
BMT, and filtered water thereafter. All procedures were approved by and conducted in 
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accordance with regulations of the University of Michigan Committee on
 
the Use and Care of 

Animals (UCUCA).
 
 

 

II.2.1.1. Aly/aly breeders and offspring screening: A colony of aly/aly mice was 

maintained in the ULAM animal facility and several breeding pairs were setup after mice 

have been screened for their phenotype: homozygous or heterozygous. Each breeding pair 

consisted of 1 homozygous male and 1 or 2 heterozygous female for the aly/aly mutation, 6 

to 8 weeks old. The homozygous female aly/aly mouse cannot nurse offspring due to 

underdevelopment of mammary glands and as such, heterozygous females were used for 

breeding. When a pair of breeders had newborns, the male was separated from the female to 

increase the chance of survival of the pups. At 21 days of age, pups were wined and 

separated by sex.   Pups between 6 to 7 weeks old were tail-bled and serum was used in an 

ELISA to phenotype the pups for the presence or absence of antibody IgA (see below). At 

this time, pups were also ear-tag to be easily identified. Ear-Tag: All animal identification 

ear tags were applied with a hand-held ear tag applicator (Kent Scientific Corporation, CT, 

USA). Ear tags were placed on the mouse ear tag applicator keeping the ―hole‖ side with the 

identification number flat against the jaw of the ear tag applicator and applying the tag 

behind a ring of cartilage. After crimping, mice were checked to secure the ear tag was 

applied properly. The ear tags used were numbered consecutively.  [Mice homozygous for 

the aly/aly mutation present a severe defect on B cells and cannot produce IgA molecules. 

Heterozygous aly/+ mice since have 1 normal allele in the aly gene can produce IgA]. Tail-
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bleeding:  mice were held in a mouse restrainer with an opening at the end where the tail was 

free and accessible. The very end of the tail was cut off with scissors and blood is collected 

in a capillary tube and then transfered to an eppendorff tube. Afterwards, the mouse tail is 

held between 2 fingers to stop the bleeding, and subsequently disinfected with betadine pads.  

All mice were checked to make sure bleeding had stopped and put back in the husbandry to 

recover for 2 weeks before going under splenectomy.   

 

II.2.1.2. Splenectomy / sham surgery: Splenectomies were performed under 

anesthesia at a ULAM designated (Unit for Laboratory Animal Medicine, University 

Michigan) surgical room, using the anesthetic AErrane (isoflurane, USP) (Baxter, IL, USA). 

Briefly, the mouse received inhaled anesthetic using a machine that controls the amount of 

isoflurane and 02 released inside of the restraining container. ULAM guidelines for surgical 

anesthesia usage (including type, amount and time under its effects) were adopted.  

1. PREPARATION OF THE SURGEON: in the ante-surgical room, a head-cover, mask, 

sterile gloves, sterile gown and shoe covers were put on. 

2. PREPARATION OF THE ANIMAL: First the animal was put under anesthesia, placed on 

its right side and shaved on the left side of the abdomen. Afterwards, the animal was rapidly 

transferred to a clean absorbent surface on top of a heating pad on the surgical table. 

Protective ophthalmic ointment was placed over the eyes. A small mask was put on the 

mouse muzzle, releasing monitored amounts of anesthetic and 02 keeping the animal 

anesthetized during surgery. After the shaved left side of the mouse was disinfected with 
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betadine followed by ethanol, a small incision in the skin, perpendicular to the mouse length 

and above the spleen was performed with a surgical scissor.  Next, the underlying peritoneum 

was incised.   The spleen was isolated with a pair of sterile hemostat forceps and both the 

hepatic portal vein and splenic artery from the spleen were ―burned‖/separated using an 

electrocautery tool (Figure 8). The peritoneal cavity and skin were closed with surgical 

staples. The anesthesia was removed from the mouse and to help prevent dehydration, 1-2cc 

of warm 0.9% NaCl (or equivalent) per 100g of body weight was given to the mouse 

intraperitoneally.  

 

Figure 8 Splenectomy: Small incision made in 

the shaved left side of the mouse; spleen 

removed using an electrocautery tool; peritoneal 

cavity and skin are closed with surgical staples; 

day 10 staples are removed; 1 week later BMT 

was performed. 

 

 

 

 

3. IMMEDIATELY AFTER SURGERY : Mice were under observation until they awoke 

from anesthesia and exhibited no signs of internal bleeding. To minimize hypothermia, the 

animal was placed on a warm clean pad in a clean new cage previously labeled. 

Heterozygous aly/+ littermates underwent a sham surgical procure wherein the spleen was 

lifted and gently placed back in the peritoneal cavity before applying surgical staples.  

 

II.2.2. Harvesting  peritoneal cells 

CO2 

 isoflurane 

aly/aly: PP/LN/Sp -/- 
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Prior to collecting resident peritoneal cells, mice were euthanized by CO2 

asphyxiation after being placed in a state of deep anesthesia with a few drops of anesthetic 

isoflurane. A 10 ml syringe was filled with 9 ml of 10% RPMI medium and attached a 25-G 

needle. The abdomen area was sterilized with 70% alcohol, and after a superficial incision, 

the abdomen skin is spliced revealing the peritoneal cavity.  As the needle penetrates the 

peritoneum, to avoid hitting the intestines, a small amount of medium was allowed to pass 

through the needle. The beveled end of the needle faced up while harvesting the medium 

from the cavity (collect around 7ml back). The needle was removed from syringe and 

peritoneal fluid dispensed to a 50 ml tube and kept on ice. Peritoneal cells (PC) were counted 

and viability was measured using trypan blue exclusion method. For MLR, irradiated (2000 

rad) 3.0x10
6
 PC cells were seeded with 2.0x10

6
 AutoMACS purified BALB/c T cells as 

described above under mixed leukocyte reaction and CTL activity. 

 

II.2.3. Serum separation from whole blood  

Blood samples were collected without anticoagulant (EDTA, heparin, etc.) in 

eppendorf tubes. They were left at 4°C overnight to allow the clot to contract. Using a tooth 

pick, carefully the clot was loosened from the sides of the tube. It is important not to lyse the 

red cells as they cannot then be separated from the serum. The serum was centrifuged at 4000 

rpm in a microcentrifuge for 5 minutes at 4°C. Serum was removed from the clot by gently 

pipetting it off into a clean tube, labeled with the animal identification and stored at -20°C. 
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II.3. RESULTS 

 

II.3.1. Development of the aly/aly colony 

The breeding approach for aly/aly colony was based on ULAM guidelines for strains that 

have difficulty breeding. Aly mice are very sensitive to the surrounding environment, like 

noise, and are physically more sensitive due to their mutation; homozygous as well 

heterozygous mice they naturally develop solid tumors and have a shortened lifespan. In 

addition, aly/aly mice also have more difficulties breeding and give birth to smaller litter 

sizes, 3-6 newborns, compared to wild type C56BL/6 that can have at one 10-14 newborns. 

After several months trying to overcome all the problems of aly breeders, breeding cages 

were set-up with 1 male homozygous and 1 female heterozygous. Breeders were housed in a 

different facility just for breeding where the number of people accessing the mouse room is 

restricted to 2 people, maintaining the room as quiet as possible.  Best results were obtained 

by combining 1 female per male rather than 2 females per male, since when one litter is born, 

the other mice can cannibalize the newborn litter. The less the newborn and mother are 

handled, the higher the chances of the litter to survive. After several different attempts, better 

number of survival pups was obtained by having only 1 male and 1 female per breeding cage. 

Once the abdominal size started to increase, pregnant female were monitored daily and 

before she gives birth a sterile white pad is put inside the cage for the mother to make a nest. 

From that time mice were not handled for 2 days.  Breeders‘ and newborn records were 

rigorously maintained. In tables 3 and 4 are examples of the records. 
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As mention in the introduction, the aly mutation is associated with complete absence 

of IgA [212, 213, 228, 229]. As described in M&M, in the following section III, an ELISA 

protocol was established to phenotype as homozygous, aly/aly, and heterozygous, aly/+, by 

screening the sera obtained from 6 to 7 week old mice for the absence of IgA (homozygous) 

or the presence of IgA (heterozygous). Figure 9 is representative of a typical IgA ELISA 

result.  

 

Table 3. Aly breeders’ record.  

 Cage #:; Male/Female ID#: male/female breeder identification number, M/F. DOB: 

male/female breeder date of birth. 

 

                             ULAM ALY BREEDING COLONY      

Investigator 

Mating Date 

Cooke 

05/21/06 

 

      

Cage # Male ID# 

 

Female ID# 

 

Color M. DOB 

 

F. DOB 

 

newbors 

 

wined 

8 387 390 black 3/28/06 3/19/06 7/02/06 7/23/06 
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Table 4. Aly/aly offspring record. 

Cage #: cage number; Parent ID#: parent identification number; Eartag#: ear tag number of 

offspring; DOB: date of birth; strain aly (-/- x+/-): aly [offspring of parents male homozygous 

(-/-) mated with female heterozygous (+/-)]; results: after offspring serum IgA ELISA, their 

phenotype is written in front of each ear tag number. 

 

ULAM BREEDING COLONY TAIL BIOPSY SPREADSHEET 

        
Investigator Cooke (re-sample)     

Date 08/18/06       

        

 

Cage # Parent ID# Eartag# Color Sex DOB Strain Results 

 

8 387x390 472 black M 7/2/06 ALY(-/-x+/-) Heteroz 

 

8 387x390 474 black F 7/2/06 ALY(-/-x+/-) Homoz 

 

8 387x390 475 black M 7/2/06 ALY(-/-x+/-) Heteroz 

 

8 387x390 476 black M 7/2/06 ALY(-/-x+/-) Homoz 

 

9 400x405 477 black F 7/24/06 ALY(-/-x+/-) Homoz 

 

9 400x405 478 black F 7/24/06 ALY(-/-x+/-) Homoz 

 

9 400x405 479 black F 7/24/06 ALY(-/-x+/-) Homoz 

 

9 400x405 480 black F 7/24/06 ALY(-/-x+/-) Heteroz 
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Figure 9. Serum IgA ELISA from aly offsprings. At 6-7 weeks old, weened pups were ear 

tagged and tail-bled. Serum samples were used in ELISA for phenotype, diluted 1:100 (IgA) 

and captured by the specific primary MoAb and detected by
 

horseradish peroxidase 

secondary MoAbs. Recombinant mIgA was used as standards. All the samples and standards 

were run in
 
duplicates.   

 

 

II.3.2. PP structure and cell phenotype of Naïve aly/aly mice 

Next the intestine was examined from age-matched naïve C56BL/6, aly/+ and aly/aly 

mice for the presence or absence of PP. Aly/aly mice completely lack PP (Fig. 10), 

recapitulating the previously
 
reported phenotype [211-214, 229]. In contrast, both C57BL/6 

and aly/+ mice develop PP.  
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Next the absolute cell numbers and cell phenotype was looked into of different organs 

from naïve aly/aly mice. Higher numbers of leukocytes were found in the thymus and the 

peritoneal cavity from aly/aly compared with littermates and C57BL/6 mice (Table 5).  

Furthermore, it was not surprising to see with the naked eye that aly/aly mice had enlarged 

thymus, which was correlated with elevated cell numbers, compared with littermates and 

C57BL/6 mice. Interestingly, the percentage of double positive thymocytes CD4
+
CD8

+
 and 

single positive CD4
+
 (Table 6) was elevated in this strain, as well as the percentage of T cells 

in the peripheral blood. Not surprising either was the decreased cell numbers in the spleen of 

these mice, since as it was mentioned in the introduction, due to the mutation in the gene 

encoding NIK, the structure of the spleen in aly/aly mice is disrupted, which can result in less 

cellular space available for resident leukocytes. However, the percentage of CD4
+
 T cells in 

the spleen is greater in aly/aly animals. No differences in cell numbers or phenotypes were 

observed in the liver or BM (Table 5). 
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Figure 10.  Payer’s patches structures visible or not in the intestine wall of naïve 

mice.  Fresh mouse intestine from age-matched naïve wt C57BL/6, aly/+ and aly/aly 

mice were photographed using a Nikon digital camera alone or attached to a microscope 

using 40x magnification lenses for the close-up pictures of the PP. 
 

 

 

 

 

Control C57BL/6
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Control C57BL/6 PP 10X
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Homozygous Aly/Aly GI 10X

Peyer’s Patches 

Readily Evident

Reduced Peyer’s

Patches Evident

No Peyer’s

Patches Evident



                                                                                                                                       Chapter 

II 

___________________________________________________________________________ 

 

_________________________________________________________________________ 

87 

II.3.3. Results of splenectomy 

Initially, the percentage of mice surviving after splenectomy was around 80% due to 

internal bleeding. It is relevant to point out how small a mouse is, and how even smaller its 

spleen is, making difficult the use of hemostat forceps on both the hepatic portal vein and 

splenic artery to prevent any bleeding after removing the spleen using an electrocautery. 

With time and experience, a unique technique was developed and this problem was 

overcome.  It was possible to separate the spleen without being so invasive, and in this way, 

reducing the risk of bleeding to 0%. Instead of pulling the spleen completely from the 

peritoneal cavity to clamp both the portal vein and splenic artery with hemostat forceps, the 

spleen was pulled out enough to visualize the vein and artery. Next, the spleen was removed 

as soon as possible with two precise incisions and both sizes of incisions were scrutinized for 

continuous bleeding. Fat tissue that surrounds the spleen was gently moved back inside the 

peritoneal cavity, the cavity was gently pulled together followed by the skin. It is extremely 

important to make sure the peritoneum is tightly close as is the skin when closing the incision 

site with metal clamps. Two sterile forceps were used at each end of the incision to keep it 

closed while clamping the skin. One big problem can occur when the peritoneum under the 

skin is not well closed. After surgery, the mouse gut that is confined to a small space would 

protrude from the peritoneal cavity into the space created between the peritoneum and the 

skin forming an ulcer and possible inflammation leading to death. The survival rate after 

splenectomy became 98 to 100%. Animals were able to undergo BMT after a minimal 

recovery period of 2 weeks.  



                                                                                                                                       Chapter 

II 

___________________________________________________________________________ 

 

_________________________________________________________________________ 

88 

 

Table 5.  Characterization of several tissues from aly/aly mice. 

At the time of analysis, aly/aly mice, littermate controls and wild type C57BL/6 mice were 

humanly euthanized. Single cell suspension from spleen, BM, liver and thymus were 

obtained. Afterwards, harvested cells were red blood cell (RBC) lysed, washed twice, 

resuspended in 1640 RPMI medium supplemented with 5% FCS. Viable cells by trypan blue 

exclusion were counted using a hemocytometer (Table 5). Cells were isolated from livers 

using the Medimachine. Cells were stained with MoAb PE-CD4, FITC-CD8, PE-CD11c. 

Two color flow cytometric analysis of 1x10
6
 cells was performed using a FACSCalibur  

(Table 6) (BD Biosciences, San Jose, CA). n=2-3 mice per group. 

 

  

 

            

 Table 5. Total number of cells                                 

 

 

 

 

 

 

x10
6
 aly/aly aly/+ C57BL/6 

Spleen  70 136 124 

    

BM  55 58 58 

    

Liver  48 51 53 

    

Thymus  110 47 52 
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Table 6.  Cell phenotype 

 

 

 
% aly/aly aly/+ C57BL/6 

Peripheral 

Blood 
   

CD4
+
 

CD8
+
 

1.53 

2.02 

0 

0 

0.26 

0.33 

 Spleen     

 CD4
+
 

CD8
+
 

CD11c
+
 

34 

21 

1.01 

21 

13 

5 

18 

13 

1 

BM     

CD4
+
 

CD8
+
 

CD11c
+
 

6 

3 

2 

7 

2 

2 

7 

2 

0.5 

Liver     

CD4
+
 

CD8
+
 

CD11c
+
 

12 

5 

3 

8 

10 

3 

9 

2 

1 

Thymus     

CD4
+
 

CD8
+
 

CD4
+
CD8

+ 

CD4
-
CD8

-
 

23 

3 

65 

7 

14 

3 

69 

14 

12 

3 

75 

8 
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II.4. DISCUSSION 

II.4.1. PP and LN structure and associated immunologic alterations in aly/aly 

mice 

In 1994, Miyawaki and colleagues described a new spontaneous autosomal mutation, 

alymphoplasia (aly/aly), in mice that causes a systemic absence of LN and PP [211]. This 

mutation is in the gene encoding NF-B-inducing kinase (NIK), and results in structural defects 

of spleen and thymus, associated deficiencies in cell-mediated immune function, and decreased 

numbers of mature and functional B cells, resulting in reduced levels of serum IgG and absence 

of IgA. Additionally, they had migration defects of lymphocytes to the gut-associated lymphoid 

tissue (GALT), but not spleen and BM. However, DCs from these mice exhibit normal 

development and function. 

 

 Lymph node development depends on interactions between stroma and hematopoietic 

cells during embryogenesis [236]. Two major cellular contributors are involved in the formation 

of LN structure: LN inducer (LNi) cells (CD45
+
CD4

+
CD3

-
IL7r

+
c-kit

+
lin

-
) and LN organizer 

(LNo) cells of mesenchymal origin that express among other molecules LTr and vascular cell 

adhesion molecule 1 (VCAM-1) [222, 236, 237]. LN organogenesis in the mouse is essentially 

divided into three stages: 1) migration and aggregation of LNi cells to positions where future LN 

will form; 2) interaction between LNi and LNo cells, regulated by 3 molecules including IL7r 

and LTβr, leading to further maturation of the anlage (primordium of LN); 3) mature 

lymphocytes migrate into these embryonic structures to generate adult LN [221, 236].   
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LTr signaling is thought to be necessary for the differentiation of LNo cells [221, 236]. 

In mice deficient in LT/LTr interactions, LNi cells migrate to the right sites in the body, but the 

LNo stroma cells are unable to respond to the inductive signals from these cells [236].  As 

referred in the introduction, aly/aly mice have a mutation in NIK, which is essential for LTr 

signaling in the stroma cells, resulting in the absence of LN and PP. In addition, in aly/aly mice, 

LNo cells fail to up-regulate VCAM-1 during LN development [211, 236].  

 

Work done by Matsumoto and colleagues (1999) [227] showed that defective lymphoid 

organ development in aly/aly mice was only partially restored by the generation of chimeras with 

normal animals, while spleen architecture was completely restored. However, the restoration of 

SLO was limited and sharply contrasted to that seen in chimeras between LT
-/-

 and wt animals, 

where SLO were fully restored. The data suggested that lack of LN and PP in aly/aly mice may 

be caused by the defect of non-BM-derived cells, possibly due to the defective development of 

stroma cells of the lymphoid organs. Therefore, BM-derived cells from aly/aly mice have no 

responsibility for the lack of SLO.      

 

Recently, Coles et al. (2006) [236] confirmed Matsumoto results and go even further 

proposing a new model for LN development during perinatal period. In aly/aly mice, absence of 

LTr signaling leads to irreversible degeneration of LN stroma between day 15.5 and day 18.5 

post-conception, confirming that anlagen failure in the embryo is the main reason for the absence 

of LN structures in adult mice. These authors showed that the primordial structures formed in 
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aly/aly mice survive up to late stages in gestation and degenerate by birth, and also the rescuing 

of the LN structures in neonate aly/aly mice by adoptive transfer of lymphoid cells failed to 

rescue any LN [236], figure 11.  

 

 

a.         

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

IL2r 
-/-

Rag2 
-/- 

New Born +  
4 weeks 

Adult +  
4 weeks 

Rag1
-/- 

aly/aly 

Donor: Total  GFP
+
 LN cells 
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migration aggregation 

Birth 

Colonization by mature 
lymphocytes adult 

d 7 

WT 

aly/aly 

IL2r
-/-
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IL7r
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requirements 
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b. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Coles et al (2006) [236] 

 

Figure 11. LN formation and model of LN development after adoptive transfer.  
(a) Peripheral LN cells from hCD2-GFP_C57BL/6 mice were transferred into newborn and adult 

recipient Rag1
-/-

, Il2r
-/-

Rag2
-/-

, and aly/aly mice [89]. Analysis of the inguinal LN is shown.(b) 

Migrating hemopoietic cells including LN inducer (LNi) cells aggregate with LN organizer 

(LNo) cells to form the LN. In WT mice, the structure persists until after birth when it is 

colonized by mature lymphoid cells generated in the thymus and the bone marrow. In aly/aly 

mice, these structures degenerate near the end of pregnancy, resulting in no structure to be 

colonized by mature lymphoid cells after birth. In Il2r
-/-

Rag2
-/-

 mice, these structures persist for 

a few days after birth, but, because of the complete absence of lymphoid cells, they degenerate 

within the first week after birth. In Il7r
-/-

 mice, these structures are maintained by the few   

lymphoid cells thatexist in these mice; however, the size of the LN remains small throughout 

life. 
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II.4.2. Cell phenotype and function from aly/aly mice in vitro  

Prior to our BMT experiments, the characterization of the immunologic phenotype of 

aly/aly mice was conducted in our colony at the University of Michigan. As described in 

methods, aly/aly homozygous mice were initially identified by their inability to secrete IgA 

(figure 9). Once identified, it was first confirmed that aly/aly mice lacked visable PP (figure 10). 

Next, the leukocyte number and phenotype was assessed in the peripheral blood, spleen, bone 

marrow, liver and thymus and compared our results to both littermate (aly/+) and C57Bl/6 

controls (table 5 and 6). Higher numbers of leukocytes were found in the thymus and the 

peritoneal cavity from aly/aly compared with littermates and C57BL/6.  The elevated PC 

numbers were in agreement with the literature. Fagarasan et al. (2000) have shown by in vivo 

and in vitro experiments that aly/aly PCs have a defect that affects their homing capacity, 

especially to the GALT system [238]. Most likely, PCs are trapped in the peritoneum. Aly/aly 

mice were also characterized as having an enlarged thymus (that correlated with elevated cell 

numbers), decreased numbers of splenocytes and comparable numbers of liver and BM cells 

compared to littermate (aly/+) and C57BL/6 mice (table 5).  
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ROLE OF SECONDARY LYMPHOID ORGANS IN GRAFT-
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III. ROLE OF SECONDARY LYMPHOID ORGANS IN 

GRAFT- VERSUS-HOST DISEASE 

 

III.1. INTRODUCTION 

Allogeneic bone marrow transplantation is the only curative treatment for a number 

of hematologic diseases. Acute GVHD is the most significant complication of allo-BMT. 

GVHD fundamentally depends upon interactions between donor T cells and host APCs. As 

the name implies, aGVHD describes a disease process during which T lymphocytes in the 

donor stem cell ―graft‖ respond to foreign antigens in the ―host‖ or BMT recipient.  The 

pathophysiology of aGVHD is complex and involves interactions between activated donor T 

cells, inflammatory cytokines such as TNF- and IL-1 and LPS [112, 158, 239-241]. Data 

from several researcher groups, including from our group, have contributed to the hypothesis 

that aGVHD involves the dysregulation of cytokine cascades [112, 115, 126, 155, 182, 241-

243]. This pathophysiology can be conceptualized in 3 distinct steps: 1) the effects of 

conditioning regimens on host tissues and activation of APCs, 2) activation of donor T cells 

and concomitant cytokine release and 3) cellular and inflammatory effectors.  

 

Although interactions between donor T cells and host APCs are believed to be 

fundamental to the development of both GVHD and GVL, the exact location where these 

encounters take place remains speculative. The prevailing theory is that SLO are necessary to 
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activate naïve donor T cells following allogeneic BMT.   This hypothesis was tested by using 

a unique mutant mice (alymphoplasia; aly/aly) as BMT recipients in a well-described MHC-

disparate BMT system. 

 

III.1.1. ALTERNATIVE MODEL OF aGVHD IN THE ABSENCE OF 

SLO 

To ensure that experimental differences seen with aly/aly animals in the MHC-

disparate system do not solely represent a strain dependent phenomenon,  FucT dko mice 

were also used as BMT recipients. FucT dko mice were splenectomized (Sp-/-) in order to 

have another recipient mice without SLO. FucT dko mice lack P- and E-selectin ligand on 

leukocyte surfaces and L-selectin ligand on HEV of SLO [69]. However, in these mice, 

approximately half of lymphocytes still migrate to PP. Several trafficking-associated 

molecules are actively involved in the development of GVHD [67, 150, 244], including 

adhesion molecule L-selectin, 4 integrin, 47 integrin (lymphocyte PP adhesion molecule,
 

or LPAM) and its ligand, mucosal vascular addressin cell adhesion molecule (MadCAM-1), 

expressed on HEVs in PP
 
and lamina propria, have been shown to be important in the 

homing
 
of alloreactive T cells to the intestine during GVHD [67, 150, 193, 194]. For this 

reason, these mice were treated with MoAb anti-MAdCAM-1 or Ig isotype at indicated time 

points, and by doing so completely abrogated leukocyte migration to the SLO. These studies 

suggest that SLO are not required for the induction of aGVHD following allogeneic BMT. 
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The specific Aims of my work were as follows: 

 

5. DETERMINE THE ROLE OF SLO IN GVHD 

a. 2 SYSTEMS 

b. PILOT AND EXPERIMENTAL DATA 

c. EXPLORE ALTERNATIVE SITES OF T CELL ACTIVATION 

 

III.2. MATERIALS & METHODS 

 

III.2.1. Bone marrow transplantation: Mice received BMT according to a standard 

protocol of our lab that has been designated previously [157]. Mice received a lethal dose (13 

cGy) of total body irradiation (TBI, 
137

Cs source), split into two doses separated by 3 hours to 

minimize GI toxicity. Splenectomized aly/aly (LN/PP/SP -/-) or FucTdko or sham-

splenectomized aly/+ littermates (LN/PP/SP +/+) or sham-splenectomized FucTdko served as 

BMT recipients. In some experiments, wild-type C57BL/6 animals were included as 

additional GVHD controls (figure 12).  

 BM isolation: mice were euthanized in a CO2 chamber in the presence of anesthetic 

(isoflurane). Mice were sprayed with ethanol 70% to maintain aseptic conditions. Both legs 

were removed with scissors and transferred to a large Petri dish. Fur, skin, feet, and muscle 

were removed without compromising the marrow cavity. Bones and muscle tissue were 

transferred to a clean Petri dish and taken to a sterile hood. Bones were separated at the knee 
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joint and tibias and femurs were thoroughly scraped of all fascia, connective tissue and 

muscle and transferred to a clean Petri dish. Carefully, the epiphysis and distal ends of each 

bone was clipped, and marrow was flushed with a 27-G needle and 10 ml syringe, into a Petri 

dish with 7 ml of media. Clumps of cells were dispensed carefully using a 18g needle plus 10 

ml syringe, BM single cell suspensions were filtered through a 70 micron cell strainer and 

pellet was resuspended in 30 ml of media and kept on ice.  

 

BM cells were supplemented with 2.0 or 5.0x10
6
 AutoMacs purified splenic T cells 

(CD90-conjugated magnetic beads; Miltenyi Biotech, Auburn, CA, USA) from syngeneic 

(aly/aly or FucTdko) or from allogeneic
 
BALB/c or B10.BR donors and resuspended in 

serum-free Leibovitz‘s L-15 medium (Life Technologies, Grand Island, NY, USA). 

AutoMacs purification: Spleens were harvested and spleen cell suspensions were obtained 

under sterile conditions. In a small Petri dish, the rough side of two microscope slides was 

used to gently press spleens and pulverize the tissue, into single cell suspensions.  Splenic 

cells were than filtered through 70 micron cell strainer and washed (1500 rpm, 5 minutes). 

Pellets were resuspended in AutoMacs buffer [PBS + 0.5% BSA + 5mM EDTA ph=7.39 

(PBS: phosphate-buffered saline; BSA: Bovine Serum Albumin; EDTA: ethylenediamine 

tetraacetic acid; Sigma, MO, USA)] and washed one more time. Afterwards, cells were 

resuspended in 100 l of buffer per 10 million cells, and 10 l of murine anti-CD90 (T cell 

surface marker) or anti-CD11c (DC surface marker), microbeads, and incubated for 15 

minutes at 4C. Cells were spun at 1000 rpm for 5 minutes x 2 and pellets were resuspended 
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with 4 ml AutoMacs buffer followed by filtration using 40 micron cell strainer. The positive 

labeled, containing the specific isolated cells (CD90 or CD11c) was separated from un-

labeled (containing all other leukocytes and RBCs) using an AutoMacs Cell Separation 

machine (Miltenyi Biotecs; CA, USA), washed once and resuspended in 10 ml of 10%RPMI 

media.  100l of cell suspension was used for cell surface staining and flow cytometry 

(described below) to determine the percentage and the total number of specific cells obtained. 

In all experiments between 80 to 90% of splenocytes were CD90
+
 and 18-25% were CD11c

+
.  

 

SCT: Day 0

1300 cGy TBI Balb/c (H2d) or aly/aly (H2b)

BM + splenic purified T cells 

HOST 

(H2b)

Survival

Clinical Score

Pathology

Day 3, Week 1 or 7

Syn aly/aly

Allo wt B6 aly/aly: pp/LN/Sp -/-

aly/+: pp/LN/Sp +/+

EXPERIMENTAL DESIGN

 

Figure 12.. Experimental design of BMT. 

Recipient mice are given lethal TBI (13 cGy) separated by 3h. BM and splenic T cells 

or only splenic T cells (CFSE studies, d3) are harvested from donor mice. 

Transplanted mice were then analyzed weekly through week 7 for the development of 

GVHD as measured by survival, clinical score and target organ pathology. 
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III.2.2. Alternative system for GVHD development in the absence of SLO 

by neutralizing naïve T cell migration to PP in FucT dko mice 

To ensure that experimental differences seen with aly/aly animals in the MHC-

disparate BMT system did not solely represent a strain dependent phenomenon, FucT dko 

mice were also used as BMT recipients. As described in the Introduction, FucT dko mice 

lack expression of P- E- and L-selectin ligands on leukocyte surfaces (P and E) and on HEV 

of SLO (L) [69]. However, in these mice, approximately 48% of lymphocytes still migrate to 

PP [60].  In order to have another recipient mice lacking SLO, first FucT dko mice were 

splenectomized (Sp-/-) and then prior to BMT these mice were treated intraperitoneally (i.p) 

with 2mg/kg body weight of MoAb anti-MadCAM (eBioscience, CA, USA), accordingly 

with other in vivo studies [245, 246] to completely abrogate lymphocyte trafficking to LN 

and PP. Mice were treated on days -1, 0, 1, 3, 5, 7, and 10 after BMT [246-248] and in 

control groups, animals received injections of control hamster immunoglobulin (figure 13).  
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BMT: i.v. donor BMC + splenic

i.p. anti-MadCAM-1 or control Ig

Syn: FucT dko Sp-/- Ig

Syn: FucT dko Sp+/+ Ig Allo: C57BL/6

Allo: FucT dko Sp+/+ Ig

Allo: FucT dko Sp-/- MAb

Allo: FucT dko Sp-/- Ig

-1 0 1 3 5 7 10

EXPERIMENTAL DESIGN

 

Figure 13. Pre-treatment with MoAb anti-MadCAM-1. Experimental design. 

Recipient mice were injected i.p. with MoAb anti-MadCAM-1 starting 24h before BMT. On 

the day of transplant, mice were first treated with MoAb anti-MadCAM-1 followed 30 

minutes later by i.v. inoculum of BM plus splenic T cell. MoAb treatment continued the next 

day and every other day afterwards until day 7 post-transplant. The last treatment was 

administered on day 10 after BMT to insure that donor T cells would not be able to rich PP 

early on and be stimulated by host APCs becoming activated. 

 

 

III.2.3. Assessment of acute GVHD 

Transplanted mice were ear punched and individual weights were obtained and 

recorded on day +l and weekly thereafter until day +7 or the end of the experiments. The 

degree of systemic GVHD was assessed weekly by a scoring system consisting of the 

summation of 5 criteria scores: percentage of weight
 
change, posture (hunching), activity, fur 
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texture, and skin
 
integrity (maximum index = 10) (Table 7). This index was found to

 
be a 

more sensitive index of GVHD severity than weight loss
 
alone, a parameter that has been 

found to be a reliable indicator
 
of systemic GVHD in multiple mouse models [249, 250]. At 

the time of analysis, mice from coded cages were evaluated and graded from 0 to 2 for each 

of the 5 parameters (maximum index = 10). Survival was monitored daily until the end of the 

experiments. 

 

Table 7. Assessment of clinical GVHD in transplanted animals. 

Criteria Grade 0 Grade 1 Grade 2 

Weight loss 10 <10 to >25 ≥25 

Posture normal hunted noted only at rest severe hunching impairing movement 

Activity normal mild to moderately decreased stationary unless stimulated 

Fur texture normal mild to moderate ruffling severe ruffling/poor grooming 

Skin integrity normal scaling of tail/paws obvious areas of denude skin 

 

 

III.2.4. Semiquantitative histopathologic assessment of GVHD 

Acute GVHD was also assessed by detailed histopathologic analysis
 
of the small 

(ileum) and large (ascending) intestine and liver.  Tissues were harvested from animals at 

defined time points after BMT and placed in 10% buffered formalin. All organs were then 

embedded in paraffin, cut into 5-µm-thick
 
sections, and stained with hematoxylin and eosin 

for histological
 
examination. Slides were coded without reference to mouse type

 
or prior 
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treatment status and examined in a blinded
 
fashion by a single

 
pathologist (C. Liu) using a 

semiquantitative scoring
 
system as described previously [157].  Semiquantitative scoring 

system: 7 parameters
 

each were scored for small intestine (villous blunting, crypt 

regeneration,
 
crypt epithelial cell apoptosis, crypt loss, luminal sloughing

 
of cellular debris, 

lamina propria inflammatory cell infiltrate
 
and mucosal ulceration), large intestine (crypt 

regeneration, crypt
 
epithelial cell apoptosis, crypt loss, surface colonocyte vacuolization,

 

surface colonocyte attenuation, lamina propria inflammatory cell
 
infiltrate, and mucosal 

ulceration) [157, 251], and 10 parameters for liver
 
(portal tract expansion by an inflammatory 

cell infiltrate, lymphocytic
 
infiltrate of bile ducts, bile duct epithelial cell apoptosis,

 
bile duct 

epithelial cell sloughing, vascular endothelialitis,
 

parenchymal apoptosis, parenchymal 

microabscesses, parenchymal
 
mitotic figures, hepatocellular cholestasis, and hepatocellular

 

steatosis) [157, 252]. The scoring system denoted 0 as normal; 0.5 as focal
 
and rare; 1.0 as 

focal and mild; 2.0 as diffuse and mild; 3.0
 
as diffuse and moderate; and 4.0 as diffuse and 

severe. Scores
 
were added to provide a total score for each specimen.  

 

III.2.5. Donor T cell divisions in vivo 

 In carboxyfluorescein diacetate, succinimidyl ester (CFDA SE) studies, donor T cells 

were stained with Vibrant CFDA SE (Invitrogen, CA, USA) prior to be injected into 

recipient mice. CFDA SE was reconstituted with dimethyl sulfoxide (DSMO; Sigma, MO, 

USA) to a final concentration of 5µM. The viability of donor T cells was measured using the 

trypan blue exclusion method with a hemocytometer. Cells were than resuspended in 
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phosphate-buffered saline (PBS) + 5% FCS (fetal calf serum; Invitrogen Co, CA, USA) at 

10x10
6
/ml and were incubated with CFSE for 5 minutes at room temperature in the dark. 

Incubation was stopped by placing cells on ice for 5 minutes. Cells were washed twice in 5 

volumes of ice-cold 5% FCS-RPMI and resuspended in medium with final concentration 

5x10
6
cells/ml.  

 

III.2.6. Liver cell suspension  

At the time of analysis, day 3 or day 7 after BMT, mice were humanly euthanized, as 

described above.  Harvested livers were minced with a razor blade and forceps in a Petri dish 

before they were added into Medicons filters (BD Biosciences, CA, USA) with 1 ml of 5% 

RPMI media and homogenized for 45 seconds in a BD Medimachine Systems (BD 

Biosciences, CA, USA). Cells were re-suspended and removed using a 1 ml syringe and then 

pushed through a 50 micron Filcon filter.   The filter was washed twice by adding 1 ml of 

fresh media.  Liver cell suspension was then washed (1500 rpm, 7 minutes) followed by RBC 

lysis. Pellets were resuspended in 5% media and put on ice. 

 

III.2.7. Bone Marrow-derived DC cultures  

Generation of DC cells from BM precursors. BM cells were collected as described 

above, of aly/aly, aly/+ and C57BL/6 and resuspended in 10% RPMI medium. Using a 10ml 

syringe and a 25-G needle, marrow was pipette in and out many times until the cells were in 

single cell suspension. Suspension was flushed through a 70 micron nylon filter into a 50 ml 
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tube and pellet at 1000 rpm for 7 minutes at 4C. Supernatant was aspirated, cells were 

resuspended in 20 ml 10% RPMI and cell viability was measured using trypan blue 

exclusion. Afterwards, cells were plated in vented top tissue culture flasks (75T) at a density 

of 1.0x10
6
/ml and cultured for 5 days in 10% FCS RPMI with 10 ng/ml of murine 

granulocyte macrophage-colony stimulate factor (GM-CSF) and 10 ng/ml of murine IL-4 at 

final volume 15.0 ml. Cells were incubated for 5 days, fed once on day 3 (increasing the 

volume by ½ and replacing the cytokines). Non- and loosely-adherent cells (obtained by 

forcefully tapping the sides of the flask ~10 times) were harvested, washed and autoMACS 

purified using CD11c
+
 magnetic beads (Miltenyi Biotech, CA, USA). Thereafter, cell 

viability was measured (as described above) and DCs were analyzed by flow cytometry for 

expression of cell surface CD11c
+
 marker [253].  

 

III.2.8. Flow cytometric analysis  

Aliquotes from single cell suspensions of spleen, BM or liver cells were collected for 

cell surface staining and FACS analysis after red blood cell lysis.  RBC lysis: After 

centrifugation (1500 rpm), supernatants were removed and 2 mls of RBC lysis buffer (Sigma, 

MO, USA) were added to the cell pellet.  Cells were resuspended by pipetting thoroughly 

and allowing lysis to proceed for 2 minutes.  Reactions were quenched with 15 ml of 5% 

RPMI media, mixing media well with cells to stop action of the lysing buffer. Cells were 

washed twice with media, and following the last wash, cells were resuspended in fresh media 

and filtered through a 40 micron cell restrainer and put on ice. Flow Cytometry staining: 
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Aliquots of 0.5 x 10
6
 cells were transferred into FACS tubes with 3 ml of FACS wash buffer 

(PBS + 2% FBS, fetal bovine serum; Gibco, USA). Cells were centrifuged (1500 rpm) and 

supernatants were poured off.  To minimize non-specific binding, 50 ul of 2.4 G2 blocker 

(anti-mouse Fc blocker; BD Pharmingen, CA, USA) was added plus pellets vortex and 

incubated at 4C for 10 minutes. Afterwards, 1.5 l of each 0.1 mg/ml of mouse antibody for 

0.5 x 10
6
 cells were added to FACS tubes, vortex and incubated at 4C for 30 minutes in the 

dark. Cells were stained with allophycocyanin (APC)-conjugated MoAb to CD3 (BD 

Bioscience, Pharmingen, CA, USA) and phycoerythrin (PE)-conjugated MoAb to H-2k
d
, H-

2k
k
, or CD69

 
(BD Bioscience, Pharmingen, CA, USA). After incubation, cells were washed 

in 3 ml of FACS wash, resuspended in 300 ml of lysing/fixing solution (FACS Lysis 

Solution; BD Pharmingen, CA, USA), vortex to mix, covered with aluminum foiled and kept 

at 4C prior to analysis [242]. Two color flow cytometric analysis of 1x10
4
 cells was 

performed using a FACSCalibur (BD Biosciences, CA, USA) at the Flow Core Facility, 

University of Michigan.  

 

III.2.9. Mixed leukocyte reaction (MLR) 

For mixed lymphocyte reactions (MLR), plates (Sarstedt, NC, USA) were seeded 

with  2.0x10
6
 AutoMACS purified BALB/c or B10.BR T cells (CD90 MoAbs) in 10% FCS 

DMEM and co-cultured for 72 hours with either irradiated (2000 rad) 0.2x10
5
 BM-derived 

DCs or AutoMACS purified (CD11c
+
) splenic DCs from either aly/aly, aly/+, C57BL/6 or 

FucT dko mice [242]. At 48 hours, 100 l of supernatants were collected for cytokine
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analysis and the cultures were pulsed with 50 l of 
3
H-thymidine (1 µCi/well [0.037 MBq]) 

and proliferation was determined
 
20 hours later on a 1205 Betaplate reader (Wallac,

 
Turku, 

Filand). Bulk MLR: In preparation for CTL assays, allogeneic (B10.BR or Balb/c) T cells 

were cultured for 5 days in a bulk-MLR with splenic or BM cells from aly/aly, littermates, 

and C57BL/6 mice. Cells were harvested, washed (1500 rpm, room temperature), and 

resuspended in 4ml of warm DMEM medium. Cells were slowly transferred to the wall of 

15ml tubes with 3ml of Ficoll-Paque Plus (Amersham Bioscience, NJ, USA) and centrifuged 

2000 rpm, 30 minutes at room temperature without brake. Ficol separates leukocytes from 

dead and RBC by a density gradient. Leukocytes stayed within the interface between Ficol 

and media forming a cloud-looking like white ring, while dead cells stayed at the bottom of 

the tube. Leukocytes were isolated using a Pasteur pipette and transferred to a new tube with 

warm medium, followed by 2 washes (1200 rpm, 4C). Leukocytes were than incubated with 

MoAbs anti-CD4 (PE) and anti-CD8 (FITC) (BD Bioscience, Pharmingen, CA) and analyzed 

by flow cytometry as described above. Cells were ready for incubate with target cells for 

CTL assays (
51

Cr release assay). 
51 

 

III.2.10. Cytokine enzyme-linked immunosorbent assay (ELISA)  

An ELISA protocol was established to phenotype as homozygous (aly/aly) or 

heterozygous (aly/+) by screening the sera obtained from 6 to 7 week old mice for the 

absence of IgA (homozygous) or the presence of IgA (heterozygous).  
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Antibodies used in ELISA were purchased from R&D Systems (MN, USA) and 

PharMingen (CA, USA); assays were performed according to the manufacturer's protocol.
  

Briefly, rat anti-mouse capture antibody was diluted 1:100 (IgA ELISA) or 1: 250 (IFN- 

ELISA) in Coating Buffer (0.05M Sodium Carbonate, ph 9.6; Sigma, MO, USA) and wells 

were coated with 100l.  Coated plates were incubated for 60 minutes at room temperature 

(IgA ELISA) or incubated at 4C overnight (IFN- ELISA). Plates were washed 5 times with 

Wash Solution [TBS (Bio-Rad, CA, USA) + 0.05% Tween 20; Sigma, MO, USA) and than 

blocked with Block Buffer (Post Coat Buffer; TBS + 1% BSA; Sigma, MO, USA) for 30 

minutes (IgA ELISA) or 2 hours (IFN- ELISA) at room temperature. Afterwards, plates 

were washed 5 times and recombinant murine
 
IgA or

 
IFN- standards were added to the 

wells. Several titrations were performed of IgA standard stock (1000 ng/ml) or IFN- 

standard stock (4000 ng/ml) using Sample Conjugate Diluent (TBS + 1% BSA + 0.05% 

Tween 20). Serum samples were diluted 1:100 (IgA ELISA) or 1:4 (IFN- ELISA) in Sample 

Conjugated Diluent, based on the expected concentration of the analyte, to fall within the 

concentration range of the standards. 100 l of both standards and samples were transferred 

to assigned wells and incubated for 60 minutes at room temperature. After washing plates 5 

times, rat anti-mouse horseradish peroxidase (HRP) detection MoAbs were diluted 1:20,000 

(IgA ELISA) or 1:250 (IFN- ELISA) and 100 l were transferred to the well and plates 

were incubated 60 minutes in the dark at room temperature. Plates were washed 5 times and 

100 l of substrate solution (mixed equal volumes of Substrate Reagent A and B) were 

transferred to the wells, and incubated for 5-30 minutes. Reactions were stop by transferred 
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50 ul of stop solution (2M H2SO4) and plates were read at 450 nm using a microplate
 
reader 

(SpectraMex 190 plate reader; Molecular Devices, CA, USA). All the samples and standards 

were duplicated. 

 

III.2.11. Statistical considerations: Statistical comparisons between groups were
 

completed using the parametric independent sample t test. The nonparametric
 
Mann-Whitney 

test was used for survival plots. All values are expressed as the mean ± standard error
 
of the 

mean (SEM). P < 0.05 was considered to be statistically significant. 

 

III.3. RESULTS 

 

III.3.1. Establishment of mouse GVHD model 

Over the last several years, the Cooke laboratory has successfully used several well-

established BMT models to investigate the pathophysiologic mechanisms responsible for the 

induction of GVHD. In these models, BMT donor and host mice can differ at either major 

histocompatibility complex antigens, minor H antigens or both [137, 156, 254-258]. One 

such model utilizes BALB/c (H-2
d
) and C57BL/6 (C57BL/6; H-2

b
) mice as BMT donors and 

recipients respectively. In this strain combination, donor and recipients are MHC disparate. It 

was possible to replicable previous data having found that the injection of 5 x 10
6
 bone 

marrow and 2 x 10
6
 purified splenic T cells from BALB/c donors into C57BL/6 mice 
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receiving a myeloablative and lethal dose (13 cGy) of TBI (Figure 14) results in reproducible 

systemic and target organ GVHD [207, 257]. In a second MHC disparate model 

(B10.BR→C57BL/6), our results also reproduced previously published work.  In each case, 

recipients of syngeneic BMT all survived with no evidence of GVHD  

 

 

*

*
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Figure 16. Acute GVHD development in C57BL/6 mice with GVHD histopathology in the liver and intestinal tract. 

Recipients of either allogeneic BM cells plus splenic purified T cells from BALB/c (a,b,c) or B10.BR (d,e,f,g,h,i) were sacrificed

at 4 or 7 weeks after BMT. Recipient mice received 1100 TBI (a,b,c,d,e,f) or 1300 TBI (g,h,i). In surviving animals, BAL fluid

was collected for cellularity (c,f) (see Material and Methods) and formalin-preserved liver and intestine were embedded in

paraffin, cut into 5-µm-thick sections, and stained with hematoxylin and eosin for histologic examination. Slides were examined in

a blinded fashion. A semiquantitative scoring system was used to assess GVHD pathology in target organs (see Material and

Methods). Mean values and standard error are presented; *p<0.01;      syn allo co.
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Methods). Mean values and standard error are presented; *p<0.01;      syn allo co.
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Figure 14. Acute GVHD development in C57BL/6 mice with GVHD histopathology in 

the liver and intestinal tract.   Recipients of either allogeneic BM cells plus splenic purified 

T cells from BALB/c (■) or B10.BR (■) were sacrificed at 4 or 7 weeks after BMT. 

Syngeneic recipients (●) received 1100 TBI or 1300 TBI. In surviving animals, BAL fluid 

was collected for cellularity (see Material and Methods) and formalin-preserved liver and 

intestine were embedded in paraffin, cut into 5-µm-thick sections, and stained with
 

hematoxylin and eosin for histologic examination. Slides were examined in a blinded
 
fashion. 

A semiquantitative scoring system was used to assess GVHD pathology in target organs (see 

Material and Methods).  Mean  

values and standard error are presented; *p<0.01; syn     allo co   

 

III.3.2 Aly/aly splenic DC effectively induced allogeneic T cell proliferation 

and IFN- secretion. 

The ability of host aly/aly and aly/+ splenic DCs was first tested to stimulate donor Balb/c T 

cells in vitro on a MLR. These studies were deemed essential prior to completing and 

interpreting BMT experiments in order to ensure that differences in the ability of aly/aly 

APCs to stimulate donor type T cells would not account for any observed differences in 

GVH or GVL reactions that could be attributed to the lack of secondary lymphoid tissues 

alone. The MLR technique, by definition, evaluates the allogeneic response, as measured by 

consequent cellular division and proliferation of effector T cell when mixed with and 

stimulated by irradiated APCs from another individual [14]. As shown in figure 15, no 
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differences in proliferation (a) or IFN (b) production were noted between groups. Similar 

results were obtained when B10.BR purified T cells were stimulated by APCS from aly/aly 

mice (Fig. 16a,b). Thus, alterations in the allo-stimulatory capacity of aly/aly APCs were not 

responsible for the in vivo GVH responses observed following allo-BMT. Similar results 

were observed when peritoneal cells were used as allogeneic stimulator cells (Fig. 17 a,b). 

Our results are in agreement with previous data that showed aly/aly DCs development and 

function was normal and DCs were able to stimulate allogeneic T cells [213].  
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Figure 15. Donor BALB/c T cells stimulated by splenic DCs.  AutoMACS purified 

BALB/c T cells (CD90 MoAbs) were resuspended in 10% FCS DMEM and co-cultured for 

72 hours with irradiated (2000 rad) AutoMACS purified (CD11c
+
) splenic DCs from either 

aly/aly, aly/+ or C57BL/6. At 48 hours, supernatants were collected for cytokine
 
analysis and 

the cultures were pulsed with 
3
H-thymidine (1 µCi/well) and proliferation was determined

 

20 hours later. ELISA: samples were diluted 1:4 (IFN-) and captured by the specific primary 

MoAb and detected by
 
horseradish peroxidase secondary MoAbs. Recombinant mIFN- was 

used as standards. All the samples and standards were run in
 
duplicate. Mean values and 

standard error are presented; *p<0.001.     control       allo co      aly/+        aly/aly 
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Figure 16. Donor B10.BR T cells stimulated by splenic DCs. AutoMACS purified B10.BR 

T cells (CD90 MoAbs) were resuspended in 10% FCS DMEM and co-cultured for 72 hours 

with irradiated (2000 rad) AutoMACS purified (CD11c
+
) splenic DCs from either aly/aly, 

aly/+ or C57BL/6. At 48 hours, supernatants were collected for cytokine
 
analysis and the 

cultures were pulsed with 
3
H-thymidine (1 µCi/well) and proliferation was determined

 

20 hours later. ELISA: samples were diluted 1:4 (IFN-) and captured by the specific primary 

MoAb and detected by
 
horseradish peroxidase secondary MoAbs. Recombinant mIFN- was 

used as standards. All the samples and standards were run in
 
duplicate. Data from 1 of 2 

independent experiments are represented here. Mean values and standard error are presented; 

*p<0.001.  

         control        allo co        aly/+        aly/aly 
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Figure 17. Donor BALB/c T cells stimulated by PCs. AutoMACS purified BALB/c T cells 

(CD90 MoAbs) were resuspended in 10% FCS DMEM and co-cultured for 72 hours with 

irradiated (2000 rad) PCs from either aly/aly, aly/+ or C57BL/6. At 48 hours, supernatants 

were collected for cytokine
 

analysis and the cultures were pulsed with 
3
H-thymidine 

(1 µCi/well) and proliferation was determined
 
20 hours later. ELISA: samples were diluted 

1:4 (IFN-) and captured by the specific primary MoAb and detected by
 
horseradish 

peroxidase secondary MoAbs. Recombinant mIFN- was used as standards. All the samples 

and standards were run in
 

duplicate. Data from 1 of 3 independent experiments are 

represented here. Mean values and standard error are presented; *p<0.001.          control        

allo co        aly/+        aly/aly 
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III.3.3. SLO contribute to but are not necessary for the induction of GVHD  

The well-established murine models of GVHD described above was used to test 

the central hypothesis: secondary lymphoid tissues including LN, PP and spleen are 

essential for donor T cell activation and subsequent cytokine dysregulation that 

occurs during the induction of both GVHD and GVL responses following allogeneic 

BMT. In one model, lethally irradiated, splenectomized aly/aly mice (LN/PP/SP -/-) and 

aly/+ sham mice (LN/PP/SP +/+) received BMT either from syngeneic (aly/aly) or 

allogeneic (Balb/c) donors and were subsequently followed for signs of GVHD. As 

expected, greater than 95% of syngeneic (syn) BMT recipients survived and were 

indistinguishable from naïve, un-transplanted controls, whereas (LN/PP/SP +/+) 

receiving allo-BMT showed significant signs of GVHD with ~40% mortality by day 49 

(Fig. 18a). All (LN/PP/SP -/-) allo-BMT recipients also survived, but surprisingly, 

examination demonstrated that they too developed significant clinical GVHD compared 

to syn controls (score: 3.2 vs. 0.85) that was comparable in severity to (LN/PP/SP +/+) 

mice (3.1) (Fig. 18b) 
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Figure 18. Lack of SLO conferred survival advantage yet was not required for GVHD 

development. (a,b) Recipients received a lethal dose (13 cGy) of TBI, split into two doses 

separated by 3 hours. Splenectomized aly/aly (LN/PP/SP -/-), sham-splenectomized aly/+ 

littermates (LN/PP/SP +/+) and C57BL/6 mice received cell mixtures
 
of 5 x 10

6
 BM cells 

and 2.0 x 10
6
 splenic T cells from syngeneic (aly/aly) or from allogeneic

 
BALB/c donors. 

(c,d) Same methods and same recipients described previously received allogeneic donor BM 

cells plus splenic T cells from B10.BR mice. Transplanted mice were analyzed weekly 

through week 7 for  

the development of GVHD as measured by survival (a,c) and clinical score (b,d).  

syngeneic    

C57BL/6  LN/PP/Sp+/+   LN/PP/Sp-/-. (a,b) data were combined from 3 different 

experiments (n=9-15 per group); (c,d) data were combined from 2 different experiments 

(n=12-15 per group). *p<0.05 compared with syngeneic control. 

 

 

 

III.3.4. Lungs cannot be used as target organ on aly/aly aGVHD model 
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In agreement with the literature on aly/aly mice, our results showed that naïve aly/aly 

mice, as well as syngeneic aly/aly (LN/PP/Sp -/-) and allogeneic aly/aly (LN/PP/Sp -/-) 

recipients presented high histopathologic scores in the lung (Fig. 19). These mice also 

presented elevated percentages of CD4
+
 and CD8

+
 T cells in BAL fluid after allogeneic-BMT 

(Fig. 19). Due to this reason, lung as GVHD target organ was not considered in our 

experiments. Tsubata and colleagues (1996) described chronic inflammatory changes in 

exocrine organs such as the salivary gland, lacrimal gland, and pancreas from homozygous 

(aly/aly) mice, but not from heterozygous (aly/+) [259]. Furthermore, changes in the lung of 

aly/aly mice with elevated lymphocyte infiltration were also observed, suggesting that aly/aly 

mice were a unique spontaneous model of Sjögren's syndrome (SS) [259]. In addition, others 

suggested the same based on remarkable infiltration of mononuclear cells into salivary 

glands, lachrymal glands and kidneys in aly/aly mice, which showed histological findings 

similar to those in patients with SS [260].  

Age-matched,  naïve un-transplanted aly/aly mice were looked as controls due to the 

fact that naïve aly/aly mice develop Sjögren's syndrome.  The development of SS in aly/aly 

mice, with age (50 weeks old) results in lymphocyte infiltration in the liver [261]. The liver 

was looked at from age-matched (8 to 20 weeks old),  naïve aly/aly mice and from BMT 

syngeneic aly/aly (LN/PP/Sp -/-) recipients and the histopathologic scores were statistically 

significant lower than the ones obtained from allogeneic aly/aly (LN/PP/Sp -/-) recipients 

(Fig. 19). Furthermore, these data in combination with those obtained from syngeneic 

controls confirm that pathology seen after allo-BMT is due to GVHD. 
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Figure 19. Exclusion of lungs as target organ in GVHD due to its natural inflammation 

in aly/aly mice. Recipients of either allogeneic BM cells plus splenic purified T cells from 

BALB/c were sacrificed at 7 weeks after BMT (1300 TBI). BAL fluid was collected for 

cellularity and formalin-preserved lungs and liver were embedded in paraffin, cut into 5-µm-

thick sections, and stained with
 
hematoxylin and eosin for histologic examination. Slides 

were examined in a blinded
 
fashion. A semiquantitative scoring system was used to assess 

GVHD pathology in target organs (see Material and Methods). Mean values and standard 

error are presented; *p<0.01;       naïve aly/aly      syn C57BL/6       syn aly/aly (LN/PP/Sp-/-)      

allo co      allo aly/aly (LN/PP/Sp-/-) 
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III.3.5. Splenectomized aly/aly mice develop significant target tissue GVHD 

histopathology in the liver, intestinal tract and skin 

 

Histopathologic analysis of GVHD target tissue demonstrated that enhanced GVHD 

clinical scores correlated with significantly greater target organ GVHD in the liver, intestinal 

tract and skin compared to syngeneic controls at day 49 after BMT (Fig. 20). In fact, aly/aly 

allo-BMT recipients developed more severe hepatic GVHD compared to allo aly/+ 

littermates (30.8 ± 1.9 vs. 20.7 ± 2.2; p < 0.01).  As noted above, tissues from age-matched 

naïve aly/aly mice were also examined, and these data in combination with those obtained 

from syngeneic controls confirm that pathology seen after allo-BMT is due to GVHD.  

 

 

Figure 20. Splenectomized aly/aly mice develop significant target tissue GVHD 

histopathology in the liver, intestinal tract and skin. Recipients of either allogeneic BM 
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cells plus splenic purified T cells from BALB/c or B10.BR were sacrificed at 7 or 6 weeks 

after BMT. Formalin-preserved tongue, liver and small / large bowel were embedded in 

paraffin, cut into 5-µm-thick sections, and stained with
 
hematoxylin and eosin for histologic 

examination. Slides were examined in a blinded
 
fashion. A semiquantitative scoring system 

was used to assess GVHD pathology in target organs (see Methods). Data were combined 

from 3 (BALB/c,) or 2 (B10.BR) independent experiments. Mean values and standard error 

are presented; *p<0.01. 

     naive aly/aly      syn      allo co      LN/PP/Sp+/+      LN/PP/Sp-/- 



                                                                                                                                       Chapter 

III 

___________________________________________________________________________

   

 

_________________________________________________________________________ 

124 

III.3.6. Increased donor T cell trafficking and expansion in the liver 

correlates with hepatic GVHD 7 days after BMT  

Next, BALB/c donor T cell expansion was examined seven days after BMT in order 

to begin to ascertain what extra-lymphoid host tissues might serve as initial sites for allo-

antigen exposure. Aly/aly allo-BMT recipients had significantly higher numbers of donor 

CD3
+
H2

d+
 T cells in the liver and BM compared to both allo aly/+ and syngeneic controls 

(Table 8).  Enhanced trafficking of donor T cells to the liver correlated with a significant 

increase in hepatic GVHD at day 7 (Fig. 21) in aly/aly mice compared to aly/+ controls (16.0 

± 2.2 vs. 7.3 ± 0.9; p < 0.01).  

 

Table 8.  Increased donor T cell trafficking and T cell expansion in both BM and liver, 

7 days after BMT. 

Recipients of allogeneic BM cells plus splenic purified T cells from BALB/c were sacrificed 

at the time point described. Mice were humanly euthanized. Single cell suspension of BM 

was harvested from the femur and tibia of the mice. Afterwards, harvested cells were RBC 

lysed, washed twice, resuspended in 1640 RPMI medium supplemented with 5% FCS and 

counted using a hemocytometer. Cells were isolated from livers using the Medimachine, 

RBC lysed, counted and resuspended in 5% 1640 RPMI medium. Cells were then stained 

with MoAb APC-CD3 and PE-H2k
d
. Two color flow cytometric analysis of 1x104 cells was 

performed using a FACSCalibur (BD Biosciences, CA, USA). The data were combined from 

2 different experiments 

  
                Donor BM cells (x10

6
) 

CD3
+
               H2k

d+
           CD3

+
H2k

d+
 

 
             Donor Liver cells (x10

6
) 

CD3
+
                 H2k

d+
          CD3

+
H2k

d+
 

 

Syn 0.4  0.071 N/A N/A 0.59  0.123 N/A N/A 

Allo Co 0.47  0.096 3.45  0.52 0.41  0.07 2.23  0.51 2.99  0.676§ 1.59  0.394 

LN/PP/Sp+/+ 1.05  0.279 1.92  0.97 0.41  0.19 1.07  0.31 0.9  0.435 0.78  0.415 

LN/PP/Sp-/- 1.12  0.12*/§ 8.85  1.5*/§/† 1.17  0.18§/† 3.57  0.68*/§/† 4.75  1.102*/† 3.1  0.541§/† 
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Figure 21. Development of hepatic GVHD in splenectomized aly/aly recipients 7 days 

after BMT. Mice received allogeneic BM cells plus splenic purified T cells from BALB/c. 

Livers were harvested and slides were examined in a blinded
 
fashion. A semiquantitative 

scoring system was used to assess GVHD pathology in target organs (see Methods). The data 

were combined from 2 different experiments. Mean values and standard error are presented; 

*p<0.05.  

         control        allo co       LN/PP/Sp+/+       LN/PP/Sp-/- 

 

III.3.7. Similar results obtained in a second MHC disparate model 

Another MHC disparate strain combination was next used, wherein it was expected, 

based upon other systems [262, 263], to see a more robust response. In order to fit the above 

described BMT model, where recipients were all from C57BL/6 background, B10.BR mice 

were used as allogeneic BMT donors.  Unexpectedly, 20% of syngeneic recipient mice died 

(Fig. 18c). Allogeneic LN/PP/SP +/+ recipients were all dead by the end of the experiment, 

whereas 65% of the C57BL/6 recipients died. As before, the majority of allogeneic 
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LN/PP/SP -/- recipients survived during the observation period but developed significant 

clinical GVHD compared to syngeneic controls. The development of clinical GVHD was 

again associated with significant target organ pathology; Aly/aly allo-BMT recipients 

demonstrated significantly higher hepatic and intestinal GVHD compared to both syngeneics 

(figure 20) and allogeneic control groups (data not shown).   

 

III.3.8. Sites of alternative T cells activation: Increased donor T cell 

expansion and activation in the BM of mice lacking SLO 3 days after BMT   

Due to elevated numbers of allogeneic T cells in the BM and liver 7 days after BMT, 

donor T cell expansion (CD3
+
), activation (CD69

+
) and proliferation (CFSE) was next looked 

in the BM and liver 3 days after BMT. In these studies the second, and a more robust system, 

(B10.BR→C57BL/6) mice was used as in order to be able to detect more CFSE-labelled T 

cells at day 3 after BMT. It was found that in each case, LN/PP/SP-/- allo-BMT recipients 

had higher cell numbers (Table 9) and divisions (Fig. 22) in the BM, as compared to 

allogeneic, LN/PP/SP+/+ littermate controls. No differences were obtained in the absolute 

number of cells trafficking to the liver at this early point (Table 9), although higher cellular 

divisions could be observed from LN/PP/SP-/- recipients compared to littermate controls 

(Fig. 22b). Absolute numbers of BM cells from naïve aly/aly mice were the same as the ones 

obtained from littermates and C57BL/6 mice (Table 10), indicating that cell migration to the 

BM in aly/aly mice is normal and the increased donor T cell number/ activation/divisions are 

not due to an intrinsic, alteration in cells migration to the BM.  
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Table 9.  Increased donor T cell expansion and activation in the BM of mice lacking 

SLO 3  

days after BMT   

Donor T cells were stained with Vibrant CFDA SE prior to be injected into recipient mice, as 

described in Fig. 15 (see Methods). At day 3 after BMT, single cell suspension of BM was 

harvested from the femur and tibia of recipient mice. Afterwards, the harvested BM cells 

were RBC lysed, washed twice and resuspended in 1640 RPMI medium supplemented with 

5% FCS. (b) Cells were isolated from livers using the Medimachine. Harvested livers were 

minced with a razor blade and forceps before they were added into Medicons filters with 1 

ml of 5% RPMI 1640 medium and homogenized for 45 minutes. Cells were then washed 

followed by RBC, and finally resuspended in medium. Both BM and liver cells were counted 

using a hemocytometer and then were FACS stained with MoAb APC-CD3 and PE-H-2k
k
 or 

-CD69; CFDA SE read at the same channel as FITC.  Two color flow cytometric analysis of 

1x10
4
 cells was performed using a FACSCalibur. Data represented 1 of 3 independent 

experiments. Mean values of absolute cell numbers and standard error are presented; 

*p<0.05.  

 

 

  
              Donor BM cells (x10

6
) 

CD3+H2kk+    CD3+CFSE+   CD3+CFSE+CD69+ 

 
                Donor Liver cells (x10

6
) 

CD3+H2kk+        CD3+CFSE+      CFSE+CD69+ 

 

Syn N/A 0.069  0.017 0.026  0.007 N/A 0.141  0.015* 0.103  0.022* 

Allo Co 0.014  0.005 0.016  0.001 0.020  0.001 0.102  0.037 0.087  0.015 0.059  0.013 

LN/PP/Sp+/+ 0.007   0.0 0.007  0.0 0.004  0.0 0.035  0.001 0.043  0.008 0.027  0.007 

LN/PP/Sp-/- 0.067  0.0 0.087  0.0 0.072  0.0 0.122  0.019† 0.075  0.013 0.029  0.008 
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Figure 22. Donor T cell divisions in the BM and liver 3 days following 

BMT. Donor T cells were stained with Vibrant CFDA SE prior to be 

injected into recipient mice. CFDA SE was reconstituted with DSMO to 

5µM. Donor T cells were resuspended in (PBS + 5% FCS at 10x10
6
/ml 

and were incubated with CFSE 5 minutes at room temperature in the dark. 

Incubation was stopped by placing cells on ice for 5 minutes. Cells were 

washed and resuspended in medium with final concentration 5x10
6
 

cells/ml. At the time of analysis, day 3 after BMT, mice were humanly 

euthanized. (a) Single cell suspension of BM was harvested from the 

femur and tibia of the mice. Afterwards, the harvested BM cells were RBC 

lysed, washed twice and resuspended in 1640 RPMI medium 

supplemented with 5% FCS. (b) Cells were isolated from livers using the 

Medimachine. Harvested livers were minced with a razor blade and 

forceps before they were added into Medicons filters with 1 ml of 5% 

RPMI 1640 medium and homogenized for 45 minutes. Cells were then 

washed followed by RBC lysis, and finally resuspended in medium. Both 

BM and liver cells were FACS stained: cells were stained with MoAb 

APC-CD3 and PE-H-2k
k
 or -CD69.  Two color flow cytometric analysis 

of 1x10
4
 cells was performed using a FACSCalibur. Percentage values of 

data represented 1 of 3 independent experiments. 

 

 

 

 

Table 10.  Absolute cell numbers from BM of age-matched naïve mice. 

At the time of analysis, mice were humanly euthanized. Single cell suspension  

of BM was harvested from the femur and tibia of the mice. Afterwards, harvested  

cells were RBC lysed, washed twice and resuspended  in 1640 RPMI medium  

supplemented with 5% FCS. Cells were counted using a hemocytometer. n=4-6  

mice per group. 

 

 

 

 

 

aly/aly 

 

aly/+ 

 

C57BL/6 

 

B10.BR 

 

BALB/c 

 

Fuc-Tdko 

58 5.104 61 ± 1.415 67 ± 3.304 80 ± 5.356 45 ± 3.073 70 ± 10.067 
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III.3.9. Alternative system for GVHD development in the absence of SLO 

by neutralizing naïve T cell migration to PP in FucT dko mice 

To ensure that experimental differences seen with aly/aly animals in the MHC 

disparate system do not solely represent a strain dependent phenomenon, a second system 

was developed that used Fuc-Tdko mice as BMT recipients.  It is known that several 

trafficking-associated molecules are actively involved in the development of GVHD [150, 

244], including adhesion molecule L-selectin, 4 integrin, 47 integrin (lymphocyte PP 

adhesion molecule,
 
or LPAM) and its ligand, MadCAM-1, expressed on HEVs in PP

 
and 

lamina propria. It has been shown that these molecules are to be important in the homing
 
of 

alloreactive T cells to the intestine during GVHD [67, 150, 193, 194]. Fuc-Tdko mice were 

splenectomized (Sp-/-) and treated with MoAb to MAdCAM-1 or with an Ig isotype at 

indicated time points, in an attempt to completely abrogate leukocyte migration to all SLO. 

Syngeneic sham Fuc-Tdko (Sp+/+) recipients treated with Ig isotype had 100 % survival 

(Table 11). Allogeneic C57BL/6 recipients (allo controls) and surprisingly, allogeneic 

splenoctomized Fuc-Tdko (Sp-/-) recipients treated with Ig isotype died within the first week, 

By contrast allogeneic Fuc-Tdko (Sp-/-) treated with MoAb anti-MAdCAM-1 experienced a 

survival advantage in the first 30 days after BMT, compared to all allogeneic control groups, 

(Table 10). It was apparent that the temporarily reduced lymphocyte homing into PP reduced 

the alloreactivity of the donor T cells, thus providing a simple way of modifying aGVHD. 

In this BMT model, all the groups presented elevated clinical GVHD scores. In 

general, the recipient mice showed elevated clinical GVHD scores at day 5 after BMT, and 
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recovered by day 14, becoming sick again afterwards. Histopathology data indicated 

significantly higher scores in the intestine from all allogeneic groups compared with 

syngeneics (Table 11). These results were surprisingly, since previous data [194] have 

reported that blockade of adhesion molecules of PP decreased GVHD of the intestine. 

However, histopathology of liver from recipients pretreated with MoAb anti-MadCAM-1 

was less severe compared to allogeneic groups, and wasof the same score values as 

syngeneic recipients (data not shown).  

 

Table 11. Development of significant GVHD: histopathology in the intestinal tract. 

 

 

III.3.10. FucT-dko DC also induced allogeneic T cell proliferation and IFN-

 secretion in vitro 

Recipients SLO status 

Day  survival 

(d28) Intestine GvHD 

syn: FucT dko Ig LN-/-/PP+/+/Sp +/+ 100 % 4.6  0.176 

allo: C57BL/6 LN-/-/PP+/+/Sp +/+ 0 % 

10.4bb   

1.191* 

allo: FucT dko + sham + Ig LN-/-/PP+/+/Sp +/+ 20 % 11.6   0.92* 

allo:  FucT dko + surg + anti-Mad LN-/-/PP-/-/Sp -/- 50% 11.6  0.42* 

allo: FucT dko  + surg + Ig LN-/-/PP+/+/Sp -/- 0 % 8.3  0.993* 
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Splenic purified DC from FucT dko were able to stimulate in vitro allogeneic B10.BR 

(H2
k
) purified T cells proliferation (Fig. 23a) and IFN- secretion (Fig. 23b). These results 

are similar to the ones obtained with aly/aly splenic DCs, and they indicate that FucT dko 

DCs were functional. 
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Figure 23. FucT dko splenic DC induced allogeneic T cell proliferation and IFN- 

secretion in vitro. AutoMACS purified B10.BR T cells were resuspended in 10% FCS 

DMEM and co-cultured for 72 hours with irradiated (2000 rad) AutoMACS purified 

(CD11c
+
) splenic DCs from either C57BL/6 or Fuc-TIV/VII

-/-
 mice. At 48 hours, 

supernatants were collected for cytokine
 
analysis and the cultures were pulsed with 

3
H-

thymidine (1 µCi/well) and proliferation was determined
 
20 hours later. (b) ELISA samples 

were diluted 1:4 (IFN-) and captured by the specific primary MoAb and detected by
 

horseradish peroxidase secondary MoAbs. Recombinant mIFN- was used as standards. All 

the samples and standards were run in
 
duplicateData were combined from 2 independent 

experiments. Mean values and standard error are presented; *p<0.001.           control        allo 

co       Fuc-TIV/VII
-/-
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III.4. DISCUSSION 

Allogeneic BMT is the only curative therapy for many patients with malignant and 

non-malignant disorders. In addition to delivering effective anti-cancer treatment, the 

therapeutic potential of allogeneic BMT relies on graft-versus-tumor (GVT) effects which 

eradicate residual malignant cells via immunologic mechanisms. Unfortunately, GVT effects 

are closely associated with acute graft-versus-host disease (GVHD). GVHD and malignant 

relapse are the two primary contributors to mortality following BMT and limit the broader 

application of this therapy. The pathophysiology of acute GVHD is complex and involves 

donor T cell responses to host alloantigens and the secretion of inflammatory cytokines. 

Experimental and clinical data support the hypothesis that cytokine dysregulation that occurs 

during GVHD results occurs in three distinct phases. In Phase I, the BMT conditioning 

regimens result in diffuse, non-specific damage and activation of host tissues and in the 

secretion of inflammatory cytokines like TNF and IL-1. These inflammatory mediators in 

turn activate host antigen presenting cells (APCs), and may also stimulate chemokine release 

responsible for recruiting donor T cells into host target organs. In Phase II, activated host 

APCs present alloantigens to donor T cells infused with the stem cell graft. Activated donor 

T cells further stimulate DCs through the engagement of costimulatory pathways which in 

turn enhance T cell stimulation and clonal expansion. Phase III is referred to as the effector 

phase, which culminates in target organ damage. This phase requires both cellular and 

soluble cytokine effectors like TNF and IL-1 and also contributes to GVT effects if / when 

the targets are residual host malignant cells.  
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Standard therapies to prevent or treat GVHD are sub-optimal and predispose to 

opportunistic infections and relapse. The development of novel strategies that reduce GVHD, 

preserve GVT, facilitate engraftment and immune reconstitution and enhance survival after 

allogeneic BMT remains the most significant challenge facing physician scientists and their 

patients. To this end, an improved understanding of the mechanisms responsible for the 

development of GVHD and GVL may enhance the therapeutic utility of BMT for those 

patients in need. While simplistic, the hypothesis for the pathophysiology of GVHD outlined 

above uncovers potential opportunities to regulate this disease process. 

 

Donor T cell - host APC interactions that characterize phase II are truly fundamental 

to the development of acute GVHD, but the precise location of where these critical events 

occur has not been fully elucidated. So just where do donor T cells see host APCs?  The 

prevailing view is that interactions between naïve donor T cells and host APC occur in 

secondary lymphoid organs, and the role of Peyer‘s patches in donor T cell activation is a 

topic of considerable interest. Previous data showed that PP are critical for the generation of 

donor-derived, anti-host CTL that cause acute GVHD, after non-myeloblative conditioning. 

Moreover, tracking of cell migration early after BMT in vivo, using bio-luminescent imaging, 

revealed increased numbers of T cells in a variety of secondary lymphoid tissues including 

the spleen PP and mesenteric LN. By contrast, a recent study demonstrated that PP are not 

required for acute GVHD after myeloablative conditioning. The interest of using a unique 
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mutant mouse (aly/aly) was to more precisely determine the role of secondary lymphoid 

tissues in GVHD.  Aly/aly mice were set out to be used in established BMT systems to test 

the following central hypothesis: If, SLO including LN, PP and spleen are essential for 

donor T cell activation and subsequent cytokine dysregulation that occurs during the 

induction of GVHD, then: absence of these tissues in the BMT recipient will result in the 

complete abrogation of signs and symptoms of systemic disease.   

 

III.4.1. Cell phenotype and function from aly/aly mice in vitro  

 

The ability of antigen presenting cells from aly/aly mice was next tested to stimulated 

allogeneic T cell responses in vitro. In these experiments, peritoneal cells or purified splenic 

dendritic cells were harvested from either aly/aly animals or littermate controls and co-

cultured with naïve, allogeneic T cells in a MLR. After 4 days in culture, supernatants were 

collected for cytokine studies, and cell cultures were pulsed. Twenty-four hours later, cells 

were harvested and proliferation was assessed. APCs from aly/aly mice were functional and 

able to activate allogeneic T cells in vitro as well as inducing IFN- secretion (figure 17). We 

next determined whether splenic-derived DCs of aly/aly mice were capable of stimulating 

cytokine secretion by allogeneic T cells (figure 15b and 16b). As shown in the figures, 

aly/aly DCs were capable of stimulation IFN secretion to a degree that was comparable or 

greater to that seen with littermate controls. Recently, Tamura et al. [232] demonstrated an 

impaired function of DCs in aly/aly mice for expansion of CD25
+
CD4

+
 regulatory T cells. 
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 Finally, skin, liver, lung and the intestinal tract were surveyed for evidence of 

baseline inflammation. Each of these organs represents traditional targets of GVHD, and has 

been shown to display reproducible levels of inflammation and injury following allogeneic 

BMT [241, 264]. It was believed this was an important series of experiments because as 

discussed, aly/aly mice are known to develop low levels of tissue inflammation as they age. 

As such, it would be critical to ensure that any inflammation seen after allogeneic BMT 

could confidently be attributed to GVHD and not to an underlying inflammatory process in 

the host. Hence, it was established a subset of naïve control values that would supplement 

syngeneic controls included in all of our BMT experiments. As shown in figure 20, naïve, 

untransplanted aly/aly mice showed low levels of inflammation in the liver, intestinal tract 

and skin that was unchanged following syngeneic BMT (figures 20). By contrast, significant 

pulmonary inflammation was observed in untransplanted aly/aly mice as assessed by BAL 

fluid cellularity and lung histopathology (figure 20). These finding thereby eliminated our 

ability to use lung injury as an assessment of GVHD severity in aly/aly BMT recipients. 

 

In sum, the in vitro studies demonstrated that the allo-stimulatory capacity of splenic, 

peritoneal and BM-derived DCs, from aly/aly and aly/+ were comparable. Aly/aly APCs 

effectively induced allogeneic T cell proliferation and IFN- secretion. Thus, while aly/aly 

have some inherent defects in the structure and function of their immune system, critical 

aspects of antigen processing and presentation as they relate to allogeneic stimulatory 
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capacity remained intact. Thus, it was reasoned that following, splenectomy aly/aly mice 

would serve as suitable BMT recipients to test our central hypothesis.  

 

III.4.2. Allogeneic BMT recipient mice lacking SLO develop acute GVHD; 

results challenge our central hypothesis 

With these data in hand, aly/aly mice were next used to determine the role of 

secondary lymphoid organs in the development of GVHD and the experimental design for 

our studies is shown on page 73.  Splenectomized aly/aly mice, (mice now lacking pp, LN 

and spleen and designated PP/LN/SP-/-) or sham splenectomized littermate controls (those 

with pp, LN and spleen and designated PP/LN/SP+/+) were used as BMT recipients. In some 

experiments, wild-type C57BL/6 animals were also included as additional GVHD controls. 

In initial experiments, it was used fully MHC disparate, Balb/c (H-2
d
) or MHC identical 

aly/aly (H-2
b
) mice as BMT donors. As described, transplanted mice were analyzed weekly 

through week 7 for the development of GVHD as measured by survival, clinical score and 

target organ pathology. As shown in Figure 14, BMT recipients with all secondary lymphoid 

structures (LN/PP/SP+/+) that received allogeneic BMT developed significant GVHD. By 

contrast, spleenless aly/aly (LN/PP/SP-/-) mice that received allo-BMT had significantly 

improved survival compared to LN/PP/SP+/+ littermate and wild type C57BL/6 controls. 

Surprisingly, when systemic GVHD was analyzed in surviving mice using a semi-

quantitative scoring system, it was found that LN/PP/SP -/- animals developed signs of 

GVHD that were not different from either allo-controls group (figure 14). In addition, when 
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assessing target organ histopathology, LN/PP/SP-/- allogeneic BMT recipients developed 

significant GVHD target organ damage that was comparable both to allogeneic aly/+ and 

wild type C57BL/6 controls. Importantly, the transfer of normal BM did not lead to PP 

formation in allogeneic aly/aly recipients following BMT, as previously described [227].  As 

shown in figure 16c,d, nearly identical results were also found in a second and more robust 

strain combination wherein MHC disparate B10.BR (H-2
k
) mice were used as allogeneic 

BMT donors.  

 

III.4.3. Alternative system for GVHD development in the absence of SLO  

To ensure that experimental differences seen using aly/aly animals as recipients in the 

MHC disparate BMT system did not solely represent a strain-dependent phenomenon. 

Recently, it has become clear that several other trafficking-associated molecules
 
are actively 

involved in the development of GVHD. 
 
In the early phase of allo-BMT, circulating naïve 

donor
 
T cells rapidly enter into the host SLO

 
by using homing molecules such as L-selectin, 

47,
 
MAdCAM-1, and the chemokine receptor CCR7. The adhesion molecule 47 is an 

important intestinal homing
 
receptor for both the naïve and effector/memory T cells, and

 

47-expressing lymphocytes interact with MAdCAM-1-bearing
 
high endothelial venules in 

Peyer‘s patches and mesenteric LN, as
 
well as with the lamina propria venules in the intestine 

[193, 194, 265]. Preventive interventions targeting these molecules inhibit the development 

of anti-host CTL
 
and ameliorate GVHD [67, 193, 194, 265]. 
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These findings were extended and recreated a scenario wherein allogeneic BMT 

recipient mice also lacked SLO by using the following resources: FucT-dko mice, MoAb to 

MadCAM-1, and the splenectomy procedure outlined in methods. As described, FucT dko 

mice lack L selectin ligands on high endothelial venules of lymph nodes, and as such have 

impaired trafficking to these SLO. In addition, these animals have been found to have a 50% 

reduction in the trafficking of cells to PP [60, 62, 245, 246]. It was therefore reasoned that 

pretreatment of FucT dko splenectomized mice with anti-MadCAM-1 Abs would result in 

LN/PP/SP -/- BMT recipients (Figure 24) [193] . 
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Figure 24. Blockage of donor T 

cell trafficking to PP.  
Splenectomized, Fuc-T dko 

recipients were pre-treated with 

MoAb anti-MadCAM-1 1 day 

before and 10 days after BMT in 

order to fully prevent allogeneic 

donor T cells that could from 

migrate to PP of these mice. This 

way T lymphocytes migration to 

all SLO was completely 

abrogated. 

 

 

 

 

It was first confirmed that the allo-stimulatory capacity of FucT dko mice was 

comparable to that of wild-type C57BL/6 controls (Figure 23). Next, as shown in Table 11, 

while LN/PP/SP-/- allogeneic BMT recipients again demonstrated a survival advantage to 

allogeneic controls, these SLO deficient mice again developed significant clinical and target 

organ GVHD compared to syngeneic controls at the end of the observation period. Taken 

together, these results reafirm our initial observations that SLO contribute to, but are not 

required for the development of acute GVHD. 

 

III.4.4. The BM as an alternative site for T cells activation: 

Our data using mice devoid of SLO challenge the paradigm (and our central 

hypothesis) that SLO are required for GVHD induction, and suggest that extra-lymphoid 

 

Murai, Nature Immunology, 2003, 4:103
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tissues may represent alternative, albeit less efficient, sites for allo-antigen recognition and 

donor T cell activation. It was hypothesized that the BM cavity could serve as such an 

alternative site. The BM cavity displays structural and functional features of a SLO; it 

contains follicle-like structures similar to LN or spleen and can initiate primary T-cell 

responses [266]. Using B10.BR donors, it was possible to examine the BM space in BMT 

recipients for evidence for T cell alloreactivity on day 3. It was found that donor T cell 

(CD3
+
) expansion, activation (CD69

+
) and proliferation (CFSE) was significantly higher in 

the BM of aly/aly LN/PP/SP-/- recipients compared to allogeneic LN/PP/SP+/+ littermate 

and wild type C57BL/6 controls (Table 9, Figure 22). After activation, allogeneic T cells 

migrated to the liver where increased cell numbers were observed and correlated with 

significant increase in hepatic GVHD at day 7 (Table 8, Figure 21). 

 

Our findings are in accord with those of Feuerer and colleagues who recently showed 

that antigen presentation to T cells was mediated by DCs in the BM. T cell activation was not 

tolerogenic and resulted in generation of CTL activity in situ within the BM, protective anti-

tumor immunity and immunological memory [266]. It is known that the BM represents a 

major part of the lymphocyte recirculation network [266, 267], with billions of lymphocytes 

re-circulating through it each day.  The frequency of lymphoid follicles in BM can increase 

during infection, inflammation and autoimmunity [266, 268]. BM seems to be unique among 

lymphoid organs in performing primary and secondary immune functions, hemato- and 

lymphopoiesis and systemic immune control of blood-borne antigen.  
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Upon further exploration, unmanipulated BM cells and BM derived DCs from aly/aly 

mice were found to drive proliferation of CD8
+
 T cells ex vivo in a mixed lymphocyte 

reaction.  However, it was not checked if these CD8
+
 T cells were functional, in terms of 

cytotoxicity. Only CTL activity was looked into, induced by splenic DCs in vitro, as it was 

described earlier in the results section.  Research in this vital area will continue, focusing in 

the next relevant questions: 1. Are anti-tumor responses generated that have simply not been 

revealed by our current line of investigation? 2) If so, why are GVL and GVHD responses 

reduced? What are the characteristics of T cell: APC interactions that occur in the BM 

cavity? Is the structure of the BM less efficient than that of a professional lymphoid organ at 

providing the appropriate spatial distribution for T cells and APCs encounters? Or is it 

possible that CTL are generated but are less capable of leaving the BM? 3) If not, what are 

the mechanisms that allow donor T cells to become activated and attack host tissues but not 

mount a cytotoxic effect on tumor cells?  

To this end, it is believe that the experiments included in this body of work have been well 

planned, hypothesis driven, and carefully controlled and enhance our understanding of where 

T cell:APC interactions occur during the development of GVHD.  
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       CHAPTER IV 

ROLE OF SECONDARY LYMPHOID ORGANS IN GRAFT-

VERSUS-LEUKEMIA 
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IV. ROLE OF SECONDARY LYMPHOID ORGANS IN 

GRAFT-VERSUS-LEUKEMIA 

 

IV.1. INTRODUCTION 

Initially, to eliminate leukemia cells the focus was on using
 
myeloablative doses of 

radiation and chemotherapy and SCT was performed to prevent death from marrow
 
failure. 

In our days, the emphasis has shifted and the focus is now on the GVL effect of allogeneic
 

SCT, where elimination of tumor
 
cells occur due to alloimmune effector lymphocytes, 

limiting radiation
 
and chemotherapy to doses sufficient to permit donor stem

 
cell engraftment 

as a platform for adoptive immune therapy and
 
reducing the conditioning toxicity for SCT 

[269]. 

 

IV.1.1. Mouse models of GVL 

GVHD and leukemic relapse are the two most frequently encountered 

complications of allogeneic BMT. Over the last several years, the Cooke and Ferrara 

laboratories at Case Western University and the University of Michigan have 

successfully used several well-established BMT models to investigate the 

pathophysiologic mechanisms responsible for the induction of GVHD. In these models, 

BMT donor and host mice can differ at either major histocompatibility complex (MHC) 
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antigens, minor H antigens or both [156, 207-209, 254, 270]. One such model utilizes 

BALB/c (H-2
d
) and C57BL/6 (C57BL/6; H-2

b
) mice as BMT donors and recipients 

respectively. In this strain combination, donor and recipients are MHC disparate. When 

using this model, it was found that the injection of 5 x 10
6
 bone marrow and 2 x 10

6
 

purified splenic T cells from BALB/c donors into C57BL/6 mice receiving a 

myeloablative and lethal dose (13 cGy) of total body irradiation (TBI) results in 

reproducible systemic and target organ GVHD [207, 257]. The effectiveness of a GVL 

model resides in the ability of tumor cells to be eradicated by host cytotoxic T cells when 

the tumor is recognized as foreign (allogeneic), whereas tumor progression results when 

the malignant cells are syngeneic to the recipient. One such model uses the EL-4 tumor 

cells that are derived from the C57BL/6 MHC class II
-/-

 T cell leukemia/lymphoma cell 

line. EL-4 cells are (H-2
b
) and thus are syngeneic to the C57BL/6 mice that will be used 

as BMT recipients and allogeneic to BALB/c (H-2
d
) donors. EL-4 acts similarly to 

leukemia by circulating in the peripheral blood and infiltrating the spleen and liver where 

it tends to form macroscopic nodules. The injection of EL-4 cells into animals that cannot 

reject this tumor is uniformly lethal and results in massive tumor infiltration and 

enlargement of various organs, particularly the liver, spleen, and kidneys [184, 271]. 

Their previous work has demonstrated that 2000 EL-4 cells can induce fatal leukemia in 

C57BL/6 recipients of syngeneic (C57BL/6) BMT [184]. As expected, the addition of 

purified BALB/c donor T cells to the BM inoculum resulted in moderate to severe 

GVHD. Analysis of moribund allogeneic mice showed no evidence of tumor infiltration 
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demonstrating a significant GVL, but animals died of GVHD [184]. This work had direct 

clinical relevance and had the potential to impact the way BMT patients are treated in the 

future.   

 

The specific Aims of my work were as follows: 

 

6. DETERMINE THE ROLE OF SLO IN GVL 

7. FUTURE STUDIES 

a. TUMOR CELL TRAFFICKING 

b. INTRA VITAL MICROSCOPY OF THE BONE MARROW 



                                                                                                                                       Chapter 

IV 

___________________________________________________________________________

   

 

_________________________________________________________________________ 

149 

IV.2. MATERIALS & METHODS 

 

IV.2.1. Cr release assay  

The cytotoxic functions of T cells were analyzed by performing 
51

Cr release assays as 

described previously [241, 272]. 2 ×
 
10

6
 allogeneic MBL-2 (H-2

b
) and syngeneic P815 (H2

d
) 

tumor targets were labeled with 10 µl of 100 µCi (3.7 MBq) of 
51

Cr sodium salt (NEN Life 

Sciences Products, CO, USA) after being incubated at 37C for
 
1 1/2 hours, swirling gently a 

few times during incubation. After washing 3 times (1000 rpm), labeled targets were 

resuspended
 
in 10% FCS RPMI and plated at 10

4
 cells per well in a 96 U-bottom plates

 

(Corning-Costar, MA, USA). Meanwhile, after a 5 day culture, bulk-MLR cells were 

harvested and leukocytes were isolated by Ficoll-Paque Plus. Cell suspensions
 

were 

normalized for CD8
+
 cells (after flow cytometry) and were added to quadruplicate wells at 

varying effectors
 
(CD8

+
)-to-target ratios (starting at 50:1 trough 1.5:1, 0:0) and incubated at 

37C for 4 hours. Maximal and background
 
release was determined by the addition of Triton-

X (Sigma,
 
MO, USA) or media alone to targets, respectively. 

51
Cr activity in supernatants 

taken 4 hours later was determined
 
in a Top Count Liquid Microplate Scintillation Counter 

(ParkinElmer, CT, USA), and
 
lysis was expressed as a percentage of maximum: percentage 

of
 
specific lysis = 100 × ([sample count  background count]/[maximum

 
count background 

count]).  

 

IV.2.2. Leukemia induction 
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An MBL-2 leukemia model was used for the graft-versus-leukemia (GVL) 

experiments as previously described [209, 273]. MBL-2 is a
 
T cell lymphoma

 
of C57BL/6 

origin that express TCR, H-2
b
 and CD4 and is syngeneic to aly/aly, aly/+ littermates, and 

C57BL/6 hosts and allogeneic (H2
k
) to B10.BR donors. On day 0, 2000 or 5000 BML-2 cells 

were injected
 
intravenously into each recipient along with syngeneic (aly/aly) or allogeneic 

(B10.BR)
 
BM and splenic T cells. Survival was

 
monitored daily and the cause of each death 

after BMT was determined
 
by postmortem examination. Death from BML-2 was attributable 

to tumor expansion as measured by enlargement
 
of the liver and spleen with macroscopic 

tumor nodules evident upon necropsy.  By contrast, GVHD death was indicated with the 

absence of tumor and the presence
 
of GVH histological scores.  

 

IV.2.3. Attempts to transfect tumor cells to track cells in vivo  

For long-term in vivo studies, stable transfection of the marker gene into the cell 

genome is required to avoid artifacts caused by loss of gene. The lentivirus was kindly 

supplied by Gary Luker, Assistant Professor in Radiology and Microbiology and 

Immunology Department.  His laboratory is part of the Center for Molecular Imaging and 

Gary Luker is a collaborator in this work.  The lentivirus is the third generation of the 

replication of incompetent lentivirus based on Human Immunodeficiency Virus (HIV).  The 

system was described by Dr. David Baltimore's lab in Science (2002) [274].  Transfection 

assay: the FUGW vector described by Dr. Baltimore is choosen, which used the human 

ubiquitin C promoter to drive expression of green fluorescence protein (GFP).   An EF-1 
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alpha promoter-firefly luciferase expression cassette is inserted into this vector.  The 

lucifease is from pGL3 (Promega).  Lentiviruses are produced by co-transfecting 293T cells 

with the gene of interest plasmid (EF-luc-FUGW), a packaging plasmid (delta 8.9), and a 

pseudotyped envelope for VSV G-glycoprotein. For transfection, calcium phosphate is used. 

Viruses are harvested after 48 hours, filtered through a 0.45 micron filter, and concentrated 

by ultracentrifugation. Titers are determined by transducing 293T cells and determining 

numbers of GFP
+
 colonies of cells.   

Tumor EL-4 (H-2
b
) or P815 (H-2

d
) cells were plated at 0.5-1 x 10

6
/ml with retroviral 

supernatant with a multiplicity of infection equal to 25 (MOI 25) plus 8g/ml polybrene 

(Sigma, St Louis) in a 24 well plate at final volume 1ml. Plates were centrifuged 2000 rpm at 

32°C for 30 minutes without brake and transferred to an incubator at 32°C, 5% CO2 for 6 

hours. 10% FBS/RPMI media (1ml) was added to the wells and the plates were transferred to 

a 37°C incubator, 5% CO2. Media was replaced 24h after transduction and cells were 

analyzed for GFP
+
 fluorescence 48h after transduction by FACS. As control, 0.5- 1x 10

6
/ml 

of P815 cells in 10% FBS/RPMI media at final volume of 2ml/well were plated alone for 48h 

at 37°C, 5% CO2. Cell expansion was counted using a hematocytometer followed FACS 

analyzes.   
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IV.3. RESULTS 

 

IV.3.1. Aly/aly LN/PP/SP -/- mice were not able to maintain graft-versus-

leukemia reactions following allo-BMT  

The effectiveness of a GVL model resides in the ability of tumor cells to be 

eradicated by host cytotoxic T cells when the tumor is recognized as foreign, whereas tumor 

progression results when the malignant cells are syngeneic to the recipient. However, another 

situation can occur when host CTLs are unable to eradicate allogeneic tumor cells. Due to the 

fact that LN/PP/SP -/- recipients presented enhanced GVHD scores correlated with 

histopathologic analysis, it was surprising when these recipients died from tumor growth and 

not from GVHD (Fig. 25a). The percentage of tumor relapse of allogeneic LN/PP/SP -/- 

recipients were around 90% when 5,000 tumor MBL-2 cells were used. Their liver presented 

white macroscopic nodules and some had elevated weight (data not shown), compared to 

recipients without administration of tumor cells. These results were very similar to the ones 

obtained from syngeneics. Due to this knowledge, the tumor burden administrated to 

recipient mice was next decreased from 5,000 MBL-2 tumor cells to 2,000 cells per mouse, 

to see if the reason why any GVL effects were not seen on LN/PP/SP -/- recipients was due 

to the fact too many tumor cells were given, which would overshadow any CTL activity from 

donor T cells. Syngeneic LN/PP/SP -/- recipients relapsed 100% around week 4 after BMT, 

while allogeneic LN/PP/SP -/- recipients relapsed 100% at 30
th

 day following BMT (Fig. 

25b), however they relapse with tumor growth earlier then syngeneic recipients. Clinical 
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GVHD score were elevated in groups where mice were administered with tumor cells as a 

result of animals being sick due to tumor growth. In groups without tumor, scores were 

similar to those obtained previously (Fig. 19a, b). Our results suggested that aly/aly 

LN/PP/SP -/- mice were not able to illicit a strong GVL reaction following allo-BMT. 
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Figure 25. aly/aly LN/PP/SP -/- recipients were not able to maintain GVL reactions 

following allo-BMT. Transplanted mice received previously a lethal dose (13 cGy) of TBI, 

split into two doses separated by 3 hours. Splenectomized aly/aly (LN/PP/SP -/-), sham-

splenectomized aly/+ littermates (LN/PP/SP +/+) and C57BL/6 mice received cell mixtures
 

of 5 x 10
6
 BM cells and 2.0 x 10

6
 splenic T cells from syngeneic (aly/aly) or from allogeneic

 

B10.BR donors, together with either 5,000 (a) or 2,000 (b) tumor MBL-2 cells. Survival was
 

monitored daily and the cause of each death after BMT was determined
 
by postmortem 

examination. Animals from syngeneic control, allogeneic C57BL/6 control + tumor and 

allogeneic LN/PP/Sp+/+ sham + tumor died earlier than day 20 due to GVHD, reason why 

these groups are shown on the graphics. Death from BML-2 could be attributed to paralysis 

of posterior members and feet. Data were combined from 2 different experiments (n=6-10 

per group).  
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IV.3.2. Allogeneic T cell stimulation by BM-derived DCs from aly/aly mice 

in vitro 

Due to data obtained in the previous two points, where aly/aly splenectomized 

recipients develop GVHD, with allogeneic T cell activation occurring in the BM after BMT, 

whereas in GVL experiments, unexpectedly, aly/aly recipients were not able of controlling 

tumor cell growth resulting in death, the BM-derived DC stimulatory capacity of these mice 

was looked into in vitro. As shown in figure 26, irradiated BM-derived DCs from aly/aly 

mice significantly stimulated allogeneic B10.BR CTL responses in vitro.  Same results were 

obtained with BALB/c T cells as effectors (data not shown).  
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Figure 26. In vitro allogeneic T cell expansion and IFN- secretion stimulated by BM-

derived DCs. BM-derived DC cells were flushed from the femurs and tibias of aly/aly, aly/+, 

C57BL/6, and cultured for 5 days in 10% FCS RPMI containing 10 ng/ml mGM-CSF and 

mIL-4 (see Methods). Cells were harvested, washed and autoMACS purified using CD11c
+
 

magnetic beads. B10.BR AutoMACS purified T cells (CD90 MoAbs) were resuspended in 

10% FCS DMEM and co-cultured for 72 hours with irradiated (2000 rad) BM-derived DCs 

from either aly/aly, aly/+ or C57BL/6. At 48 hours, supernatants were collected for cytokine
 

analysis and the cultures were pulsed with 
3
H-thymidine (1 µCi/well) and proliferation was 

determined
 
20 hours later. ELISA: samples were diluted 1:4 (IFN-) and captured by the 

specific primary MoAb and detected by
 

horseradish peroxidase secondary MoAbs. 

Recombinant mIFN- was used as standards. All the samples and standards were run in
 

duplicates. Data were combined from 2 independent experiments. Mean values and standard 

error are presented; *p<0.001.  

         control        allo co        aly/+        aly/aly 
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Next, the phenotype of allogeneic T cells stimulated with aly/aly, aly/+ or C57BL/6 

BM-derived DCs was looked in vitro.  As shown in Table 12, similar total number of 

allogeneic CD4
+
 and CD8

+
 T cells where obtained after stimulation with either aly/aly or 

C57BL/6 or littermate control.   

 

Table 12. Allogeneic T cell phenotype after  BM-derived  

DCs stimulation.    

B10.BR AutoMACS purified T cells (CD90 MoAbs) were 

resuspended in 10% FCS DMEM and co-cultured for 5 days with 

irradiated (2000 rad) total BM cells from  either aly/aly, aly/+ or 

C57BL/6.  in a bulk-MLR. Cells were harvested and leukocytes were 

isolated by Ficoll-Paque   Plus Cells, followed by  flow cytometry 

analysis for expression of cell surface marker CD4
+
 (APC), CD8

+
 

(APC) and H2k
k+

 (PE).  

 

 

Absolute Numbers Donor Cells  

 

x10
3
 CD4

+
H2k

k+
 CD8

+
H2k

k+
 

      

C57BL/6 182 283 

aly/+ 240 297 

aly/aly 297 456 
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IV.3.3. Aly/aly and Fuc-Tdko APCs effectively induced allogeneic CTL 

response 

In order to understand the results obtained in GVL experiements, the ability of PCs 

and splenic-DCs from aly/aly to stimulate CTL responses were looked in vitro. As were also 

the ability of Fuc-Tdko splenic-DCs to generate CTL against tumor cells. As shown in Figure 

27, the allo-stimulatory capacity of APCs from aly/aly and aly/+ were comparable. As 

demonstrated previously, SLO are not required for allogeneic T cell activation and the BM 

represents an alternative site for donor T cell activation. In contrast, SLO do appear essential 

for GVL effects. This differentiation of function suggests that it may be possible to 

differentially impact GVL versus GVHD. 
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Figure 27. Generation of CTL response in vitro. AutoMACS purified (a) BALB/c or (b,c) 

B10.BR T cells (CD90 MoAbs) were resuspended in 10% FCS DMEM and co-cultured for 

72 hours with irradiated (2000 rad) (a) peritoneal cells (PCs), (b,c) AutoMACS purified 

(CD11c
+
) splenic DCs from either (a,b) aly/aly or aly/+ litermates; (c) from either FucT-dko 

or C57BL/6 mice.  
51

Cr release assay: 2 ×
 
10

6
 allogeneic EL-4 (H-2

b
) and syngeneic P815 

(H2
d
) tumor targets were labeled with 100 µCi (3.7 MBq) of 

51
Cr sodium salt for

 
2 hours. 

After washing 3 times, labeled targets were resuspended
 
in 10% FCS RPMI and plated at 

10
4
 cells per well in U-bottom plates. After a 5 day culture, bulk-MLR cells were harvested 

and leukocytes were isolated by Ficoll-Paque Plus. Cell suspensions
 
were normalized for 

CD8
+
 cells and were added to quadruplicate wells at varying effectors

 
(CD8

+
)-to-target ratios 

and incubated for 4 hours. 
51

Cr activity in supernatants was taken 4 hours later and
 
lysis was 

expressed as a percentage of maximum: percentage of
 

specific lysis = 100 × ([sample 

count  background count]/[maximum
 

count  background count]). Data from 1 of 3 

independent experiments are represented here. 
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IV.3.3. Attempts to transfect tumor cells to track cells in vivo: 

To determine the fate of tumor cells in animals devoid of secondary lymphoid tissues 

following allogeneic BMT, it was essential to understand and show where tumor cells travel 

in the days following injection into an irradiated aly/aly (PP/LN/Ps -/-) host. 

Bioluminescence imaging (BIL) techniques have emerged as effective non-invasive 

techniques that are perfectly suited for such experiments. BLI had been first used in oncology 

studies to non-invasively detect the location, movement, and expansion of tumor cell 

populations in vivo. Recently, BLI has been used to determine the dynamics of early events 

during hematopoietic cell reconstitution in BMT studies [43, 275]. BLI detects light that is 

emitted from within experimental 

animals through the action of 

luciferase on its substrate, 

luciferin. BLI refers to the 

conversion of chemical energy 

into visible light by enzymes 

generally named luciferases 

[276]. For example, luciferase gene from the North American firefly, Photinus pyralis, has 

long been used in studies by measuring luciferase activity in lysates of cultured cells. The 

luciferase enzyme produces light by catalyzing the oxidation of its small molecule substrate 

luciferin (D-())-2-(60-hydroxy-20-benzo-thiazolyl) thiazone-4-carbozylic acid) in an ATP-

dependent process [277]. Measuring luciferase activity in lysates from cells or tissues can be 

 Luciferin 
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performed in vitro by analyzing transfected cells using a flow cytometric machine, which 

reads fluorescence emitted by excited cells. Advances in low light detection technologies 

achieved in the last two decades permitted to monitor luciferase activity also in the living 

body. BLI can be measured in vivo using low light imaging devices based on highly sensitive 

charge coupled device (CCD) cameras [43, 197]. 

The aim of the experiment was to transfect EL-4 and P815 tumor cells with mutated 

lentivirus expressing vectors for both luciferase and GFP. In a preliminary study, the 

injection of 2000 luciferase-expressing P815 (H-2
d
) would be followed into naïve BALB/c 

(H-2
d
), C57BL/6 (H-2

b
), aly/+ (H-2

b
) and spleenless aly/aly (H-2

b
) mice. Then, animals 

would be analyzed on day 2, 4, 7, 14, and 20 to give us an idea of the homing pathway and 

kinetics of tumor growth in BALB/c but not on C57BL/6 and aly/+. Since BALB/c mice 

have the same MHC-II molecule as the P815 tumor cells, the immune cells, specific CD8
+
 

CTL would not recognize tumor cells as foreign and therefore would not kill the tumor cells. 

On the other hand, C57BL/6 and aly/+ mice would recognize the P815 tumor cells, which 

express different MHC-II at their membrane surface, as foreign and be able to mount an 

immune response capable of killing the tumor. In spleenless aly/aly there fate is yet to be 

determined. Secondly, 2000 or 1000 luciferase-expressing EL-4 tumor cells would be used 

together with allogeneic donor T plus BM cells in GVL models (as described in point 

IV.3.1.).   

The transfection of either P815 or EL-4 tumor cells with luciferase + GFP was not 

successful. Several ways were attempeted to overcome the problem by changing the virus 
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MOI used, changing the number of cells plated per well, adding different concentrations of 

polybrene/DMSO (dimethyl sulfoxide) , extending the centrifugation time after adding the 

virus to the cells and extending the time of incubation at 32C incubator. It is known that the 

efficiency of retroviral transfection is enhanced significantly, 100 to 1,000 fold in some cells, 

by including polybrene (polycationic reagent) combined with DMSO (membrane 

permeabilizer). Both have been shown to enhance the adsorption and infectivity of 

retroviruses and free viral RNAs by serving as electrostatic bridges between the negatively 

charged virions or viral nucleic acids and the anionic components of target cell membranes 

[278].  It was not clear to us why these tumor cell lines did not incorporate the plasmid in 

their DNA as do 293T cells, shown before by Dr Gary Luker [279]. It is important to 

mention that 293T cells or human embryonic kidney cells (HEK 293) are widely used due to 

the fact that they grow relatively fast and are easily transfected [280, 281]. The same cannot 

be said about EL-4 or P815 tumor cell lines.  
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 IV.4. DISCUSSION 

 

IV.4.1.The allo-stimulatory capacity of alternative sites of T cell activation 

is insufficient to generate effective GVL responses. 

In the final set of experiments, it was determined whether the graft-versus-host 

activity that resulted in significant systemic and target tissue GVHD was robust enough to 

generate protective GVL effects. It was found that PP/LN/SP-/- allogeneic BMT recipients 

were not able to mount a significant GVL response (figure 25). Similar results were found 

even when the tumor load was decreased by 60%. Thus, these findings are divergent from 

those of Feuerer and colleagues in that in our case CTL activity was defective or simply 

insufficient to eliminate the tumor cells co-infused with the donor BM inoculum. One 

explanation for these differences is that in our situation, aly/aly mice were lethally irradiated 

at the time of infusion of tumor cells, while non-irradiated mice with an intact full 

complement of immune cells, were used in previous studies. Indeed, it was found that non-

irradiated aly/aly mice were able to reject and thereby survive an allogeneic tumor challenge.  

It is also possible that significant CTL responses directed toward tumor targets are generated 

but were still overwhelmed by the tumor load despite our attempt to reduce the leukemic 

burden. To this end, one could speculate that reducing the tumor dose further, or challenging 

mice at a later time point after BMT could reveal the presence of anti-tumor activity. 
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By contrast, results more similar to ours were observed in a report examining 

immunologic responses to Lymphocytic Choriomeningitis Virus (LCMV) in non-lethatl 

irradiated aly/aly (PP/LN/SP+/+). In these studies, CTL induction was found to be present 

early after infection, but LCMV-specific CTL were rapidly exhausted [228, 282]. 

Functionally, the LCMV-specific CTL response was not improved when aly/aly were 

reconstituted with wild type BM. Therefore, the authors suggested the structural defects in 

SLO were responsible for the poor LCMV-specific CTL response of aly/aly mice and of 

aly/aly bone marrow chimeras.   

 

IV.4.2. Cell phenotype and generation of CTL responses in vitro 

In parallel experiments, it was also determined whether DCs from aly/aly mice could 

stimulate the generation in cytotoxic T cell effectors or CTL. In these studies, allogeneic 

Balb/c T cells were first cultured in bulk for 5 days with APC from either aly/aly mice or 

littermate (aly/+) controls. Activated T cells were then harvested and co-cultured for with 

either MHC identical (P815 H-2d) or allogeneic (EL-4 H-2b) chromium labeled tumor 

targets. As shown in Figure 27b, aly/aly DCs were capable of generating CTL effects to a 

degree comparable to that observed by APCs from littermate controls.  No differences in 

CTL responses were noted between aly/aly PCs and littermate controls (figure 27a). Thus, 

alterations in the allo-stimulatory capacity of aly/aly APCs were not responsible for the in 

vivo GVH responses observed following allo-BMT.  
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The phenotype of T cells after stimulation by BM cells from aly/aly mice was then 

looked. As shown in Table 12, similar total number of allogeneic CD4
+
 and CD8

+
 T cells 

where obtained after stimulation with either aly/aly or C57BL/6 or littermate control BM 

cells.  Altogether, our results suggest that despite the fact allogeneic T cells can be activated 

in the BM of aly/aly splenectomized mice (lacking all LN and PP), this naïve T cell priming 

is sufficient to induce GVHD but not enough to mount a cytotoxic T cell response protective 

against tumor growth. 
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V. CONCLUDING REMARKS 

 

It is confirmed that aly/aly mice served as suitable BMT recipients to test our central 

hypothesis. These mice lacked visible PP, presented elevated PC numbers, which were in 

agreement with Fagarasan et al. (2000) work [238].  As described in chapter II, the mutation 

in the gene encoding NF-B-inducing kinase (NIK), in aly/aly mice, results in structural 

defects of spleen and thymus and is associated with deficiencies in cell-mediated immune 

function, decreased numbers of mature and functional B cells, migration defects of 

lymphocytes to the GALT, but not spleen and BM. Additionally, DCs exhibit normal 

development and function. Our studies in vitro confirmed the literature and demonstrated that 

the allo-stimulatory capacity of splenic and BM-derived DCs, from aly/aly and aly/+ were 

comparable. Aly/aly APCs effectively induced allogeneic T cell proliferation, IFN- 

secretion, and CTL generation. Thus, while aly/aly have some inherent defects in the 

structure and function of their immune system, critical aspects of antigen processing and 

presentation as they relate to allogeneic stimulatory capacity remained in tact, which make 

these mice a good resource to adress the importance of adaptive immunity in GVH disease. 

 

 GVHD remains the major complication of allogeneic BMT. GVHD depends upon 

the activation of donor T cells by host antigen presenting cells, but the precise location of 

these interactions remains uncertain. Using established models of GVHD and GVL and two 

strategies to render BMT recipient animals anatomically or functionally devoid of PP, LN 
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and spleen, the role of SLO in graft-versus-host responses following allogeneic BMT was 

carefully examined. The results demonstrate that SLO contribute to, but are not required for 

the development of GVHD.  To this end, the BM is identified as a possible alternative, non-

lymphoid organ where T cell activation can be seen at early time points after BMT. The allo-

stimulatory capacity of alternative sites like the BM cavity is less efficient than that of 

standard SLO; GVHD while clearly present is less severe when measured by survival after 

BMT and associated GVL responses were suboptimal at the level investigated in this set of 

experiments. Collectively, these data challenge the paradigm that secondary lymphoid tissues 

are required for GVHD induction, but support their critical role in the generation of 

protective GVL responses.  

 

These findings confirm observations made by some investigators and contradict 

observations made by others.  As noted above, Murai et al. showed that PP are critical for the 

generation of donor-derived, anti-host CTL that cause GVHD [193]. Moreover, tracking of 

cell migration early after BMT in vivo, using bio-luminescent imaging has also supported a 

role for SLO in the activation of donor T cells [43, 197]. By contrast, Welniak and colleagues 

demonstrated that PP are not required for acute GVHD after myeloablative conditioning 

[116]. Moreover, work by Beilhack et al. showed that bioluminescent signals in 

splenectomized mice treated with antibodies against CD62L and MAdCAM-1 projected 

predominantly to the BM compartments in mice receiving Allogeneic BMT [199].  These 

data is in agreement with the results presented in this report. In this context, it is important to 
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emphasize that when considering animal models for GVHD, there are key variables to take 

into consideration prior to drawing conclusions [114]. These variables include: a) the 

presence or absence of BMT conditioning and the intensity (myeloablative vs. 

nonmyeloablative) if used, b) the murine strain combination used is a crucial factor that can 

affect the kinetics and different target organs involved in GVHD; c) the type of T cells 

transferred (CD4
+ 

vs. CD8
+
, naïve vs. memory, NKT cells vs. NK cells, Th1 vs. Th2), as well 

as the number infused may also influence the kinetics and pathophysiology of GVHD [114]. 

These issues notwithstanding, data generated over the last 10 to 15 years using animal BMT 

models have transformed our understanding of GVHD biology.  It is therefore hoped that 

insights derived from this work will ultimately improve current clinical strategies to 

minimizing the consequences of GVHD in patients who are depending upon allogeneic BMT 

as the only hope for cure of their underlying disease.  
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