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Chapter 1 

Introduction 

1.1 General introduction and scope of this thesis 

Hematopoiesis is the process of blood cell formation. A relatively small number of pluripo

tent hematopoietic stem cells lies at the basis of the entire cascade of progressively more 

mature progenitor cells of the different hematopoietic lineages, culminating in the formation 

of mature, functional blood cells (Figure 1.1). 

The regulation of hematopoiesis relies on complex interactions between hematopoietic cells 

and stromal cells, growth factors and their receptors, extracellular matrix molecules and cell

cell interactions through specialized cell adhesion molecules. The sites where hematopoietic 

stem cens can find just the right mixture of these regulatory interactions are refcncd to as 

niches [i]. 

During mammalian embryogenesis the hematopoietic system originates from mcsodermally 

derived cells localized in the yolk-sac. At a later stage in the development of the fetus totipo

tent hematopoietic stem cells are predominantly found in the liver. Still later, hematopoiesis 

shifts to the spleen and the bone marrow. The spleen then gradually becomes a less important 

hematopoietic organ, so that at birth hematopoiesis in humans is almost exclusively situatcd 

in the bone marrow [2]. 

The rigorous temporal and spatial regulation of the development of the hematopoietic system 

implies that stem cells (or their descendant daughter cells, originating from self-renewing 

divisions) can undertake targeted migration from one site in the cmbryo to another. This phe

nomenon of targeted migration via the circulation to a specific tissue is referred to as 

"homing" [3]. The concept of homing comprises of a number of steps: a cell leaving the site 

where it was formed, entering the blood stream, lcaving the circulation and entering the target 

organ's tissue. Thc tenn is also used in the context of clinical bone lllatTOW transplantation, 

where hcmatopoictic stem cells arc introduced into the blood circulation of a host and home 

to niches in the bone marrow to establish an entire Be,v hematopoietic system. 

Leukemic cells are hematopoietic cells that escape regulatory signals meant to control their 

proliferation and maturation. This' results in uncontrolled proliferation and survival of imma

ture, non-functional leukemic cells which take up space in the bone matTOW, displacing the 

110nnal hematopoietic stem cells from their niches [4J and leading to fatal shortages of func-
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Figure 1.1 Schematic overview of hematopoiesis 

tional blood cells [5], Sometimes leukemic cells from patients or leukemic animals are easily 

grown ;11 vitro, which has led to the establishment of clonal leukemic cell lines [6-12], More 

often, however, leukemic cells require specific culture conditions to be grown ill vitro: some 

require the addition of growth factors [13-21], some require a supporting stromal layer [22, 

23]. In animal models leukemia can be transfCITed ill vivo from one individual of an inbred 
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strain to another [24, 25], showing specific distribution patterns of the transfelTed leukemic 

cells {4, 26]. Some of these cell lines grow exclusively ill vivo [24,25]. Human leukemic cells 

have been grown ill vivo in nude mice [27-301 and especially in SCID mice [31-33], showing 

distribution pattel11s similar to those in the donor [34, 351. Similarly, genetic marking expeJi

ments have shown that human leukemic cells reinfused \vith an autologous bone nUUTOW graft 

can contribute to a leukemia relapse [36-38]. Taken together, these data demonstrate that in 

many cases leukemic cells require the support of niches for their growth [39], and that leuke

mic cells, as \vell as normal hematopoietic stem celis, are capable of homing to such niches. 

A thorough understanding of the homing of nonnal hematopoietic stem cells and of leukemic 

cells could have important implications. Active support of the homing of stem cells might 

improve the efficiency of bone marrow transplantation. This could allo\\' transplantation of 

smaller graft sizes, which would be advantageous for several possible reasons. In allogeneic 

bone marrow transplantation it could lead to a reduced need for graft versus host disease pro

phylaxis. \Vhenever stem cells of the desired makeup are in short supply, as in many current 

gene therapy protocols [40-42J and in cord blood stem cell transplants [43-45J, supported 

homing could improve the chance of a successful transplantation. In autologolls bone marrO\\' 

transplantation a reduction of the graft size could reduce the chance of transplanting leukemic 

stem cells with the autograft. In the case of <lutologolls bone marrow transplantation it would 

also be advantageous to specifically dismpt the homing of leukemic stem cells; this would 

reduce the chance of a leukemia relapse caused by an autograft. 

ConctiiTently, identification and chlU'acterizatioll of stem cell niches will aid in the identifica

tion of the stem cen regulation mechanisms that operate ;'1 vivo. This thesis describes experi

ments aimed at the development and application of techniques that should serve such studies. 

1.2 Homing and adhesion of cells 

Homing of cens is a widely occurring process. For example, embryonic pattern formation is 

to a great extent the result of active migration of cells. Lymphocytes, granulocytes and mono

cytes travel widely throughout the body to provide immullologic surveillance. Endothelial 

cells and fibroblasts migrate during the \\'ound healing process. Metastasis of solid tumor 

cells and dissemination of leukemic cells exhibit tissue specificity, and call therefore also be 

considered as homing phenomena. 

ShOli range targeted cellular migration usuaUy consists of active movement across a substra

tum. This type of migration can be targeted by chemotactic signals [46] or by specific interac

tions between adhesion molecules and their ligands. 

Homing as defined within the scope of this thesis is long range migration: a sequence of pas

sive transportation via the blood stream or the lymphatic system, followed by anchoJing to 

the endothelium and entering specialized tissues. Here too, specific interactions between 
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Table 1.1 Adhesion at a glance: overview of the most important adhesion molecule families 

Molecule CD-classification Expression (normal tissues) 

Selectlns 

L-selectin CD62L Lymphocytes, myeloid ceils 

E-selectfn CD62E AcHvated endothelial cells 

P-selectin C062P Activated endothelial cells, platelets 

Integrlns Subllni1§. 

Bj-Integrlns Expression widespread 

VLA-l «1 13 1 CD49a1C029 

VLA-2 ((213 1 C049b/CD29 

VLA-3 ((3 13 1 C049clC029 

VLA-4 ((413 1 CD49d/C029 

VLA-5 0',13 1 C04ge/CD29 

VLA-6 US 13 1 CD49f/C029 

((8 13 1 C049f/C029 Smooth muscle, mesenchymal cells, 
neural ceils 

u,13 1 
C051/C029 

B2-1ntegrlns 

LFA-I ((L132 COllalCOl8 Lymphoid cells, monocytes, neutrophllS 

Mac-I (lU13 2 C011b/COl8 monocytes, macrophages, NK cells 

p150,95 {!Jo.l32 COtlc/COfS Monocytes, macrophages, granulocytes, 
NK cells 

Brlnlegrlns 

VNA-u u,133 C051/CDBI Megakaryocytes, platelets, NK cells 

GPllblllJa U2b133 CD41/COBl Platelets 

B4-fnlegrfns 

«613 4 CD4911CDI04 T-cells, hemldesmosomes 

Bs-fntegrlns 

((,135 C051/- Epithelial cells 

Os-integrlns 

u,136 C051/- Epithelial cells 

°7-lntegrlns 

LPAM-I ((413 7 
C049a/- Lymphocytes 

Not yet classified adhesion molecules 

CIA 

PSGL-l 

ESL-l 

Lu-ECAM-l 

10 

Lymphocytes homing to cutaneous 
endothelial cells 
Lymphocytes, myeloid cells 

MyeloId cells 

Lung epithelial cells 

Ligands 

Glycam-l, CD34, MadCAM-I, CLA 

ESL-I, PSGL-I, CLA, sLe(x) 

PSGL-l, sLa(x) 

Laminin, collagen 

Lamlnln, collagen 

Fibronec!in, collagen 

Fibronectin, VCAM-I, integrin «4, 
lCAM-2 
Flbronectin 

FibronecUn 

Tenascln, flbroneclln, vitronectin 

Vitronectin, fibrinogen 

ICAM-l, tCAM-2 

tCAM-I,ICAM-2 

ICAM-f,ICAM-2 

Vitroneclin, fibrinogen, vWf, 
fibronectln, osteoponlin, PECAM-I 
Vitronectin 

Lamlnln 

Vitronectln, flbronectin, 
osteopontin 

F!broneclin 

MadCAM-I, VCAM-I, integrin ((4 

E-seleclln 

P-se!ectin 

E-select1n 



Molecule CD'classlflcation Expression (normal tissues) 

Immunoglobulin superfamily 

LFA·2 CD2 T-cells, NK cells 

LFA-3 CD58 Expression widespread 

ICAM-I CD54 Expression widespread 

ICAM·2 C0102 Endothelial cells, lymphocytes, 
platelets 

ICAM-3 COSO Leukocytes 

VCAM-l COIOB Monocytes, activated endothelial celis, 
constitutive on 8M endothelial cells 

NCAM-family COS6 Neuroectodermal cells, T-cells, NK 
cells 

PECAM·l CD31 Endothelial celis, platelets, monocytes, 
neutrophils, naive T-cells 

MUC-1S Smooth muscle celis, vascular 
endothelium 

L1 Neural cells, Schwann celis, uro-
epHhelial cells, lymphoid cells 

PO Neural cells 

CEA-famlly COSSa-COSSe Granulocytes, endothelia] cells 

Sialomucin, vascular addressln family 

CD34 CD34 

Glycarn-l 

MadCAM·l 

Hyaluronate receptor family 

CD44-family C044 

Syndecan family 

Aggrecan 

Cadherln family 

E·cadherln 

N·cadherln 

P-Cadherin 

VE-cadherin 

Stem cells, hematopoietic precursor 
cells, endothelial cells 
endothelial cells 

Mucosal HEY, endolhelial cells 

Expression widespread 

Epithelial cells 

Cartilage 

EpltheHal cells 

Endothelial cells 

ligands 

LFA·3 

LFA-2 

LFA-l, hyaluronan 

LFA-I, Mac-I 

LFA-l 

VLA-4 

NCMl 

PECAM-l, Integeln O:,IJ3 

L1 

PO 

CEA 

L-selecUn 

L·seleclin 

LPAM-l 

Hyaluronan, lamlnin, flbronecUn, 
collagen, serglycin (gp600) 
Amphoterin (p30), collagen, 
IibronecHn, thrombospondin, bFGF 
Hyaluronic acid, link protein 

E'cadherin, other cadherins 

N-cadherin, other cadherins 

P-cadherin, olher cadherins 

VE-cadherin, olher cadherins 
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adhesion molecules and their ligands playa role to establish contact behveen the circulating 

cells and the 

cells lining the circulatory compartment. Six major families of adhesion molecules have been 

identified and characterized, as outlined in Table 1.1. \Vhile some of these molecules seem to 

act simply as "dumb sticky receptors", others have recently been shown to exhibit sophistica

ted features such as intracellular signalling capabilities and conformationally controlled bin

ding amnity {47]. Research is rapidly progressing in this Held, and adhesion molecules, cell

cell interactions and homing are important subjects of interest for many research groups. The 

following paragraphs will summarize part of the ClllTent knowledge on the subject. 

1.3 Homing and adhesion of leukocytes 

Every organism must ftnd ways to deal with the continllous threat of invasion by infectious 

agents .. Mammals have developed a highly complex immune system to deal with this threat. 

The targeted migration of cells of the immune system to the sites where invasions of infec

tious agents are ongoing or ,vhere they are most likely to occur is refened to as leukocyte 

homing. Three main leukocyte homing pathways can be distinguished: 

1. The continuous circulation of naive lymphocytes from the blood stream to peripheral 

lymph nodes and Peyer's patches and back into the blood flow via the lymphatic system. 

2. Tissue specific migration of lymphocyte subsets to extralymphatic sites in mucosal epithe

lia and the skin. 

3. Targeted int1ltration of inflammation sites by lymphocytes, neutrophilic granulocytes and 

monocytes. 

Homing in each of these three pathways follows a similar course of events: binding of adhe

sion molecules on the leukocyte to ligands expressed on endothelial cells leads to (A) rolling 

of the cells along the endothelium lining the vessel wall. First contact can induce activation 

events [48] which in turn lead to (B) the establishment of close contact between the leukocyte 

and the endothelium, forcing the leukocyte to an arrest. This stage is also referred to as tether

ing. The next step is refelTed to as (C) i1nn adhesion, which leads to flattening of the cells. 

Finally (D) the leukocytes transmigrate though the vessel wall and enter the surrounding tis

sue [46,48-52]. 

Each of these four steps is mediated by adhesion molecules. Some adhesion molecules are 

specifically involved in one of the four elements of this adhesion cascade, willIe others take 

part in two or more steps. Each of these steps can be regulated by modulation of the expres

sion and/or the binding characteristics of the adhesion molecules involved. Restricted expres

sion and activation of adhesion molecules on the leukocytes' cell membranes and of ligands 

on endothelial cells leads to site specitlc homing patterns of defined cellular subsets. 
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1.3.1 Lymphatic tissue homing of naive lymphocytes 

Lymphocytes are the effector cells of the specific immune system, one of the two major bran

ches of the mammalian's defense system against infections. Non-antigen primed, naive lymp

hocytes with a CD45RAfCD62Lhi/CD44Iow/CD49dlow phenotype [53-55] continuously tra

vel throughout the body, entering lymph nodes from the blood stream, leaving them via the 

lymphatic drainage system and re-entering the circulation via the thoracic duct [54]. The 

extravasation of naive lymphocytes specifically takes place in high endothelial venules 

(HEV), the venules that are directly connected to the capillaries of the lymph nodes [56]. 

HEV's have a specialized endothelium consisting of large cuboidal cells [57] which express 

adhesion molecules as counterreceptors for lymphocyte homing receptors. The lymphocyte 

homing receptor L-selectin (CD62L) [58] is the adhesion molecule that establishes the first 

contact of naive lymphocytes with the HEV's endothelium and mediates rolling, most likely 

via Glycam-I and/or CD34 expressed on the resting endothelial cells [59]. Tight adhesion is 

subsequently mediated by the interaction between A) lymphocytic Lymphocyte Functional 

Antigen-I (LFA-I; CDllalCDI8) with primarily Intercellular Adhesion Molecule-2 (ICAM-

2; CD 1 02), which shO\vs strong constitutive expression on resting endothelial ceils, and to a 

lesser extent with constitutively expressed ICAM-I (CD54) on the endothelial cells [60, 61] 

and in addition by B) interaction of Very Late Antigen-4 (VLA-4; CD49d/CD29) expressed 

on the lymphocytes and Vascular Cell Adhesion Molecule-l (VCAM-I; CD106) expressed 

on the endothelial cells. 

1.3.2 Homing of memory and effector lymphocytes to Peycr's patches and cxtra-

lymphatic tissues 

Memory and effector lymphocytes with a CD45RO/CD620ow/CD44hi/VLA-4hi phenotype 

[54, 62] also continuously recirculate through the body. \Vith respect to non-inflamed tissues, 

however, these cells predominantly home to Peyer's Patches (PP) and mucosal lymphatic tis

sues, and to tertiary lymphatic tissues, especially to the skin. In the HEV of PP and mucosal 

lymphoid tissues the first adhesion step is binding of L-selectin and/or integrin Cl4fi7 on 

memory lymphocytes to Mucosal Addressin Cell Adhesion Moleeule-I (MadCAM-l) expres

sed on endothelial cells [63-67]. Arrest and tight adhesion of memory and effector cells to 

mucosal HEV are mediated by the interaction between integrin Cl4fi7 expressed on the lymp

hocytes to MadCAM-l expressed on the endothelial cells, and by the interaction of integrin 

Cl4fil on the lymphocytes and VCAM-l on the endothelial cells. 

A sillall proportion of memory lymphocytes recirculates through the skin [541. These lympho

cytes adhere to the flattened endothelial cel1s that line the capillaries and enter the tissue. 

Although homing interactions of skill-seeking lymphocytes and nonnaI, non-activated cuta

neous endothelial cells have not been studied in detail to date, it is likely that in the establish

ment of tight adhesion and extravasation of these cells interaction between LFA-l and ICAM-

1 is involved [62]. 
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1.3.3 Inflammation induced homing of leukocytes 

Inflammation leads to profound changes in endothelial cells. Cytokines and chemokines pro

duced in inflammation sites induce upregulation of P-selectin (CD62P), E-selectin (CD62E), 

VCAM-I and ICAM-I on endothelial cells [68, 69]. Furthermore, endothelial cells present 

inflammatory substances by scaffolding them to glycosaminoglycans such as CD44 and syn

decan [70]. Lymphocytes as well as neutrophilic granulocytes and monocytes show greatly 

enhanced homing to sites of inflammation. All three selectins as well as VLA-4 can mediate 

rolling as the first step ofleukocyte homing to inflammatory sites. Rolling leads to (1) a sig

nificant slowdmvn of the circulating cells prolonging their presence at the inflammatory site 

and (2) increased proximity to the endothelial cells. The net effect of this prolonged presence 

and increased proximity is a sufficient exposure to inflammation related chematokines to 

induce activation events in the leukocytes which lead to upregulation and/or affinity increase 

of integrin adhesion molecules wWch can subsequently mediate tethering, finn adhesion and 

extravasation [71 J. 
Lymphocytes can roll on P-selectin using P-Selectin Glycoprotein Ligand-l (PSGL-I) [72] 

and, more specifically, skin-homing lymphocytes can roll on E-selectin using cutaneous 

lymphocyte antigen (CLA) [62, 73, 74]. VLA-4 may also playa role in rolling of lymphocy

tes on endothelial cells, through interaction with VCAM-I [751. Tethering of rolling lympho

cytes is mediated through integrin VLA-4 on the lymphocytes and VCAM on the endothelial 

cells [62, 75] and also by interaction of integrin LFA-I on the lymphocytes and ICAM-I and 

ICAM-2 on the endothelial cells [61, 62, 75, 76]. 

Neutrophilic granulocytes show low frequency rolling in non-inflamed tissues, mediated by 

PSOL-I expressed on the neutrophils and P-selectin expressed on endothelial cells [77]. In 

inflammation sites neutrophils show the strongest rolling response to P-selectin, foHowed by 

L-selectin and E-selectin [66, 78-80}. Finn adhesion ensues, mediated by interaction of VLA-

4 with VCAM-I and by interaction of LFA-I and/or Mac-I with ICAM-I and ICAM-2 on the 

endothelial cells [81]. Finally, extravasation of granulocytes and monocytes can be blocked 

by antibodies to PlateletlEndothelial Cell Adhesion Molecule-I (PECAM-I; CD3 I), indica

ting that PECAM-I mediates diapedesis [82]. 

Future research on the homing of leukocytes will mainly focus on the identification of possi

ble further ligands of the selectins, on intracellular signalling events mediated by adhesion 

molecules and on further unraveling the cellular interactions involved in finn adhesion and 

diapedesis. 

1.4 Homing and metastasis of malignant cells 

Cancer originates when a primary neoplasm arises as an abelTation of a single cell which 

escapes normal cellular control mechanisms and exhibits dysregulated proliferation and sur-
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vivaI. This leads to the formation of a malignant cell population of clonal descent. With time, 

such a clonal population often shmvs genetic instability, leading to the fonnation of malignant 

subclones. Clinical symptoms can occur through a multitude of causes, such as compression 

of normal tissues causing obstructions or pain, competition for nutrients and space with nor

mal celis, and tissue destruction, thereby intelfering with nonnal body functions. \Vithout tre

atment cancer generally leads to fatal complications and causes death. 

One fundamental problem in the treatment of cancer is metastasis: cancer cells can move 

away from the site where the primary neoplastic event occurred and establish themselves at 

secondary sites throughout the body. Metastasis is a complex process, in wWch five major 

steps are distinguished (83]: 1. Detachment of tumor cells from their site of formation (usual

ly detachment from other tumor cells) 2. Entry of blood or lymphatic vessel 3. Dissemination 

by passive transport through the vessel 4. Adhesion, extravasation and active movement into 

tissue. 5. Establishment of a new malignant colony. 

As of step 3, this sequence of elements of the metastatic process closely parallels the events 

that playa role in leukocyte homing, so that the term homing of malignant cells adequately 

summarizes these clUcial steps in the development of cancer. Other parallels lli'C tissue speci

ficity and the use of adhesion molecules by the cells to adhere to endothelial cells and to enter 

the tissues. 

Knowledge of the involvement of adhesion molecules in homing of cancer cells stems from 

(A) cOll'elation shldies between clinical course of disease and adhesion molecule expression 

on the rualignant cells, fWill (B) iii vitro adhesion studies using pmified molecules or mono

layers of endothelial cells, usually human umbilical vein endothelial cells (HUVECs) as 

ligands for primary cancer cells or cen lines, and from (C) in vivo studies in animal models, 

often immune compromised strains. 

From these studies it can be concluded that adhesion often plays a dual role in metastatis: 

while on the one hand increased adhesive potential of a cell can reduce its chance of being 

released from its site and entering into the circulation, it mayan the other hand increase its 

ability to invade a tissue [831. For example, reduced expression of E-cadhetin, an adhesion 

molecule that is involved in homophilic cell-cell adhesion in normal tissues, is associated 

\vith increased invasiveness of a variety of malignancies [84]. 

The dual role of adhesion in metastasis is especially salient in the case of the integrins, where 

expression of one and the same molecule can be associated with increased as well as decre

ased metastatic potential, depending on the ceB type. For example, increased expression of 

VLA-2 has been associated with increased metastatic capability of rhabdomyoscucoma cells 

[85], Conversely, reduced or absent expression of VLA-2 has been associated with increased 

invasiveness and disease progression in breast cancer and endometrial cancer [86-88]. This 

paradox may well be connected to the tissue-specific utilization of different extracellular 

mattix components to maintain tissue integrity. 

Clearly, only a cOlTelatioll behveen metastatic potential and increased expression or activity 
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of an adhesion molecule should point towards a role for an adhesion molecule in the homing 

phase of metastasis. The following section ,vill present an overview of the available data on 

the role of adhesion molecules in this segment of the metastatic process, with a separate sub

section devoted to homing of leukemic celIs. 

1.4.1 Adhesion molecules hlYolyed in homing of malignant cells derived from 

solid tumors 

1.4.1.. Selectins 

Increased metastatic potential and poor prognosis in human colorectal carcinoma is associa

ted with increased expression of the carbohydrate ligands sialyl-Lewis(x) (sLeX) and sialyl

Lewis(a) (sLea) [89], which can bind to E- and P-selectin [90]. Concurrently, expression of E

selectin on intratumoral vessels was correlated with rapid disease progression in a study of 

human melanoma [91]. Similarly, expression of sLeX and sLea have been found to conelate 

with metastatic potential of cell tines in animal models [92]. Expression of sLex and sLea has 

been connected to E-selectin binding [93, 94], and finally, several colon and breast cancer cell 

lines and the leukemic cell line HL-60 were directly shown to bind to E-selectin [95-97]. In 

one instance this binding was shown to induce rolling of the cells along a monolayer of sti

mulated endothelial cells [97]. These results all indicate that especially E-selectin plays an 

important role in metastasis fonnation, most likely by mediating rolling behaviour of the cells 

on activated endothelia. Although P-selectin and L-selectin can also bind to carbohydrate 

ligands on cancer cells [98], there is little evidence that directly connects these molecules to 

metastatic adhesion. It does seem, however, that binding of malignant cells with P-selectin 

expressed on platelets may playa role in inducing activation of endothelial cells [99}, which 

in hIm could lead to increased binding due to the upregulation of E-selectin and also ICAM-l 

and VCAM-l on the endothelial cells. Such a mechanism has, however, not yet clearly been 

elucidated. 

1.4.1,b Integrills 

Apart from binding to specific cellular adhesion molecules on endothelial cells, a cell might 

also bind to extracellular matrix elements of the glycocalyx to-anchor to and begin invading a 

tissue. This \"ould imply a role for the integrins. The integrins are a large family of adhesion 

molecules, all consisting of an alpha and a beta subunit (cf Table 1.1). Apart from the 32 
integrins and integrin u437 all of the integrins can serve as receptors of extracellular matrix 

components. Indeed many. of the integrins have _been cOllnected with metastatic potential of 

malignant cells. 

As mentioned above, VLA-2 has been associated with metastatic potential of rhabdomyosar

coma cells [85] and melanoma cell tines [100] in'llude mice. VLA-3 expression was shown to 

correlate with disease progression in melanoma [101] and in head-and-neck squamous cell 
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carcinoma fonnation [102]. VLA4 expression has been associated with adhesion of sarcoma, 

melanoma and lung carcinoma cell lines to activated endothelial cells [95, 1031 Mattila et al. 

[103] demonstrated thut this udhesion was mediated by interaction of VLA-4 with VCAM-l. 

This corTelates in part with the findings of Kawaguchi et al., [lO4] \vho demonstrated a corre

lation between VLAA expression levels and disease progression of osteosarcoma, but failed 

to detect expression of VCAlvI-l in their samples. Expression of VLA-4 was also seen to be 

cOlTelated with disease progression and clinical outcome in melanoma [91, 105]. Expression 

of VLA-5 has been associated with clinical disease staging of mammary tumors [106] and of 

melanoma r I 07], as well as with metastatic spread to the liver of murine mammary tumor cell 

lines [108]. 

Only fe\v repor1s have implied the il2 integrins in malignant cell homing. These reports are 

concemed with metastatic spread of lymphoma. Roos et al. [109] have shown that interaction 

between LFA-I (integrin "LB2. cf Table 1.1) expressed on lymphoma cells and ICAM-I or 

ICAM-2 expressed on hepatocytes mediates hepatic spread of murine T-cell hybridomas. 

Zahalka et aI. [110, Ill] showed the involvement of LFA-l in splenic invasion of murine T

cell lymphoma. 

Integrin aUbB3 has been implied in murine melanoma-associated platelet aggregation and 

lung metastasis [112]. Il1tegrin Cf."B3 \vas found to con'elate \vith disease progression in human 

melanoma [101, 113] and head-and-neck squamous cell neoplasms, along with integrin 06B4 

[102]. Integrin Cf.6B4 has also been connected to liver metastasis of a murine mammary cm'Ci

noma cell line [114], and with in vitro invasiveness of human prostatic carcinoma ceBs [1151. 

Finally, expression of integrin Cf.\,Bs showed a condation with disease progression in gastric 

carcinoma [116]. 

These results indicate that extracellulm matrix adhesion via integrins plays a major role in the 

homing of malignant cells, and disintegrins [117-120] and extracellular matrix mimetics 

[121-123] are therefore cUlTelltly under study as metastasis-blocking agents. 

1.4.1.c Iuuuunogiobuliu Superfamily 

Apart from the interaction between the integrin VLA-4 on tumor cells and the immunoglobu

lin superfamily (IgSF) member VCAM-l expressed on endothelial cells only few of the other 

IgSF adhesion molecules seem involved in the homing of malignant cells. 

ICAM-l was shown to be directly involved in the binding of experimental lymphoma cell 

lines to hepatocytes [124] and with bone marrow invasiveness [125]. Recently, ICAM-l on 

human glioma cells was shown to bind to integrin 62 on activated bovine endothelial cells 

[126]. ICAM-l is fm1hermore associated with disease progression in metastatic melanoma, 

but this is probably not a homing-related phenomenon [127-129]. The same may be tme for 

MUC-I8, an IgSF adhesion molecule that is also associated with disease progression in 

melanoma. The role of the homophilic adhesion inducing MUC-I8 remains unclear, although 

the recent detection of MUC-IS on endothelial ceUs may indicate that it may be a homing 

receptor for melanoma cells [130, 13l}. 
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Finally, the tumor marker carcinoembryonic antigen (CEA) has been shown to mediate 

homotypic adhesion of tumor cells [132J and is associated \vith disease staging in cervical 

carcinomas [133J and in colon carcinoma [134, 135J. Jessup et a!. [136J showed that CEA is 

associated with the formation of liver and lung metastases -by colorectal carcinoma cell lines. 

The recent demonstration that CEA can be expressed on endothelial cells indicates that the 

role of CEA in the metastatic process may indeed be at the level of tumor cell - endothelial 

cell binding, thus ranging CEA among the putative malignant homing receptors r 137]. 

1.4.1.<1 CD44 family 

CD44 is a glycoprotein that serves as a receptor for hyaluronic acid r 138, 139J and other ext

racellular matrix components such as fibronectin, collagen Type I, laminin [1401 and sergly

cin (gp600) [14IJ. The gene for CD44 consists of a large number of exons that can be diffe

rentially spliced to fonn variants of the CD44 protein. GUnthert et a1. [1421 showed that artifi

cial expression of CD44v6 was sufficient to induce metastatic behavior in a rat pancreatic 

carcinoma cell line, and it was subsequently shown that this metastatic behavior could be 

blocked by a monoclonal antibody to the CD44v6 [143], indicating that the molecule is invol

ved in homing of the malignant cells to distant sites. There is furthermore a wealth of clinical 

evidence connecting elevated or aberrant expression of CD44v6 and/or other splice vmiants 

with metastatic behavior and poor prognosis of many cancers, such as colorectal cancer r 144-

149J, cervical cancer [150, 151J, gastric cancer [152-154J and non-Hodgkin lymphoma [155, 

156J. Although the data obtained thus far strongly indicate a possible role for CD44 as a 

homing receptor for malignant cells, no direct connection between CD44-confened metasta

tic potential and interaction with a specific ligand has been demonstrated to date [IS7}, 

1.4.1.e Other adhesion molecule families 

Of the not yet classified adhesion molecules only Lu-ECAl\1-1 [158], an adhesion molecule 

exclusively expressed on endothelial cells of pleural capillaries and sub-pleural vcnulcs in 

mice and man [159], has been shown to be involved in metastasis. Lu-ECAM-I was shown to 

mediate the binding of Il1mine B 16-FIO melanoma cells to lung endothelium [160], and bloc

king of Lu-ECAM-l using a monoclonal antibody led to a reduced formation of lung meta

static colonies by the BI6-FIO cells [158, Zhu, 1992 #450J. None of the members of the other 

adhesion molecule families has been directly linked to homing of cancer cells. 

1.4.2 Dissemination and homing of leukemic cells 

Leukemic cells originate fom the bone marrow, their native extravascular compartment. 

Dissemination of leukemia implies that leukemic cells enter the circulation by crossing the 

balTicr of the sinus endothelium, and similarly to metastasizing solid tumor cells they can 

invade organs such as spleen and liver by extravasation and subsequent ectopic growth. This 

sequence of events closely resembles the course of metastasis from solid tumors, as described 
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in Section 104.1. Dissemination of leukemia and metastasis of solid tumor cells are therefore 

basically the same [161]. The diffuse growth pattern of disseminated leukemia, the most 

conspicuous difference between solid hUllon; and leukemia, can be explained from a lack of 

homotypic adhesion between leukemic cells. In tillS way leukemic cells resemble their normal 

hematopoietic counterparts, since maintaining tissue integrity through homotypic adhesion is 

not nonnaIly a function of hematopoietic cells. Another difference between solid hunors and 

leukemia is that in general the life-threatening effects of leukemia, i.e. leukopenia and throm

bocytopenia, arise through suppression of normal hematopoiesis in the bone marrow, not 

through the invasion of secondary tissue compartments. 

Normal hematopoietic cells express a range of adhesion molecules through which they can 

interact with bone marrow stromal cells and extracellular matrix components [162, 163], 

Several reports shmv altered expression of adhesion molecules on human leukemic cells as 

compared to their non-malignant counterparts [162, 164-166]. Also, some reports indicate 

altered expression of adhesion molecules on BM stromal ceUs from leukemia patients [167] 

and impaired adhesion of normal hematopoietic cells to stromal layers from leukemia patients 

[168, 169]. These studies mainly show loss of adhesive capacity in leukemia, which may be 

associated with increased egress of leukemic cells into the peripheral blood [170], similarly to 

increased release of solid tumor cells through loss of adhesion. 

Prins and van Bekhun [26] observed significant differences in the homing and dissemination 

patterns of two ill vivo animal leukemia models, the Brown Norway lvIyeloid Leukemia 

(BNML) and the acute lymphocytic leukemia L4415. This demonstrated the specificity of 

homing and dissemination of leukemia, \Vhile it is very likely that tWs specificity is at least 

to some extent attributable to differences in the expression patterns of adhesion molecules, 

relatively little is known about the exact role and the c1inical significance of adhesion mole

cules in leukemia. 

In two reports no correlation between disease progression or prognosis and expression of 

CD54 [171] or ofVLA-2, VLA-4 or VLA-5 was observed, neither in acute lymphocytic leu

kemia (ALL) nor in acute myelocytic leukemia (AML) [172]. Notably, no correlation was 

found in these studies between adhesion molecule expression and extramedullary presenta

tion (tumoral syndrome), which would have pointed towards a role for any of the examined 

molecules in extrameduIlary homing of leukemia, In contrast, such a con'elation was found in 

B-cell chronic lymphocytic leukemia (B-CLL), where absence of Br, B2 and B3 integrin 

expression was associated with favourable prognosis and reduced extramedullary involve

ment, clearly indicating a role for the integrins in extramedullary homing 1173, 174]. 

Furthermore, LFA-3 (CD58) and CD44 expression independently defined a snbclass of B

CLL with less favourable prognosis [173,174]. Conversely, LFA-3 was found to be associa

ted with favourable prognosis in ALL and AML [171]. The latter may be, however, less con

nected to the homing behaviour of these cells than to LFA-3 dependent susceptibility of these 

leukemic cells to lysis by cytotoxic T-cells or NK cells [175-177]. 
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Additional analyses will be needed to clearly establish the exact role of adhesion molecules in 

different leukemia subtypes and to explain the seemingly controversial results. For example, 

the possibility that the adhesion characteristics of leukemic cells could have been changed by 

genetic aberrations leading to constitutively active or inactive conformations of adhesion 

molecules remains hitherto unexplored. So far however, the limited value of expression of 

adhesion molecules to differentiate leukemias according to disease progression or prognosis 

indicates that the adhesion defects observed in leukemic cells have little effect on their capa

city to fill up the bone malTO\v cavities and cause suppression of hematopoiesis. 

\Vithln the context of homing it is of greater clinical significance that leukemic cells cotrans

planted with an autologous bone marrow graft can contribute to a leukemia relapse [37, 38]. 

The frequently observed expression ofVLA-4 on leukemic cells [166,172] and the constitu

tive expression of VCAM-l on BM sinus endothelium and on BM reticular cells [178] indi

cates that VLA-4NCAM-l interaction may playa key role in the homing of leukemic cells. 

No reports on in vivo leukemia models establishing such a role for any adhesion molecule are 

available as yet. 

1.5 Homing in bone marrow transplantation 

Barnes et al. (1956) [179] were the first to report on the treatment of mmine leukemia by 

combining lethal il'l'adiation with a bone malTOW transplantation. This set off the development 

of bone marrow transplantation in humans as a treatment for human leukemia. Some forty 

years later, transplantation of bone marrow or hematopoietic stem cells from peripheral blood 

or cord blood is now the treatment of choice for many diseases, ranging from leukemia and 

lymphoma to radiation disease, a range of immunodeficiency syndromcs, lysosomal storage 

diseases, and some solid hUllorS [180]. Recently, great effort is made to use hematopoietic 

stem cells as the cellular target in gene therapy protocols, extending the potential applicability 

of bone manow transplantation even further. The success of every transplantation relies on 

the ability _of hematopoietic stem ceHs to home to niches where they can lodge and establish 

hematopoiesis. 

Historical1y the study of hematopoietic stem cell homing has developed in parallel with the 

Shldy of the hematopoietic stem cell itself: the most important limitations were the purity of 

the stem cells suspensions that could be obtained and the assays that ,vere available. A major 

step forward came with the development of the CFU-S assay [181], long thought to be an 

assay for plmipotent hematopoietic stem cells [182]. :MllCh of the CUlTent knowledge of the ill 

vh'o homing of hematopoictic cells still stems from studies employing the CFU-S assay. 

Bone marrow transplantation is usually preceded by a conditioning regimen, consisting of 

ilTadiation andlor cytostatic treatment. Shirota et al. [183, 184] demonstrated that both these 

components of conditioning regimens disrupt the endothelial banier which separates the bone 
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marrow from the circulation. This provided the rationale for using ;'1 l'Uro adhesion assays 

that employ BM stromal cells as models for the processes that playa role in hz vivo homing 

of hematopoietic stem cells. 

Finally, analysis of adhesion molecule expression in transplanted cen populations and hema

topoietic recovelY parameters obtained from transplantation patients has yielded additional 

information on the role of adhesion molecules in bone marrow transplantation. 

All these studies have indicated the involvement of several adhesion molecules, but a clear 

understanding of the entire sequence of adhesive interactions between hematopoietic stem 

cells and bone marrow stromal clements that constitutes ill pil'o homing is yet to be gained. 

1.5.1 In vivo characterization of CFUMS homing 

The first attempts to characterize the in vivo homing pattern of CFU-S consisted of retrans

plantation experiments into secondary recipients to determine the distribution of injected cells 

and the efficiency of CFU-S homing to the spleen and to the bone manow. As reviewed in 

detail in Chapter 5, this resulted in a number of publications reporting different spleen see

ding factors (f-factors) [185-187]. Visser and Eliason [187] used the same technique to deter

mine an f-factor for CFU-S homing to the bOlle man'ow of inadiated mice. Lord et a1. then 

used the bone seeking radioactive isotope 89Sr to kill any CFU-S that entered the bone mar

row, and thus showed that the CFU-S take no more time than 24 hours to reach their fmallod

ging, and that they do not redistribute later on [188]. Also, Lord et ,,1. [189] demonstrated that 

CFU-S localize preferentially in the periphery of the femoral bone marrow cavity. 

While providing information on the efficiency and kinetics of CFU-S homing to spleen and 

bone malTOW, these studies have not led to a detailed account of the localization of stem cells 

in the bone manow and of the composition of their niches, nor have they provided an insight 

into the mechanisms of stem ceIl homing and the molecules involved. 

1.5.2 Adhesion molecules involved in homing of hematopoietic stem cells 

1.5.2.a The lectin homing receptol' 

A direct approach towards identification of homing receptors was followed by the group of 

TavassoJi. Based on reports from Reisner et a1. [190J and Samlowski et al. [191] that manipu

lating carbohydrates 011 the membranes of hematopoietic stem cells changed the seeding pat

terns into spleen and bone malTOW they hypothesized that carbohydrate recognition would 

playa role in stem cell homing, and that the homing of stem cells \vould be mediated by lec

tin-like molecules. They then began to use mOl1osacchatides coupled to bovine serum albu

min (BSA) as probes of lectin activity. Galactosyl-BSA as well as mannosyl-BSA could be 

used to reversibly block adhesion of CFU-S and CFU-C and the formation of cobblestone 

areas by hematopoietic stem cells inoculated onto stromal layers [192, 193]. Radioactively 

labeled galactosyl-BSA preferentially accumulated in the bone malTOW, indicating the presen-
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ce of a galactosyl-binding receptor that could mediate intemaIization of galactosyl-containing 

glycoproteins [194]. The relevance of this interaction to ill vivo homing was con finned in a 

murine survival assay where infusion of galactosyl-BSA or mallllosyl-BSA together with the 

bone marrow graft led to approximately 50% reduced survival of lethally irradiated recipients 

[195]. The artificial glycoproteins also bound to the primitive hematopoietic cell lines B6SUT 

and FDCP-l. Scatchard analysis indicated a binding affinity of these cells to gal-BSA of 

about 2.3xlO-7 M, and 106 binding sites per cell. Mannosyl-BSA binding analysis demon

strated biphasic binding with af11nities of about 2.5xl0-8 :M and l.Oxl0-7 M respectively, and 

about 7.4x105 and 3.7x105 binding sites per cell [196]. This biphasic binding was later rein

terpreted as being an artefact caused by impurity of the man-BSA, so that it was concluded 

tbat there was the same number of binding sites for man-BSA as for gal-BSA with an aninitl' 

of approximately 2xlO-7 M [197]. From the fact that applying man-BSA and gal-BSA in 

blocking expeliments led to roughly similar results and from the absence of an additive or 

synergistic effect [192, 193, 195] it was concluded that the homing receptor mediates its 

effect through interaction with a particular carbohydrate configuration containing both one or 

morc galactose and mannose residues [197]. Subsequently a protein ,vas isolated from these 

cell lines using affinity chromatognIphy with immobilized galactosl'l and mannosyl residues. 

The protein was shown to be a 110 kD heterodimer containing approximately 5% carbohy

drate and consisting of subunits of 23 kD and 87 kD [198]. Further characterization of this 

protein as the putative homing receptor for hematopoietic stem cells is still ongoing [199J. 

For practical purposes, the homing lectin is provisionally classified here as an adhesion mole

cule, although this has not been formally demonstrated in any classical adhesion assay. In all 

the experiments described in this section the blocking neoglycoprotein was always present 

during the entire experiments. Therefore, it can not be ruled out that galactosyl-BSA and 

mannosyl-BSA intetfere ''lith for example the interaction between a growth factor and its 

receptor which is essential for proliferation. Such an effect would lead to similar results in the 

desclibed experiments and could therefore be mistaken for a homing blockade. 

1.S.2.b Integrins VLA·4 and VLA-S 

There is ample evidence that hematopoietic stem and progenitor cells can adhere to fibronec

tin, which is abundantly present in the extracellular matrix of bone TllaJTmv stromal cells, and 

to the adhesion molecule VCAM-I [200-205]. VCAM-I is constitutively and inducibly 

expressed on bone marrow endothelial cells and on bone manmv stromal cells [178, 203 J. 

Fibronectin-receptors expressed on hematopoietic progenitor cells are VLA-4 and VLA-5 

[200-204]. VLA-4 can bind to both fibronectin and VCAM-I [206J. 

Van der Sluijs et a!. [207] found that 90% of late (day 28-35) cobblestone area forming cells 

(CAFC) adhered to i1bronectin, whereas only 11 % of day-l 0 CAFC's bound to fibronectin. 

Late CAFe's correspond to cells with manow repopulating ability (MRA) and long-term 

repopulating ability (LTRA), whereas day-IO CAFC's correspond to day-12 CFU-S [208]. 
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This corresponded to the findings of Williams et al. [200], who showed binding of 50% of 

day-12 CFU-S to extracellular matrix from a hematopoiesis-supporting stromal cell line and 

to fragments of ftbroncctin that contained the CSI alternatively spliced domain of fibronectin, 

the fibronectin binding site of VLA-4, not VLA-5. TIlls binding could be blocked by adding 

an antibody to integrin alpha-4. Furthermore, they showed long-term hematopoietic chime

rism in mice that bad been injected with the cells that bound to CS I-containing flbroncctin 

fragments, demonstrating that murine long tcrm repopulating hematopoietic stem cells can 

use VLA-4 to bind to fibronectin. Preincubation of bone malTOW cells with rabbit antibodies 

to 61 integrin led to unspecified reductions of spleen colonies and myeloid colonies in femo

ra, consistent with a role for integlin VLA-4 in the homing of hematopoietic stem cells. 

Seemingly conclusive evidence for a role of VLA-4/VCAM-l adhesion in ill vivo homing of 

CFU-S was presented by Papayannopolou et al. [209]. They directly assayed for the effect of 

blocking VLA-4NCAM-l mediated adhesion in a series of direct retransplantation CFU-S 

assays at 3 hours after the primary transplantation. VLA-4 \vas blocked by incubating the 

cells with antibodies to VLA-4, whereas in another exprerimental group VCAM-l was bloc

ked by injecting antibodies to VCAM-l into the recipient animals. Reduced numbers of CFU

S in the bone man'ow were observed, compared to increased numbers of CFU-S in the spl

eens of the primary recipients. They concluded that the blockade of VLA-4 or VCAM-I 

molecules led to a reduced capacity of the cel1s to lodge in homing sites in the bone marrow, 

thereby increasing the chance of the cells to home to the spleen. This confinns the notion that 

spleen homing of CFU-S is mediated via a mechanism different from bone malTOW homing 

(see also Chapter 5). It was also shown that treatment of recipients \vith the antibodies to 

VLA-4 as well as antibodies to VCAM-l induces mobilization of CFU-C in untreated reci

pients. Unfortunately, the experiments described in this report were flawed. In the ill \,il'O 

blocking experiments a non-relevant isotype control was used as a control. This should have 

been an isotype-matched antibody to a non-adhesion related cell smface marker to control for 

Fe-related effects. Furthermore, as the authors show in this report, the injection of antibodies 

to VCAM-l into normal recipient mice leads to massive mobilization of progenitor cells into 

the circulation on day 4 after the fIrst injection. It can not be ruled out that mobilization has 

already taken place at four hours after injection of anti-VCAM in the primary recipients used 

in the homing assay. This could have led to competition of the mobilized cells with the stem 

cells in the bone malTOW graft, thus causing the reduced numbers of CFU-S in the bone mar

row. The conclusions brought forward in this paper do therefore not seem entirely watTanted. 

However, if indeed the effects described in this paper arc correct, and blocking integrin alpha-

4 would cause an increase in spleen colony formation while blocking integrin 61 would lead 

to a reduction of spleen colony numbers [200], then it seems likely that spleen homing of 

CFU-S is, at least in part [207J, mediated by integrin VLA-S. Further experiments in this 

direction using direct homing assays which can also provide more information on the belm

viour of earlier stem cell subsets are needed. 
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1.S.2.c Selectins 

A number of studies with human material have recently implied the selectins in the homing of 

hematopoietic stem cells. lvIOhlc ct al. [163] showed strong expression of L-selectin on 

CD34+!HLA-DR- and CD34+!HLA-DRdim cells in leukapheresis products mobilized by G

eSP/cytotoxic treatment. These arc considered to be morc primitive stem cells than 

CD34+/HLA-DRbright cells. A correlation between time-to-platelet-recovery in transplant 

patients and the number of L-selectin expressing CD34-positive cells from leukapheresis 

material was found by Dercksen et al. [210], Both groups speculated on a role for L-selectin 

in the homing of transplanted hematopoietic stem cells. This would also be in line with the 

observed CD34-mediated adhesion of CD34+ cells to cultured bone manow endothelial cells 

[211]. Constitutive expression of CD34, a ligand for L-selectin, and low level constitutive 

expression ofE-selectin, a possible ligand for PSOL-I and SLex , was demonstrated in endot

helial cells isolated from human bone manow samples [2121. Adhesion to P-selectin and con

current expression of PSOL-I in CD34-positive bone man·o\v cells was demonstrated [213, 

214], and so was expression of SLex [213, 215]. Staining of endothelial cells with antibodies 

to P-selectin has been observed in plastic-embedded sections of human [2161, but not mmine 

bone marrow samples [2171. Thus, the prerequisites for a role of all three selectins and their 

ligands seem fulfilled. However, no conclusive data on a direct functional involvement of the 

selectins in homing of hematopoietic stem cells has been presented so far. 

l.S.2.d Growth factors and gl'owth factot' t'ccclltot's 

Several hematopoietic growth factors have been implicated in the interaction between stromal 

cells and hematopoietic stem cells [218-221]. Growth factors and thcir receptors generally 

bind with very high affInity wWch should be sufficient to directly mediate adhesion. It has 

been speculated that the mechanism involved would be sequestration of the growth factors to 

extracellular matrix components, where they would be accessible to the receptors expressed 

on hematopoietic stem cells [222, 223]. Recent data suggest, however, that growth factors 

enhance adhesion indirectly, through upregulation [220, 224, 225 J and/or modulation of the 

adhesiveness [226-228J of adhesion molecules. 

1.5.3 Out of the maze - direct ill J'iJ'o homing studies 

As described above, a plethora of possible adhesion mechanisms between hematopoicti~ stem 

cells and bone marrow stromal and endothelial have been identified, mostly in ;', vitro model 

systems. Homing research has now reached a stage where detailed ill vivo studies ,ue needed 

to elucidate which of the in vitro defined interactions are operational in vivo. 
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1.6 Technical aspects of ill vivo homing studies 

Several considerations are important when pClforming in vivo homing assays. The cell sus

pensions to be injected should be as pure as possible, so that reliable conclusions can be 

drawn about the cell type under study. Proliferation and differentiation Illay take place, possi

bly accompanied by migration of the cells within the stroma. Cell cycle kinetics must therefo

re be taken into account, depending on the exact experimental setting (Chapter 3). 

When blocking antibodies are used in vivo, Fc mediated sequestration of the injected cells or 

complement mediated cytotoxicity of ill \,ivo targeted cells can be a problem, so inter-species 

F JFc-receptor crossreactivity must be considered [229]. Clearance of injected antibodies may 

be a problem, so antibody titers should be monitored [230]. 

Injected control cells should be labeled with a species- and isotype- matched antibody to a 

non-homing related epitope that is expressed at an approximately equal level to that of the 

target epitope. 

Care has to be taken tbat adhesive sites and niches are not saturated by injection of vast num

bers of cells. TIlls would lead to non-specific effects and artefactual localization of the injec

ted cells. Thus, the need for specificity coincides with the difficulty of obtaining large quanti

ties of well-defined stem cells suspensions to a situation where limited numbers of stem cells 

are injected into the animals to be assayed. As a result, the frequencies of injected cells in the 

target organs are generally Imv. This places exacting demands on the choice of ceHular mar

kers and on the assays used for the detection of the injected cens. 

1.6.1 Selection criteria for cellular markers 

Several criteria must be considered when selecting cellular markers for the tracking of stem 

cells or leukemic cells in ill vivo assays: 

1. Toxicity. The label should exhibit minimal toxicity to the labeled cells. 

2. Stability. Persistent presence of label in or on the cell is required. Label loss through inter

nalization, "leaching" or metabolic activity should be minimaL Enzyme markers should exW

bit stable and preferably high level and uniform expression. 

3. Inertia. The label should have a minimal influence on the homing and migration of the 

cells, as weB as a minimal influence on their proliferation and differentiation. 

4. Immunogenicity. The label should be non-immunogenic. Tilis is especially important in 

long-term experiments. 

5. Detectability. High labeling indices should be achieved, to reduce the chance of detecting 

false positives. This is especially impOltant when detecting low frequencies of labeled cells. 

6. Versatility. The availability of a range of well-detlned sensitive detection assays for labeled 

cells is advantageous by allowing the choice of an optimally suited assay for every experi

mental setting. 
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Basically, there are two \vays of obtaining labeled cells: A) Gcnctic marking through intro

duction of marker genes into celllincs or the production of transgenic mice can-ying a marker 

gene, or B) Transient marking through physical or chemical modification of the cells. 

1.6.2 Genetic markers 

Essentially any genetic polymorphism can be used as a marker for distinguishing cells of host 

or donor origin. This includcs naturally occurring polymorph isms as well as mtificially intro

duced marker genes. The most straightforward genetic marker is sex. Sex mismatch is widely 

used in transplantation research. The use of sex difference as a genetic marker imposes mini

mal restrictions on the choice of the anilllaimodel system. A disadvantage is the possibility 

of H-Y transplantation antigen-mediated immune reactions I231-234]. Sensitive detection of 

male cells using antibodies to H-Y antigens bas proven impossible due to the limited specifi

city of antibodies to H-Y [235-239J. Therefore, detection of male cells in a female backg

round relies on Southern blotting [240-242], in situ hybridisation [242-245] or PCR-based 

techniques [246J. Othcr naturally occurring polymorphisms have bccn employed as markcrs 

in transplantation biology, such as the glucose phosphate isomerase [247] which is analyzed 

by electrophoresis. and the Ly5.l/5.2 polymorphism [248J, which can be analyzed using 

monoclonal antibodies. In situ hybridisation and in situ PCR are both relatively labour-inten

sive techniques. Moreover, in situ PCR is only beginning to become a routinely applicable 

technique. Southem analysis is relatively insensitive, and it is not suited for in situ detection 

of marked cells on a single cell level. Exact quautification of labeled cell frequencies is also 

difficult to achieve with tlus technique. The same is tme for electrophoretic identification of 

glucose phosphate isomerase (GPI). Detection mcthods based on monoclonal antibodies are 

limited in sensitivity because of non-specific binding of antibodies. 

The introduction of exogenous marker genes is a mcans of tailoring existing model systems 

to the ill vivo study of cellular behaviour. These marker genes are cloned into a construct COB

taining regulatory sequences to drive its expression, and subsequently the construct is intro

duced into the genome of the target cells. This can be achieved through a number of techni

ques, such as microinjection, calcium phosphate precipitation, lipofectiol1, or electroporation. 

Alternatively, the gene can be cloned into a retroviral vector, which is used to infect the target 

cells. Depending on the exact application, this step is followed by selection of successfully 

marked cells, or the cells can be dircctly used in the model system. These techniques can also 

be used to modify embryonal stem cells from which transgcnic animals can be produced. 

These can then serve as donors for genetically marked cells [249]. 

Most of the genes used in marking strategies are non-manullalian enzymes. \Videlyemployed 

marker genes arc ehloramphenicol-acetyItransferase (CAT) [250], luciferase (LUC) [251], 

aminoglycoside phosphotransferase (NeoR) [252], and B-galaetosidase (LacZ) [253-256]. 

Expression of these exogenous enzymes leads to intracellular levels of enzyme activity that 

can be used to select and detect marked cells. CAT assays arc based 011 separation of radiola-
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beled or fluorescently labeled acylated chloramphenicol from the unmodified substrate [257-

259]. For luciferase there are very sensitive fluorencence assays [260,261]. Both assays use 

cell lysates. The NeoR gene confers neomycin resistance to modified cells. These cells can be 

detected by culturing under selective neomycin pressure. This is a single cell-based assay 

which is not suited for in sihl detection of marked celis, and depends on the ability to grow 

the cells in vitro [37, 262]. The use of LacZ has the advantage that there is a wide vmiety of 

assays to choose from, both bulk assays on cell lysates as well as cell-based systems [263-

267 J. A disadvantage is the presence of several mammalian enzymes that exhibit endogenous 

B-galactosidase activity. 

1.6.3 Transient markers 

Essentially every detectable non-hereditary change that can be confened to a cell can serve as 

a transient marker. Such a marker is either lost when a cell dies, or becomes useless through 

dilution among daughter cells or through non-ideal behaviour such as leaching. These labels 

are generaIIy used for in situ tracking and lineage analysis of cells. Over the years a wide 

range of transient markers bas been used. All of the assays used for homing studies have had 

their limitations. POI' example. metabolic labeling of leukemia cells using tritiated thymidine 

[26] can only be applied to proliferating cells, and may thus not be very suitable for use in 

stem cell homing assays. The viable DNA-stain H033342 wWch has been lIsed for the trac

king of bone malTo\\' derived prothymocytes [268, 269] could only be used in very short-tenll 

because of dye leakage. SICr showed unstable and variable labeling of erythrocytes [2701-

III In shmved variable labeling, radiotoxicity and altered cellular function of lymphocytes 

[271, 272]. Covalcnt labeling of lymphocytes using FITC and TRITC showed reduced cellu

lar life span [273. 274] and dye leakage [269]. 

In recent years two new classes of cell trackers have become available. The PKH-class of cell 

trackers consists of lipophilic molecules that become stably incorporated into the cell mem

brane. There are two fluorescent dyes of the PKH class and one of the trackers is a 1251 coup

led cell tracker [275], These trackers have so far shown little or no toxicity, stable membrane 

labeling, very high labeling indices [276J, and little influence on cellular function [277, 278]. 

This makes the tluorescent forms very suitable for flow cytometric detection of labeled cells. 

especially for proliferation studies. 

The second new class of cell trackers is a series of fluorochromes coupled to a chloromethyl 

moiety. These molecules can cnter the cell and become covalently linked to glutathione mole

cules, leading to stable labeling [279-281]. These dyes are also suitable for flow cytomclric 

detection, and seem especially promising for in situ detection of labeled cells in sections of 

paraUln embedded tissue specimens. 
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1.7 Introduction to the experimental work 

The development of techniques for the in vivo detection of low numbers of marked cells is a 

prerequisite for reliable studies of the mechanisms that govern ill vivo homing of normal 

hematopoietic stem cells and leukemic cells. Chapter 2 analyzes four fluorescent cell trackers 

and presents a survey of the applicability of each of these dyes. Chapter 3 shows that PKH26 

can be used for e.-r \,ivo detection of very 10\'1 frequencies of labeled cells. Homing of CFU-S 

into conditioned and non-conditioned recipients is compared and it is also shown that injected 

cells rapidly cycle upon injection into irradiated as well as nOI1-ilTadiated recipient mice. 

Differences in the mechanism of spleen homing and bone matTOW homing are observed and a 

new h-factor is introduced, to facilitate the analysis of homing kinetics and of the composi

tion of an injected bone matTOW fraction. In Chapter 4 the production of a LacZ marked rat 

leukemic cell line, LTJ2NL15, is described which is to be used in homing studies and in other 

systems where detection of very low numbers of leukemic cells is desirable. A new enzyme

kinetic assay for the presence of LllcZ-marked cells is introduced in Chapter 5. An important 

element of this assay is a new method of suppressing background mammalian galactosidase 

activity, also presented here. Chapter 6 concerns the further characterization of the 

LT12NLl5 cell line using the newly developed extremely sensitive sticky plate assay for the 

LacZ marked cells. Homing of the cells and growth kinetics are analyzed, followed by a com

parison of the result from this "presence" assay with that of a "functional" culture assay after 

cytostatic treatment ofLTl2NL15 c<U'rying rats. Implications of the detection of minimal resi

dual disease (MRD) in leukemia patients are discussed. In Chapter 7 a new immunostaining 

method for the detection of LacZ expressing cells in parafftn sections of decalcified bone is 

presented. This assay further increases the choice of assays for LacZ marked cells and will 

aid in the analysis of the homing of LTl2NLl5 cells. Chapter 8 summarizes the results, indi

cates the issues that are still open, and discllsses hmv the data presented in this thesis wi11 

prove their value in addressing them. 
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Chapter 2 

Evaluation of fluorescent marker molecules for homing 
studies of leukemic cells and normal hematopoietic cells 

Abstract 

Staining protocols were optimized for the lipophilic fluorescent membrane stains PKH2 and 

PKH26 and for the intracellular fluorescent markers CM-BODIPY and eM-FDA, all four 

fluorescent cell trackers. This was followed by experiments to assess the influence of the 

markers OIl clonogenicity and growth rate of murine bone marrow cel1s and of cells from a rat 

leukemic cell line (LT12), It is shown that none of the trackers has a significant influence on 

these important kinetic parameters, and that all four can therefore be used for in vivo cell 

tracking experiments, depending on the exact purpose of the experiments. 

Introduction 

Fluorescent m,u-kel's for homing studies of hematopoietic cells have to fulfill a number of pre

requisites (Chapter 1.6.1). Based on reports in the literature 011 the use of PKH stains for ill 

vih'O cell kinetic studies of human epithelial cell lines [I, 2], leukemic cell lines [3] and pelip

heral blood monocytes [4] and for ill vivo cell tracking studies of rabbit erythrocytes [5], 

sheep lymphocytes, [6], murine LAK cells and TIL's [7] and spleen cells [8] and of human 

peripheral blood leukocytes [9] we have tested and evaluated the membrane stains PKH2 and 

PKH26 for their applicability in our experiments. Both are non-polar moleculcs consisting of 

a double lipid-like tail couplcd to a fluorescent moiety. Upon labeling, the lipid tail becomes 

incorporated in the cell membrane, leading to stable and persistent labeling of the cell for up 

to 60 days [5]. 

One of the objectives of thc studies described in tWs thesis was microscopic detection of ill 

vivo injected labeled cells to directly characterize stem cell and leukemic cell homing sites 

and niches. The disadvantage of lipid-like stains such as PKH2 and PKH26 is that they are 

washed away during the fLxatiol1 and dehydration steps that are part of standard tissue proces

sing procedures for microscopy. Therefore, two intra.cellular fluorescent markers, 5-chlorom

ethylfluorescein diacetate (eM-FDA) and 8-chloromethyl-4,4-diFluoro-l,3,5,7-tetramethyl-4-

bora-3a,4a-diaza-s-indacclle (CM-BODIPY) were also tested and evaluated for their usability 

in our in vivo studies. These molecules can be used as intraccllular non-lipophilic labels 
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which should withstand dehydration and embedding. FUlihennore, antibodies to allow visu

alization of both FDA and BODIPY labeled cells m"e conmnercially available[lO]. 

CM-FDA is composed of an FDA molecule coupled to a reactive chloromethyl moiety. FDA 

is well known and widely used as a viability marker. It is non-polar and can therefore rapidly 

cross the cell membrane. Upon crossing the cell membrane, the diacetate moieties are hydro

lyzed by intracellular esterase activity, leaving a fluorescein molecule. The chloromethyl 

moiety of CM-FDA will react with intracellular glutathione and free thiol groups that are pre

sent on cytoplasmic proteins, leading to an intracellular covalently coupled fluorescein mole

cule, which can easily be detected using standard fluorescent techniques. CM-BODIPY is a 

combination of the cWoromethyl moiety with a fluorescent BODIPY molecule. This molecu

le can also cross the cell membrane and the reactivity of the chloromethyl moiety \villiead to 

covalent intracellular entrapment of the fluorescent molecule. 

Our evaluation consisted of experiments to determine optimal staining protocols of leukemic 

cells (LTI2 and LT12NL15) and murine bone marrow cells for each marker. Subsequently, 

experiments were perfonned to monitor the effect of proliferation on the fluorescence of labe

led cells and to <1ssess the influence of the markers on clonogenicity and growth rate of hema

topoietic and leukemic cells. 

One of the characteristics of fluorescent cell trackers is that the fluorescent tracker molecules 

are equalIy divided among the daughter cells with every cell division. This is reflected in a 

gradual decrease of fluorescence intensity per cell in a proliferating cell population. Because 

of this phenomenon fluorescent cell trackers can be employed to study cell kinetic parame

ters, based on the expectation that when the average number of fluorescent molecules per cell 

decreases by 50% the fluorescence should also decrease by 50%. This assumption precludes 

disturbances such as dye leakage or varying "fluorescence efficiency" of the tracker molecu-
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les. To assess whether the '50% fluorescence reduction per cell division' holds true, the fluo~ 

rescence intensity per cell of labeled and unlabeled leukemic cell cultures was measured by 

flow cytometry. Tllis was combined '''lith growth rate determination by frequently counting 

numbers of cells in the cultures. 

Because bone malTOW is a complex mi.. .. dure of cell types, it cannot be mled out that a uniform 

treatment of the cell suspension could have a different effect on the different stem cell subsets 

present. Therefore, the clonogenicity of fluorescently labeled normal hematopoietic stem cell 

subsets ,vas measured using the Cobblestone Area Forming Cell assay (CAFC assay) as deve~ 

loped by Ploemacher et a1. [11-13]. The major advantage of the CAFC-assay is that it can be 

used to assess all stem cell subsets in a bone malTOW sample functionally and quantitatively. 

Originally developed and extensively validated in a murine system, it has recently been 

extcnded to the analysis of rat, rhesus monkey and human hematopoietic cells [14~16]. As a 

quantitative assay for stem cell subsets this assay can be used to determine the effects on 

hematopoietic stem cells of treatment '''lith substances such as cytostatic drugs or fluorescent 

labels. 

1l1ese expcriments arc of use to evaluate the applicability of these fluorescent cell trackers in 

the analysis of homing and proliferation of leukemic cells and normal hematopoietic cells. 

Materials and methods 

Animals 

Bone I1lalTO\v suspensions 'vere prepared from femora and tibiae of B6/CBA Illice bred under 

specific pathogen free conditions at the animal facility of the Erasmus Ulliversity Rotterdam, 

the Netherlands. Suspensions were prepared by crunching femora and tibiae of donor mice in 

a m0l1ar [17] containing 5 ml of Hanks' Balanced Salt Solution containing 3.5 mM HEPES, 

pH 6.8 (H+H). Single cell suspensions were prepared by passing the cells through 30 ~nn 

nylon gauze. 

Density gradient centrifugation 

Low density bone man-ow cells were prepared by density gradient centrifugation. The cells 

were loaded on a composite gradient of Ficoll~400 (Pharmacia Biotech, Uppsala, Sweden) 

dissolved in 0.1 M sodium phosphate, pH 7.4. Densities were 1.078, 1.069, 1.051 g/cm3, 

respectively. The gradients were centrifuged for 30 min at 23,500 g at 40 C. After centIifuga~ 

tion, the low density cells were harvested from the interphase between 1.069 and 1.078 glcrn3 

density, washed in a large volume of Alpha-MEM and used in the assays. 

Leukemic cells 

Leukemic cells were LTl2 cells [18] and LTI2NLl5 cells, a LacZ expressing subsidiary of 

48 



the LT12 cell1ine [19}. Both are in vitro growing rat promyelocytic cell1il1es, derived from 

the in vivo grmving Brown Norway Rat Myelocytic Leukemia (BNML) model for human 

acute myelocytic leukemia [20]. These cells were culhu'Cd in Alpha-MEM medium (Gibco, 

Breda, The Netherlands) containing 0.03% w/v glutamine, 100 IU/ml of penicillin, 10011g/IllI 

streptomycin and 10% vlv fetal calf senlln (FCS). The cells were cultured at 37 0 C in an 

atmosphere of 5% CO2 and >95% humidity. 

PKH-staining 

Cells were washed three tillles using H+H to remove all serum, and resuspended in a total 

volume of 250 IlL diluent A or C (for PKH2 or PKH26, respectively) (Zynaxis Cell Science, 

Malvern, PA, USA) in an Eppendorf vial. Subsequently, 250 ~L of PKH2 or PKH26 

(Zynaxis) diluted in the appropriate diluent was added and mixed with the cells by gentle 

pipetting. After incubation for 1 to 60 minutes the staining reaction was stopped by addition 

500 ~rL of H+H containing 10% vlv FCS. The cell suspensions \vere then underlayered with 

200 ilL FeS and centtifuged for 5 min at 400 g. The entire labeling procedure was peJformed 

at ambient temperahll'e. After centrifugation the cells were washed once with H+H containing 
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Figure 2.3 Growth curve of LT12 cells stained with PKHl. Triangle.s: unstained control cells; circles: mock-stained 

cells; squares: PKH2 stained cells. Error bars represent standard deviation of triplicate ccll counts. 

10% vlv Fes and used in the assays. Up to 107 cells were used in the staining procedure 

described. All labeling steps were pClfonned in polypropylene vessels because the fluores

cent cell trackers have a strong tendency to adhere to polystyrene liquid handling materials. 

CM·FDA and CM·BODIPY staining 

Stock solutions of 10-2 M in DMSO were prepared from both CM-FDA and CM-BODIPY 

(Molecular Probes, Eugene, OR) and stored at _20 0 C. For staining, aliquots of this stock 

solution were diluted to the appropriate concentration in H+H. Cells were washed senull-free 

as in the PKH-staining procedure, and subsequently resuspended in H+H. From tlus point the 

staining protocol followed the PKH-staining procedure as described above. 

Fluorescence emission spectra of stained cells 

Fluorescence emission spectra were measured of suspensions in PBS contailung approxima

tely equal numbers of LT12NL15 cells stained with the four fluorescent cell trackers. 

Excitation was at 488 11m, the most commonly used wavelength in fluorescence microscopy 

and flow cytometry for excitation of fluorescein and similar fluorochromes. Spectra were 

measured on a Perkin-Elmer LS-50 spectrofluorimeter (Perkin-Elmer Ltd., Beaconsfield, 
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Bucks., England). Excitation and emission slit width were set at 5 nm. For presentation, the 

emission curves were normalized to the green emission peak of CM-FDA. 

CAFC-assay 

Murine total bone marrow suspensions were fluorescently labeled and limiting dilution 

CAFC-assays were perfonned according to standard procedures [11-13] in 96-well plates on 

confluent layers of the murine bone manow-derived stromal cell line NBMllF4G, which 

provides full support of all hematopoietic stem cel1 subsets (Ploemacher and Mayen, unpu

blished results). These stromal layers were grown in microwells pre-coated with 0.2% wlv 

gelatine to improve long-term attachment (l h at room temperature or 24 hours at 4 0 C). The 

culture medium consisted of Alpha-MEM containing 3.5 mi\1 HEPES, 10-7 M sodium seleni

te, 10-5 M hydrocOltisone 21-hemisuccinate, 2x I 0-3 rvI glutamine, 10-4 .M B-mercaptoethanol, 

tOO IU/ml of penicilIin, 100 f.tg/ml streptomycin. Before reaching contluency the medium 

was supplemented \vith 10% (v/v) FCS and 5% vlv horse semm (HS). After reaching conflu

ency the cultures were maintained in medium supplemented with 20% vlv HS only. These 

cultures were grown in an atmosphere of 10% CO2 and >95% humidity, at a temperahue of 

33 0 C. Cobblestone areas were counted weekly, followed by a change of half the culture 

medium. \Vells had to contain cobblestone areas of at least five adjacent cells to qualify as 

positive. Limiting dilution analysis was performed assuming single-hit kinetics and using 

Maximum Likelihood statistics [21, 22 J. 

Flow cytometl'Y 

The fluorescence of the labeled cells \vas measured on a FACScan flow cytometer (Becton 

Dickinson, San Jose, CA, USA). PKH2, CM-FDA and CM-BODIPY fluorescence were 

acquired in the fluorescein chal11lel (FL 1). PKH26 fluorescence was acquired in the phycoe

J}'thrill channel (FL2). 

Results 

Fluorescence spectra 

Figure 2.1 shows the fluorescence emission spectra of cells labeled with the four cell trackers. 

PKH2 has a relatively small Stokes' shift of only 17 11m, leading to a distinct emission peak 

at 505 Bm. CM-FDA shows a fluorescein-like emission peak at approximately 514 Bm, 

slightly lower than that of fluorescein (530 nlll). The fluorescencespectrum of CM-BODIPY 

docs not exhibit a distinct peak as is observed with CM-FDA. The right hand slope of the 

CM-BODIPY-f!uorescence is virtually congruent with that of CM-FDA, indicating that both 

labels should have comparable spectral measurement characteristics in a flow cytometer. 

PKH26 exhibits a very large Stokes' shift of 77 run, with a distinct iluorescence peak at 565 
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in samples of 104 e\'ents. 

nm, and a broad slope towards higher wavelengths, leading to spectral overlap of PKH26 

fluorescence with that of longer wavelength fluorochromes such as propidium iodide or Cy5. 

Optimum staining protocols 

Figures 2.2A to 2.20 show the effect of different staining times and tracker concentrations on 

the labeling intensity of the cells. Increasing the staining times beyond 1 minute did not lead 

to a substantial increasc of the labeling intensity with any of the four fluorescent stains. 

Therefore, in all further labeling experiments a staining time of 1 minute was used. Figures 

2.2A and 2.2B show that for both PKH2 as well as for PKH26 a concentration of 5 pM is suf

ficient to achieve maxilllllmlabeling intensity. Under these conditions there was no change of 

light scatter characteristics of the cells as measured by flmv cytometry, as ,vas observed at 

higher concentrations (not shown). Therefore, a standard labeling concentration of 5 pM was 

chosen with the PKH stains. 

Figures 2.2C and 2.2D show similarly obtained graphs for CM-BODIPY and CM-FDA. At a 

conccntration of 10 ~il\ll CM-FDA began to show saturated staining of approximately 3.5 logs 

above control. The same was observed with CM-BODIPY, although at a much lower labeling 
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intensity of two logs above control. For both stains, 10 J.lLVl W<iS chosen as the optimal staining 

concentration. 

Growth rate and fluorescence decay 

Figure 2.3 shows a growth curve ofPKH2 stained LTI2 cells. As was nonnally observed, the 

curves consist of an exponential portion fonowed by a plateau caused by medium exhaustion. 

However, the culture of PKH2 stained cells showed a period of delayed growth during the 

first 48 hours after initiation of the culture. This was fonowed by a period of exponential 

growth with a curve parallel to that of control cells. Then the plateau phase set in at a lower 

level than with the control cells. PKH2 was the only dye with which such an initial growth 

delay was observed. 

Figure 2.4 demonstrates that as the cells divide the tluorescent label of the C!!lls is divided 

alllong the daughter ceIls, leading to a decrease of the average fluorescence in the population 

from day 0 to day 6. After day 6 the culture entered plateau phase, so that further dilution of 

the stain due to proliferation was only observcd in a s111al1 subpopulation, leading to peak bro

adening on day 8 and a biphasic distribution on day 9. 

Figure 2.5 shows a curve fit through the exponential portion of the growth curve of the 

PKH2-stained LTI2 culture shO\vn in Figure 2.4. This curve fit concsponds to a cellular fluo

rescence half life (TI12) of 37.6 hours. The population doubling time of PKH2 stained LTl2 

cells is 23.2 hours, equal to tbat of unstained cells. 

Figure 2.6 shows the fluorescence peak position (mode) of LTl2NL15 cells stained with dif

ferent concentrations of CM-FDA for 1 minute. The cells were then cultured and measured at 

the indicated times after staining. After staining with 1 flM of CM-FDA the fluorescence 

showed a slow decrease with a Td of 75.0 hours until 38 hours after staining. After 38 hours 

the fluorescence decay accelerated to a Td of 14.3 hours. Cells stained with 5 and 10 pM CM-
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Figlll'C 2.5 Analysis of fluorescence 

peak position a<; measured by flow 

cytometry of PKH2 stained LT12 

cells, measured at different time 

intervals after initiation of culture 

(squares). Solid line indicates expo--

nential curye fit through exponential 

part of the curve. 
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Figure 2.6 Analysis of fluorescence 

peak position as measured by flow ~ 
.i 

cytometry of Cr\i!-PDA stained .~ 

LTl2NLl5 cells, measured at difte-

rent time intervals after initiation of 

culture. Triangles: unstained controls 

cells; squares: cells stained with I 

~11'1 CIVI-FDA; diamonds: cells stai-

ned with 5 llP.-1 CJ\l-FDA; circles: 

cells stained with 10 ~11-1 C~'I-FDA 

1 .. 
~ 
8 
c 

~ 
o , 
u: 

10",-----__________________________________ -. 
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FDA showed an increase in fluorescence intensity until 38 bours after staining, followed by a 

steep decrease after 38 hours, with a Td of 12.5 hand 6.8 h (5 and 10 fIM ,respectively). 

Figure 2.7 shows the results of a similar experiment pelformed with CM-BODIPY as the int

racellular stain. The fluorescence intensity was slightly higher than with CM-FDA. As expec

ted, dye dilution \vas observed immediately after staining, because CM-BODIPY does not 

have to be hydrolyzed once loaded into the cells to become fluorescent. Direct proliferation 

analysis by cell counting indicated a population doubling time of 16.7 hours for both 5 fIM 

and 10 ~lM labeled LT12NI .. 15 cells. Analysis of the fluorescence decay, however, yielded 

population doubling times of21.5 h, 30.0 hand 37.6 h (at I, 5 and 10 fIM, respectively). 

Figure 2.8 shows the results of a CAFC-assay with murine bone marrow cells stained with 

the fluorescent cell trackers. The results indicate that clonogenicity as well as proliferation of 

all stem cell subtypes were not influenced by the staining with any of the four fluorescent 

dyes tested. 

Discussion 

As shown in Figure 2.1 PKH2 has an emission peak at 505 nm. This indicates that the stan

dard fluorescein detection equipment used in these experiments is not optimally suited for 

detection of PKH2 stained cells, since it only detects the fluorescence from the right flank of 

the spectral curve of PKH2 fluorescence. This right flank, however, still yields enough of the 

emitted fluorescence to result in a labeling intensity of 2.5 log above background (Figure 

2.2A). PKl:I26 fluorescence shows an emission peak at 565 nm, \vhich renders it compatible 

with detection in the phycoerythrin f'L2 channel of the FACScan flow cytometer. This peak is 

well separated from the fluorescein peak, indicating that PKH26 is well suited for double stai-

54 



10'0----------------------, 

Hours after initiation of culture 

Figure 2.7 Analysis of fluorescence 

peak position as measured by flow 

C}10metry of CM-BODIPY stained 

LT12NL15 cells, measured at diffe-

renl time intervals after initiation of 

culture. TriangleB: unstained controls 

cells; squares: cells stained with I 

~I Cl\·I-BODIPY; diamonds: cells 

stained with 5 p~'1 CM-BODIPY; 

circles: cells stained with 10 JlM 

CM-BODIPY. 

ning with fluorescein-isothiocyanate (FlTC)-labeled antibodies. The considerable amount of 

fluorescence above 600 HIll however, leads to problems in combining PKH26 with labels that 

exhibit long wavelength fluorescence, such as propidium iodide (PD. This is especially a pro

blem because of the high labeling intensities that are achieved with PKH26. For live-dead 

discrimination it is advisable to use UV-excitable tluorochromes such as Hoechst 33258 or 

4' ,6' -diamldino-2-phenylilldole (DAPI) in conjunction with excitation by a UV light source, 

as described in Chapter 3 of this thesis. Spectral analysis of the fluorescence of CM-FDA and 

CM-BODIPY shmvs that these dyes are equally suited for detection with standard fluorescein 

detection equipment as used in tluorescence microscopy and flow cytometry. The slightly 

higher fluorescence of CM-BODIPY at higher wavelength means that electronic compensa

tion of spectral overlap as used of flow cytometers should be slightly higher than with CM

FDA. 

Figures 2.2A-2.2D show that with all four stains incubation times longer than 1 minute do not 

lead to substantially increased labeling intensities. One minute was therefore chosen as the 

standard staining time. Both PKH2 and PKH26 show saturating fluorescence intensities when 

stained at 5 f-lM. \Vith the chloromethyl dyes saturation begins around 10 pM. Standard condi

tions were chosen accordingly. 

Figure 2.3 shows that PKH2 staining of LT12 cells leads to a growth delay in the culture, cau

sed by toxicity to the cells. The presence of the stain does not influence the growth rate of the 

culture during the exponential phase. This toxicity was not observed with any of the other cell 

trackers. 

Figure 2.4 confirms that the fluorescence intensity of the cells decreases with their 

proliferation. The coefficients of variance (CY) of the curves remain roughly constant, at 

least during the exponential growth phase, wWch indicates that the fluorescent label is 

equally divided among the daughter cells. This fluorescence decrease does not, however, 
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Figure 2.8 Cobblestone area famling cell assay of transiently labeled murine bone marrow cells. Closed circles: unstai

ned control cells; open squares: PKH21abcled bone marrow cells; open circles: PKH26labeled bone lllarrow cells; open 

diamonds: not-FDA labeled bone marrow cells; open triangles: eM-BODIPY labeled bone marrow cells. Error bars 

represent standard error of the mean (SElVO. 

COlTcspond to a 50% reduction with every cell division. If this were true, then the cellular 

fluorescence half life should correspond to the population doubling time (Td) of the cultures. 

As shown in Figure 2.5 the cellular fluorescence half life is considerably longer than the Td. 

The most likely explanation is to assume that at high label concentrations inside the cell 

membrane there is considerable self quenching, which decreases when the tracker 

concentration decreases as a result of proliferation of the cells. A similar phenomenon is 

observed with CM-BODIPY. This can again be explained as a gradually declining self

quenching eifect which is known to occur with high concentrations of CM-BODIPY (Ian 

Clements, Molecular Probes, personal communication). As expected, this effect is more 

pronounced with increasing CM-BODIPY concentration. 

Cells stained with 1 ~IM CM-FDA initially show a slow fluorescence decline with a Td of 75 

hours, followed by a steep decline with a Td of 14.3 hours from 38 h after intitiation of the 

cultures onwards. Staining ''lith 5 and 10 1l~1 CM-FDA leads to a fluorescence increase 

during the first 38 hours after initiation of the culture, followed by a rapid t1uorescence decre

ase (Td= 12.5h and 6.8 hours, respectively). TIllS can be explained by assuming that the pro

liferation-induced dilution of the tracker is counteracted by an increase of fluorescence cau

sed by ongoing hydrolysis of eM-FDA molecules by intracellular esterase activity. Also, 

decreasing self quenching at lower concentrations may playa role. The net effect is an increa

se or at least a slow decrease (1 flM) in fluorescence up to 38 hours after initiation of the cul-
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Table 2.1 Summary of characteristics and specific applicability of fluorescent cell trackers. Undesired properties in italics. 

Colour Localization Brigbtncss>1l Distribution 1 ToxiCity Stability 

PKH2 Green. OJITOW lntra~mcmbrane: Stains brightly Narrow Slight initial Staining nor 
spectrum. combines stain not fixable (310g) distribution toxicity always stable 
with PE Of PI [3] 

PKH26 Orange, wide Intra-membrane; Stains brightly Narrow Non-toxic St:rin stable 
spectrwn, does not stain not flXable (310g) distribution 
combine with PEiPI 

eM·FDA Green, narrow Intracellular: stain Stains very Wide Non-toxic Stain stable 
spectrum. combines fL'~able brightly (>310g) distribution 
with PE or PI 

eM· Green. narrow Intracellular: stain Staining not Very narrow Non-toxic Stain stable 
BODIPY spectrum, combines ftxable very bright distribution 

withPE orP! (2 log) 

* Brightness expressed as fluorescence intensity of stained cells compared to unstained control cells. 

t Fluorescence distribution of a stained cell population. as measured by flow cytometry. 

:;: Decay of fluorescence as caused by equal distribution of dye molecules with every cell division. 

Il<eay' Applicability 

Predictable Simple. short term now 
decay applications. single laser 

Predictable Flow cytometry. dual 
decay laser 

Decay not Long~tcrm tracking. 
predictable histology (?) 

Predictable Short~term cell cycle 
decay studies. histology (?) 

<""
'" 



tme. After 38 hours tbe CM-FDA fluorescence decreases at a rate that is higher than could be 

caused by the proliferation of the cells, because the T d is less than 23 hours. This implies that 

there is a secondary effect causing fluorescence decrease, presumably dye leakage from the 

cells. These data indicate that CM-FDA is not suited for short tenTI proliferation studies of 

labeled celis, where the fluorescence decrease should follow an exponential curve. Also, the 

broader fluorescence distribution of CM-FDA makes it less suitable for such short telm pro

liferation shldies. 

CAFC-analysis of fluorescent cell tracker labeled murine bone marrow cells showed that 

PKH26 staining has no effect on the clollogenicity or growt!} rate of any bone marrow stem 

cell subsets. Tills cOlTesponded with CFU-S results obtained with PKH26 and CM-BODIPY 

labeled murine low density bone malTOW cells (not shown). These results indicate that in 

principle all four trackers are suitable for studying the homing behaviour of all hematopoietic 

stem cel] subsets. 

The data presented in this Chapter suggest that none of the four tested fluorescent cell trac

kers has a signit1cant influence on clonogenicity and growth rate of leukemic cells and hema

topoietic stem ceIIs. Therefore, the choice of the tracker to be used should depend mostly on 

the exact purpose of the labeling (See Table 2.1). Several reports in the literahlre have imp

lied that PKH2 may be more toxic to cells and may stain less stable than PKH26 [3, 23]. 

Although our own data do not completely cOlTespond to these findings (see also Figure 3.1), 

we chose to pursue OUf homing shldies using PKH26. Because of the uniform fluorescence 

distribution and its more predictable behaviouf, we chose to test CM-BODIPY for use as a 

marker for immunohistological detection of labeled cells in paraffin sections. So far, several 

attempts to develop a staining protocol using antibodies to CM-BODIPY have been unsuc

cessful. 

In conclusion, this Chapter provides an insight in the parameters to be considered when selec

ting a fluorescent cell tracker for in vivo homing studies, leading to a rational choice based on 

experimental results. 

References 

J. Coleman \VB, \Vennerberg AE, Smith GI, Gtisham J\y' Regulation of the ditferen
tiation of diploid and some aneuploid rat liver epithelial (stemlike) cells by the 
hepatic microenvironment. Am J Pathol 1993; 142: 1373-1382. 

2. Boyd Fr. Identitication of growth inhibited cells by retention of a Jipophilic fluo
rescent dye. Cell Growth Differ 1993; 4: 777-784. 

3. Ashley DM, Bol SJ, \Vaugh C, Kannourakis G. A novel approach to the measure
ment of different in vitro leukaemic cell growth parameters: the use of PKH GL 
fluorescent probes. Lellk Res 1993; 17: 873-882. 

4. Bennett S, Par SB, Cooley .MA, Breit SN. In vitro replication'dynamics of human 
culture-derived macrophagcs in a long term serum-free system. J Immunol 1993; 
150: 2364-2371. 

58 



5. Slezak SE, Horan PK. Fluorescent in vivo tracking of hematopoietic cells. Patt I. 
Technical considerations. Blood 1989; 74: 2172-2177. 

6. Teme GF, Horan PK, Slezak SE, Smith C, Hay JB. Long-term tracking of lympho
cytes in vivo: the migration ofPKH-labeled lymphocytes. Cell Immunol1991; 134: 
157-170. 

7. Wallace PK, Palmer LO, Perry LO, Bolton ES, Alexander RE, Horan PK, Yang JC, 
Muirhead KA. Mechanisms of adoptive immunotherapy: improved methods for in 
vivo tracking of tumor-infiltrating lymphocytes and lymphokine-activated killer 
cells. Cancer Res 1993; 53: 2358-2367. 

8. Khalaf AN, Wolff VG, Bross K, Kerp L, Petersen KG. In vivo labelling of the 
spleen with a red-fluorescent cell dye. J Innnunol Methods 1993; 165: 121-125. 

9. Ladel CH, Kaufmann SHE, Bamberger U. Localisation of human peripheral blood 
leukocytes after transfer to C.B-17 scicUscid mice. Immunology Letters 1993; 38: 
63-68. 

10. Haugland RP. Handbook of fluorescent probes and rescarch chemicals. K. D. 
Larison (cd.). Molecular Probes, Inc., Eugene, OR. 1992. 

11. PloemHcher RE, van der Sluijs JP, Voerman JS, Brons NH. An in vitro limiting
dilution assay of long-term repopulating hematopoietic stem cells in the mouse. 
Blood 1989; 74: 2755-2763. 

12. Ploemacher RE, van del' Sluijs JP, van Beurden CA, Baert MRM, Chan PL. Usc of 
limiting-dilution type long-term marrow cultures in frequency analysis of marrow
repopulating and spleen colony-forming hematopoietic stem cel1s in the mouse. 
Blood 1991; 78: 2527-2533. 

13. Plocmacher RE, Van del' Loa JC, Van del' Sluijs JP. In vitro assays for primitive 
hematopoietic cells [letter; conunent]. Blood 1992; 79: 834-837. 

14. Maltens ACM, Gaiser Jf; Ophorst-van Marrewijk C, Ploemacher RE, Hagenheek 
A. A limiting dilution assay on stromal cell cultures for measuring rat hemopoietic 
stem cells. Experimental Hematology 1995; 23: 750. 

15. Breems DA, Blokland EA, Neben S, Ploemacher RE. Frequency analysis of human 
primitive haematopoietic stem cen subsets using a cobblestone area forming cell 
assay. Leukemia 1994; 8: 1095-1104. 

16. Breems DA, Baelde A, Boesen ill, Blokland EA\V, Mayen AEM, Brouwer KB, 
Fl1lehauf S, Valerio D, Ploemacher RE. Rhesus monkey cobblestone at'ca forming 
cell assay allows assessment of pre- and post-transplant gene transfcr efficiency in 
a series of hematopoietic stem cell subsets. Experimental Hematology 1995; 23: 
844. 

17. Stoner RD, Bond VP. Antibody formation by transplanted bone marrow, spleen, 
lymph nodes and thymus cells in irradiated recipients. Journal of Immunology 
1963; 91: 185-196. 

18. Lacaze N, Gombaud SG, Lanotte M. Conditions controlling long-term proliferation 
of Brown Norway rat promyelocytic leukemia in vitro: primary growth stimulation 
by microenvironment and establishment of an autonomous Brown Norway 'leuke
mic stem cell line'. Leuk Res 1983; 7: 145-154. 

19. Yan Y, Martens ACM, de Groot CJ, Hendrikx PJ, Valerio 0, van Bekl..-um DW, 
Hagenbeek A. Retrovirus-mediated transfer and expression of marker genes in the 
BN rat acute myelocytic leukemia model for the study of minimal residual disease 
(MRO). Leukemia 1993; 7: 131-139. 

20. Matiens AC, Van BD, Hagenbeek A. The BN acute myelocytic leukemia (I3NML) 

59 



(a rat model for studying human acute myelocytic leukemia (AML)). Leukemia 
1990; 4: 241-257. 

21. Porter EH, Berry RJ. The efficient design of transplantable tumour assays. Br J 
Cancer 1963; 17: 583-595. 

22. Fazekas de St Groth S. The evaluation of limiting dilution assays. J ImmunoI 
Methods 1982; 49: Rll-23. 

23. Samlowski WE, Robertson BA, Draper BK, Plystas E, McGregor JR. EITects of 
supravital fluorochromes used to analyze the in vivo homing of murine lymphocy
tes on cellular function. J Immunol Methods 1991; 144: 101-115. 

60 



Chapter 3 

Homing of fluorescently labeled murine 
hemopoietic stem cells 

P. J. Hentirikxi , A. C.lli. Martensl , A. Hagenbeek/,2, J. F. Keij3 and 1. W M. Visser3 

1 Institute of Hematology, Erasmus University Rotterdam, TIle Netherlands 

2The Dr Daniel den Hoed Cancer Center, Rotterdam. The Netherlands 

3Lindsley F. Kimball Research Institute, New York Blood Center. New York, I\TY, USA 

Modified after 

Experimental Hematology 24: 129-140 (1996) 



Abstract 

Chapter 3 

Homing of fluorescently labeled murine 
hemopoietic stem cells 

PKH-26 was used as a viable fluorescent membrane stain for murine hemopoietic stem cells. 

The presence of the dye all the cells was shown not to interfere with their ability to form day 

8 and day 12 spleen colonies in lethally irradiated mice. In order to study their in vivo 

homing behaviour in detail, 104 labeled cells from a population enriched for CFU-S were 

injected intravenously into llon-inadiated and into 3 hours previollsly lethally irradiated mice. 

At 17, 41 and 65 hours after injection animals ,,,ere sacrificed and the numbers of labeled 

cells were quantified per organ, using the specially developed flow cytometric Fluorescence 

Hypercompensation procedure for the detection of rare events, which allows a detection sen

sitivity of 1 per 106. Spleen homing in irradiated and non-inadiated mice was virtually identi

cal, whereas homing to non-ilTadiated bone marrow was 2.5 times higher than to irradiated 

bone marrow. This indicates a different homing mechanism for spleen and bone manow. The 

results of this direct homing assay were placed in perspective with results of indirect homing 

studies from the literature, introducing a new "h-factor". From the CFU-S data putative speci

fic enrichment factors for spleen-specific and bone marrow-specific homing were derived. 

Examination of the fluorescence intensity distribution among the labeled cell popUlation indi

cated that virtually all celis started to proliferate rapidly after injection into both irradiated 

and non-irradiated animals. This indicates that specific signals from stromal elements in the 

stem cell niches are needed to keep the cells quiescent, and that the majority of the transplan

ted stem cells do not home to such niches. The potential use of PKH-26 for in vivo characte

rization of stem cell niches is discussed. 

Introduction 

A stem cell in the bone marrow is thought to be sUiTotlllded by a specific combination of stro

mal elements such as reticulum cells, stromal celis, fibroblasts and extracellular matrix ele

ments. Such a special microenvironment is referred to as a niche [1]. As stem cells differen

tiate into more mature types of progenitor cells they may move from one type of niche to 

another [2-4]. In a niche the microenvironment is thought to regulate stem cell activity by 

providing specific combinations of cytokines and by establishing direct contact with the stem 
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cell [5-8]. Lack of contact leads to imbalanced maturation of stem cel1s [9]. For successful 

long term engraftment of bone mmTOW transplantation recipients it is necessm·y that at least 

some stem cells reach the specific niches. TWs process is refelTed to as homing. 

Little is known about the mechanisms and the efficiency of stem cell homing. Indirect meas

urements of stem cell homing were perfonned by determining the seeding efficiencies (f-fac

tor) of spleen colony-forming cells (CFC-S) in retransplantation experiments [10-13]. The f

factors dctermined with these expcriments show considerable variation, ranging from 0.03 to 

0.1 for the 24 hour-spleen seeding of normal bone matTOW derived spleen-colony forming 

units (CFU-S). Some of tIus variation could be ascribed to differences in the mouse strains 

used [11, 14] and to recipient conditioning [IS]. However, it has not becn studied whether in 

interpreting these measurements the assumptions that were made about the effects of ilTadia

tion-induced splecn shrinkage on the number of stcm cel1s in the spleen were justified, and 

whether the f-factor is indecd the same for the primary and the secondm-y transplantation. As 

it became clear that spleen colony forming units (CFU-S) themselves were only an indirect 

and not quantitative measure of pluripotent stem cells, the topic of spleen seeding efficiency 

has not been further studied in recent years. On the other hand CFU-S me a good measure of 

the cells providing radioprotection and short term repopulation of hemopoiesis in bone mar

rmv transplantation. The Shldy of CFC-S homing is therefore of relevance to the clinical 

application of sorted and expanded progenitor cell preparations used to shorten the aplastic 

phase aftcr il1'adiation and high-dose chemotherapy of patients. Attempts to study the homing 

of purified progenitor cells in a direct way by using radioactive markers or Hoechst 33342 

fluorescence were hampered by technical difficulties related to marker instability and diffu

sion, and to tbe difficulty of the reliable detection of low frequencies of grafted cells in tissue 

samples. 

So far, most homing studies were petformed using myeloablated recipients. Now that many 

laboratories are developing successful methods for gene transduction into hemopoietic stem 

cells, there is a growing interest in the homing and proliferation of stem cells transplanted 

into non-myeloablated recipients. A direct homing assay using fluorescently labeled cells 

could offer the possibility to detect low frequencies of labeled cells in the background of nor

mal cells, present in the hemopoietic system of a nOIl-myeloablated recipient. 

\Ve have now developed such a direct assay system to trace transplanted cells by employing 

PKH-26, a red fluorescent membrane dye [16, 17] to label purified murine CFU-S. To meas

ure the numbers of labeled cells a new flow cytometric Fluorescence Hypercompensation 

procedure was used. This allows the detection of labeled cells in hemopoietic organs of reci

pients at a ti·equency of less than one per 106 unlabeled cells. Fmihermore, the use of PKH-

26 permits the Shldy of the proliferation kinetics of the injected cells. \Vith every division of a 

PKH-26 labeled cell, the dye is equally distributed among the 1\'10 daughter cells, leading to a 

50% decrease in fluorescence per cell. This principle allows calculation of the number of 

divisions that the cells have undergone at a certain point in titue after staining [18-21]. 

63 



Using this method \ve show that short-tenn homing and proliferation of CFC-S in irradiated 

recipients bears a striking resemblance \vith that in non-irradiated recipients, and that bone 

marrow homing is probably a specific phenomenon, whereas spleen homing is not. 

Furthermore, we show that disrupting the blood-bone manow barrier by in'adiation is not 

required to alImv injected stem cells to enter the bone marrow [22, 23]. 

Materials and Methods 

Animals 

Donor mice were 7 week old male CS7BlIKa, bred under specific pathogen free conditions at 

the animal facility of the ITRI-TNO institute in Rijswijk, The Netherlands. Recipient mice 

were from the same strain, 12-14 weeks old. Irradiated recipient mice received S.75 Oy of 

137Cs gamma-rays 3 hours before tail-vein injection of appropriate cell numbers. The reci

pient mice for the homing assay received 104 labeled cells each. CFU-S assays were perfor

med in groups of 7 and 10 hnldiated mice for day 8 and day 12 spleen colony counts, respec

tively. These recipients received either 2-3xl04 stained or unstained total bone marrow cells, 

or 500-1000 labeled or unlabeled sorted cells. On day S and day 12 these mice were sacrifi

ced and spleens were removed and fixed in Teleyesznicki's solution and macroscopically 

visible spleen colonies were counted. 

CFU-S enrichment procedure 

Bone marrow cells suspensions were prepared by crunching femora and tibiae of donor mice 

in a mortar [241 containing 5 ml of Hepes-buffered Hanks' Balanced Salt Solution (H+H). 

Single cell suspensions were prepared by passing the cens through 30 !Jm nylon gauze. Low 

density bone marrow cells were prepared and stained with wheat germ agglutinin (\VGA) 

according to the method described by Visser and de Vries [25), After centrifugation for 5 min 

at 400 g the bone marrow cells were resllspended in a 1.100 g/em3 metrizamide solution. 

Onto this layer, a metrizamide solution of 1.078 g/cm3 containing 0.15 ~lg/m1 of \VGA-FITC 

was added. A top layer was added, consisting of a 1.0 16 g/cm3 metrizamide solution. The pH 

of all metrizamide solutions was 6.9. 7xl06 Cells \vere applied per gradient tube. After cen

trifugation at ambient temperature for 10 min at sao g, the low density cells were collected 

from the intclfacc between the intermediate and the upper layer and pooled and washed once. 

WOA-FITC-bright blast cells were sorted on the RELACSn flow cytometer [26J using stan

dard techniques (100 mW 488 nm argon ion laser light, p301530 band pass filter). After sor

ting, the \VOA-FITC was removed from the cells by adding a large excess of 0.2 M of N-ace

tyl-D-glucosamine and incubating for IS min at 3T C. Subsequently the cells were washed 

and stained for Illonocytes and granulocytes using the lS.l.l-FITC monoclonal antibody [25, 

27J. IS.LI-Negative and low staining cells were sorted into H+H. From these cells aliquots 
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were taken to be used in the CFU-S assay. The remaining cells were transferred to an 

Eppendorf vial for PKH-26 staining, 

PKH staining 

Initially, both the green fluorescent (PKH-2) and the orangelred fluorescent (PKH-26) version 

of the PKH membrane dyes, were used in these studies, All experiments with sorted cells 

were perfonned with PKH-26. The sorted cells were spun down and resuspended in a total 

volume of 250 ~L diluent A or C (for PKH-2 or PKH-26, respectively) (Zynaxis Cell 

Science, Malvern, PA, USA). Subsequently, 250 flL of 10-5 M PKH-2 or PKH-26 (Zynaxis) 

was added and mixed with the cells by gentle pipettillg. After incubation for I min the stai

ning reaction was stopped by adding 500 j.tL of H+H containing 10% fetal calf serum (FCS). 

The suspension was then underlayered with 200 j.tL FCS and centlifuged for 5 min at 400 g. 

TIle entire labeling procedure was performed at ambient temperature. After centrifugation the 

cells were washed once with H+H, counted and divided into aliquots for use in the CFU-S 

assay and in the PKH-homing assay. A small aliquot of the labeled cells was used for adjus

ting the flow cytometer. 

Direct homing assay 

Of the sorted and PKH-26 labeled cells 104 were injected intravenously into recipients that 

were either untreated or lethally irradiated. At time intervals of 17, 41, and 65 hours (day 1,2 

and 3) after injection two irradiated and one non-irradiated recipient were sacrificed for ana

lysis. On several occasions organs from control mice that had not received cells \vere also 

analysed. For analysis, both femora, the thymus and a known portion of spleen and liver were 

isolated. Bone manow suspensions were prepared from single femora by crunching in H+H. 
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Figure 3.2 Overlay of omnge fluorescence histograms. showing mock~staincd control (dolted line) and PKH-26 stained 

cells (solid line) from murine bone marrow-deriyed lymphocytes, stained according to standard protocol. 104 Events per 

sample, datu smoothed. 

Spleen and liver samples and whole thymuses were put onto a moistened 30 11m nylon gauze 

and minced using a pair of surgical scissors. Subsequently, the gauze was flushed with 1-2 ml 

of H+H. Any remaining tissue fragments were then tcased through the gauze using the plun

ger of a 2 mi syringe, and finally the gauze was flushed again with H+H. After passing 

through the sieve, the cell suspensions were transferred to 4 1111 polystyrene FACS tubes. 

Special care was taken to reduce cell loss by repeatedly flushing mortar and pestle and the 

collection vial \vith small aliquots of H+H. Microscopic examination revealed that no labeled 

cells remained on the nylon gauze after filtering. 

Flow cytometric analysis 

Flow cytometric analysis of the samples was done on the RELACSII tlow cytometer, using 

our newly developed Fluorescence Hypercompensation procedure. The argon ion laser was 

set to 488 11m. Green autofluorescence was measured through a 570 nm dichroic mirror and a 

p30lS30 bandpass filter. The light reflected by the dichroic milTor (wavelength> 570 nm) 

was passed through a piO/577 bandpass filter to measure PKH-26 fluorescence. 

Perpendicular light scatter was measured from the light scattering on the dichroic mirror. 

First, the instrument was adjusted while running an aliquot of the freshly labeled sorted cells. 

The photomultiplier tube (PMT) for the PKH-26 was adjusted so that the labeled cells peaked 
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at 103 arbitrmy fluorescence units on a four-decade logarithmic scale. Electronic compensa

tion of the green autofluorescence signal according to the formula 

FL(grecn)' ~ FL(green) - X X rL(PKH-26) 

was adjusted to the instrument's maximum value. In this way all the PKH-26 stained cells 

received a FL(green)' value of 5 or less than 5 arbitrary fluorescence units. In the dotplot dis

play of orange PKH fluorescence versus green autofluorescence all the labeled cells fall on or 

just above the orange axis (values below 1 are changed to 1 by the electronics). The voltage 

on the PMT measuring the green autofluorescence was raised so that still 95% of all the 

PKH-26 stained cells were assigned a green fluorescence value of up to 5 arbitrary fluores

cence units. This setting was used for all the measurements. PKH-26 positive cells 'were 

counted in a rectangular hardware sort gate (the PKH-26 gate), spanning the upper two deca

des of orange fluorescence (102-104 arbitrary units) and the lower half of the fIrst decade of 

the hypercompensated green fluorescence (1-5 arbitrary units). Another gate, the control gate, 

was set directly adjacent to the PKH-26 gate, spanning 1.5 orange fluorescence decade from 

the center down, and the lower two decades of modified green fluorescence. Acquisition of 

reduced amounts of data was performed by measuring the samples with both gates on and 

counting electronically the numbers of cells within the gates. Using these rectangular hardwa

re sort gates, approximately 98% of the total of events could be excluded from acquisition on 

disk and from software analysis. For reference purposes another 104 ungated events from 

each sample were separately acquired Oil disk. At least 33% of the volume of each sample 

was analyzed. Ungated event rates were up to 15.000 events per seconds. Red blood'cells 

were eliminated by setting a threshold on forward light scatter (FLS). 

In order to demonstrate thal the events falling within the PKH-26 gate were from cells and 

not from electronic noise or other artifacts, a femoral sample was stained with Hoechst 33342 

(l jlg/ml, incubation for 30 min at 3T C). Then during the analysis, the events falling within 

the PKH-26 gate ,,,ere sorted onto a slide and examined and photographed using a Nikon 

Microphot FXA photomicroscope equipped with a lOOx oil-immersion objective. 

Results 

In a Hrst control experiment to see whether PKH staining would have an effect on the func~ 

tionalily of CFC-S, total bone man'ow cens were stained with PKH~2 and their capacity to 

form spleen colonies was compared with that of control total bone manuw. As shown in 

Figure 3.1, 110 signifIcant effect of PKH-2 staining on spleen colony formation on different 

days was observed with total bone marrow. This indicated that the PKH dyes would be suita

ble for tracking sorted cells in vivo. Based on later reports that PKH-26 performed better in 

tenns of stability [20] and toxicity [28] than PKH-2 in some systems, it was decided to use 
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Table 3.1 Spleen colony formation after injection of total bone matTOW cells and of PKH-26 

stained sOlted* cells. 

Average per 105 
Cells per spleen transplanted 
injected cells 

DAY S CFU-S 

3xl04 total bone marrO\v cells 6.00 ± 2.45 20 

103 cells ullstained sorted* cells 17.71 ±4.21 1771 

500 PKH-26 stained sorted' cells 9.86+3.14 1971 

DAY 12 CFU-S 

3xl04 total bone manow cells 7.33 ±2.71 24 

103 cells unstained sorted* cells 17.86±4.23 1786 

500 PKH-26 sorted' cells 11.71 ±3.42 2343 

Recipient'> R"'Cei"ed 8.75 Gy of 137Cs gamma mdiation 3 hours before injection of the cells. 

*Sorted cells were low density, WGA-HTC positive and l.5.U-FITC negative. 

Enrichment 
factor 

1 

89 

99 

1 

89 

117 

PKH-26 for the ill vivo expeliments with sorted cells. Similarly to PKH-2, PKH-26 does not 

affect spleen colony fonnation, as will be shown below. 

Figure 3.2 shmvs the labeling intensity obtained after pcdorming the staining protocol as 

described to stain murine lymphocytes with PKH-26. Staining is very uniform and very inten

se, with an orange fluorescence that is WOO-fold higher than that of control cells. 

The employed enrichment protocol based on the method described by Visser and de Vries 

[25] yielded a cell population which is about 100x enriched in both CFU-Sd8 and CFU-SdI2 

(Table 3.1). Assuming that most of the cells that yield a day 8 spleen colony are different 

cells from those that form day 12 colonies [29], and that the splenic f-factor is between 3% 

and 10% [12,13,30,31], it can be calculated from Table 3.1 that this cell population consists 

of 34-100% pure CFC-S. For quality control we performed CFU-S assays with these sorted 

cells with and without PKH-26 staining. As can be seen in Table 3.1, the CFU-S eIllichment 

factor (sorted cells vs. total bone marrow) of unstained sorted cells was 89-fold, both for 
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CFU-Sd8 and CFU-SdI2. Spleen colony numbers for stained sorted cells were similar, COlTe

sponding to 99-fold (CFU-Sd8) and 117-fold (CFU-SdI2) enrichment. These data demonstra

te tbat PKH-26 staining of CFC-S does not lead to a significant difference in spleen colony 

formation. 

Flow cytometric homing assay 

The data reduction and hardware implementation of the Fluorescence Hypercornpensatioll 

protocol permitted us to analyze tbe samples at a rate of up to 15.000 events per second. 

Analysis of femoral and splenic control samples from ilTadiated (Table 3.2) and non-irradia

ted control mice (Table 3.3) shmved that false positive events were detected with a frequency 

of less tban one per 106, with the additional rem,uk that those false positives reached only 

just above the lower threshold level that was used (data not shown). 

Figure 3.3 shows one of the sorted PKH-stained "events" from a spleen sample. It can be cle

arly recognized as a cell, because of the presence of the strong blue Hoecltst 33342 fluores

cence in the nucleus. On the membrane the typically patchy PKH-26 fluorescence can be 

seen. This result indicates that with the Fluorescence Hypercompensation analysis one does 

not detect strongly autofluorescent cells or random faulty events that are generated in the 

electronics circuitry, but indeed rare PKH-26 labeled cells. 

Table 3.2 shows the numbers of labeled cens that \vere detected in inadiated recipients on 

day 1 by flow cytometry, using the Fluorescence Hypercompensation method. In the femora 

an average number of 54 (range, 29-72) labeled cells was detected. Considering that one 

femur contains 6.7% of the total murine bone marTOW [32], this implies that an average of 

806 donor cells were located in the bone mCUTOW at the time of analysis. This cOlTesponds to 

8.06% of total injected cells. The spleens contain an average of 472 labeled cells at 17 hours, 

corresponding to 4.72% of the injected cells. 

The livers also contained an average of 546 (range, 460-630) labeled cells. Since the liver of 

adult animals is no longer involved in hemopoiesis, but instead in the removal of dead and 

redundant celis, one might assume that the celis that were found were entrapped there for 

subsequent breakdown. 

Vel)' low numbers of cells (range, 3-11) were found in the thymus of these animals. The num

bers are in the order of negative controls, so one can not draw firm conclusions from the 

results. Similar cell suspensions however, were shown to contain prothymocytes [33], and 

recent experiments by Hayes et al. [34J showed that prothymocytes are observed at very low 

levels in the thymus at 24 hours after injection of celis. It would therefore be possible that the 

few cells that were detected in the thymus are prothymocytes. Functional analysis of these 

cells is needed to establish this. 

Adding up all the cells that were recovered from the recipient mice shows that still approxi

mately 75% of the injected cells are not accounted for. In previous expeliments (not shown) 

we also examined suspensions prepared from mesenteric lymph nodes, lungs, kidneys and 
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Table 3.2 Total numbers per organ of PKH-26 labeled sorted cells detected ex vivo using the 

Fluorescence Hypercompensation procedure, l7 hours after injection of 104 labeled sorted* 

cells. 

Experiment 1 Expcrimcnt 2 

Fraction of Numbcrof Calculated Fraction of Number of Calculated 
total organ PKH-26 total total organ PKH-26 total 
examined cclls number of examined cells numbcr of 

detected cells per detected cells pel' 
organ organ 

Irradiated recipient 1 

Femur! 0.65 36 55 0.56 40 71 

Femur2 0.56 40 72 0.55 16 29 

Total in bone marrow! 1016 800 

Spleen 0.77 369 480 0.65 316 485 

Liver 0.106 63 595 0.097 48 497 

Thymus 0.94 5 5 0.68 6 9 

Irradiated recipient 2 

Femuri 0.70 28 40 0047 24 52 

Femur2 0.70 31 45 0040 27 68 

Total in bone manowt 680 480 

Spleen 0.89 399 450 N.D. 

Liver 0.092 58 630 0.100 46 460 

Thymus 0.94 10 11 0.63 2 3 

Irradiated control 

Femurl 0.76 0 0 0.71 0 0 

Femur2 0.68 3 4 0.64 0 0 

Total in bone marrow! "32" 0 

Spleen 0.63 0 0 0.63 0 0 

Liver 0.064 0 0 0.100 0 0 

Thymus N.D. 0.58 0 0 

Recipienl~ received 8.75 Gy of 137Cs gamma mdiation 3 hours before injection of the labeled cells. Control animals 

received no labeled cells. N. D = not done. 

*Sorted cells were low density, WGA-FITC positive and loS.I.I-FITC negative. 

i"Total bone marrow content calculation ba~ed on assumption that one femur contains 6.7% of total bone manuw {32] . 
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Table 3.3 Total numbers per organ of PKH-26 labeled cells detected ex vivo using the 

Fluorescence Hypercompensation procedure, 17 hours after injection of 104 labeled s0l1ed 

cells *' into untreated recipient mice. 

Fraction of 
total organ 
exallllned 

Non-irradiated recipient 

Femurl 0.63 

Femur2 0.71 

Total in bone man'owt 

Spleen 0.26 

Liver 0.082 

Thymus 0.57 

NOll-irradiated control:} 

Femur 

Spleen 

Liver 

Thymus 

0.97 

0.76 

Experiment 1 

Number of 
PKH-26 

cells 
detected 

63 

69 

165 

25 

5 

o 

Calculated 
total 

number of 
cells per 
organ 

101 

97 

1586 

636 

305 

2 

5 

o 
N.D. 

N.D. 

Fraction of 
total organ 
examined 

0.52 

0.45 

0.61 

0.135 

0.61 

*Sorted cells were low density, WGA-FITC posith"e and 1.5.1.I-FiTC negath"e. 

Experiment 2 

Number of Calculated 
PKH-26 total 

cells number of 
detected cells per 

organ 

70 136 

87 195 

2648 

183 299 

25 185 

3 5 

TTotal bone marrow content calculation based on assumption that one femur contains 6.7% of total bone marrow (32] . 

+Control measurements were perfonned in a separate experiment. Control animals received no labeled cells. 

peripheral blood from recipient mice. Although our procedure was less refined at the time, we 

were never able to recover any significant numbers of labeled cells in samples of these 

organs, in contrast to samples of spleen, bone malTOW and liver. 

Table 3.3 shows the numbers of PKH-26 labeled cells in non-irradiated recipients. Numbers 

in spleen and thymus were comparable with those in the irradiated recipients, with an average 

number of 467 labeled cells in the two day-l non-ilTadiated spleens. The femora of the nOll

irradiated recipients contained an average of 132 labeled cells, almost 2.5 times as IllallY as 

the irradiated femora. Conversely, the non-irradiated livers contained an average number of 

245 labeled cells, which is less than half the number found in the iITadiated livers. Thus, the 
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A B 

Figure 3.3 Photomicrognlph ofa cell from the PKH-26 gate, sorted onto a microscope slide. (A) Typically patchy omn

ge PKH-26 fluorescence. (n) lloechst 33342 tluoresccncc of the same cell. 

ilTadiation has a striking inverse effect on the localization of stem cells to liver "s. bone mar

row. 

Proliferation kinetics 

A disadvantage of the Fluorescence Hypercompcnsation method is that as the cells divide and 

their PKH-26 fluorescence decreases, the hypercompensation does no longer lead to reduc

tion of Fl(green)' to 5 or below 5 fluorescence units of 95% of the labeled cells. Tills leads to 

a reduced recovery of stained cells after several divisions. As a consequence, it is impossible 

to use the results of the measurements of day 2 and 3 to detcnnillc the number of cells arising 

from the initial cells that homed in the organs. However, because all the cells that are hyper

compensated are of donor origin, they can be used to monitor the short term proliferation 

kinetics of the cells qualitatively, and it is possible to see that there is no clearly recognizable 

subpopulation of cens that do not proliferate. Figure 3.4AJB shows how the labeled cells that 

were detected in the femora of inadiated and non-inadiated recipients behaved during the 

fIrst three days after injection. Figures 3.4CID and 3.4EIF show the labeled cells in spleen 

and liver, respectively. All histograms indicate that the nuorescence intensity of the PKH-26 

labeled cells that were obtained from the organs on day 2 and 3 ,vas significantly lower than 

that at day I. This per cell decrease of nuorescence, caused by the equal distribution of dye 

aillong the offspring of each dividing cell indicates that virtually all the injected cells prolif

erated rapidly after injection, in irradiated as well as non-irradiated recipients. In the latter, 

however, the proliferation seems to proceed at a slightly lower rate at day 3 than in inadiated 

recipients. 
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Discussion 

Comparison of direct and indirect measurements of the seeding efficiency 

The CFU-S content of grafts cOITclates ,veIl with short-term repopulation of recipients [35-

37] and the CFC-S may therefore be analogous to the cell type that is predominantly mobili

zed into the pClipheral blood by treating patients ''lith G-CSF and used for pelipheral stem 

cell transplants. These are the cells that arc responsible for short term repopulation and there

by rescue from radiation- or cytostatic drug-induced pancytopenia. Since tWs is the most 

important risk factor for patients undergoing marrow ablative treatment, it is very important 

A B 

Day1 Day1 

'I 

Day2 OayZ 

I 
Day3 Day3 

• 
I 
z 

, ' 
PKH·26 Ffuolescenee (a. u.) PKH·26 FfuoresC(!oee (a. u.) 

Figure 3.4 Histograms of onmge fluorescence, showing fluorescence distribution of control samples (light grey solid 

bars), stained cells as measured at the time of injection (solid line) and of e.-r l'im detected PKH-26 stained sorted"" cells 

(black bars). (A) Femora of irradiated and (D) non-irradiated recipients. 
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to study the possibilities of reducing this pancytopenic period by using short term repopula

ting stem cells for transplants. CFU-S transplants in mice can therefore be considered a rele

vant animal model for such studies. 

\Ve used a cell separation protocol in order to acquire sufficient numbers of a cell fraction that 

is highly enriched for CFU-S [38]. Working with tltis cell fraction, a homing assay was deve

loped in which 104 labeled cells were injected into recipient mice. \Vith the total bone mar

row consisting of 5-6x I 08 cells, one might expect to find a maximal frequency of around 1 

labeled cell per 5xl04 bone marrow cells after injection of 104 labeled cells. Detection of 

such low frequencies of labeled cells is referred to as rare event analysis, and poses specific 

problems in flow cytometry [39-41). Therefore, we have developed the Fluorescence 

Hypercompensation method, which bears some resemblance to the procedures described by 

Alberti [42, 43] for the discrimination of very dimly labeled cells from background for the 

detection of these low frequencies. The combination of strong PKH-26 fluorescence and the 

hardware gating and data reduction allmvs for sufficient background reduction and analysis 

speed to be able to detect labeled cell frequencies of I per 106. 

Using this assay system, we describe for the first time a method in which the functional CFU

S assay is combined with a direct assay. In order to interpret the results it is necessary to com

pare them with the experiments in wWch CFU-S homing was determined using conventional 

methods. Until now, the spleen seeding factor (f-factor) was usually determined by retrans

plantation of recipient spleens. McCulloch and Till [44] showed that 24 hours after injection 

the number of CFU-S reaches a nadir, after which the number increases again. Lahiri et al. 

[45] showed that the decrease was caused by the shrinkage of the spleen due to the irradiation 

of the recipients. Lord et a1. [12] showed that the increase cmmot be caused by remigration of 

cells from the bone marrow, so it must originate from newly formed CFU~S. One of the 

attractive features of using PKH-26 as a label is that it can be used to ShIdy the proliferation 

kinetics of the cells. The results in Figure 3.4 show that most of the injected cells in bone 

marrow, spleen and liver have already undergone at least one round of cell division 17 hours 

after injection, indicating a rather shott cycle time for at least most of the cells. This is in 

agreement with the data presented by Lahiri et al. [45], who showed that the number of CFU

S found 24 hours after injection is the resultant of homing, removal by spleen shrinking and 

new fonnatioll of CFU-S. It also llleans that the numbers of labeled cells in the organs at 24 

hours do not directly reflect the homing of the cells to these organs. However, it docs not 

affect the calculations made below, since all comparisons made are based on data derived 

from approximately the same time point (17 Ius and 24 hrs) and from mice that were ill'adia

ted 3 hours before injection of the grafts. According to Lahiri and van Putten r 11], the number 

of CFU-S at 17 hours is only slightly higher than the number at 24 hours. 

In retransplantation experiments it was always assumed that the splenic seeding efficiency in 

the primary transplantation (fI-factor) equals that of the secondary transplantation (fTfactor). 

Since only the f2-factor could be detennined in the serial transplantation experiments, the fol-
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lowing assumption was made: 

(number of colonies)1 =co f2 - factor x total number of CFC- S in the injected suspension (1) 

wherc C# of coionies)1 is the number of colonies found in the primary transplantation and 

where CFC-S is a cell capable of fonning a spleen colony. 

The f2-factor for normal bone manow-derived CFU-S was dctennined lllany times by several 

authors. Values between 0.03 and 0.10 \vere reported for nOl111al bone manow dcrived CFU-S 

[12, 13,30,31], and Visser and Eliason [13] repOlted a value of 0.0185 for CFU-S from an 

enriched bone man"ow fraction. 

Now that our direct assay has become available it is useful to take a more fonnal approach, in 

which for practical purposes an fTfactor of 0.065 will be assumed, the average of the repor

ted values in the abovementioned references. The number of primary colonies in a spleen is 

derived as follows: 

(number of colanies)1 = f1 - factor x total number of CFC- S in the injected suspension (2) 

The relationship between the fI-factor and the result from a direct homing assay can be 

described as follows: 

f f t cn~u~m~b~e~r~Of~c~e~lI~s~m~e~a~s~u~m~d~i~n~s~p~le~e~n~x~h~-~f~a~ct~ocr 1- acar = 
number of cells injected 

(h for homing) 
Here the new h-factor is introduced, which is composed of two elements: 

h - factor::: "spleen selectivity" x "splenic colony forming efficiency" 

(3) 

(4) 

Spleen selectivity should be envisaged as a form of CFC-S enrichment by specific homing or 

selective trupping in the spleen, and can be formally defined <1S: 

CFC - S purity of the labeled cells in the spleen 
spleen selectivity == 

CFC - S purity of total suspension 

And the spleen plating efficiency is defined as: 

number of colonies formed in the spleen 
splenic colony forming efficiency = 

number of CFC - S in the spleen 

(5) 

(6) 

In our measurements \ve observed that an average of 4.72% of the injected cells was present 

in the spleen 24 hours after injection, so equation 3 can be rewritten as: 

f 1 - factor = 0.0472 x h - factor (7) 
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If the authors that perfonned the serial transplantation experiments made a justified assump

tion and indeed the f)-factor = frfactor, then the average f-factor of 0.065 can be used to 

rewrite equation 7: 

0.065 ~ 0.0472 x h-factor (8) 

Thus, the h-factor amounts to 1.37. Extrapolation of the results from the CFU-S assay of the 

PKH-26 labeled cells leads to the expectation that from the 104 cells injected in the homing 

assay a total of 431 would have formed a spleen colony (Table 3.1, the sum of CFU-S day 8 

and CFU-S day 12 per 104 injected cells). Magli et al. 129J showed that an average of 10% of 

the CFC-S in the spleen contributes to two colonies. COlTecting for tIus, it can be concluded 

that 392 out of the average of 472 cells present in the spleen fonned one or more colonies. 

Tlus means that the minimum spleen colony forming efficiency in this experiment equals 

83%, assuming that all the cells in the spleen were CFC-S. The maximum spleen colony for

ming efficiency is obviously 100%, ,vhich con·esponds to a CFC-S purity of the labeled cells 

in the spleen of 83%. The upper and lower limits of the spleen colony forming efficicncy are 

now set. Knowing the boundaries of the spleen colony forming efficiency it is also possible to 

determine the upper and lower limits for the spleen selectivity factor according to equation 4: 

1.37 = spleen selectivity x splenic colony forming efficiency 

where 0.83 s spleen colony fanning efficiency S I. 

(9) 

Solving equation 9 yields a spleen selectivity factor ranging between 1.37 and 1.65. Finally, 

one can determine a minimum CFC-S purity value for the injected cell fraction from equation 

5. The CFC-S pmity of the cells measured in the spleen can maximally be I. In that case the 

spleen enrichment would amount to its maximum value of 1.65, and the initial minimum 

purity of the injected suspension would amount to 1/1.65=0.61, or 6}% pure CFC-S. The 

maximum purity of the initial suspension would have to amount to 111.37=0.73, or 73%. 

In Table 3.2 it was shown that, bHsed on the assumption of equal distribution of all CFC-S 

throughout the bone marrow, 8.06% of the injected cells are located in the bone marrow of 

the irTadiated recipient mice. With one femur containing 6.7% of the total bone marTOW, and 

using the average of the femoral f-factors for unfractionated bone man-ow cells as determined 

by several authors 111-13], a factor of 0.76, it follows that J 6 x 0.76 ~ J 2. J 6% of injected 

CFC-S were located in the bonc malTOW as a whole. This would indicate a femoral selectivity 

factor of 12.16/8.06 = 1.50 for the bone marrow, a similar value to that of the irradiated 

spleen. 

It should be stressed that all these calculations are based Oil the assumption that the 24 hr f,

factor and fTfactor are the same and that the values used are averages taken from widely 
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Figure 3.4 Histograms of orunge fluorescence, showing fluorescence distribution of control samples (light grey solid 

bars), stained cells as measured at the time of injection (solid line) and of ex vivo detected PKH-26 stained sorted'" cells 

(black bars), (C) Spleens of irradiated and (D) non-irradiated recipients. "'Sorted cells were low density, WGA-FITC 

posith'e and 1.5. I .1-FiTC negatiye. 

varying values reported in the literature, especially those for the splenic f-factor. These values 

may not be very reliable, since not all the data used to obtain a representative value for the f t -

factor were based on spleen colonies counted on the same day after injection. In order to 

obtain more reliable values for the f2-factors, combined retransplantations and direct homing 

assays should be performed. 

The mechanism by which the spleen can specifically enrich CFC-S from the circulation can 

only be speculated all. It could be a specific mechanism, mediated by specific adhesion of the 

cel1s with the splenic endothelium. However, if tIus were the case, then one would expect dif

ferent results in the non-irradiated spleens, where there is no radiation damage. The fact that 
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the numbers of labeled cells in non-inadiated recipients (467, average) and irradiated reci

pients (485, average) are so similm' is more indicative of a non-specific process, such as for 

example trapping of the cells in the splenic microvasculature. The enrichment of the cells 

could be caused by for example size differences or by differences in the rigidity of the cell 

membrane, leading to preferential trapping of the CFC-S. 

Homing in non-irradiated recipients 

The situation in the spleen, \vhere the numbers are very similar in irradiated vs. non-irradiated 

recipients, is in striking contrast with the difference between labeled cell numbers found in 

irradiated femora vs. non-irradiated femora. This suggests a different mechanism by wWeh 

these organs can specifically select the CFC-S from the peripheral blood circulation, wWch is 

in line with the findings of Konno et at. [46] and of Aizawa and Tavassoli (47]. Further expe

riments are required to explain tWs observation. It may then be beneficial to use a less enri

ched CFC-S popUlation, so that a possible difference in homing mechanism can be more cle

arly reflected in larger differences in organ-specific enrichment factors. 

In the irradiated bone manow the homing is decreased compared with the non-irradiated bone 

malTOW. Aizawa et aI. [48] showed that cens and substances that are to enter the bone marrow 

have to pass through the endothelial cells, not through the fenestrations between the endothe

lial cell. Clearly, this is an active process involving extensive cell-cell communication and 

interaction between adhesion molecules. In another study they showed that after irradiation 

the bone mUlTOW sinus epithelium is very severely damaged [22]. This would lead to the 

expectation tbat homing in irradiated recipients should be severely compromised. That the 

observed difference between itTadiated and non-il1'adiated bone marrow is only 2.5x could be 

explained by postulating a compensatory homing mechanism in inadiated bone marrow, in 

that due to the rupture of the sinus endothelial batTier cells are allowed to "roam freely" 

tluoughout the bone mUlTOW cavities. Coincidental binding to stromal cells lIlay then enable 

them to reach a stem cell niche. Histological examination of frozen sections of irradiated and 

non-inadiated femora taken during the homing of PKH-26 labeled cells will allswer these 

questions. 

Only 14-21 % (irradiated recipients) to 25-31 % (non-in'adiated recipients) of the injected cells 

could be accounted for in our Fluorescence Hypercompensation analysis. This could be an 

artefact caused by differential cell loss during the sample preparation procedure. However, 

after staining at the concentration that we used, there have been no reports of increased cell 

loss. Stained red blood cells were less sensitive to hypotonic lysis than unlabeled cells [49, 

50]. Therefore, differential cell loss does not seem very likely. The fact that nonnal spleen 

colony numbers are formed from the PKH labeled s011ed cells indicates that PKH does not 

influence their in vivo functionality. Therefore the recovery of up to 31 % of the injected cells 

in the organs that we examined seems to reflect the true in vivo situation. One explanation 

might be that there ,U'e unknown preferential homing sites, such as for example bone marrow 
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Figure 3.4 Histograms of omnge fluorescence, showing fluorescence distribution of control samples (light grey solid 

bars), stained cells as measured at the lime of injection (solid line) and of ex vil'O detected PKI [-26 stained sorted" cells 

(black bars). (lC) Livers ofirr.ldiatcd and (F) non-irradiated recipients. "Sorted cells were low density, WGA-FITC posi

tive and 1.5,I.I-FlTC negative. 

compartments other than femora. Another possible explanation is that already during the first 

17 hours after injection a large prop0l1ion of the cells is sequestered and broken down. One 

would expect this to happen in the liver, although there are currently no data to support this 

explanation, Labeling of the sorted cells with the radioactive PKH-95 [51] will hclp to solve 

this problem. 

One advantage of our homing assay system is that it can be applied to study donor engraft

ment of non-marrow ablated recipients. Recent developments in the field of gene therapy 

have led to a revived interest in the development of mild conditioning regimens for bone mar

row transplantation. Several authors [52-56] have already shown tbat donor engraftmcnt can 
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be achieved in non-conditioned recipient animals. Due to the relatively insensitive methods 

they used to assess donor repopulation (Southern blotting, isoenzyme heterogeneity, Y-probe 

in situ hybridization) they had to inject huge numbers of donor cens. Transplantation with 

genetically engineered bone malTOW wi1I require more elegant detection methods because the 

graft size will necessarily be small. The problem with the use of conventional functional 

assays is that the background of normal stem cell activity is not removed by the conditioning 

in these studies. Our direct assay can discriminate directly between donor and recipient cells. 

Surprisingly, the same rapid decrease of PKH-26 fluorescence caused by proliferation of the 

cells is observed after injection of CFU-S into non-irradiated recipients, as in irradiated reci

pients. Dye leakage from the cells as an altemative explanation for this fluorescence decrease 

is unlikely, since all our control experiments have shown only very little dye leakage, and 

there is an extensive body of literature presenting evidence that PKH-26 remains on the cell 

membrane ill vivo for up to 40 days [20,28,49, 57-60]. One might expect that the hematolo

gical emergency caused by ilTadiation causes a lot of stimuli for the proliferation and matura

tion of all stem cells available. In the non-il1'adiated recipients, however, the bemopoietic sys

tem is completely intact and undisturbed, so there is no great demand for stem cell prolifera

tion. Therefore, our obsen'ations support the notion that disruption of the stem cells from 

their niches drives them into cell cycle by removing the signals needed to keep them quies

cent [9, 61J. 

In conclusion, we have developed a sensitive system for performing direct studies of the 

homing of hemopoietic progenitor anti stem cells, which offers experimental options pre

viously not available. 
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Chapter 4 

Retrovirus-mediated transfer and expression of marker 
genes in the BN rat acute myelocytic leukemia model for 

the study of minimal residual disease (MRD) 

Abstract 

To ShIdy minimal residual disease (MRD) in leukemia, we transferred the Escherichia coli 

genes encoding P-galactosidasc (LacZ) and neomycin resistance (NeaR) into the subline 

LT12 of the Brown Norway rat acute myelocytic leukemia (BNML), employing the retroviral 

BAG vector. In this way leukemic cells were genetically marked. Ten independent cell lines 

were charactclized during in vitro growth as \vell as during two subsequent in vivo passages 

for expression of NeaR for which the neomycin analogue 0418 was used, and for LacZ 

expression for which the substrate 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X

gal) was used. Out of 10 lines, four revealed permanent high expression of LacZ in all cells. 

In four other lines greatly varying LacZ expression between the individual cells from these 

lines was observed. In the remaining two lines LacZ expression was gradually lost. In con

trast, NeaR expression was gradually lost in eight out of the 10 lines, particularly rapidly 

during in vivo passaging. In the remaining two lines NeoR expression was retained. The 

genetic modification did not alter the in vitro leukemogenicity of the cells. Long term in vivo 

expression of NeaR- and LacZ was followed in two selected lines up to 12 subsequent passa

ges, i.e. one from tbe group of homogeneous high LacZ expression and one from the group of 

heterogeneous LacZ expression. In both lines LacZ expression was retained whereas NeoR 

expression was rapidly lost after the third passage. The feasibility of using genetically marked 

leukemic cells for studies of minimal residual disease (MRD) was explored by injecting rats 

with leukemic cells, treating them with chemotherapy at full blown leukemia development to 

reduce the tumor load, mimicking the induction of a state of MRD and studying LacZ expres

sion at relapse. LacZ expression was evident in 100% of the cells whereas NeaR expression 

was lost in a considerable fraction. These results indicate that the viral vector BAG can be 

used to mark leukemia cells genetically although a selection of clones with the desired stabili

ty of long-tenn expression is required. 

Introduction 

The acute myelocytic leukemia in the Brown Norway rat (Em1L) has served as a model for 

comparative studies with human acute myelocytic leukemia for a number of years and has 
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contributed considerably in understanding of the biological charactetistics of minimal residu

al disease (MRD) in acute leukemia [1-4], Various methods for the detection and quantifica

tion of.MRD bave been developed based on bioassays or flow cytometric techniques [5, 6}. 

However, these techniques are either time-consuming and/or expensive or they do not make it 

possible to study MRD in situ, which is a drmvback for further studies on IvlRD. Therefore, 

the development of a specific genetic marker that would allmv the detection of residual cells 

in situ would be particularly helpful. 

CUll.'ently, retrovirus-mediated gene transfer permits the introduction of indicator genes into 

manunalian cells or embryos for the study of cell lineages or embryonic development [7-12]. 

The advantages of retroviral vectors include their unequalled high transfer efficiency, their 

expression in most cell types, accurate and stable integration of a single vector copy into 

chromosomal DNA, and a wide choice of different vectors with different host ranges. 

BAG 
LT12 cell + retroviral shuttle vector 

SV4Q A{n) 

Stable integration and expression of 
bacterial B·galactosidase and neaR 

Detection of "minimal residual disease" (MRO) 
by quantifying enzyme activity or G418 resistance 

I X-gal * assay I I MUG" assay I I 
FDG~H 

presence of enzyme levels enzyme levels 
enzyme in cells in cell Iysates per cell 

or colonies 

colorimetric fluorometric flow cytomelric 
blue discoloration fluorescence fluorescence 

curves percell 
(FACS) 

neaR 

Agar assay 
+G418 
colony 

numbers 

Figure 4.1 Schematic representation of the approach to genetically mark leukemic cells from the BN myelocytic leuke

mia model ami the various detection methods for B-galactosidase activity to detect and quantity leukemic cells during 

the state of minimal residual disease. X-ga1, 5-brom0-4-chloro-3-indolyl-B-D-galactoside; MUG, methylumbelliferyl-B

D-galactoside; FOG, fluorescein di-B-D-galactoside. 
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Retroviral vectors carrying the Eschelichia coli LacZ gene, coding for 13-galactosidase and/or 

the NeaR gene, confelTing neomycin resistance, have been used effectively for genetic tag

ging of cells and the subsequent tracing of their progeny r 13, 14], for the detection of micro

metastases formation in experimental tumor models [15, 16], and to study gene expression in 

models for gene therapy purposes [17, 18]. Cunently, attempts are about to be made to geneti

cally mark human leukemia cells in marTOW transplant patients to answer the question of the 

origin of a leukemia relapse after autologous bone marTo\V transplantation [19, 20]. 

Vat'ions assays can be employed to detect and quantify leukemic cells expressing the LacZ 

and/or the NeoR gene. Our approach to explore these methods for the detection of MRD is 

illustrated in Figure 4.1 and includes, firstly. the colO1imetric X-gal staining procedure where 

cells or colonies typically stain blue after conversion of a colorless substrate, i.e. 5-bromo-4-

chloro-3-indolyl-B-D-galactopyranoside (X-gal) by B-galactosidase activity in the cells [9]. 

Secondly, the fluorimetric assay for measuring B-galactosidase activity in cell lysates as 

described by Leaback and \Valker [21], wWch is based on the conversion of 4-methyl-umbeI

liferyl-B-D-galactoside (4-MUG) to the fluorescent product 4-methylumbelliferone (4-MU), 

Thirdly, the flow cytometric method desclibed by Nolan et al. [22] in which expression of 

LacZ can be measured on a cel1ular basis after the intracellular COil version of the substrate 

Huorescein-di-B-D-galactoside by B-galactosidase. The expression of the NeoR gene is meas

ured by comparing the number of leukemic colonies grown in semi-solid agar cultures in the 
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Figure 4.2 TIle expression of L'l(,Z in various LTI2NL ('clllincs during continuous in vitro culturing without G418 

selection pressure, measured up to passage 77. The percentage of cells expressing L1CZ is measured by staining the cells 

withX-ga1 in suspension (see j\laterials and methods). The line numbers are indicated in the figure. 
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presence Of absence of the neomycin analogue G418. In this paper we report on the use of the 

X-gal staining method in liquid assays as well as in combination with agar cultures in absence 

or presence of G418 for the detection of LacZ and NcaR expression in leukemic cells. 

The retroviral vector BAG which catTies LacZ as well as NeaR [12] was used to genetically 

modify the in vitro growing subline LTI2 [3] (originally described as IPC81 [23]) ofBNML. 

Here we repOli how via characterization of the different LT12NL cell lines with respect to 

their in vitro and in vivo pattern of expression of both LacZ and NeoR lines were selected to 

be used in MRD studies in the BNML model. In this respect the experiments in leukemic rats 

that were first brought into a state of MRD, using remission induction chemotherapy and in 

which the expression of the LacZ and NeoR marker genes was studied at leukemia relapse, 

\vere of particular relevance. 

Materials and methods 

Experimental animals 

The experiments were performed in the barrier-derived inbred BN rat strain BNBiJRij produ

ced in the Rijswijk breeding facility and maintained under specific pathogen-free conditions. 

Male rats between 16 and 20 weeks of age (circa 260 g body weight) were used. 

Cells and in vitro cultm'e 

The LT12 celIline is an in vitro growing subline derived from the in vivo growing BN acute 

myelocytic leukemia cell line [24]. Cel1s were maintained and passaged in alpha minimal 

essential mediuIll (a.-.MEM) (Flow Laboratories, Irving, UK) supplemented with 10% fetal 

calf serum (FCS), 2 mM L-glntamine (Gibco, Paisley, UK) and antibiotics (penicillin 100 

pg/ml and streptomycin 50 ~Ig/ml). In colony assays, cells were cultured in a 0.3% agar-based 

medium containing 20% FCS with or without the neomycin analogue 0418 at 200 pg/ml 

(Gibco). 

Retroviral vector and infections 

The BAG virus harboring the LacZ and NeaR genes was developed by Price et al. [12] and 

obtained from the American Type Culture Collection (ATCC) depository (Psi-2-BAG, no. 

CRL 9560). Supernatant from the retrovirus-producing cell line was used to infect LT12 cells 

in a liquid culture system. Briefly, exponentially growing LT12 cells were incubated in the 

presence of 1 ml BAG viral supernatant in selial to-fold dilutions in medium in the presence 

of 4 ~g/ml polybrene (Sigma, St Louis, MI). After 36 hours, the infected cells were placed 

under G418 selection pressure in an agar culture system containing G418 (200 pg/ml, optimal 

for suppressing colony formation of parent LT12 cells) for 10 days. Individual G418-resistant 

leukemic colonies were isolated from the agar culture and expanded in liquid culture medium 
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containing G418 (600 ~g/ml, optimal for suppressing growth of parent LTl2 cells). LTl2 cell 

lines resistant to 0418 and expressing LacZ are refeITed to as LT12NL cells. Supernatants 

from cell cultures as ''lelI as selUl11 from rats collected dming the terminal stages after in vivo 

transfer of the leukemia cell lines were tested for the presence of helper virus. All tests were 

negative. 

X-Gal staining 

This histochemical procedure desclibed by Salles et al. [9] is used for demonstrating B-gaIac

tosidase in cells. In brief, cells were centrifuged (400g, 10 min) resuspended in phosphate 

buffered saline (PBS), and 10 ~L cell suspension (l05/ml) was added into the wells of a 96-

well, flat-bottomed, microtest tissue culture plate. The cells \vere not fixed plior to staining. 

To each well, 50 f1L of an enzyme substrate solution was added i.e. a mixture containing I 

mg/ml X-gal (Molecular Probes, Eugene, OR), 5mNI potassium ferricyanide, 5 111M potassi

um fenocyanide, and 2 mM MgC12, in PBS. 

Cultured colonies were stained by pipetting 500 fll of the substrate solution on top of the agar 

layer in 35 mm culture dishes after 7-8 days of culture. After a 4 to 14h incubation period at 

37° C the substrate was converted by the B-galactosidase (LacZ ) present in expressing cells 

and as a result the cells or colonies stained blue, which was scored visually under an inverted 

LT12NL 
subclones 

_a. • 

C 
N 
~ 

• 
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Figure 4.3 Southern blot analysis of Bandll digested genomic DNA of diOcrcnt LTI2NI .. subcloncs hybridized with 

the L1CZ probe. 
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microscope. Cells in liquid suspension or in the culhucd colonies not expressing the LacZ 

gene remained colorless. 

4.3.5 Injection of rats and in ytvo passaging 

BN rats were injected intravenously with 106 LT12NL or LTl2 cells. When the leukemic 

symptoms fully developed, i.e. increase in spleen and liver size and the first signs of paralysis 

of the hind legs, usually during the third week, the rats were killed and femoral bone marrow, 

spleen and peripheral blood were collected. Cell suspensions were made and used for analysis 

and in vivo passage into new recipient rats. For the latter purpose, cells from leukemic spl

eens were used. 

Chemotherapy of leukemic rats 

To induce a state of MRD, leukemic animals were treated with cyclophosphamide (CP, 

Janssen Chimica, Beerse, Belgium) on day 11 after intravenous (i.v.) transfer of 106 LT12NL 

cells, CP was administered intraperitoneally (i.p.) at a dose of 100 mglkg bodyweight. In pre

viously reported shldies [4] this treatment was found to reduce the leukemic cell load by 5 to 

6 logs. 
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Figure 4.4 Southcm blot analysis of EcoR I digested genomic DNA of different subclones hybridized with the L"lcZ 

probe. 
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Determination of expression of NeoR and LacZ 

Cells obtained from in vitro cultures or from the tissues of leukemic rats were plated using 

the agar colony assay at 300 cells per dish in the absence of 0418 or at 300, 3000, and 9000 

cells per dish in the presence of G418. From the ratio of colony numbers in cultures with 

G418 and those without G418 the percentage of cells expressing NeoR was calculated. After 

counting, all culture dishes were stained with X-gal to determine the percentage of colonies 

with LacZ expression. This procedure allowcd the detennination of the long term expression 

of LacZ and NeoR ofLT12NL cells dming continuolls in vitro culture or in vivo passaging. 

Southern blot analysis 

From the in vitro growing LT12NL lines, which were used for in vivo experiments, a number 

of subclones were expanded and genomic DNA was extracted for Southem blot analysis and 

hybridized with radioactively labeled LacZ or NeoR probes. 

Results 

Gene transfer to L1'12 cells 

LT12 cells infected \vith the BAG virus were incubated in an agar culture selection system 

containing 200 l-lg/ml G418. Under these conditions parent LT12 cells cannot grow in contrast 

to G41S-resistant cells. The latter develop into colonies, indicating that they harbor a succes

sfully integrated and expressed NeoR gene. Eighty-two individual colonies \vere picked from 

the agar plates. These independently derived infected LT12NL cel1 lines were expanded in 

culture medium with 600 l-lg/ml G418. The efticiency of infection and expression of NeoR of 

the rat LT12 cells with the ecotropic BAG vil11s was found to be about 10-3. Infection of 

NIHl3T3 cells indicated that the supernatant used for infection had a viral titer of 7xl 04 colo

ny-forming units (CFU)/ml. 

The expression of tbe LacZ gene in the 82 neomycin resistant LT12NL cell lines was deter

mined by X-gal staining. Twenty-one clones had no detectable levels of LacZ gene expres

sion indicated by the fact that all cells remained white after X-gal staining. For 47 lines cultu

red it was directly obvious that they showed a heterogeneolls pattem of expression, i.e. the 

color of the cells varied from white to dark blue even after prolonged X-gal staining. 

Fourteen showed a dark blue discoloration indicating a high expression of the LacZ gene. Ten 

lines of these were selected arbitnu'ily on the basis of the most unifoll111y and most dark blue 

staining for detailed investigation. 

In anticipation of MRD detection studies, it was established that into a culture well with a 

slllface of 32 mm2 circa 5x 1 05 cells can be entered still allowing observation of the individu

al cells. Preliminary data fmm mixing experiments indicated that small numbers of 'LacZ

positive' darkly blue staining cells could easily be detected in a background oflarge numbers 
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Table 4.1 Comparison of long-term in vitro and in vivo expression of the LacZ and NeoR 

genes in various LTl2NL cell lines. 

Line In Vitro In Vivo 

Number LacZ (%) NeoR (%) LacZ (%) NeoR (%) 

7" 55 100 18 100 

8 23 54 48 80 

10 97 10 97 16 

12 99 100 42 100 

15 100 77 100 72 

27 100 4 100 0.1 

28 99 100 97 42 

31 100 28 100 2 

32 99 93 100 89 

72 100 76 100 85 

in vitro, after 75 passsages in vitro; in vivo: after two passages in vivo; L-'tcZ, cells were cultured in agar and stained \vith 

X~gal; the percentage of colonies containing blue cells reflect'> the percentage of cells expressing LucZ; NeaR, cells were 

cultured with G418 (200 Ilg/ml) or in its absence; the colony number ratio is used to calculate the percentage of cells 

expre..<;sing NeoR. aData at passage 50 in vitro; this line was lost thereafter. 

of negative cells with a lower limit of one positive cell per 5x105 negative cells (data not 

shown). \Vhen normal rat bone man'ow cells were stained with X-gal, in the order of Olle blue 

cell per 5x 1 04 was detected, probably reflecting lysosomal B-galactosidase activity, This 

background activity can be reduced to virtually zero by optimizing staining conditions, e.g. 

pH, temperature, and specific blocking of the lysosomal activity, which brings the lower limit 

of detection of residualleukcmic cells down to one per 106-107 cells (unpublished results). 

Characterization of in vitro growth 

The cell population doubling times of four different genetically marked LT 12NL lines were 

measured and compared with those of the parent LT12 celllille (four LT12 control cultures in 

total). Stmting from 105 cclls/ml, cell numbers were counted daily dming nine consecutive 

days in liquid culture without G418. Exponential as well as Gompel1zian growth curves were 

fitted to the data points by a non-linear least-squares minimization routine [24]. The growth 

curves ofLTl2 and LT12NL celilines (not shown) appeared to be comparable and the small 

difference in the mean cell population doubling times between LTI2 cells (Td = 14.6h) and 

LTl2NL cells (Td = 16.6 h) dming exponential phase was not statistically significant, sugge

sting that the in vitro growth kinetics ofLT12 cells were not affected by the insertion of LacZ 

and NeoR genes. 
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Table 4.2 Sun'ival times and organ weights at death of leukemic rats after intravenous injec

tion of 106 cells of the different LTl2NL lines. 

Line Survival time Spleen weight Liver weight 
number (days) (g) (g) 

7 19.5±o.S 2.3±O.! 14.4±U 

8 23.4±o.3 3.9±O.4 17.9±O.7 

12 19.5±O.S 2.S±o.1 12.S±2.8 

15 22.8±O.S 4.l±O.5 1O.6±3.6 

27 19.8±o.3 2.2±o.1 13.4±O.3 

28 26.3±O.5 U±O.! 7.8±o.6 

31 24.3±1.3 !,S±O.2 9.0±1.l 

32 22.3±O.6 2.3±O.7 8.9±2.0 

72 20.3±O.3 4.6±O.1 23.4±!.1 

LTl2 control 19.8±O.S 2.5±O.2 14.I±o.8 

Nonleukemic control N.A. O.S±o.OS IO.o±o.5 

Values are means of3-4 animals per group ± SE. N.A.: does not apply. 

LacZ gene expression was monitored in ten LT12NL cell1il1es at various time points during 

more than 75 in vitro passages (3-4 days per passage without 0418 selection pressure). We 

used two method for this: (a) by determining the percentage of blue cells after X-gal staining 

in suspension, and (b) by first plating the cells in soft agar and allowing colonies to develop 

during a IO-day culture period and subsequently staining these with X-gal and determining 

the percentage of colonies staining blue. 1\vo distinct pattel11s of X-gal staining were obser

ved using the direct X-gal staining in liquid suspension. Firstly, in SL,{ LT12NL cell lines all 

cells stained uniformly blue (Figure 4.2, lines 7, 8, 12, IS, 28 and 32), suggestive of uniform 

expression levels of LacZ in all cells. However, in two of these a gradual decrease in the per

centage of blue staining cells \vas seen (Figure 4.2, lines 7 and 8), which implies that LacZ 

expression was gradually lost in these two lines. Secondly, heterogeneous X-gal staining was 

seen in four lines (Figure 4.2, lines 10, 27, 3 1, and 72), i. e. in the same cell suspension the 

entire range from very light (almost white) to dark blue cells was observed. 111is means that 

in the cells from these lines LacZ expression levels vary from (very) low to high which is 

reflected in the intensity of the blue discolCiration. For identifying the responsible factors furt

her research is required which is, however, beyond the scope of this study. 

\Vhen the cells were first cultured in agar and then stained with X-gal colonies from lines 12, 

15,28, and 32, all stained blue. Also all cells within the colonies were blue. Colonies cultured 

from lines 7 and 8 stained either white or blue, whereas all cells within the blue colonies were 

blue. The white colonies most likely were derived from cells in which LacZ expression was 

shut off. Colonies cultured from the lines 10, 27, 31 and 72, however, always stained blue 
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whereas \vithin the colonies dark blue as well as light blue cells (nearly white) were seen. 

Only rarely colonies from these cell lines containing only white cells were observed. 

In addition to measuring LacZ expression with X-gal staining of liquid cultures, a two-step 

assay was also lIsed in which cells from the various cell lines were first cultured in the colony 

assay and subsequently stained with X-gal. In Table 4.1 (column 2) the expression of LacZ is 

shown measured after 75 passages in vitro. Not necessarily all cells within the colony needed 

to be blue to score colonies as positive. Therefore the percentages of X-gal-positive cells 

shown in Figure 4.1 (liquid X-gal staining data) could be lower as is observed for lines 10, 

27,31, and 72 when compared with the percentages shown in Table 4.1, columB 2. In these 

lines the expression of LacZ apparently varies during cell proliferation and may at certain sta

ges be below the level of sensitivity of the X-gal staining method in liquid. Lines 7 and 8 

were found to exhibit loss of LacZ expression indicated by the presence of unifonnly 'white' 

colonies (all cells in tbe colonies lost LacZ expression) as well as uniformly 'blue' colonies 

(persistence of LacZ expression). During continuous in vitro passage of the cell lines the per

centages of X-gal positive cells in lines 7 and 8 progressively declined (compare with Figure 

4.2). All colonies derived from lines 12,15,28, and 32 were uniformly 'blue'. 

The expression of the NeaR gene in the LTI2NL cell lines was assessed at variolls intervals 

during long-term in vitro passaging (77 passages, without G418 selection) by comparing the 

colony formation efficacy of LTl2NL cells in the agar culture in the presence or absence of 

0418. From the ten cell lines tested, three cell lines (lines 7, 12, and 28) retained their NeaR 

expression (>95% 0418-resistant colonies), while the remaining seven LTI2NL cell lines 

(lines 8,10,15,27,31,32, and 72) gradually lost neomycin resistance (Table 4.1, column 3). 

In conclusion, two cell lines (lines 12 and 28) maintained high expression levels of both 

genes (>95% of X-gal positive colonies and> 95% of G418-resistant colonies), follmving 

prolonged in vitro passaging. 

SoutherIl blot analysis 

Subc10nes were cultured from the ten selected LT12NL lines and expanded for genomic DNA 

extraction to allow Southelll blot analysis. To detect the total BAG constmct Xbal was used, 

BamHI for the LacZ gene and BamHI x Xhol for the NeoR gene. EcoRl was used for deter

mining the number of integration sites. Hybridization was done with radioactively labeled 

LacZ or NeoR probes. Most subclones from lines for which X-gal staining indicated loss or 

heterogeneity in LacZ expression or for which loss of NeaR expression was seen, were found 

with changes in the hybridization pattelll with the LacZ and NeaR probes. An example is 

shown in Figure 4.3 where hybridization with the LacZ probe after BamHl digestion yields a 

hybridizing band for subclone 12M (X-gal staining 0%) \vhich is not at the expected location. 

In contrast, the hybridizing band from subc10ne 12D (20% stains with X-gal) is found at the 

expected location. Another example is clone lOT which shows a second strong hybridizing 

band indicating that two or possibly three retrovims integrations took place. In agreement 

95 



with this is the observation that hyblidization of lOT with the NeoR probe show~d a more 

intense band of the nonnal size (not shown). 

Loss of LacZ expression is not always indicated by changes in the hybrization pattern, which 

is also shown in Figure 4.3 where the hybridizing bands from subclones 15B (100% LacZ) 

and 15K (0% LacZ), 8G (100% LacZ) and 8A (0% LacZ) are found at the expected location, 

Obviously, only major stmcturai changes can be detected with Southem blot analysis and not 

the minor changes, e.g. point mutations and methylations etc. The number of vims integra

tions was determined by Southern blot analysis of EcoRl digested genomic DNAs of the dif

ferent subcloncs from each of the Jines studied 

Characterization of in vivo growth 

Cells from the ten LT12I'\lJ... cell lines characterized in vitro \vere also injected into rats after 

about 30 passages in vitro without 0418 to study the growth characteristics in vivo and to 

measure the in vivo expression of LacZ and NeaR. Following the intravenous injection of 106 

leukemic cells in rats thc survival times and the splecn and liver weights at death were recor

ded. Most animals developed hind-leg paralysis, a phenomenon which has previously been 

Table 4.3 Long term expression of the LacZ and NeoR genes during repeated in vivo pass a-

ge. 

LTl2NL line 15 LTl2NL line 72 

Passage 
number LacZ (%) NeoR LacZ (%) NcoR 

100 75 99 97 

2 97 21 97 23 

3 100 20 100 37 

4 nd nd 97 2.3 

5 100 nd nd nd 

6 100 2-4 100 0.3 

7 nd nd nd nd 

8 100 0.06 100 0.2 

9 nd nd nd nd 

10 100 0.004 100 0.05 

11 nd nd 

12 100 <0.001 

LacZ, cclls were cultured in agar atld stained with X-gal; the percentage of blue colonies equals the percentage of cells 

expressing L'lcZ; NcaR, cells were cultured with and without 0418; the colony number mtio indicates the percentage 

of cells expressing NeoR; nd, not determined. 
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described for the BNJ\1L model [25, 26]. Differences were observed in the survival times with 

the mean values ranging from 19.5 to 26.3 days, as well as in the degree of organ involve

ment for the different cell lines (Table 4.2). In particular, organ weights varied greatly, i.e. the 

spleen ,veights varied from 1.1 to 4.6 g and the liver weights from 7.8 to 23.4 g compared to 

0.5 g and 10.0 g, respectively, for non-leukemic control rats. From the bone man'ow, spleen, 

and peripheral blood cells, suspensions were prepared for detenllining the percentage of cells 

expressing LacZ and NeaR. After two in vivo passages, five of the 10 investigated LT12NL 

lines (lines 7, 8, 10, 12, and 28) showed loss in expression of LacZ, while NeaR expression 

was lost in eight out of 10 lines (all lines except 7 and 12) (Table 4.1 and 5). For eight out of 

10 lines the in vitro expression pattern of the marker genes cOlTelated with the observed pat

tem in vivo (Table 4.1, columns 4 and 5). For the remaining two lines the in vitro and in vivo 

expression data did 110t correlate, i.e. line 12 lost expression of LacZ in vivo but not in vitro 

and line 28 lost the expression of NeaR in vivo but not in vitro. 

Long-tenTI in vivo expression of the marker genes was studied by repeated in vivo passaging 

using LTI2NL line 15, representing the cell lines with 100% of the cells staining blue, and 

LT 12NL line 72, representing the cell lines characterized by heterogeneous expression using 

the liquid X-gal assay but 100% of the colonies cultured staining blue. In one series, leukemic 

spleen cells were directly transferred into recipient rats, while in another series the neomycin

resistant fraction from the leukemic spleen was fIrst rescued during a shott period (4-6 days) 

of in vitro culture in the presence of 0418. 

In Table 4.3 the results of the lenkemic transfer without G418 are shown. The expression of 

LacZ persisted in both lines up to 12 repeated in vivo passages, whereas NcoR expression 

was rapidly and totally lost. In a separate transplantation series the cells were cultured for a 

shOlt time in vitro in the presence of 0418 in between the in vivo passages. The 0418 resi

stant cells were injected into new recipients rats. Already dUling the next in vivo passage the 

cells lost the expression of NeaR, i.e. 6-10% of the cells from line 15 and 18-30% of the cells 

from line 72, respectively (Table 4.4). 

LacZ and NcoR expression in relapsing leukemia 

Three animals injected with 106 leukemic cells from LT 12NL line 72 were treated with a 

cyclophosphamide (CP) dose of 100 mglkg i.p. at day 11 after Lv. leukemic cell transfer. 

Treated animals were killed when they were moribund which was at day 37, 38, and 41, 

respectively (Table 4.5). Compared to untreated leukemic control animals this con'esponds to 

increases in the survival time of 17, 18, and 21 days, respectively. It is known for the BNML 

leukemia that a tenfold lower cell dose results in an increase in survival time of 4 days [3, 4]. 

A similar relationship has been found for LTI2NL line 72. Hence, from the increase in survi

val time it can be calculated that the tumor load (5x108 leukemic cells on day 11) was redu

ced by the CP treatment to 5xl03 cells. At death the animals harbor a total of 1010 leukemic 

cells. This implies that during the regrowth process on average 21 cell daub lings were made. 
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'fable 4.4 Long term expression of the LacZ and NeaR genes in vivo during repeated passa-

ging with an intermittent neomycin resistance rescue. 

LTI2NL line 15 LTl2NL line 72 

Passage 
NeaR NeaR number LacZ (%) LacZ (%) 

100 90 100 100 

2 nd nd nd nd 

3 100 95 100 67 

4 nd 93 100 70 

5 nd nd nd nd 

6 100 97 nd nd 

7 100 94 100 73 

8 100 95 nd nd 

9 99 88 

After each in vivo passage leukemic spleen cells were cultured in the presence ofG418 (600 Jlg/ml) until enough cells 

were U\'ailable for irljection into new recipient mts; LacZ, cells were cultured in agar and stained with X-gal; the percen

tage of blue colonies equals the percentage of cells expressing LacZ; NeaR cells were cultured with and without G418; 

the colony number mtio indicates the percentage of cells expressing NeoR; nel, not determined. 

Cell suspensions from femoral bone marrow, spleen, and peripheral blood were cultured in 

soft agar in the presence or absence of G418. Expression of NeaR was deduced from the ratio 

of colonies formed in the presence of G418 and the number of colonies fonned in control cul

tures without G418. All colonies that werc cultured became blue when stained with X-gal, 

indicating that LacZ expression was retained (Table 4.5). The expression of NeaR varied 

betwecn 64 and 95%. This indicates that the LacZ expression was not affected by the chemo

therapy applied. Compared to the rapidly decreasing expression of NeaR during continuous 

in vivo passaging of line 72 (Table 4.3), the LacZ expression remained remarkably high in the 

leukemic animals in which the leukemia relapsed after MRD-induction treatment. 

Discussion 

In tlus study it was shown that leukemic cells could be genetically marked using retrovirus 

mediated gene transfer of the LacZ and NeaR genes. In eight of the ten cell lines investigated 

the expression of LacZ in vitro \yas stable after up to 75-77 in vitro passages, corresponding 

to at least 300 cell doublings. In the remaining two cell lines expression of LacZ appeared to 

be unstable after prolonged culturing. In four lines a high and stable expression of LacZ was 
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infelTed, on the basis of homogeneous blue staining in the X-gal assay, implying that these 

lines were candidates to be used for MRD studies. In the other four cell lines a variable deg

ree of X-gal staining was found. \Vhether the proliferative state of the cells (i.e. cell cycle 

phase, growth-arrest or log phase growth) influences the expression of the LacZ gene remains 

to be investigated. Under certain conditions or during certain stages of the cell cycle, the B

galactosidase concentration in the cells may be belmv the level of sensitivity of the X-gal stai

ning. To use the lines ,vitii heterogeneous expression of LacZ for .N1RD studies a two-step 

assay would be required. Normal progenitor cells do not form colonies in agar cultures, 

unless stimulated with hematopoietic growth factors. When bone marrow samples containing 

LT12NL cells show colony formation this would already be indicative for the presence of leu

kemic cells and suffice to measure the leukemic cell frequency. LacZ staining does in that 

case not really add to detection of residual disease. 

In principle, also the NeaR gene is a candidate to be used as a marker gene to determine clon

al residual leukemic cells by the colony assay in agar medium containing 0418 [271. 

However, in most of the LTI2NL, cel1lines in our study NeaR expression was rapidly lost, in 

vitro as well as in vivo. In two out of 10 lines the NeaR gene was expressed in 100% of the 

cells. A selection pressure can be lIsed to achieve stable expression of an introduced gene in 

retrovims-mediated gene transfer. For practical application it is, however, unrealistic to pro

pose a selection pressure in vivo, especially in a situation of MRD because tIus would con

flict with 'undisturbed' leukemia regrowth and the measured leukenuc cell frequencies would 

be serious underestimations. 

The in vivo studies on leukemia development in rats indicated that the transferred genes did 

not alter the leukemic properties of LT12 cells. The expression of LacZ was found to be sta

ble in seven out of 10 LTl2NL cell lines for at least two in vivo passages. One of the lines 

stable in vitro lost LacZ expression in vivo (line 12). Southem analysis indicated changes in 

the hybridization pattern for line 12 but tlus was not further investigated. For the two lines 

that were repeatedly passaged it was found that for up to 10 to 12 in vivo passages, corre

sponding to 120-130 cell doublings, LacZ expression was retained. NeaR, however, was 

rapidly lost in these two lines. \Vhen the LT 12NL cell lines were repeatedly transfen-ed in 

vivo and resistant cells were rescued in between each passage by culturing them in the pre

sence of 0418 for a short period, the percentage of resistant cells declined during the next in 

viyo passage. The stability of the expression of a retroviral gene may depend upon several 

factors, which include the nature of the infected ceils, the reporter gene used, methylation, the 

chromosomal integration site of the provirus, the relative position of the genes in a multigene 

Yector, and the presence or absence of selection pressure [28, 29]. Both genetic and epigenetic 

events are described to lead, at times, to a high-frequency loss or shutdown of viral gene 

expression in yitro [30]. In the LT12NL cell lines, LacZ expression was stable in seven out of 

10 cell lines in the absence of a 0418 selection pressure. In some cases the LacZ gene expres

sion might be competitively inlubited by the expression of the NeaR gene under the neomy-
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Table 4.5 Expression of the LacZ and NeoR genes at death in relapsing leukemic rats follo

wing remission induction with cyclophosphamide. 

Animal Survival Time Bone Marrow Spleen Blood 

(days) LacZ (%) NcaR (%) LacZ (%) NeoR (%) LacZ (%) NeoR (%) 

I 37 100 82 nd nd 100 71 

2 38 100 77 100 80 100 95 

3 41 100 78 100 64 nd nd 

Animals were treated with cyclophosphamide (100 mglkg i.p.) on day II after i.v. transfer of liP LT12NL (line 72) 

cells. Cell suspensions of the organs were plated in agar with or without G4 I 8 (for determining NeoR expre,~sion), cultu

red for 7 days, and stained for L'lCZ expression with X-gal. nd, 1I0t determined. Note: untreated leukemic control rat~ 

surviycd 20 days. 

cin selection pressure, by acting as a transcriptional silencer in a way as described by Artelt et 

a1. [31]. Furthermore, evidence is emerging that the expression of t\VO genes introduced into 

cells within a single retroviral vector may lead to transcriptional silencing [32}. In one of the 

lines that we studied (line 7) NeoR expression was retained with a concurrent loss of LacZ 

expression. However, for the second cell line that retained NeoR expression (line 28) LacZ 

was continuously expressed as well. The observed susceptibility of the NeoR gene to shut

down of expression, implies that the BAG constmct was inadequate to mark the leukemic 

cells with the NeoR gene. 

For MRD studies a relevant observation was the fact that leukemic cells that survived the 

remission-induction treatment with chemotherapy fully retained expression of LacZ . During 

this in vivo regrowth process cells increased from approximately 5xl03 after the MRD induc

tion to lOIO cells at relapse. This observation showed tbat expression of LacZ was not influ

enced by the cytostatic drug treatment and that relapsing leukemic cells could be identified 

and quantitated using LacZ. For the detection ofMRD the X-gal staining method has a poten

tially comparable sensitivity as reported cm'lier for the L-CFU-S bioassay [4] and for mono

clonal antibody labeling and flow cytometry in the BNML leukemia model [5, 6]. Even when 

compared to methods based on polymerase chain reaction technology, considered to belong to 

the most powerful currently available [33} and for which levels of detection of one per 106 

are reported, X-gal staining performs very well. Because the X-gal assay has a high specitici

ty and sensitivity and because it allows rapid analysis of large numbers of samples it will be a 

valuable assay, for instance to determine homing characteristics of leukemic cells in animal 

model studies. In earlier studies we have provided evidence that leukemia cells are inhomo

geneously distributed during the state of MRD, resulting in focal leukemia relapses [61. This 

implies that studies ofleukemic cells in situ, i.e. in their natural microenvironment, are requi

red. X-gal staining of cryosections of bone marrow as well as other organs with leukemia 

involvement wi1l be the most promising application for in sihl detection of MRD. These stu-
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dies, nO\v in progress, may lead to a better insight into the distribution of:MRD and will be of 

use for studying the interaction between leukemic cells and hemopoietic stroma, and may 

provide valuable information for designing new strategies to eradicate residual disease. 

Translated to the clinical treatment of acute leukemia with autologous bone maITO\V trans

plantation this implies that genetic labeling and re-infusion of human M1L cells before initia

tion of chemotherapy may be helpful to resolve questions, e.g. about the origin of an eventual 

leukemia relapse. 

In conclusion, our results indicate that leukemia cells can be genetically marked with the 

LacZ and NeaR genes. In selected cell lines the expression of LacZ was found to be stable 

during long observation times both in vitro and in vivo so that they can be used for the study 

of MRD in leukemia. 
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Chapter 5 

Differential suppression of background mammalian 
lysosomal 6-galactosidase increases the detection 

sensitivity of LacZ-marked leukemic cells 

Abstract 

A method is described for the detection of E. coli B-galactosidase (LacZ) expressing leukemic 

cells in ex vivo bone manow samples. 4-Methylumbelliferyl-B-D-galactopyranoside (MUO) 

is used as a substrate in a kinetic assay. D-Galactose is used to suppress endogenous lysoso

mal B-galactosidase activity, yielding a sixfold increase in sensitivity. With this assay, the 

detection limit is 1 leukemic per 104 normal bone malTOW cells. 

Introduction 

Although in recent years treatment protocols for acute myelocytic leukemia have been sub

stantially improved, many patients still develop a leukemic reJapse, caused by the regrowth of 

leukemic cells that survive the treatment. More knowledge of the localization and the growth 

pattern of these very low numbers of residual surviving cells lIlay help in improving the treat

ment protocols. 

The Brmvn Norway Rat Acute Myelocytic Leukemia model (BNML)l and its in vitro gro

wing subline LTl2 have been extensively characterized and accepted as a relevant animal 

model for human acute myelocytic leukemia [1]. Recently, a subline LT12NL15 was develo

ped from the LTl2 ceHline, by using the BAG vector [21 to introduce the E. coli B-galactosi

dase (LacZ) gene into its genome. LT12NL15 cells exhibit stable, Wgh level expression of E. 

coli B-galactosidase in every individual cell, in vitro as well as in vivo [3]. These genetically 

marked cells are used to study the in vivo homing behavior and grmvth patterns of leukemia 

cells in the BNJ\1L model. In these studies, it is essential to have ways of detecting very low 

numbers of the genetically marked cells in tissue samples containing very large numbers of 

cells. 

I Abbreviations used: BNML, Brown Non\'ay Rat Acute :Myeloeytic Leukemia model; wcZ, E. colifl-galactosidase 

gene; BM, bone marrow; PBS, phosphate buffered saline; CBS, citrate buffered saline; TBS, Tris buffered saline; Tris, 

tris-hydroxymethylaminomcthane; Il(fUG, 4-methyhuubelliferyl:,6-D-galactopyranoside; FIR, f.luorescence Intensity 

Increa~e Rate; 4-l-.'lU, 4-methylumbel1ifcron; X-gal, 5-bromo-4-ehloro-3-phenylindolyl-fJ-D-galaetopyranoside; 

AMPGD, 3-( 4-mcthoxyspiro[ I ,2-dioxetane-3,2' -meyclo [3.3.1.13, 7Jdccllo-4-yl)phcnyl :p-D-galactopymnoside. 
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Most reports describing assays for the detection of LacZ expression in transfected cells have 

focused on the sensitive detection and sorting of single LacZ expressing cells using now 

cytometry [4, 5] or on the detection of B-galactosidase in lysates [6, 7}, The detection of 

LacZ-marked cells in vivo is so far almost exclusively based on the histochemical detection 

of B-galactosidase expression using X-gal as a substrate [8], These assays rely on visual 

inspection of tbe samples, which is rather time consuming and limits their applicability. 

\Ve repOit here the development of a kinetic B-galactosidase assay using 4-metbylumbellif

eryl-B-D-galactopyranoside (MUG) as a substrate, with which bone maiTOW samples can be 

assayed for tbe presence of LacZ-marked leukemic cells. \Vhen detecting E. coli B-galactosi

dase activity in mammalian tissue samples, tbe detection sensitivity is limited by the presence 

of considerable amounts of endogenous lysosomal B-galactosidase, Several authors, each 

describing the characterization of a specific 6-galactosidase enzyme, have reported comp

ounds that suppress the respective enzyme [9J, We have compared a number of these comp

ounds for their ability to selectively suppress rat lysosomal B-galactosidase vs. E, coli B

galactosidase. None of these compounds showed such an effect. Hmvever, we did find that 

product inhibition by D-galactose can cause a sLxfold differential suppression of lysosomal 6-

galactosidase vs. E, coli B-galactosidase. Using our optimized assay ,ve can detect 400 

LT12NL15 cells in the presence of 5x106 normal bone marrow cells, the standard sample size 

used in the assay. Tllis implies a lower detection limit of one leukemic cell per 104 normal 

cells, 

Materials and methods 

Animals 

Brown Norway rats from the BNlBiRij strain were bred at the Medical Biological Laboratory 

TNO, Rijswijk, The Netherlands. LTI2 and LTl2NLIS cells were cultured in a-MEM sup

plemented with 10% fetal calf serum (Gibco, Breda, The Netherlands). LTI2NL15 cells were 

used as a SOlIrce of E. coli B-galactosidase, 4-Methylumbelliferyl-B-D-galactopyranoside and 

4-methylumbe1liferon (4-MU) were purchased from Molecular Probes (Eugene, OR), D

galactose, dithionitrobenzene, D-galactonic acid, D-galactal and Triton-X-IOO were purcha

sed from Sigma (St. Louis, MO), Fluorescence was measured with a Perkin Elmer LS50 fluo

I1meter (Perkin Elmer, Beaconsfield, UK). Excitation was set to 365 Hm, bandwidth 15 Ill1; 

emission was set to 440 Hm, bandwidth 5 Hm, 

4~l\tIU Fluorescence "s. pH 

4-:MU was dissolved in DMSO at a concentration of 1 mg/mL Of this solution 20 J1L was 

mixed with 2 ml of either citrate buffered saline (CB; 100 mM sodium citrate, 0,9 % NaCl), 

phosphate buffered saline (PB; 100 mM sodium phosphate, 0.9 % NaCI) or Tris buffered 
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Figure 5.1 Effect of pH on fluorescence efficienc), of 10 llg/m14-methylumbelliferon. Triangles: cilmte buffcRXI saline; 

squares: phosphate buffered saline; circles: Tris buffered saline. 

saline (TB; 100 mM Tris-HCI, 0.9 % NaCI) covering a pH range of 4.9 to 9.3. The fluores

cence intensity of the 4-MU was measured as a function of the pH. 

Bone marrow cells 

Rats were killed using carbon dioxide and femora were taken out and kept on icc. Bone mar

row suspensions were prepared by flushing the femora with ice cold PBS (PBS; 12.7 mM 

sodium phosphate, 0.82 % NaCI, pH 7.4). To remove red blood cells the samples were mixed 

with an equal volume of ice cold elythrocyte lysis buffer and incubated for 10 minutes 011 ice. 

Subsequently, the cells were washed three times with PBS. Composition of the erythrocyte 

lysis buffer: 155 mM NH4CI, 11.9 mM NaHC03, 0.1 mM EDTA, pH 7.4. After removal of 

red blood cells bone malTow samples were washed in PBS. 

Lysates 

Lysates were prepared by resuspending the cells in 0.1% TIitol1-X-lOO in water, in a volume 

corresponding to 5xl07 cells/ml. This \vas followed by vigorous stirring for I minute. 

Finally, the lysates were centrifuged for 15 minutes at 1500 g to remove pm1iculate matter. 
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MUG-assay 

MUG was dissolved in DMSO at a concentration of 50 mM. Of tltis:MUG solution 20 III was 

pipetted into a quartz cuvette, and reaction buffer and cell lysate were added to a fmat volume 

of 2 mI. Reaction buffer was 100 mM Tris-Hel of varying pH, containing 2 mNI MgC12 and 

containing variable concentrations of D-galactose. After thorough mixing, the increase of 

fluorescence intensity was recorded for 60 seconds. The fluorescence intensity increase rate 

(FIR) ,vas calculated by linear regression analysis of the fluorescence intensity vs. time curve 

and taken as a measure of B-galactosidase activity, expressed as arbitrary units (a. n.). 

Inhibitors 

Dithionitrobenzenc, galacla!, D-galactoruc acid, and D-galactose were explored for their 

potential use as selective inhibitors of lysosomal B-galactosidase activity. Concentrations 

were used tbat were stated in the literature to be eiTective in suppressing the respective J3-

galactosidase [9]. In addition, product inhibition by D-galactose was tested for its differential 

effect on E. coli B-galactosidase vs. lysosomal B-galactosidase. The compounds were tested in 
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Figure S.2 Effect of pH on fluore,~ccnce incre;lSe rate (FIR) of Iysates from lxlcrt LTl2NL15 cells. Squares: with the 
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our kinetic MUG assay, using PBS as reaction buffer and Iysatcs from Sx 106 nonnal bone 

marrow cells and from 105 LacZ marked cells as enzyme sources. 

Results 

Determination of optimum pH 

In endpoint MUG assays the reaction is stopped by shifting the pH of the reaction mixture to 

pH 12. This denatures the enzyme and increases the fluorescence efficiency of 4-MU, the 

fluorescent reaction product of MUG. A real time kinctic assay must be pelformed at pbysio

logical pH values. The optimum pH of E. coli B-galactosidase is at pH 7.0. The optimum 

fluorescence efficiency of 4-.MU is at pH values above pH 9.4. (Figure 5. t). Therefore, in a 

kinetic MUG assay the observed increase of fluorescence intensity is a resultant of decreasing 

enzyme activity at basic pH values, and of increasing fluorescence efficiency of 4-:MU. The 

combination of these effects led to an optimum pH for performing the assay at pH 8.0. 

(Figure 5.2, open circles). 

Suppression of background activity 

Lysates from 5xl06 bone marrow cells from healthy control rats show considerable backg

round activity due to the presence of an endogenous B-galactosidase in the lysosomes. Fiering 

et a!. [4] reported 011 the use of chloroquine for the suppression of endogenous B-galactosida

se activity. Chloroquine is accumulated in intact lysosomes, which raises the intralysosomal 

pH and thereby reduces lysosomal B-galactosidase activity. Obviously, this works only in 

+12.5 mM D-galactose 

+250 J.lM dithionitrobenzene 

+250 J.lM D-galactonic acid 

+250 ~IM galactal N.D. 

Controls 

0.0 0.2 0.4 0.6 0.8 1.0 

FIR (a. U., normalized) 

.Figure 5.3 E.xploring the suppressive ctlc-ct of galactose derivative.s on mt bone marrow (light grey) and E. coli (dark 

grey) /3-galactosidase activity. Mca~urement<; were done in duplicate. Bars express percentage of respective control. 

Error bars represent standard deviation of triplicate measurements. 
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intact cells. In order to Hnd a way to selectively suppress background B-galactosidase activity 

in lysates, we tested a number of substances that were reported as inhibitors of specific 13-

galactosidases [9]. Of the substances tested (Figure 5.3), galactaI showed only a minor sup

pression of lysosomal B-galactosidasc and was therefore not tested with E. coli l3-galactosida

se. Dithionitrobenzene and D-galactonic acid had their strongest suppressive effect on the E. 

coli B-galactosidase. Only D-galactose was seen to selectively suppress endogenous l3-gaIac

tosidase activity. In a dose ranging experiment it was shown that a concentration of 100 1111v1 

D-galactose led to an almost saturated suppression of background activity (Figure 5.4). This 

concentration was used in all further experiments. 

Combined effect of D-galactose and pH 

To investigate whether the use of D-galactose might have an influence on the optimum pH of 

the kinetic :MUG assay, the pH was varied in the presence and in the absence of 100 mlvl D

galactose in the measurement of background activity (Figure 5.5) and in the measurement of 

E. coli B-galactosidase activity from LTl2NLl5 cells (Figure 5.2). In the presence of 100 mM 

D-galactose the activity of lysosomal B-galactosidase was suppressed to a velY low level, 

independent of the pH. The suppression factor at pH 8.0 was 31.6. 
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Figure 5.4 Dose-effect relatiollship between D-galactose and fluorescence intensity increa~e rate (FIR) of Iysate,~ from 

5xl06 llonna} bone marrow cells. Error bars repre.sent standard deviation of triplicate measurement'>. 
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The optimum pH of E. coli B-galactosidase was still at pH 7.5-8.0, and was similarly to that 

of lysosomal B-galactosidasc, less pH sensitive in the presence of D-galactose. At pH 8.0 we 

measured a 4.7-fold suppression of E. coli B-galactosidase activity. Thus, the use of 100 mM 

D-galactose led to a 6.7-fold dWerential suppression of lysosomal B-galactosidasc activity vs. 

E. coli B-galactosidase activity. 

Determining the dctcctiolllcvel 

After determining the optimulll assay conditions we determined the lower detection level of 

LTl2NLlS cells in lysates from Sxl06 normal bone lllalTOW cells (Figure 5.6). \Vhen the 

lysate from 400 LT12NL15 cells was added, the FIR was raised to twice the background 

level, which is generally considered to be the lowest signit1cant level in an assay. Above 400 

LTl2NL15 cells, the FIR ,vas seen to increase linearly along with the number of cells added. 

Therefore, the lower detection limit of the assay was at 400 LT12NL15 cells in a background 

of Sxl06 bone marrow cells. 
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Discussion 

The therapeutic regimens that are tested in the BNML model have a strong, but variable inf

luence on the cellular composition of the bone man'ow. Some of these treatments, such as 

total body inadiation, are known to induce strong autofluorescence in bone marrow cells. 

Therefore, we chose to develop a kinetic assay, in which the initial background fluorescence 

in the samples does not influence the measurements. \Ve used MUG as a substrate, because 

fluorimcttic MUG assays are generally more sensitive than colorimetric assays using o-nit

rophenyl-B-D-galactopyranoside (ONPG) as a substrate. In order to optimize our assay, we 

Hrst had to assess the effect of pH, because the pH influences three major components of the 

assay system: 4-MU fluorescence efficiency (Figure 5.1), lysosomal l3-galactosidase activity 

and E. coli il-galactosidase activity. Figure 5.2 shows that the optimum pH for measuring E. 

coli B-galactosidase activity alone is at pH 8.0, as a result of the combined effect of decre

asing enzyme activity above its optimum pH of 7 and the increasing fluorescence efficiency 

of 4-MU. Surprisingly, lysosomal B-galactosidase activity is measured most efficiently at pH 

8.5. Tills is probably due to the fact that so far above its activity optimum (pH 4.5), the activi-

Ic::-::-:::-::-::-:::=-::-::-:::-::-:::=-:=-::-::-:::-:::=-:=-::-:::-::::-:::-::-=-::-=-:=-::-:::-::-:::=-:=-::-:::-::::-:::-::-::-==;-:;:z~::=: 
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Figure 5.6 Delemlining the lower detection limit ofLTl2NLl5 cells in a background of 5xlcr nomlUi bone marro\v 

cells. Error bars represent standard deviation of triplicate measurements. 
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ty of the lysosomal enzyme only slightly decreases with a lise in pH, whereas the fluorescen

ce vs. pH curve of 4-MU increases rather steeply at pH 8-9. 

The sensitivity of a detection method is determined by the level of back~round activity. 

Suppression of background is therefore crucial to achieve improved detection sensitivity. 

Young et a1. [10] described the use of heat treatment for the suppression of endogenous B

galactosidase activity in eukaryotic cell lines. Lysates of LTI2NLl5 cel1s, our LacZ expres

sing cell line, shmved strong reduction of activity after 60' incubation at 50° C. This heat 

lability could be caused by the truncation of the first eight carboxy-terminal amino acids from 

the B-galactosidase produced by the marker gene [II] in comparison to purified bacterial 

enzyme. The endogenous B-galactosidase activity in bone marrow lysate was only slightly 

reduced by the heat treament. Thus, in our system heat treatment did not result in background 

reduction (results not shown). Therefore, several substances that were reported in the literatu

re as inhibitors of B-galactosidase activity were tested for their applicability as selective sup

pressors of lysosomal B-galactosidase activity. Apart from D-galactose, all the compounds 

that were tested were more effective in suppressing LacZ activity or did not have any consi

derable effect at all. Only D-galactose was seen to inhibit lysosomal B-galactosidase activity 

more than LacZ activity. After selecting 100 mM D-galactose as the standard concentration to 

work \vith (Figure 5.4), we verified that the optimum pH for performing the assay in the pre

sellce of D-galactose was still at pH 8.0. At this pH, the addition of 100 mM D-galactose led 

to a 6.7-fold differential suppression of lysosomal B-galactosidase activity. 

After optimizing the assay conditions, we determined the detection limit of our assay by 

mixing lysates of varying numbers of LT12NL15 cells with lysates of a fixed number of 

5xlO6 normal bone manow cells. At 400 LT12NL15 cells, the FIR is twice that of backg

round, a level that is generally considered as the lowest detectable. This means that fewer 

than 500 leukemic cells per 5xl06 normal bone marrow cells can be detected with this assay. 

This may not seem very sensitive when compared to, for example, the luminometric At\1PGD 

assay desctibed by Jain and Magrath [6], wWch can detect the B-galactosidase activity of a 

single LacZ expressing cell. However, this assay, as indeed most assays described, was only 

optimized for measuring E. coli B-galactosidase expression in cen lines, not for large tissue 

samples containing a large amount of endogenous lysosomal background activity. \Vhen com

pared to other assays for the detection of rare leukemic celis, our MUG assay shows compa

rable or better sensitivity than other assays such as antibody staining and agar culture assays 

[1], and is less time consllming. 

The use of D-galactose for the differential suppression of background activity may be gene

rally useful in all LacZ assays to increase detection sensitivity, not only in rat cells, but also in 

human and murine systems, where it has a comparable effect on background activity (data not 

shown). In Wstochemical staining assays using X-gal as a substrate for B-galactosidase, D

galactose can prevent background containing cells from developing a "threshold" amount of 

staining, making such assays free of any background problems, so that every stained cell can 
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be positively identified as a cell expressing the LacZ gene (data not shown). 

In conclusion, \ve have optimized a kinetic fluorimetric assay for the detection of LacZ-mar

ked leukemic cells in the presence of large numbers of normal bone marrow cells. The assay 

was optimized by carefully defming the optimum pH of the assay and by using D-galactose, 

which causes a 6.7-fold differential suppression of mammalian lysosomal B galactosidase 

activity. This led to a detection sensitivity of 1 leukemic cell per 104 normal bone marrow 

cells. 
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Chapter 6 

Monitoring of leukemia growth using a highly sensitive 
assay for the detection of LacZ marked leukemic cells 

Abstract 

A very sensitive assay for the detection of LacZ marked cells of an in vitro growing sublinc 

of the Brown Norway Rat Myelocytic Leukemia (BNM:L) model was developed. By combi

ning cytochemical X-gal staining with D-galactose mediated suppression of endogenous 

background B-galactosidase activity, a detection sensitivity of I leukemic cell per 108 110nnal 

bone marrow cells could be achieved. A detailed analysis of tbe in vivo growth pattern and 

kinetics of this cell line is presented. Also, it is shown that after cyclophosphamide treatment 

of leukemic rats no leukemic colonies arc formed in an agar-colony assay, whereas the leuke

mic cells remain detectable in the bone marrow for a considerable time period. Eventually, 

however, all leukemic cells disappear from the marrow. These findings are discussed in the 

light of prolonged detection of rare leukemic cells in patients in continuing remission. 

Intl'oduction 

Cytostatic drug treatment of leukemia patients leads in many cases to the induction of a COIll

plete remission, during which no leukemic cells can be detected by microscopic evaluation of 

blood or bone matTOW smears. A significant proportion of these patients are then in a state of 

minimal residual disease UvlRD), \vhich implies that during their remission period these 

patients have low numbers of surviving leukemic cells. Many patients will eventually develop 

a leukemia relapse due to the proliferation of the residual leukemic cells. Considerable effOlt 

is invested into the detection and quantification of .MRD, because tWs can be considered as 

one of the keys to further improvement of leukemia therapy, especially for those cases where 

bone malTOW transplantation is not an option. 

ImmunologicaUy- and polymerase chain reaction (pCR)-based detection systems have been 

developed that are able to routinely detect leukemic cells with a sensitivity of I per 105 nor

mal matTOW or blood cells [1-5]. The relevance of such sensitive detection is however not 

clear. There does not seem to be conclusive evidence that positive detection of the presence 

of leukemic cells or, more accurately, the presence of DNA sequences specific for leukemic 

cells, is always indicative of an imminent leukemia relapse. So far, clinicians are not inclined 

to start cytostatic treatment based on positive.MRD test results. 

118 



Martens et ai. [6] have performed MRD studies in the BNML model, an animal model for 

human acute myelocytic leukemia (AML). They showed that MRD detection can give unre

liable results due to focal regrowth of leukemic cells, which leads to serious sampling en·ors. 

It has also been shmvn that the kinetics of :MRD differs from that of overt leukemia. 

Extrapolation of the growth curves of leukemic cells fr~m animals suffering late relapses 

after cytostatic drug treatment shmved that the cells causing the eventual relapse had been in 

a non-dividing state for prolonged periods of time f7, 8]. 

In order to pursue these studies in greater detail and to elucidate the role of localization of 

MRD, LT 12 cells, an in vitro growing sub line of the in vivo growing BNML model, were 

genetically modified llSing a retroviral vector [9]. The resulting subline, LTI2NLI5, expres

ses high levels of E. coli B-galactosidase (LacZ) in every individual cell, which serves as a 

genetic enzyme marker for the detection of these leukemic cells. In this paper the stich.,}' plate 

assay is described, wWeh is based 011 a cytochemical staining procedure using 5-bromo-4-

chloro-3 indolyl-B-D-galactopyranoside (X-gal) as a substrate, in combination with D-galac

lose mediated suppression of endogenous B-galaetosidase activity in Bonnal cells [10]. \Vith 

this assay MRD detection at a sensitivity of 1 per 108 can be acWeved. Using this assay, it 

was shown that after leukemia treatment (lOa mglkg cyclophosphamide) which resulted in 

cure from the disease, leukemic cells remain detectable in the bone man-mv of the animals for 

prolonged periods, but eventually disappear. In parallel, a functional agar culture assay 
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shmved that as early as 24 h after cytostatic drug treatment the LT12NLl5 cells whose pre

sence was easily detected with the sticky plate assay were no longer able to form colonies ill 

vitro. 

Materials and methods 

Animals 

Brown Nonvay (BN) rats from the BNlBiRij strain were bred at the Medical Biological 

Laboratory TNO, Rijswijk, The Netherlands. LTl2 and LTl2NLl5 cells were culnlred in 

Alpha Modification of Eagle's Medium (a-11EM) supplemented with 10% fetal calf serum 

(Gibco, Breda, The Netherlands). 

Cytostatic drug treatment 

Rats received 100 mglkg cyclophosphamide intrapetitoneally by injection of a solution of 20 

mg/ml cyclophosphamide (Sigma Chemie, Bomem, Belgium) in Phosphate Buffered Saline 

(PBS ). 

Cell suspensions 

In the experiments where peripheral blood was assayed for the presence of leukemic cells the 

animals were anesthetised using ethel". All the pelipherai blood was drawn through the aorta, 

using heparin to prevent clotting. Femora, spleens, lungs, livers and thymuses were then 

taken out and kept on ice. Bone malTOW suspensions 'vere prepared by flushing the femora 

with ice cold Hanks' Buffered Salts Solution (HBSS; Gibco) using a 22 gauge injection need

le. After flushing the ceUs were passed through a 30 11m nylon gauze. 

Spleen, lung and thymus cell suspensions were made by mincing the spleens or known frac

tions of spleens with a pair of scissors, whereupon the cells were passed through a 30 J.un 

nylon gauze. From spleen, 1ung and bone marrow cell suspensions the erythrocytes were 

removed by mixing the samples with an equal volume of ice cold erythrocyte lysis buffer and 

incubating for 10 min on ice. Subsequently, the cells were ,vashed tiuee times ,vith PBS. 

Composition of the erythrocyte lysis buffer: 155 mM NH4CI, 11.9 ruM NaHC03, 0.1 mM 

EDTA, pH 7.4. After removal of red blood cells bone marrow samples were washed twice in 

HBSS. Cellioss was assessed by counting nucleated cells before and after the lysis procedu

re. 

Liver cell sllspensions were prepared using the same method of mincing and filtering. To 

remove hepatocytes from the suspensions the cells were loaded on LSM (Lymphocyte 

Separation Medium; Organon Teknika, Boxtel, The Netherlands) and centrifuged for 15 min 

at 1500 g. Non-hepatocytes were collected from the BufferlLSM interface and washed twice 

in HBSS. Tilis procedure results in separation of hepatocytes and debtis from other cells COll-

120 



tained in the liver, largely cells from the blood Hawing through the liver and leukemic cells 

[11]. This separation step was applied because hepatocytes and debris interfere with micro

scopic examination in the sticky plate assay. 

Cell so!'ting 

Using the custom-built RELACS II cell sorter [12] known numbers ofLTl2NL15 cells were 

sorted to prepare artificial mixtures of LT12NL15 celIs with n01'mal bone malTOW cells. 

Sorting and re-analysis experiments showed that pre-set cell numbers were sorted with an 

accuracy of 98% (not shown). 

Agar culture assay 

An agar culture assay of LT12NL15 cells was performed by plating series of 106-105-104 

cells in 1 ml culhlres using 3 em polystyrene petri dishes. The semi-solid culture medium was 

based on Dulbecco's Modification of Eagle's .Medium (DMEM; Gibco) and contained 20% 

Fetal Calf Serum (FCS), 0.03% glutamine, I nllYI sodium pyruvate, 50 11M B-mercaptoet-
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hanoi, 100 IV/ml of penicillin, 100 fig/mI streptomycin and 6 mg/ml agar (Bacto-Agar, Difco 

Laboratories, Detroit, MI), Cultures were kept for 7-10 days in a humidified atmosphere at 

3T C and 10% CO2, No growth factors were added. Under these conditions only leukemic 

colonies develop in the cultures. This was vctified by adding to each culture dish 1 ill1 of a 

standard X-gal staining solution (Molecular Probes, Eugene, OR, USA), consisting of 50 

fig/ml X-gal, 5 mM K4[Fe(CN6)], 5 mM K3[Fc(CN6)] and 10 mM MgCI2 dissolved in PBS 

[13], After staining overnight at 3T C the blue colonies were counted. No white colonies 

were observed. 

Sticky plate assay 

Into each well of flat bottom polystyrene 96-well plates 100 frL of poly-L-Iysine 70.000-

150.000 molecular weight (Sigma Chemic) dissolved in distilled water was pipettcd. These 

wells were incubated for at least 30 min at 4° C. Subsequently, the ,velIs were washed three 

times with PBS. Then 5x 105 cells in a maximum volume of 100 pL were pi petted into the 
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wells. At this cell number the bottoms of the wells become evenly covered with cells. The 

plates were then centrifuged for 5 min at 400 g, 4° C. After centrifugation the plates were 

placed on ice and 100 JlL of a solution containing PBS and 2% p,mlfonnaldehyde and 0.2% 

glutaraldehyde was carefully added to the wells. After a 5-min £i.xation period the plates were 

carefully inverted and the supernatant was removed by gentle tlicking with the plate. The 

wells were then washed three times with PBS. The plates had to be handled very carefully to 

prevent cell loss. Cell loss can be seen as areas in the plate ,vere there is no uniform coverage 

with cells. Quantitative assessment of cell loss during the procedure (counting of cells in the 

washing fluids) shmved a cell loss factor of 0.5-5 % (not shown). After washing the wells 

were filled with 100 !JL of an X-gal solution as described above, with the addition of 100 

mg/ml D-galactose. This serves as a specific suppressor of background staining [10], The pla

tes were then placed overnight at 37" C. After overnight staining 100 JlL of the fixative solu

tion was added and the plates were sealed with seilotape and kept at 4° C until microscopic 

evaluation of the numbers of blue stained ceils in the wells .. Microscopic examination was 
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done on an Olympus inverted microscope, llsing 20x magnification. \Vells containing up to 

200 LT12NL15 cells were counted completely. \Vells containing higher numbers of blue cells 

were evaluated using an eyepiece grid to take optical samples. The number of cells per well 

was then calculated using a con'ection factor for the fraction of the ,veIl's sUlface that was 

optically sampled. In the Figures total numbers of LT12NL15 cells per organ are presented, 

which were calculated by extrapolating the number of blue cells in the analyzed sample to the 

number of blue cells in the total organ. 

Experimental designs 

First it was shown that the sticky plate assay yields reliable counts ofLT12NL15 cells in arti

ficial mixtures with normal bone malTOW ceIIs. Subsequently, the assay was used for a detail

ed analysis of the growth pattern of LT12NL15. Finally, the results of an agar culture assay 

,vere compared to the results of the sticky plate assay to analyze the kinetics of LT12NL15 

leukemia after remission-induction therapy. 
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Results 

Sticky plate assays of exactly known numbers of LTI2NL15 cells (flow sorting) mixed with 

5xl05 nannal bone man"ow cells shmved a linear relationship between the number of cells 

expected per well and the number of cells. observed (Figure 6.1). The observed numbers are 

slightly lower than expected, reflecting cell loss of 0.5-5% during the wash steps (data not 

shown), 

The sticky plate assay was used to study the homing behaviour and the in vivo growth pattcm 

of LTl2NL15 ceils, Rats were injected with ]06 LTl2NL15 cells and on consecutive days 

animals were sacrificed and peripheral blood, bone marrow, spleen, lungs, liver and thymus 

were examined for the presence of LTl2NLl5 cells using the sticky plate assay. Organ 

weights (liver, spleen) and total numbers of nucleated cells per organ were also determined. 

Figure 6.2 shows that 3 h after injection the leukemic cells are well above the detection limit 

in the peripheral blood of the animals. Then the number rapidly declines to below the detec

tion level on day 3 after injection. As time progresses, the leukemic cell numbers in the perip

heral blood remain very low, and show considerable variation. Only towards the terminal 

stage, which is accompanied by hind leg paralysis around day 21, the numbers in the pelip

heral blood increase sharply. A nearly identical pattern is observed in the lungs of these ani

mals (Figure 6.3). In the thymus (Figure 6.4) the leukemic cell numbers remain very low 

throughout the entire development of the leukemia in the animals. 

In the spleens (Figure 6.5A) again, a steep decrease of leukemic cell numbers from 3 h after 
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injection to day 3 after injection is observed, followed by an exponential increase between 

day 7 and day 18 (Population doubling time (Td) ~ 39.3±1.7 h, R2 ~ 0.90), culminating in a 

sharp increase between day 18 and 21. The slow exponential increase in leukemic cell num

bers is accompanied by a gradual increase in spleen weight, as shown in Figure 6.5B. 

Figure 6.6A shows that in the liver there is again a decrease of the number of LTI2NL 15 cells 

between day 0 and day 3, but the number does not decrease below the detection level. From 

day 3 ollward, the number of leukemic cells in the liver increases exponentially with time (T d 

~ 24.S±1 h, R2~ 0.93). On day 21 the total liver LTl2NLlS cell number amounts to only 106 

cells, which is too low to lead to a signiticant increase in liver \veight (Figure 6.6B). 

In the bone matTOW (Figure 6.7), as in all other compartments, a decrease in leukemic cell 

numbers is observed during the initial phase. A nadir is already reached 24 h after injection. 

From day 3 after injection onwards, the leukemia growth in the femora can be describ~d by 

fitting the data points to a growth curve that consists of an exponential curve contiguous to a 

Gompertz curve, as used by Schultz et al. [14] to describe the growth ofBNtvlL cells in vivo. 
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The popUlation doubling time during the exponential phase is 16.2±0.2 h (R2= 0.99), and the 

time of exponential to Gompertzian growth transition (Tg) is at 10.4 days (Figure 6.7). This 

cOlTesponds with the in vitro doubling time ofLT12NL15 cells (l5.8±0.2 h, data not shown). 

Taking the starting point of exponential growth at day 3, extrapolation of the exponential part 

of the growth curve to the time of injection shows that an average of 145 cells effectively 

homed to the femoral bone marrow. Assuming that one femur contains 2.59% [15] of the total 

bone marrow, this means that only around 5.6xl03 cells out of 106 injected homed effectively 

and started to grow, corresponding to I per 179 cens. 

In another experiment the stid_,)' plate assay was used to monitor thc leukemic cell population 

of rats that received remission-induction therapy of 100 mg/kg cyclophosphamide (Lp.) on 

day 11 after the injection of 6xl05 LT12NL15 cells. These results were compared to the 

results of the agar culture assay. As shmvn in Figure 6.8, the the curves for both assays are 

closely parallel until day 11. This indicates that both assays con-elate quite well. The colony 

assay yiclds lower absolute numbers of cells in the fcmur, which indicates that the plating 

efficiency of the agar culture assay is only 1-10%. As of day 12 an extreme differcnce in the 

two curves is observed: in the agar culture assay no more clonogenic cells were detected, 

whereas the sticky plate assay curve showed tbat readily detectable numbers of leukemic cells 

persisted in the animals for a prolonged time period of 16 days, after which the numbers dis

appeared below the detection level. 1\vo animals survived for more than six months after trc

atment without any sign of relapsc, indicating that the treatment rcsulted in cure from leuke

mia. 
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Discussion 

X-gal staining of LT12NL15 cells consistently results in intense blue staining in morc than 

99% of the cells. Furthermore, X-gal staining of agar cultures of LT12NL15 shows 100% 

blue colonies [9]. This indicates that the cells of this LT12 subc10ne constitutively express 

high levels of E. coli B-galactosidase in every individual cell. To develop a highly sensitive 

!vIRD-assay using the genetic nuuker of these ceBs, the sticky platc assay was developed. The 

addition of 100 mM galactose in the X-gal staining solution leads to selective suppression of 

this endogenous B-galactosidase. as shown by Hendrikx et al. [10], This suppression is so 

effective that in two sticky plate assays of each 108 normal rat bone marrow cells no blue 

cells were observed. By inference, this leads to a theoretical lower detection threshold of I 

leukemic cell per 108 normal cells. Without galactose suppression a background of blue stai

ning normal cens is observed at a frequency of I per 104. 

Figure 6.1 shows that there is a good cOl1"elation between expected vs. observed LT12NL15 
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cells, even when optical sampling is used to extend the dynamic range of the assay to fre

quencies Wgher than 1 leukemic per 2.5x 1 03 nOlmal cells. Therefore, the sticky plate assay in 

combination with LacZ-marked cells offers sufficient sensitivity and dynamic range to make 

monitOling of leukemia in vivo feasible from the time of injection of the cells to the terminal 

stage. 

The sticky plate assay \vas first used to characterize the growth kinetics of LT12NL15 cells in 

vivo. Previous experiments have shown that the in vivo growth pattern of LT12 sublines 

show considerable variation, so that each subline has to be characterized separately [9]. 

As seen in Figures 3 and 4, only very low numbers of LTl2NL15 cells arc detected in the 

lungs and in the peripheral blood during the early stage of the disease. The sharp increase in 

leukemic cell numbers during the terminal phase does not originate from the increased num

ber of leukemic cells in the blood, since the number of leukemic cells in the lungs is greater 

than the number found in the total obtained peripheral blood (ca 5 ml). The blood-free wet 

lung weight of rats is approximately 0.8 g [16}, and the lung weights of the animals in our 

experiments averaged 1.6±0.2 g (s.d.), so the average blood content was approximately 0.8 

ml. The leukemic cells in the lung are probably located within the lung tissue, or, altemative

ly, the relatively large LTl2NL15 cells are trapped in the lung capillaries. The slow increase 

during the first phase of the disease indicates that lungs do not supp0l1 growth of tbe leuke

mic cells. The very low numbers of leukemic cells in the thymus throughout the course of the 

disease may also indicate non-specific trapping of cells. 

The fact that the leukemic cell number in the femora remains stable or declines during the 

first 3 days after injection implies that during this phase the leukemic cell population dyna

mics is the resultant of the decline of cells that do not home effectively and of the exponential 

growth of cells that do reach a site in the bone marrow that supports their growth. From day 3 

onwards all the non-homed cells have disappeared, and exponential growth is observed, Tilis 

is followed by a third phase where the growth fraction of the leukenlic cell population decrea

ses, possibly because the bone marrow cavity is completely filled with cells. Through 

ongoing proliferation cells are forced to leave the bone malTO\v and they invade other organs. 

In tWs phase the femoral growth curve follows a Gompel1z growth curve, the result of the 

release of cells into the circulation, the decrease of the growth fraction of the population and 

of cell loss through cell death [14]. Finally a plateau in the number of leukemic cells in the 

femur is reached. 

The population doubling time in the spleen is 39.3 h (Figure 6.5A), which is much longer 

than the in vitro doubling time or the doubling time in bone malTOW or liver. This indicates 

that either the spleen presents a much less favorable environment for the growth of 

LT12NLl5 cells, or that cells emigrate from the spleen to the peripheral blood and hence to 

other organs. The steep increase in splenic LT12NL15 numbers indicates that nligration 

between compartments does playa role in the spleen, but it is contradictory to the possibility 

of emigration. Therefore, it seems plausible to conclude that the spleen does not provide a 
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represent results from different animals. Lines connect u\-erage values. 

favorable envi.rorlllent to sustain the grmvth of LT12NL15 cells. ll1is is in agreement with 

the prolonged period of decline of leukemic cells which is observed during the initial phase. 

In the liver exponential growth takes place, commencing betwecn day 3 and day 10. Again 

the growth rate is lower than in the bone mal1'OW, but at the tenninal phase no saturation is 

observed. This shO\vs that the liver can support the grmvth of LT12NL15 cells, though not as 

well as the bone mmTOW, and that inter-organ migration plays only a minor role in the leuke

mic population dynamics in the liver. 

Only one per 179 cells homed effectively to the bone man"ow and started to grow. Tilis is in 

the same order as the ED50 value for LTl 2NLl 5 (2S3±6J cells). This means that LTI2NLlS 

cells show much less effective homing than BN1vIL cells, which have an EDso value of 25 

cells [17], Extrapolation of the exponential curve fit to day 0 shows that even though conside

rable numbers of LT12NL15 cells are found in the splecn soon after injection, only a very 

low number of leukemic cells actually start to grow in the spleen. The steep increase during 

the terminal phase probably reflects the sieving function of the splccn, comparable to the 
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lung-trapping hypothesis. A similar phenomenon can be observed in the liver. Therefore, it 

seems unlikely that there are specific homing receptors for LTI2NLl5 cells in the spleen or 

in the liver. Altogether these data indicate that homing of LT12NL15 cells is very ineffective, 

and may therefore be mediated by non-specific trapping in the capillaries of the organs. 

Comparison of sticky plate analysis and agar culturing shows that after cyclophosphamide 

treatment no clonogenic leukemic cells could be detected anymore in the agar culturing assay. 

Together with the survival of rats for more than six months without showing signs of relapse, 

this indicates that the treatment was sufficiently effective to eradicate all leukemic cells. The 

sticky plate results show that leukemic cells do remain detectable for a prolonged period of 

16 days after treatment before decreasing to below the detection level. This means that MRD 

detection based on the mere presence of cells of leukemic origin is not necessarily relevant. 

Only a functional assay, i.e. a clonogenic assay, or detection of increasing numbers of leuke

mic cells in a "non-functional" assay is indicative of a relapse. Also, our results show that 

when a cure is achieved in this model, the number of leukemic cells steadily decreases to 

below the detection level. This suggests that the prolonged presence of cells of leukemic Oli

gin which is often observed in leukemia patients [18] lIlay be caused by low level proliferati

ve activity of very small numbers of leukemic stem cells [19]. It could be speculated that 

these cells are localized in body compartments which sustain only slow proliferation rates of 

these cells. \Vhen during this slow proliferation a leukemic stem cell would self-rencw and 

produce a new leukemic stem cell that is released into the circulation and homes to a COI11-

partment where leukemia growth is better supported, then this leukemic stem cell could start 

a chain reaction of rapid proliferation, which would lead to higher production of new leuke

mic stem cells \vhich in turn would proliferate, finally resulting in a leukemia relapse. This 

model could serve as a possible explanation for the occun'ence of late relapses in leukemia, 

which are often preceded by prolonged periods during which low numbers of leukemic cells 

can be detected in bone marrow and peripheral blood of patients [18]. 

Our results indicate that the sticky plate assay is a very sensitive assay for the detection of 

LacZ marked cells. This assay may be used to study the OCCUl1'ence of late relapses as obser

ved after high-dose anti-leukemia treatment. Also, it will be applied to the study of the beha

vior of leukemic cells in a model of autologous bone malTOW transplantation where the graft 

contains low numbers of leukemic cells, a situation which often occurs in the clinic {20]. 

Because of its exquisite sensitivity, tlus assay may also prove useful for detecting and deter

mining the fate of very low numbers of LacZ labeled cells in gene therapy protocols. 
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Chapter 7 

LacZ staining in paraffin embedded tissue sections 

Abstract 

Femora and tibiae of rats carrying leukemia from a LacZ marked acute promyelocytic leuke

mia-derived leukemic cel11ine (LT12NLlS) were decalcified using EDTA and routinely 

embedded in paraffin. Sections were used to develop for the first time an immunostaining 

method for LacZ, employing catalysed reporter deposition (CARD) based on the deposition 

of biotinylatcd tyramine. This method is used to study homing and adhesion of leukemic 

cells. 

Introduction 

In acute myelocytic leukemia (AML) infiltration of the bone marrow with leukemic cells is 

accompanied by severe suppression of llormal hematopoiesis, eventually leading to life-thre

atening bleeding problems, recurrent infections and anemia. To investigate whether this sup

pression of normal hematopoiesi,,> i.'\ cau.'\ed by spatial competition between normal hemato

poietic stem cells and leukemic cells, Prins and Van Bekkum [1] injected tritiated thymidine

labeled leukemic cells from the in vivo growing Brown Norway acute Myelocytic Leukemia 

(BNML) cell line, a well characterized model of human AML (reviewed by Martens et aI., 

1990), into rats. It was subsequently observed that these cells were preferentially localized in 

the subcndostcal region of the femoral bone mmTOW, in contrast to L441S cells, a rat model 

for human acute lymphocytic leukemia [1, 3]. This led to the assumption that AML cells spe

cifically compete for space in the bone 111atTo\V compm1ment that is normally occupied by 

immature hemopoietic progenitor cells [4]. To extend the study of the growth pattern and 

localization of acute myelocytic leukemia cells and to elucidate the role of adhesion lllolecu

les in tWs process, a more versatile and pennanent method to lllark leukemic cells was requi

red. 

Genetic marking using the Escherichia coli B-galactosidase gene (LacZ) is a widely used 

method for the identification Hnd localization of transplanted cells in vivo [5]. Retroviral gene 

transfer was used to introduce the LacZ gene into LT12 cells, an in vitro growing derivative 

of the BNML cellline [6]. This resulted in the development of a genetically marked leukemic 

cell line, LTI2NLlS, wWch exhibits stable expression of large amounts of E. coli B-galactosi

dase in the cytoplasm of every cell [7, 8]. These cells were used to set up a sensitive system to 
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study homing and growth of leukemic cells [8]. Here we repOli the development of an immu

nohistochemical staining method for LacZ in paraffin sections of fonnaIin-fixed, decalcified 

tibiae and femora of mts carrying LT12NL15 leukemia. This method allows detailed visuali

zation of genetically marked leukemic cells within the undisturbed spatial context of the bone 

manow and the enclosing bone. This procedure may also be of value to other studies where 

detection of LacZ labeled cells in paraffin sections can offer increased specificity, greater 

convenience and superior tissue preservation compared to frozen sections. 

Materials and Methods 

Cells 

LT12 is an in vitro as well as in vivo growing rat acute promyelocytic leukemia cell line, deri

ved from the in vivo growing BNML ceB line [91, LT 12 cells were genetically marked using a 

retroviral vector containing the LacZ gene, resulting in the subline LT12NL15, Bliefly, LT12 

cells were cocultured with the BAG retrovirus [10] in the presence of polybrenc. After 36 

hours of caculture the cells were placed under G418 selection pressure in an agar culture sys

tem. Ten days later resistant colonies \vere picked and expanded, After extensive in vitro and 

in vivo passaging of the resulting series of sublines the LT12NL15 subline was selected for 

use in further experiments [7]. LT12NLl5 cells were cultured in Alpha Nlodification of 

Eagle's Medium (a-MEM) supplemented with 10% fetal calf serum (Gibco, Breda, The 

Netherlands). 

Animals 

SPF-Quality Brown Norway (BN) rats from the BN/RljHsd strain were purchased from 

Harlan CPB, Inc., Zeist, The Netherlands, Leukemia was induced by injecting LT12NL15 

cells via the lateral tail vein of ether-anesthetized rats, 

Immunological reagents 

The primary antiserum \vas a rabbit antiserum to E, coli B-galactosidase (5-Prime 3-Prime, 

Inc" Boulder, Co.), The secondary antibody was donkey anti rabbit-HRP conjugated, absor

bed for rat, human and mouse (DAR-HRP; Amersham, Arlington Heights, III.). Biotinylated 

tyramine and streptavidin-HRP conjugate \vere as supplied in the Tyramide Signal 

Amplification kit (DuPontlNew England Nuclear, Boston, MA), 

Staining 

Rats were ether-anesthetized and bled through the aorta, Subsequently, femora and tibiae 

were removed, cleaned of muscle tissue and fLxed in 4% buffered parafonnaldehyde for one 

to five weeks, Decalcification was performed for 3 \veeks at room temperature under conti-
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Table 7.1 Selection of epitope unmasking technique for LacZ staining on paraffin sections 

Retrieval solution 

Control 

Microwave treatment in 
0.01 M citric acid. pH 6.0 

Microwave treatment in 
0.01 M citric acid pH 6.0 

Microwave treatment in 
0.01 M NaHCQ3. pH 6.0 

Microwave treatment in 6M 
=> 

DAKO Target Retrieval 
Solution, 96°C 

Pronnse 0.1%.37 °C 

Trypsin 0.1%. 37° 

Time 

4x5 min. 

2x5 min. 

2x5 min. 

2x5 min. 

30 min. 

10 min. 

15 min. 

20 min. 

Smin. 

15 min. 

20 min. 

30 min. 

45 min. 

1 Clone GAL-l3. ascites. Sigma. InC., Bornem. Belgium. 

Effect on 
section 

severe damage 
to &ections 

severe damage 
to sections 

.'.evere dnrnage 
to sections 

sevcre dnrnage 
to sections 

bone removed 

Staining result: 

Mouse MoAb Rat Monb 
(Sigma') (Savelkouls' ) 

no staining no staining 

no staining no staining 

no staining no staining 

no st:rining no staining 

no staining no staining 

vel)' weak staining? N.D. 

no staining N.D. 

very weak staining? I\.D. 

very weak staining? no staining 

no staining no staining 

no staining no staining 

ND. N.D. 

very weak staining? no staining 

very weak staining? N.D. 

Rabbit polyclonal 
(5Prime_3Prime·1 

) 

no staining 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

very weak staining 

N.D. 

weak staining 

N.D. 

clear staining 

zClone GLl13, ascites. See Chatelain etal .. J. Immunol. 148:1182-1187 (1994). Courtesy of Dr. HF Savelkoul, Dept Immunology, Ernsmus University Rotterdam. The Netberlands. 

3 Lot FA 143 A, IgG concentration 4.17 mglml. SPrime-3Prime. Inc .. Boulder. CO. 



nuous stirring in 10% EDTA in distilled water, using sodium hydroxide to raise the pH to 8.0 

in order to increase solubility of the EDTA. After decalcification the bones were dehydrated 

and embedded in paraffin according to standard procedures. Sections were prepared on 

SuperFrost microscope slides (Menzel, Braunschweig, Gennany) coated with 3-aminopropyl

triethoxysilan (Sigma Chemicals, Bornem, Belgium) to improve adhesion of the sections to 

the glass surface. Before staining, the sections were deparaffmized and rehydrated to distilled 

water using a standard graded xylene-ethanol series. Extensive testing of multiple staining 

parameters led to the following reliable staining protocol: 

I. Incubation in 0.1 % trypsin dissolved in PBS, 45 minutes at 37°C. 

2. Rinse three times in phosphate buffered saline solution (PBS). 

3. Blocking of endogenous peroxidase activity in peroxidase blocking solution 

(Kirkegaard and Perry Laboratories, Inc., Gaithersburg, MD), 1: 10 diluted in distilled 

,vater, 5 minutes at room temperature. 

4. Rinse in PBS (3x). 

5. Blocking of non-specific binding sites: 1 hour incubation in blocking buffer at room 

temperature. Blocking buffer consisted of PBS containing 5% fetal calf semm, 5% 

horse semm, 5% goat semm and 10% rat serum and 0.2% Triton-X-I00. 

6. Rinse in PBS (3x). 

7. Ovemight incubation at 4° C with the primmy antisennu. The antisemm was diluted 

1: 100 in blocking buffer containing 0.0002% NaN3. 

8. Rinse in PBS (3x). 

9. Incubation in peroxidase conjugate: DAR-HRP, 1:400 diluted in blocking buffer. One 

hour at room temperature. 

10. Rinse in PBS (3x). 

11. Incubation in biotinylated tyramine, 1: 150 diluted in diluent supplied with amplification 

kit. Ten minutes at room temperature. 

12. Rinse in PBS (3x). 

13. Incubation with streptavidin-HRP, I: 100 in blocking buffer. Thirty Minutes at room 

temperature. 

14. Rinse in PBS (3x). 

15. Develop HRP staining by incubating in 0.75% Diaminobenzidine (DAB; Fluka, Buchs, 

Switzerland) dissolved in PBS, containing 0.03% H20 2. Fifteen minutes at room tem

perature. 

16. Rinse briefly in distilled water 

17. Counterstain in hematoxylin 

18. Rinse briefly in distil1ed water 

19. Dehydrate through an ethanol/xylene series and mount in Entellan (Merck, Darmstadt, 

Germany). 

139 



Table 7.2 Optimization LacZ staining in paraffin sections 
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Results 

Extensive testing resulted in a reliable method to stain LacZ-marked cells in parafftn sections 

of decalcified bones. A 45-minute trypsinization step gave optimal staining results while pre

serving the bone matrix integrity in the sections. Endogenous B-peroxidase was quenched 

using a special peroxidase blocking solution. Background and non-specific staining were 

reduced through the use of fctal calf serum, horse serum and rat serum, as described in mate

rials and methods. To improve the reliability of the staining among different sections a bioti

ne-tyramide amplifications step was introduced. This led to a sensitive and reliable staining 

protocol. 

Figure 7.1A shows a photomicrograph of a tibia of a rat 12 days after injection of 106 

LT12NL15 cells. Quantitative analysis of the bone marrow using the sticky plate assay [8] 

showed that the frequency of leukemic cells in the bone marrow of tWs rat was approximately 

1 per 102 nonnal marrow cells (data not shown). The LacZ expressing leukemic cells can 

easily be recognized by their DAB staining. TIlis Figure shows a representative example of 

the typically observed growth pattern of LTl2NLl5 cells which is characterized by focal 

growth in a loose fonnation, seemingly uncOlll1ected to any structural element of the bone 

malTOW. Figure 7.1B shows an adjacent control section that was stained without the primary 

antibody. Note the absence of any DAB reaction product. Other controls were sections of 

control rats, stained with and without primary antibody. No DAB reaction product was seen 

in these sections (not shown). Figure 7.1 C shows a higher magnification image of LacZ stai

ned LTI2NL15 cells. The DAB reaction product is localized in the cytoplasm of the leukemic 

cells. 

Discussion 

The LacZ gene which encodes for B-galactosidase in Escherichia coli is widely used as a 

genetic marker of cells, as a [epOlier gene in genetic modification experiments and as a repor

ter sequence in the production of fusion proteins. This frequent application is owed to the 

wide range of assays available to detect its activity ttl] and the robustness of the enzyme 

[12]. 

In mammaHan tissues sometimes problems are encountered with background activity from 

val"lolls endogenous B-galactosidases [13]. This problem can to a great extent be alleviated by 

the application of D-galactose in staining solutions, which acts as a differential suppressor of 

background activity [14]. or by using immuuohistochemical procedures [15]. 

Because of the robustness of the enzyme X-gal staining of frozen sections has been the 

method of choice for most localization studies. For the analysis of X-gal localization in bone 

malTOW this is however not a vcry attractive option, since only specialized and time consu-
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Figure 7.1A Low magnification photomicrograph of rat bone marrow in tibia of a rat, five days after injection of uP 
LT2INLl5 cells. Brown DAB reaction product shows LacZ-posilive LTI2NLJ5 cells. Figure 7.m adjacent section, 

stained without primary antibody. Bar represents 50 JlIll. Figure 7.1C high magnification photomicrogrnph ofL1CZ stai

ned LT12NLl5 cells. Bar represents 10 J.lIl1. 

ming methods for the preparation of frozen sections from undecalcified bone have been 

described [16, 17]. Another option is the cold glycol methacrylate embedding method as 

described by Lin et a1. [18], but this requires the use of heavy duty microtomes for sectioning 

hard tissues which are not readily available in CVCIY laboratory. We therefore decided to deve

lop a protocol for staining routine paraffin embedded sections of decalcified bones. Enzyme 

histochemistry is then no longer an option, since the enzyme becomes inactivated in the pro

cess of decalcification and embedding. Several monoclonal and polyclonal antibodies to E. 

cot; B-galactosidase were tested, in conjunction with a range of epitope-unmasking techni-
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ques. Using the 5-Prlme-3Prlme polyclonal rabbit antiserum [15,19] it was shown that trypsi

nization could render the paraft1n sections stainable ''lith a simple procedure, although with 

variable result. Incorporation into the protocol of a biotinylated tyramide-intensification step 

(CARD) [20-22] led to a reliable and reproducible staining procedure. As demonstrated in 

Figure 7.1. tltis method shows unequivocally the focal growth of LTI 2NLl 5 leukemic cells in 

the bone manow. 

\Vhile this method allows for LacZ staining of bone man'ow paraffin sections, its good tissue 

preservation, ease of use, and the absence of background B-galactosidase staining provides 

the perspective of a much wider applicability. Furthennore, this method will bring the use of 

LacZ marking within the scope of clinical studies where bone marrow autografts are geneti

cally marked to study the kinetic and spatial behaviour of transplanted LacZ marked hemo

poietic stem cells and of co-transplanted residual tumour cells [23, 24]. 
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General Discussion 

Homing: time to rethink 

In the bone manow everything seems to stick to almost everything else. A plethora of in 

vitro adhesion studies has shown a vast number of possible adhesion mechanisms between 

hematopoietic stem cells and bone marrow stromal cells, extracellular matrix components and 

bone manow endothelial cells. This indicates that there may be widespread adhesive redun

dancy to safeguard the proper localization and targeting of hematopoietic cells. It call not be 

lUled out, however, that of all the possible adhesion mechanisms identified in different in 

vitro models only few are actually operative in vivo, and only under specific circumstances. 

The importance of homing and adhesion and possible therapeutic implications of new know

ledge on the subject wan·ant further investigation. In view of the need to identify the truly 

relevant interactions greater emphasis should be placed on in vivo assays to clarify a number 

of issues and thereby show the way for future research. 

Homing of hematopoietic stem cells 

Endothelium or stromal cells? 

One of the issues that remain to be resolved is the role of the bone marrow endothelium ver

sus stromal cells in mediating the first steps of stem cell homing. Many studies have focused 

on tbe adhesion between hematopoietic stem cells and stromal cells. While it is quite likely 

that the stromal cells and extracellular matrix elements are instrumental in the maintenance 

and regulation of hematopoiesis, it is very well possible that the first cmcial event of the 

homing process is the establishment of contact between the hematopoietic cell and endothe

lial cells. This must certainly be so in the case of bone marrow transplantation into nOll-con

ditioned hosts, which is being explored by several laboratories and which may become an 

important element in human gene therapy protocols [1, 2]. On the other hand it is not certain 

whether in the case of bone matTOW transplantation into conditioned hosts the bone malTOW 

sinus endothelium still forms an intact banier against entry into the bone marrow. Shirota et 

al. [3,4] indeed showed that the endothelium is severely damaged after conditioning for bone 

malTO\V transplantation. 

The use of fluorescently marked stem cel1s or LacZ-marked stem cells detived from transge

nic animals will be of value in resolving this matter by providing a means of identification of 

transplanted cells for quantification and localization purposes. In this thesis a method is 

described for the detection of LacZ labeled cells in paraffin sections of decalcified bones that 
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contain the bone manow, the target organ for hematopoietic stem cell homing (Chapter 7). 

The method described also offers a starting point to the development of a staining method for 

cells labeled with intracellular markers such as CM-BODIPY and CM-FITC. The combina

tion of this staining method with labeling for endothelial and stromal markers will shed light 

on the role of endothelial cells vs. stromal cells in stem cell homing. This will in tUIll direct 

the selection of relevant in vitro model systems for furiher studies. 

'Vhat is a niche? 

Almost twenty years after the term was introduced [5] the stem cell niche is still a viable, but 

abstract concept. During this period it has been demonstrated that hematopoiesis is indeed 

regulated through the interaction of hematopoietic stem cells with external factors: cytokines, 

adhesion molecules and extracellular matIix molecules. However, a clear image of the stem 

cell niche in vivo has not yet emerged. Combined staining of bone matTo\V stromal elements 

and of genetically or transiently marked purified stem cells that have homed into the bone 

marrow of recipients will fmally let the niche materialize. 

\Vhich are the relevant adhesion molecules? 

In vivo homing studies should serve in separating the sheep from the goats by identifying 

which adhesion molecules are specifically relevant in vivo under defined conditions. First of 

all tWs wiH help elucidating whether the observed distinction in adhesion molecule expres

sion patterns of stem cells derived from bone matTOW, cord blood and mobilized peripheral 

blood stem cells [6-8] are causally related to differences in the homing capacity of these cells 

and hence to the as yet unexplained differences in repopulation kinetics of stem cell grafts 

from these different sources [9-11]. 

Moreover, these in vivo studies will help to focus experiments aiming at improved homing 

efficiency of stem cells on those adhesion molecules. Stem cell research has invariably been 

hampered by the inability to obtain pure, well-defined stem cell suspensions. This has always 

led to the "hematopoietic Heisenberg uncertainty principle" [12]: if you can localize a cell in 

vivo, you don't know if it is a stem cell; conversely, once you have shown in a functional 

assay that a cell is a stem celI, you don't know where it was in vivo. Basic stem cell knowled

ge is now rapidly approaching the point where this paradox may be solved, because it \vill 

probably soon be possible to obtain pure stem cell suspensions. This will simplify experi

ments and will make the interpretation of the obtained results more straightforward. The low 

frequency of hematopoietic stem cells \viII nevertheless continue to make it difficult to obtain 

large numbers of stem cells, and therefore in vivo homing experiments will always be rare 

event detection assays. This thesis presents a flow cytometric method for the detection of rare 

fluorescently labeled cells (Chapter 3) and a method for the detection of very low frequencies 

of LacZ labeled cells (Chapter 6), using a special background-suppression method (Chapter 

5). These methods will greatly facilitate the problem of rare event detection in in vivo homing 
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studies taking a quantitative approach. 

The staining technique described in Chapter 7 should be of use in studies employing a quali

tative approach by allowing detailed colocalizatiol1 of transplanted cells and the adhesion 

molecules they interact with. Once the relevant molecules have been identified the described 

techniques will continue to be useful for monitoring the in vivo effectiveness of methods to 

manipulate the homing of hematopoietic stem cells. 

Homing of leukemic cells 

How often do rein fused leukemic cells cause relapse after autologous stem cell trans

plantation? 

The most imp0l1ant aspect of homing of leukemic cells is the fact that leukemic cells reinfu

sed with an autologous bone marrow graft can cause a leukemia relapse. Numerical simula

tion studies in leukemia models suggested that the contribution of reinfused leukemic cells to 

causing relapse would be negligible [13], but recent c1inical evidence has shown that the COIl

tribution of genetically marked reinfused leukemic cells to leukemia relapses is considerable 

[14]. TWs finding shows that homing of leukemic cells is a c1inically relevant phenomenon. 

Furthermore it stresses the importance of tinding allogeneic stem cell donors for leukemia 

patients. These results have also shown conclusively that purging of autologous stem cell 

grafts is necessary. Genetic marking of autografts has opened for the fIrst time the possiblity 

of monitoring the success of purging protocols. In order to fully analyze the frequency with 

which reinfused leukemic cells contribute to leukemia relapses a large number of marking 

studies have been initiated, most of them using the neomycin resistance gene. However, the 

use of the E. coli LacZ instead of the NeoR gene for genetic marking of autografts in combi

nation with the highly sensitive sticky plate assay (Chapter 6) and with detection in paraffin 

sections of bone marrow (Chapter 7) provides a much more versatile assay system, yielding 

information that would be difficult to obtain with NeoR marking. Application of LacZ would 

make descriptive studies of honting and localization of leukemic cells as well as normal 

hematopoietic stem cells in patients feasible, and it could also be useful for MRD detection 

and relapse prediction. In short: every autologous stem cell transplantation should be combi

ned with LacZ marking. 

Which adhesion molecules are relevant? 

Further exploitation of the LacZ-marked leukemic cell line LTl2NLI5 (Chapter 4) will provi

de information on the adhesion molecules used by tItis cell line to home to the bone marrow. 

Preliminary blocking experiments in which LT12NLl5 cells were preincubated with func

tion-blocking antibodies to VLAA or ICAM-l prior to injection into rats showed reduced 

numbers of leukemic cells in the bone matTOW of the recipients at different time intervals 
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after injection, and an increased survival time in the case of VLA-4 blocked leukemic cells. 

Controls were animals that received non-pretreated leukemic cells (data not shown). 111ese 

results indicate that VLA-4 and possibly ICAM-l playa role here. In tWs model it wiII also 

be possible to compare homing and adhesion in conditioned and non-conditioned hosts. Tlus 

may help in elucidating the role of the endothelium in homing per se, an issue outlined in sec

tioll 8.2.1. LacZ marking of a panel of other leukemic cell lines might be used to compare the 

functions of different adhesive interactions among leukemia subtypes. 

Combinations of antibody blocking and genetic marking with two or more different genetic 

marker genes could be applied in clinical transplantation protocols to obtain conclusive con

finnation in the human system of the role of specific adhesion molecules in stem ceIl and leu

kemic cell honling. 

Homing: the long run 

In perspective, one may expect that a detailed insight in the homing of hematopoietic stem 

cells and of leukemic cells may eventually lead to new therapeutic approaches. Improved 

homing, for example by using activating antibodies, could potentially be beneficial in certain 

sihmtions where small graft size or low engraftmellt efficiency is a problem. These two pro

blems coincide in gene therapy approaches aiming at transplantation of modified stem cells 

into non-conditioned recipients. Here supported homing could be particularly useful. In auto

logous stem cell transplantation it might be possible to use stimulated homing to reduce the 

graft size, thereby reducing the chance of cotransplanting leukemic cells or circulating solid 

tumor cells. The discovery of differences in the adhesion molecules employed by normal 

stem cells and leukenuc cells could open a window of oppOliunity for developing strategies 

to specifically block leukemic cell homing in autologous stem cell transplantation protocols. 

In allogeneic bone marrow transplantation a smaller graft size may allow a reduction of graft 

versus host disease prophylaxis. A third application could be in improving the engraftment 

efficiency of human stem cells or leukemic cells in chimeric SCID mouse models, e.g. for 

diagnostic purposes. 

Another therapeutic approach one might think of could be in exploiting differences in homing 

efficiency between normal hematopoietic stem cells and leukemic cells without transplanta

tiOll. Comparison of ED50-values of BNML cells and LTl2NLl5 cells shows that there is 

considerable variation in the homing capability of leukemic cell lines, indicating that such an 

approach could be useful in certain cases of homing-impaired leukemia. Mobilization proto

cols using cytokine combinations and/or adhesion molecule antibodies nught be used to 

mobilize both leukemic and normal cells from the bone marrow compartment. If the nOllnal 

stem cells would have a homing advantage above leukemic cells they could possibly reclaim 

the niches that were formerly taken up by the leukemic cells, while a comparatively large 
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prop0l1ion of the leukemic cells would be sequestered, most likely in the spleen and the liver. 

Such an approach could potentially lead to a selective reduction of the leukemic cell load 

with less severe side effects than cytostatic treatment. 

In summary, the rare cell detection techniques described in this thesis offer the means to rela

te in vitro adhesion assays to sensitive in vivo assays, and will thereby contribute to enhance 

developments in stem cell transplantation, gene therapy and leukemia treatment. 
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Summary 

Mature functional blood cells are derived from pluripotent hematopoietic stem cells through a 

complex differcntation process. As the cells arc shuttled through this differentiation program

me, they gradually exhibit a series of structural changes which arc used to classify cells 

according to their differentiation stages (see Fig. 1.1). TWs process of blood cell formation is 

referred to as hematopoiesis. In adult mammals, such as man, hematopoiesis is predominantly 

located in the bone marrow, Hematopoiesis is control1ed through a range of interactions 

between hematopoietic cells and their microenvironment. Growth factors and their receptors, 

extracellular matrix molecules, and specialized adhesion molecules all play imp0l1ant roles in 

mediating these interactions. Those places in the bone malTO\v where hematopoietic stem 

cells can find exactly the right combination of regulating interactions are called "niches". 

During embryogenesis hematopoietic stem cells enter the fetal blood circulation to move 

through several steps of targeted migration from the yolk sac to the fetal liver and hence to 

liver and bone marrow. Tilis targeted migration is calIed homing. A similar phenomenon is 

observed in stem cell transplantation: stem ceIls are injected into the circulation of the host 

and from there they find their ,vay to niches in the bone marrow, where they can establish an 

entire new hematopoietic system. This is also refelTed to as honling. 

\Vhen a serious misfortune happens to a hematopoietic cell, this can lead to its leukemic 

transformation. Such a ceIl evades the normal regulatory stimuli and will start to proliferate 

without control. The hematopoietic stem cells are then displaced from their niches in the bone 

marrow, and eventually life-threatening shOliages of functional blood cells occur. Although 

they fail to respond in the proper manner to the regulatory stimuli from the niches, leukemic 

cells are often dependent on the niches for their growth and survival, just as normal hemato

poietic stem cells. In addition, leukemic cells can be transplanted, which proves that they are 

also capable of homing. 

This the.sis deals with the development of techniques to study the homing of hematopoietic 

stem cells and leukemic cells. These techniques can be used to obtain a better understanding 

of the exact mechanisms and molecules involved. This may lead to the development of 

methods to influence homing, which may be of use in stem cell transplantation, gene therapy 

and leukemia treatment. 

In Chapter 1 an overview is given of adhesion and homing in a number of well characterized 

physiological systems: the recirculation of naive lymphocytes via lymphatic tissues, homing 

of memory and effector lymphocyte subsets to cxtralymphatic sites in mucosal epithelia and 

the skin, and infiltration of inflammation sites by lymphocytes, neutropllilic granulocytes and 

monocytes. 

Tllis is followed by an analysis of a non-physiological variant of homing: metastasis of tumor 
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cens. Along the lines of the most important adhesion molecule families those reports in the 

literature are discussed where increased expression or activity of adhesion molecules correla

tes with increased metastatic activity of tumor cells, indicating a possible role for the respecti

ve molecule in the homing of the tumor cells. 

Subsequently, an overview is presented of the available literature on homing and adhesion of 

hematopoietic stem cells. A vast array of adhesive interactions bet\veen stem cells and stro

mal elements has been described. However, most of these reports are based on in vitro sys

tems, and not all these interactions may be operative in vivo. It is stated here that in vivo 

experiments are required to identify those interactions that are ach1UIly relevant in vivo. 

Finally a basic outline is given of marking cells for use in in vivo experiments, based on the 

distinction bet\veen genetic, permanent markers and transient cellular markers. 

In Chapter 2 four transient markers of two different classes are outlined: 1) PKH2 and 

PKH26, fluorescent lipophilic molecules that are incorporated into the cell membrane, and 2) 

CM-FDA and CM-BODIPY, fluorochrome molecules coupled to a chloromethyl moiety. 

These molecules can traverse the cell membrane, and once inside the cell the cWoromethyl 

group can react with protein thiol groups or glutathion. In tllis way the markers are covalently 

bound inside the cell. All these markers are redistributed among the daughter cells of every 

cell division, which leads to label dilution as the cells proliferate. An overview of the labeling 

characteristics of the different molecules is given, and standm·d labeling protocols are descri

bed. Cells from the in vitro growing ceUline LT12NL15, ,,,hich was derived from the Brown 

Norway Myelocytic Leukemia model (BNML), ,vere labeled with the markers and expeli

ments which show their influence on cellular kinetics are presented. Only with PKH2 some 

initial toxicity ,vas observed, while none of the other markers changed this cell line's growth 

curve. A shift of the mean fluorescence intensity is demonstrated with PKH2 labeled 

LT12NLl5 cells, and it is also shown that the half-life of tllis fluorescence decay does not 

correspond to the doubling time of the cell cuihue. Cl\'J-FDA and CM-BODIPY also exhibi

tcd unexpected fluorescence decay patterns. As the most likely explanation self quenching of 

the emitted fluorescence is assumed. Finally it is shown that none of the four markers has any 

effect on the formation of cobblestone areas from murine bone marrow in a CAFC assay, 

which indicates that these markers can be safely used for marking pluripotent hematopoietic 

stem cells in homing expeIiments. 

In Chapter 3 the use of PKH26 as a marker to stain a population of nHnine stem cells that 

consists of CFU-S is described. After staining these cells were injected into inadiated or non

inadiated mice, and at different time intervals the numbers of labeled cells were quantified, 

and their fluorescence was measured, serving as an indicator of any proliferative activity of 

the cells. It is clearly seen here that the key problem in performing realistic in vivo homing 

assays is the low frequency of the labeled cells. To solve this problem a flow cytometric 

method is presented, which allows the detection of labeled cells up to 3 days after injection, 

to a frequency of approximately 1 per 106. It is observed that spleen homing is identical in 
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itTadiated and non-irradiated animals, whereas the homing to the bone malTOW is 2.5 times 

reduced in irradiated animals, supporting the notion that homing to spleen and bone nUUTOW 

are mediated through different mechanisms. In the general discussion of this Chapter a fOllllal 

analysis is performed, wWch shows that through this new method an extra parameter, the h

factor, can be measured in this transpluntation system, so that the homing selectivity to bone 

mmTOW and spleen can be determined. This may be used to gain insight into the organ speci

ficity of the homing of the stem cen subset that is used in an experiment. From the rapid 

reduction of the celluhu' fluorescence it is concluded that the cells rapidly proliferate upon 

injection into the animals. It is suggested that this may be caused by a failure of the majority 

of the cells to reach a niche where they receive specific "quiescence" signals. 

In Chapter 4 it is described how a large number of LacZ and NeaR expressing cell lines is 

produced from LTI2 cells, a leukemic cell line derived from the Brown Norway rat. LacZ 

and NcaR arc marker genes whose expression leads to detectable levels of B-galactosidase 

activity (LacZ) or to neomycin resistance (Nco R). Extensive analysis of the expression stabi

lity in these sublines of both marker genes in vivo as well as in vivo is presented. Most noti

ceable is the frequent loss of expression of the NeaR gene, especially after in vivo passaging. 

LacZ generally showed Illore stable expression, although here, too, a vm'iety of expression 

patterns was observed. One subline, LTl2NL15 \vas selected for fmiher expeliments. TWs 

cell line exhibits homogeneous, stable and high expression of LacZ in every individual cell. 

A kinetic assay was developed, desctibed in Chapter 5, using a fluorescent B-galactosidase 

substrate. This assay allows _quantification of the B-galactosidase activity in cell lysates, 

which is a measure for the number of LT12NLI5 cells in the starting material. Through the 

use of 100 mM D-galactose in the assay mixture the background activity of endogenous {3-

galactosidases was reduced by a factor of 10, \vltich eventually allowed a maximum detection 

sensitivity of 1 per 104 bone marrow cells. 

This same method for the suppression of background activity from the rat cells was used to 

develop the much more sensitive "sticky plate assay", desclibed in Chapter 6. In this assay 

the cells are fixed to flat bottom microwells, fonowed by ovel11ight staining in an X-gal stai

ning solution. LacZ positive cells acquire an intense blue staining, and can be easily detected 

when the wells are scanned through all inverted microscope. The detection limit of this 

method is approximately 1 per 108. Using this method detailed growth curves of LT12NLI5 

cells in bone m,urow, spleen, thymus, liver and peripheral blood were obtained. From these 

curves it was concluded that the number of LT12NL15 cells in the bone marrow reaches a 

nadir as many as 24 hours after injection. Sticky plate and agar culturing results were compa

red in mumals thut were treated with cyclophosphamide at 11 days after injection of the 

LTl2NL15 cells. Twenty-four hours after the treatment leukemic ceBs could no longer be 

detected using the agm' culture assay. Control animals that were treated similarly survived for 

more than 6 months after the treatment and were therefore considered cured. However, with 

the sticky plate assay LacZ-marked leukemic cells were still detectable in the bone manow 
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for more than 14 days, indicating that their numbers decreased only very slowly. It is conclu

ded that highly sensitive detection methods such as the sticky plate assay and PCR assays, 

which cannot distinguish between live and dead celis, can easily produce false positive 

results. Furthermore the results showed that eventually the number of leukemic cells decre

ased to below the detection limit. Based on this it is speculated that the sometimes observed 

long-tenn presence of very low numbers of leukemic cells in the bone marrow of leukemia 

patients indicate that there is production of leukemic cells at a very low rate in these patients, 

possibly by leukemic stem cells that reside in sub-optimal niches. If one of these leukemic 

stem cells or one of its offspring would reach a more favourable niche, then that might be the 

event that triggers the occurrence of a leukemia relapse. 

In Chapter 7 an immunohistochemical staining method is presented for the detection of LacZ 

in paraffin sections of decalcified rat bones. LacZ is normally detected in frozen tissue sec

tions. However, it is quite difficult to prepare frozen sections from femora and tibiae of rats 

and mice. Paraffin sections of decalcified bones can be routinely prepared, and allow detailed 

histological analysis. Until now LacZ could not be detected in paraftin sections due to loss of 

enzyme activity caused by the embedding procedure. The method described in this Chapter is 

based on the use of polyclonal antibodies to LacZ. To achieve optimal reliability of the proce

dure, an amplification step was added, based on in situ deposition of biotinylated tyramine 

radicals. In sections prepared with this method it was observed that the in vivo growth pattem 

of the cell line LTl2NL15 is not associated with any distinct structure in the bone malTOw. 

This leukemia initially forms loosely associated clusters of cells in the bone marrow, and 

even during the later stages the growth pattem does not become entirely diffuse throughout 

the bone marrow. 

Finally, Chapter 8, the General Discussion, places the contents of this thesis in perspective 

by identifying the most relevant issues within the context of homing and adhesion, and by 

indicating the role of the described methods in resolving them. 
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Samenvatting 

Rijpc, functionele bloedcellcn ontstaan via eell complex diffcrcntiatieproces uit pluripotente 

hematopoietische stamccllcn. Terwijl de cellen dit differcntiatietraject afleggen ondcrgaan zc 

structurele veranderingen die het mogelijk makcn om een groat aantal differcntiatiestadia te 

onderscheiden (zie Fig. 1. I), Dit proces heet hcmatopoicse. De hematopoiese is bij volwassen 

zoogdieren, waarondcr de mens, voomamelijk in het beenmcrg gclokaliseerd. Regulatie vall 

de hematopoiese "indt plaats door een reeks van interacties tussell hcmatopoietiscbe cellen en 

hUll micro-omgeving, waarbij bclangrijke rollcn zijn weggelegd voor groeifactoren en hun 

receptoren, extraccllulaire matrix malcculen en speciale adhesiemoleculen. Die plekken in 

het beenmerg waar de stamcellen precies de juiste combinatie van rcgulerende interacdes Vill

den worden "niches" genoemd. 

Tijdens de embryogenese ondelllemen de stamcellen via de foetale bloedcirculatie een aantal 

gerichte migratiestappen van de dooierzak naar de foetale lever en vandmu' naar milt en becn

merg. Deze gerichte migratic wordt aangeduid mct de term "homing". lets vergelijkbaars 

vindt plaats bij beenmergtransplantatic: stamcellen word.cn in de bloedbaan van de ontvanger 

ge'injecteerd en vinden zelf hun weg naal' dc ruches in het beenmerg van waaruit ze ecn C0111-

pleet hematopoietisch systeem kunnen opbouwen. Oak dit wordt homing genoemd. 

Door cen maligne transformatie van ccn hematopoietische cel kan er leukemie ontstaan. De 

eel onttrekt zich dan aan de llormale regulerende stimuli en gaat ongebreldeld groeien. 

Daarbij wordcn de nonnale hematopoietische cellen llit hun niches in het beenmerg verdron

gen en ontstaat uiteindelijk een levensbedreigend tekort aan functionele bloedcellen. Hoewel 

ze niet op de juiste manier rcageren op de regllicrende stimuli in de niches zijn leukemische 

cellen net als normale hematopoietische stamcel1en in de meeste gevallen voor hun groei en 

overleving afllankeIijk van niches. Bovendien blijh."t uit het gegevcn dat leukemische cellen 

transplanteerbaar zijn dat ze ook in staat zijn tot homing. 

Dit proefschrift bcschrijft de ontwikkeling van technieken am de homing van hematopoieti

sche stamcellen en leukemic-cellen te bestlldercn. Deze technieken kllnncn gcbruikt worden 

om een nader bcgrip te verkrijgen van de precieze mccharusmen en moleculen die hierbij een 

rol spcIcn. Dit kan mogelijk leiden tot de ontwikkeling van mcthodcn ter be'iIlvloeding van 

homing die b11likbaar kUllllen zijn bij stamceitransplantatie, gentherapie en de behandeling 

vanleukemie. 

In Hoofdstuk 1 wordt aan de hand van de wctenschappelijke literatuur eell overzicht gegevcn 

van adhesic en homing in ecn aantal goed gekarakteriseerde fysiologische systcmen: de recir

culatie van na'ieve lymphocyten tusscn het bloed en perifcrc lymfeklieren en Peyerse plaques, 

de homing van mcmory- en effector lymphocyten subsets naar extralymfatische lokalisatics 
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in slijmvies-epithelia en de Imid, en de homing van IYlllphocytcn, neutrofiele granulocytcn en 

monocytcn naar ontstekingshaarden. 

Vervolgens wordt aandacht bcstccd aan een niet-fysiologische vonn van homing: de metasta

se van kankercellen. Aan de hand van de belangtijkste families van adhcsicll10leculen worden 

gegevens besproken waar een correlatie tussen een verhoogde kans op metastasevonning en 

verhoogde expressie of activiteit van een adbcsicmolecuul kan duiden op een rol voor het 

betreffende molecuul bij de homing van de tumorcellen. 

Als volgende stap wordt een overzicht gegeven van wat er bekend is van homing en adhesie 

van hematopoietische stamcellen. Er blijk."1 een enonn aantal vcrschillende adhesieve intcrac

ties tusscn stall1cellen en stromale clcmentcn lllogeUjk te zijn. De meeste van de bcschreven 

studies zijn eclttcr uitsluitcnd gebaseerd op in vitro systemen, en het is niet zcker dat in vivo 

oak inderdaad deze interacties yoorkomen. Hier wordt dan oak gcstcld dat in vivo expcri

mentcn nodig zijn am die interacties te identificercn dic daadwerkelijk in vivo relevant zijn. 

Tenslotte wordt cen basaal ovcrzicht geschetst van de mogelijkheden die er zijn om cel1en 

zodanig te markeren dat ze kunnen worden gebruikt in in vivo homing experimenten. Hierbij 

wordt onderscheid gemaal't tussen genetische, pcrmancntc markers en transiente markcrs. 

In Hoofdstuk 2 worden vicr transiente markers besproken uit twee verschillcnde klassen: 1) 

PKH2 en PKH26, t1uorescerende lipofiele llloleculen die in de celmcmbraan kunnen wordcn 

il1gebouwd, en 2) de fluorescerende chloromcthyl-markers CM-FDA en CM-BODIPY, iluo

rochroommoleculcn dic zijn gekoppeld aan een chloromethylgroep. Deze molcculen l'Unnen 

gcmakkelijk de celmembraal1 passeren, en eenmaal in de eel kan dc chloro~ethylgroep rcage

ren met thiolgroepen van eiwitten of van glutathion. Op die manier worden deze markenllole

culen covalent vastgelegd in de cel. 

Vaor ailc vier deze markers geldt dat ze worden verdeeld tussen de dochterceIlen van elke 

eeldelil1g, wat lcidt tot uitvcrdunning van het label naanllate de cellen prolifereren. In het 

hoofdstuk ,vordt een overzieht gegeven van de kleuringseigenschappcn van de verschillcnde 

moleculcn aan de hand waarvan standaard klcllringsprotocol1en worden vastgesteld. 

Vervolgens wordcn cxpcrimenten met gelabelde cel1en van de leukemischc ccllijn LT12NL15 

bcsproken om de illvloed van de verschil1ende labels op de celkinctiek te bestuderen. Slcchts 

bij PKH2 was sprake van enigc toxlcitcit, de andere labels haddell geen invloed op de groei

kinetiek van deze cellijn. Met PKH2 gelabelde LTI2NLl5 cellen wordt vervolgens getoond 

dat dc gcmiddelde fluoreseentie per cel verschuift naarmatc de cellen prolifereren, maar dat 

de halfwaardctijd van dic vcrmindering niet overeenstemt met de verdubbelingstijd van de 

celcultuur. Bij CM-FDA en CM-BODIPY werden eveneens afwijkcndc fluorescentie-afna

mepatroncn waargenomen. Ais meest waarschijnlijkc vcrklaring wordt self-quenching van de 

geemitteerdc fluorescentie aangcnoll1en. Tenslotte wordt aangetoond dat geen van deze mar

kers de kinetiek van de vonning van cobblestone areas in een CAFC-assay beYnvloedt, wat 

erop wijst dat deze markers bl11ikbaar zijn voor het lllarkcrcn van pluripotente stalllceHen 

voor homingsexpetimenten. 

163 



In Hoofdstuk 3 wordt het gebruik van PKH26 beschrevcn ais marker voor het kleuren van 

een populatie gesorteerde l11uizestamceIlen die voomamelijk uit CFU-S bestaat. Na kleuring 

v.'erden deze cellen ingespoten in bestraalde of onbestraalde Illuizen en op verschillende tij

den werd gekekcn hoeveel van de gelnjecteerde ceHen konden worden teruggevonden, en hoe 

de fluorescentie veranderd was als indicatie voor de evcntuele delingsactiviteit van de cellen. 

Daarbij werd duidelijk dat de lage frequentie van gelabelde cellen het grote probleem vonnt 

in een realistische in vivo homing-assay. Om dit probleem aan te pakken ,vordt cen flow 

cytometrische methode gepresenteerd, waarbij de gelabelde cellen tot drie dagen na injectie 

kunnen worden gedetecteerd tot een frequentie van ca. 1 per 106. Vit de resllitaten bJijk'i dat 

de homing van de cel1en Baar de milt vergelijkbaar is in bestraalde en onbestraaIde dieren, 

terwijl de homing naar het beenmerg met ca. een factor 2.5 gereduceerd. Dit onderstclInt het 

idee dat homing naar milt en muu' bceI1lllerg via een auder mecharusme verlopcu. In de dis

cussie bij dit hoofdstuk ,vardt aan de hand van een fonnele analyse aangetoond dat door het 

toepassen van deze methode een voorheen niet meetbare parameter in het systeem nu weI 

meetbaar is, waardoor nll oak de selectiviteit van de homing van de cellen uit een niet 100% 

zuivere stamcelsubset naar beenmerg en milt kan worden bepaald. Dit kan een indl1lk geven 

van de mate waarin de homing orgaanspecifiek is voor de betreffende stamcelsubset. Vit de 

waargenomen snelle afnamc van de fluorescentie van de gelabelde cel1en wordt afgeleid dat 

de cellcn meteen na injectie snel prolifereren. Er wordt verondersteld dat dit zou J...'Unnen wor

den veroorzaakt doordat een groot deeI van de ge'injecteerde cel1en geen niches bereikt waal' 

ze signalen zouden kllnnen ontvangen die proliferatie voorkomen. 

Hoofdstuk 4 beschrijft hoe van de LT12 cellijn, een van het Brown Norway rat acute 

Myelo'ide Leukemie madel (BNML) afgeleide leukemische cellijn, door middel van cen ret

rovirale vector een groat aantal LaeZ en NcaR gemarkcerdc sUblijnen wcrdcn verkregen. De 

analyse van de stabiliteit yan de expressie van de beide markergenen zmvel in vitro als in 

vivo wordt beschreven. Daarbij is het opvallend dat vooral na in vivo passage vaak de expres

sie van het NeaR gen ,verd afgeschakeld. LaeZ bleek in de meeste lijnen stabieler tot expres

sie te kamen, of schoon oak hier cen scala aan verschi11ende expressiepatronen werd waarge

nomen. Viteindelijk werd de cellijn LT12NL15 geselecteerd voor verdere experimenten. 

Deze cellijn heeft een homogene, stabiele en hoge expressie van LacZ in elke individuele eel. 

Voar deze LT12f'-H .. ,l5 cellen werd een kinetische assay ontwikkeld, gebruikmakend van een 

fluorescerend substraat voor B-galactosidase. Dit wordt beschreven in Hoofdstuk 5. Hiennee 

kan de hoeveelheid B-gaIactosidase activiteit in een cel1ysaat worden bepaaId, en da,U'mee 

ook het aantal LT12NLI5 cellen in het uitgangsmateriaal. Door het gebruik van lOa 111M D

galactose in de meetoplossing kon de achtergrondactiviteit afkomstig van endogene l3-galac

tosidases uit de rattecellen met een factor to worden verlaagd, en werd uiteindelijk eell maxi

male detectiegevoeligileid van I per 104 bereikt. 

Deze zelfde methode am de achtergrondactiviteit van endogcne B-galactosidases van de ratte

cellen te onderdrukken werd gebmikt am de veel gevoeIiger "sticky plate assay" te ontwikke-
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len, beschreven in Hoofdstuk 6. Hierbij worden de te analyseren cellen door middel van een 

fixatief aan de bodem van een rnicrotiterpiaat vastgeplakt. VervoIgens ,vordt overnacht 

gekleurd met een X-galoplossing. De LacZ-positieve cellen worden hierbij intens blauw 

gekleurd, en kunnen gemakkelijk worden herkend bij inspectie door een omkeennicroscoop. 

De detectielimiet van deze methode ligt rand de 1 per 108. Met behulp van deze methode 

,verden gedetailleerde in vivo groeicurves van de LT12NL15 cellen in beenmerg, mi1t, thy

mus, lever en perifeer bloed verkregen. Hieruit bleek dat pas 24 uur na inspuiten het aautal 

LT12NL15 cellen in het beenmerg van de rat het laagste punt bereikt. Sticky plate en agar

kweek-analyse resultaten werden vergeleken in dieren die 11 dagen na het inspuiten van de 

LT121\TL15 cellen werden behandeld met het cytostaticum cyclophosphamide. Vierentwintig 

uur na behandeIing bleken er in de agarkweken geen LT12NL15 cellen meer aantoonbaar. 

Bovendien overleefden controledieren de behalldeling langeI' dan zes maallden, en werden 

derhalve als genezen beschouwd. In de stick), plate assay bleek daarentegen dat leukemiecel

len nag gedurende meer dan 14 dagen in het beenmerg detecteerbaar waren, en dus relatief 

langzaam in Hantal afnamen. Dit leidde tot de conclusie dat zeer gevoelige detectiemethoden, 

zoals sticky plate en peR assays, die Iliet kunnen onderscheiden of een maligne cel nog leeft 

of niet, vrij gemakkelijk vals positieve resultaten kunnen opleveren. Anderzijds lieten de 

resultaten zien dat uiteindelijk de Ieukemiecellen weI gestaag in aantal afnamen, tot beneden 

het detectieniveau. Aan de hand hiervan wordt gespeculeerd dat de soms na behandeling 

langdurig detecteerbare cellen in leukemic patienten erop wijzell dat er ergens in het been

merg nog een trage productie van leukemiecellcll plaatsvindt, mogelijk door lcukcmischc 

stamcellen in ongunstige niches. \Vanneer zo'n maligne stamcel of een van zijn nakomelin

gen in een gUllstiger niche zou terechtkomen zou dat mogelijk het moment kunnen zijn dat 

het aantalleukemische cellen gcstaag gaat toenemell en uitmondt in een leukemierecidief. 

In Hoofdstuk 7 wordt de ontwikkeling van een histochemiscbe kleuring voor LacZ op paraf

finecoupes van ontkalkte rattebotjes beschreven. Voor het detecteren van LacZ gemarkcerde 

cellen gebruikt men in het atgemeen vliescoupes. Van femora en tibiae, die meestal worden 

gebruikt voor het bestuderen van beenmerg van proefdieren, kunnen slcchts met grate moeite 

vriescoupes gemaakt worden. Paraffinecoupes van ontkalkte botten Zijll routinematig te ver

vaardigen en geven een gedetailleerd histologisch beeld van bet beenmerg. Tot nu toe was het 

ruet mogeUjk in paraffinecoupes LacZ aan te tonen, omdat door het inbeddcn de enzymactivi

teit vcrloren ging. In de in dit hoofdstuk beschreven methode wordt gebruik gemaakt van 

polyclonale antilichamen om LacZ aan te kleuren. Om de hele procedure betrouwbaarder te 

maken werd bovendien een versterkingsstap toegevoegd, gebaseerd op in situ depositic van 

gebiotinyleerde tyramine-radicalen. Aan de hand van coupes die met deze methode waren 

gekleurd werd het duidelijk dat het in vivo groeipatroon van de cellijn LT12NL15 niet geas

socieerd is met een duidelijk herkenbare structuur in het beenmerg. Deze leukemie vonnt in 

eerste instantie losse groepjes cellen in het beerunerg en verspreidt zich ook in een laat stadi

um niet volledig diffuus door het hele beenmerg. 
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Tenslotte wordt in Hoofdstuk 8, de algemene discussie, dit proefschrlft in een breder per

spectief geplaatst door na te gaan wat precies binnen het kader van de homing van hemato

poietische stamcellen en lcukemiecellen de meest prangende vragen zijn, en hoe de beschre

ven methoden gcbruikt kunnen worden bij het beantwoorden daarvan. 
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