
 

 

 University of Groningen

Radiobiological studies on target cell populations in murine bone marrow transplantation
recipients.
van Os, Ronald Peter

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1994

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
van Os, R. P. (1994). Radiobiological studies on target cell populations in murine bone marrow
transplantation recipients. [Thesis fully internal (DIV), University of Groningen]. [S.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-05-2023

https://research.rug.nl/en/publications/f6ecde34-0508-4343-b919-7ac806838114


RADIOBIOLOGICAL STUDIES ON TARGET CELL 

POPULATIONS IN MURINE BONE MARROW 

TRANSPLANTATION RECIPIENTS 

RONALD VAN OS 



RIJKSUNIVERSITEIT GRONINGEN 

RADIOBIOLOGICAL STUDIES ON TARGET CELL 

POPULATIONS IN MURINE BONE MARROW 

TRANSPLANTATION RECIPIENTS 

PROEFSCHRIFT 

ter verkrijging van het doctoraat in de 

Geneeskunde 

aan de Rijksuniversiteit Groningen 

op gezag van de 

Rector Magnificus Dr. F. van der Woude 

in het openbaar te verdedigen op 

woensdag 9 november 1994 

des namiddags te 2.45 uur precies 

door 

RONALD PETER VAN OS 

geboren op 17 november 1965 

te Rotterdam 



1. De stralingsgevoeligheid van beenmerg kan niet in een D0 of een al (3 ratio 
uitgedrukt worden omdat het hemopoietische systeem een heterogene verzameling 
is van voorlopercellen met verschillende gevoeligheden voor straling. 

Dit proefschrift 

2. Totale lichaamsbestraling kan beter niet gefractioneerd gegeven worden, omdat 
target cellen een grote reparatie capaciteit hebben, zelfs groter dan cellen in de 
long en de nier, zodat een stralingsdosis nodig voor engraftment onacceptabele 
schade aan deze organen za1 toebrengen. 

Dit proefschrift 

3. De suggestie dat lange-termijn repopulerende cellen uit het beenmerg twee 
subpopulaties bevat met verschillende stralingsgevoeligheid blijkt niet uit de 
resultaten van Van de Bos en wordt ook niet ondersteund door de referentie die de 
auteur hiervoor aanhaalt in zijn proefschrift. 

Van de Bos (1994) Thesis for Erasmus University Rotterdam 
Ploemacher et al. (1992) Int J Radiat Biol 61, 489-499 

4. De radiobiologische evaluatie van effecten van straling op weefsels en/of 
immuniteit wordt gefrustreerd door het ontbreken van een duidelijke beschrijving 
van het bestralingsprotocol, additionele therapeutica en een indeling van 
patientengroepen volgens ontvangen stralingsdosis in klinische BMT studies. 

Goldman et al. (1988) Ann Intern Med 108, 806-814 
Ash et al. (1991) Bone Marrow Transpl 7, 443-452 
Mannont et al. (1991) Blood 78, 2120-2130 

5. Niet alle brandy's zijn cognac. Niet alle clonogene cellen zijn stamcellen. 

6. Extrapolatie van data verkregen uit celoverlevingsexperimenten met alleen korte 
enkelvoudige stralingsdoses leidt vaak tot een slechte voorspelling van het effect 
van gefractioneerde bestraling of bestraling met een lage dosissnelheid. 

Withers (1969) Proceedings of the Carmel Conference on Time and Dose 
Relationships in Radiation Biology as Applied to Radiotherapy, pp. 54-69 
Burnet et al. (1992) Lancet 339, 1570-1571. 
Uckun et al. (1993) Cancer Res 53, 1431-1436. 
Bentzen (1994) Int J Radiat Oncol Biol Phys 31, 85-86. 

7. Tauchi en Sawada overschatten het belang van apoptose in de radiotherapie. Na 
therapeutische stralingsdoses is reproductieve celdood belangrijker aangezien 
apoptose zelden leidt tot meer dan 70% celdood. 

Tauchi and Sawada (1994) Int J Radiat Biol 65, 449-455. 
Ohyama et al. (1974) Int J Radiat Biol 26, 535-546. 
Nelipovich et al. (1988) Int J Radiat Biol 53, 749-765. 

8. Volledige eliminatie van een tumor door toepassing van in situ transfectie van 
tumorcellen met suicide genen of antisense oligonucleotiden is een utopie. 

Pierga and Magdelenat (1994) Cell Mol Biol 40, 237-261. 



9. Herman et al. onderschatten het effect van hyperthermie op de cisplatinurn 
gevoeligheid van cisplatinum-resistente cellen .. 

Herman et al. (1988) Cancer Res. 48, 5101-5105 

10. De overtuiging dat plantaardige, hallucinaties opwekkende middelen (zoals uit 
bepaalde paddestoelen), in tegenstelling tot gesynthetiseerde drugs, ongevaarlijk 
zijn voor lichaam en geest, berust op een waanidee. 

11. Het alcoholmatigingsbeleid van het rninisterie van Defensie wordt tegengewerkt 
door het feit dat aangeschoten militairen volgens het oorlogsrecht tot de 
beschermde personen behoren. 

12. Depressies zijn in principe postnataal. 

13. Het feit dat politici denken dat het gebruik van kleurbenamingen hun kleurloosheid 
lean verhullen, duidt op een onderschatting van de intelligentie van de achterban. 

14. Positieve discrirninatie bestaat niet. 

Stellingen behorend bij het proefschrift van R.P. van Os: "Radiobiological studies on 
target cell populations in rnurine bone marrow transplantation recipients" 
9 november 1994 
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12 Chapter 1 

General Introduction 
Bone marrow transplantation (BMT) has rapidly evolved into an effective clinical 

strategy for the treatment of a variety of life threatening diseases (Bortin et al. 1992a, 1992b). 
The infused donor bone marrow is used as a vital source of hemopoietic cells that can 
reconstitute the host and rescue patients from an otherwise fatal bone marrow aplasia induced 
by intensive cancer ther&py. Allogeneic BMT is used mostly in the treatment of hematological 
disorders and malignancies in order to replace the diseased marrow of the patient with bone 
marrow stem cells from a healthy donor. These diseases include leukemias, severe aplastic 
anemias and a variety of genetic disorders {Figure 1. 1, Barrett and McCarthy 1990, Hortin et 
al. 1992b). The leukemic cases make up the majority of patients given allogeneic BMT. 
According to the data compiled by the International Bone Marrow Transplant Registry 
(IBMTR), the leukemias are comprised of 21 % acute lymphocytic leukemia (ALL), 25% acute 
myeloid leukemia (AML) and 26% chronic myeloid leukemia (CML) of all allogeneic 
transplants (Bortin et al. 1992b). The treatment of several other refractory neoplasms such as 
lymphomas, multiple myelomas, neuroblastomas, small cell carcinomas and breast cancer has 
especially benefitted from the application of autologous BMT where it allows the doses of 
chemotherapy or radiotherapy to be dramatically increased (Dicke and Spitzer 1986, Armitage 
and Gale 1989, Marks et al. 1992, Hortin et al. 1992b, Hohaus et al. 1993). 

AML 25% 

Aplastic anemia 9% 

Metabolic 2% 
SCIO 3% 

Thalassemia 2% 

Other genetic diseases 
Other malignancies 5% 

Lymphomas 5% 

Figure 1.1: Diseases treated with syngeneic or allogeneic bone marrow 

transplantation. Bone marrow transplantation is used in the treatment of leukemias 

(acute and chronic), acquired anemia, lymphomas, other malignancies and genetic 

diseases. The genetic disorders treated with BMT are SCID, thalassemia, genetic

metabolic disorders and other genetic diseases. From Bortin et al. (1992b). 

2% 
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The conditioning of leukemic patients prior to BMT mostly includes the use of total 
body irradiation (TBI) which serves to deplete host bone marrow stem cells, to suppress 
immunity, and to eradicate leukemic cells. The combination of cyclophosphamide with TBI is 
often necessary to provide additional immune suppression required for accepting allogeneic 
marrow grafts. A number of problems still remain which may vary according to the type of 
disease and the type of bone marrow used for hemopoietic reconstitution. Autologous BMT, for 
example, has fewer treatment related complications but carries the risk of reintroducing 
malignant cells. In the case of allogeneic BMT from healthy donors, the immunological 
disparities can lead to graft-versus-host disease (GVHD) or graft rejection. In HLA-matched 
transplants, depletion of T-lymphocytes from the donor marrow inoculum has successfully 
reduced the incidence of GVHD but this has become complicated by an accompanying increase 
in graft rejection and leukemic relapse (Trigg et al. 1985, Mitsuyasu et al. 1986, Goldman et 
al. 1988, Champlin 1990). The limited eligibility of patients for BMT therapy according to 
HLA typing represents a larger problem. Most successful allogeneic transplants are confined to 
matched patients, often between siblings, while the stronger immunological reactions in HLA 
mismatched BMT offer a bleak prognosis (Beatty et al. 1985, Anasetti et al. 1989, Bosserman 
et al. 1989). All of these problems may be overcome by intensifying the radiation conditioning 
but this is frustrated by enhanced toxicities (Patterson et al. 1986, Burnett et al. 1988, Ganem 
et al. 1988). 

These concerns emphasize the need for continuing experimental research using animal 
models of BMT. The research presented in this thesis focuses on the factors that determine 
murine bone marrow engraftment following pre-treatment with modified TBI. As the theoretical 
basis of BMT therapy concerns the areas of radiobiology, hematology and immunology, these 
fields of study will each be briefly described in this chapter. 

1.1 Radiobiological principles 
Over the past 60 years radiotherapy has become a well-established medical discipline for 

the treatment of a great number of tumors. Solid tumors are routinely irradiated locally to 
minimize radiation toxicity to normal tissues. High radiation doses can be applied in local 
radiotherapy since only a small volume of the body is exposed. The maximal tolerated dose is 
often determined by the radiation sensitivity of the particular normal tissue that lies in the 
vicinity of the tumor. When the malignancy is disseminated, as in leukemia for example, total 
body irradiation (TBI) may be used to eliminate all tumor cells. However, in this case the total 
dose is restricted to much lower doses and transplantation of bone marrow is often necessary to 
prevent death from radiation induced bone marrow aplasia. A major topic of this study is the 
effect of altered TBI on the various cell populations involved in BMT. Therefore, a theoretical 
background is given for the general effects of radiation on cells and its translation into tissue 
injury are described. 

1.1.1 Cell survival curves 
In the classical sense, cell death after cytotoxic injury is considered to be of two types, 
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interphase death and mitotic death (Okada 1970). Some cell types die in interphase, without 
going through the cell cycle, almost immediately after exposure. These include mature 
lymphocytes, serous cells of salivary glands and oocytes (Anderson and Standefer 1983, Kerr et 
al. 1972). While little is known about critical lesions that lead to interphase cell death, 
programmed cell death (apoptosis) is often implicated (Kerr et al. 1972) and is becoming a 
topic of intense research activity. Nevertheless, the process of apoptosis is usually confined to 
low radiation doses (Ohyama et al. 1974, Nelipovich et al. 1988) while mitotic cell death is the 
predominant factor determining tissue response at therapeutic dose levels. 

Mitotic death is referred to as loss of reproductive integrity where cells may still remain 
intact and metabolically active and can even undergo DNA and protein synthesis. These 

sterilized cells may struggle through one or two mitoses but they have lost the ability to produce 
a large number of progeny. In this case DNA is likely to be the critical target for radiation 
induced cell killing (Hall 1988) and DNA double strand breaks are considered to be the critical 
lesions leading to cell death (Frankenberg et al. 1981, Blocher and Pohlit 1982). 

A clonogenic assay measures the surviving cells that have retained their reproductive 
integrity and are therefore able to produce a colony. The effect of radiation on proliferating 
cells is generally depicted in a cell survival curve from the way in which the fraction of 
surviving cells changes as a function of the radiation dose. Two models that are often used to 
describe the shape of the cell survival curve for mammalian cells will be discussed. 

The two component multi-target single-hit model describes survival as 

Survival is plotted with an initial slope ( l/D1), due to single event killing, and a final 
slope (1/D0), due to multiple event killing (Figure 1.2 part A). D 1 defines the shoulder region of 
the curve at low radiation doses. Since the probability of survival is exponential, the survival 
curve becomes linear at higher doses with slope 1/D0 when plotted on a logarithmic scale. D0 
represents the dose required to reduce the survival fraction to lie (37%) of its previous value on 
the final exponential part of the survival curve. The shoulder region at low radiation doses can 
be described by two parameters: the extrapolation number (n), the y-axis intercept of the 
extended terminal part of the survival curve, and the quasi-threshold dose (D4), the dose where 
the extended straight exponential part of the curve intersects with a horizontal line drawn at 
100% survival. 

Radiation cell survival can be equally well described by a linear quadratic (LQ) model 
that assumes a dual action of radiation on cells (Kellerer and Rossi 1972). This model, first 
employed for normal tissue reactions by Douglas and Fowler (1976) on mouse skin data, is 
becoming increasingly popular for quantitative expression of radiation damage in vivo as well as 

in vitro. This empirical model assumes that cell survival follows the sum of a linear and a 
quadratic function of the dose with cell type specific parameters a and {3 (Douglas and Fowler 
1976) as shown in Figure 1.2 (part B). 

S =e 
-r,.D-JJD2 

(2) 
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According to the LQ-model the cell survival curve is continuously bending with no final 
exponential slope while the parameters a and (3 can not be determined individually from tissue 
dose-response curves, the ratio a/(3 can be deduced from the way in which iso-effect doses 
change with increasing fractionation ( described in section 1.1. 4). 

C 
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0.1 

0.01 

0.001 
16 0 4 8 12 

Radiation dose (Gy) 

Figure 1.2: Survival curve shape for mammalian cells exposed to radiation according 
to the multi-target single hit or LQ-model. The fraction of cells surviving is plotted on 
a logarithmic scale against dose on a linear scale. The survival curve has an initial slope, 
followed by a shoulder; at higher doses the curve tends to become straight again. (A) 
The curve is described by the initial slope (01), the final slope (00), and a parameter that 
represents the width of the shoulder, either n or Dci . (B) The same experimental data may 
be fitted to a linear-quadratic function. There are two components of cell killing: one is 
proportional to dose (aD), while the other is proportional to the square dose (/3D2). The 
dose at which the linear and quadratic components are equal is the ratio al/3. The linear
quadratic curve bends continuously but provides a good fit to experimental data over the 
first few decades of survival. After Hall (1988). 

1.1. 2 Dose-response curves 

16 

Dose-response curves are usually applied for different levels of tissue injury. Radiation 
insult to tissues can lead to functional impairment that is usually mediated through reproductive 
killing of proliferative cells (Wheldon et al. 1982). The expression of radiation damage depends 
on the radiosensitivity of proliferative cells, the kinetics of cell renewal, the functional reserve 
and physiological demand of the tissue, and the way in which the tissue is organised (see 
section 1.1.3). Complete or partial tissue failure following irradiation cannot be directly 
measured in terms of cell survival but the response of a tissue can be expressed as a decrease in 
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function. The decrease in function can be quantified according to a graded arbitrary scale (e.g. 
skin reactions) or as an all-or-nothing effect (e.g. dead or alive in LD50 studies). The dose 
incidence curve for tissue failure or partial loss of function is generally sigmoid. Loss of 
function can be observed when the radiation dose exceeds a threshold dose followed by a 
steeply rising incidence with increasing doses. 

The relationship between a tissue response and radiation dose reflects an underlying 
decrease in the survival level of a critical (target) cell population. The proliferative cells capable 
of replication and regeneration of the tissue are often defined as the target cells and effects of 
alterations in distribution of radiation dose can be described in terms of survival probability of 
the target cells. This was formulated as the target cell hypothesis by Thames and Hendry 
( 1987). 

1.1. 3 The response of early- and late-responding tissues to radiation 
Normal tissue responses determine the maximal radiation tolerance of patients and 

represent a major limitation in clinical radiotherapy. The reactions can appear in a period of 
days to weeks (early) or may be delayed for months or years (late) after radiation treatment 
through a gradual depopulation of mature cells. The supply of mature cells is reduced when cell 
renewal from progenitor cell populations is impaired by radiation. Two factors influence the 
latent period between radiation and functional impairment, namely mature cell longevity and the 
rate of cell renewal (Michalowski 198 1). Figure 1.3 shows examples for some dose-limiting 
tissues that have a rapid cell renewal and therefore exhibit damage early after radiation (oral 
mucosa, gut, skin, and bone marrow). In tissues with a slow cell renewal damage only becomes 
apparent at later times after radiation Qung, skin vasculature, kidney, and the central nervous 
system). 

I 

EARLY DAMAGE LATE DAMAGE 

days ---+ weeks - - - - - - - - - ► months ---- years 

oral 
mucositis GI 

TIME FROM IRRADIATION ----+ 

CNS 

Figure 1.3: Relationship between proliferative organization and appearance of 
damage after radiation. The time that radiation damage becomes apparent is shown for 
some early-responding tissues (oral mucosa, gut, skin epidermis and bone marrow) and 
late-responding tissues (lung, skin vasculature (dermis), kidney and the central nervous system). 
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Tissue systems can be divided into two types with respect to their proliferative 
organisation and radiation response: hierarchical (H-type) or flexible (F-type) type tissues 
(Figure 1.4, Michalowski 1981). Hierarchical type tissues are compartmentalized into the stem 
cell, the transit cell and the mature cell populations. The stem cell compartment usually 
represents less than 1 % of the entire population and serves to maintain its own number (self
renewal) and to supply a family of descendants for the replacement of the transit cells. The 
committed transit cells have lost the ability to self-renew but often undergo rapid cell divisions 
while differentiating allowing for amplification of the total cell population. The mature cell 
compartment consists of fully differentiated cells that lose their capacity to divide and are able 
to fulfill the specific tissue function(s). Radiation reduces the influx of cells into the mature cell 
compartment by decreasing the proliferative capacity of the stem and transit cells. The number 
of surviving stem cells is dose-dependent and this determines the time of recovery (Michalowski 
1981, Wheldon et al. 1982). 

A rather different proliferative organisation exists in F-type, for flexible, tissues where 
all or most cells are equipped for specific functions but are equally capable of proliferation 
(Michalowski 1981). Cells in F-type tissue usually have a long cell cycle (Figure 1.4) and 
maintain normal cellularity by a homeostatic control mechanism. It is also possible that a sub
population of cells with a short cell cycle time exists to control the population size 
(Michalowski 1981). Following irradiation the number of cells only slowly decreases when the 
cells are no longer able to divide and replace lost cells. Quiescent cells may be activated to 
perform rapid division but mitotic cell death will be accelerated. This second or avalanche 
phase may be followed by complete tissue failure or recovery from surviving cells depending on 
the surviving fraction. Cellular depletion after radiation is usually slower in F-type than in H
type tissues, due to a slower turnover rate in these tissues and damage will therefore become 
apparent only after a relatively long latent period. 

The radiation response of early- and late-responding tissues differs considerably with 
regard to the sensitivity to changes in radiation dose fractionation. Clinical and experimental 
evidence for divergent changes in early and late radiation responses in normal tissue after 
fractionation (high and low a./{3 ratios respectively) indicate a greater dependency of late 
responses to alterations in the dose per fraction (Thames et al. 1982, see also section 1.1.4.2). 

Most tissues, however, show characteristics of both H-type and F-type organizations. 
The bone marrow, for example, is organized in a hierarchical way but it also contains quiescent 
cells that have F-type characteristics (see Chapter 9) and this cautions against a strict 
classification of normal tissues into H-type or F-type categories. 
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Figure 1 .4: Proliferative organization of H-type and F-type tissues. Schematic 
representations of the organization and general characteristics are shown for H-type 
(hierarchical) and F-type (flexible) tissues. Type H-tissues contain a small minority of 
clonogenic stem cells of high self-renewal, differentiating and proliferating transit cells 
(progenitors) which amplify cell production and functionally mature cells. Type H-tissues 
generally have a rapid cell renewal, an early radiation response, and a high a/{3 ratio (see 
section 1 . 1.4.2). In F-type tissues either all functional cells are in a long cell cycle and 
occasionally divide, or the majority are quiescent with others in a short cell cycle. F-type 
tissues usually show a slow cell renewal, a late radiation response, and a low a/{3 ratio. 
Adapted from Michalowski (1981). 

1.1. 4 Fractionation and low dose-rate effects 

1.1.4.1 Four R 's of Radiobiology 
It is now routine to deliver radiotherapy in a fractionated course enabling higher total 

radiation doses to be tolerated by the patient. In fractionated irradiation the total dose is divided 
into multiple equal fractions and a rest period is allowed before the next fraction is delivered. 

Four factors influencing the biological response to fractionated radiation treatment were 
described by Withers (1985) as the four R's of radiobiology: 
1) Repair of sub lethal damage 
2) Reassortment of cells within the cell cycle 
3) Repopulation 
4) Reoxygenation 
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Repair of sublethal damage can occur between dose fractions if cells are left for some 
hours before the next fraction is administered (Elkind and Sutton 1960). Sublethal damage 
repair (SLDR) can be completed in hours and is the predominant process influencing survival 
after changing fraction number and fraction size. This leads to less efficient cell killing with 
fractionated irradiation and consequently results in an increase in iso-effect dose with decreasing 
fraction size. This increase in iso-effect dose is usually larger for late-responding tissues than 
for early-responding tissues. 

Reassortment is the result of the variable radiosensitivity in different phases of the cell 
cycle and a block in G2-phase. Previously radioresistant cells progress as a partly synchronized 
population into more sensitive phases of the cell cycle and will be more efficiently killed by the 
second radiation dose. Since the cell cycle plays an integral part in this process, it occurs 
especially in rapidly proliferating cell populations and has the effect of making tissues more 
sensitive. 

Repopulation: An irradiated tissue can compensate for cell loss through proliferation 
during a course of radiotherapy. Early-responding tissue and tumors may respond to radiation 
injury by increasing proliferation (Parsons et al. 1980a, 1980b, Thames and Hendry 1987). 
Tissues may have different kinetics of repopulation and when tumor repopulation occurs within 
weeks it is a major concern when the overall treatment time is changed. 

Reoxygenation: A hypoxic cell population in solid tumors may arise from insufficient or 
impaired vascularization. Hypoxic cells are more resistant to radiation but can become 
reoxygenated after a first radiation dose and reoxygenation may therefore render fractionated 
radiation more effective in tumor cell killing (Thames and Hendry 1987, Hall 1988). 
Reoxygenation probably has little influence on disseminated malignancies such as leukemias and 
is therefore of minor importance in TBI therapy. 

1.1. 4. 2. The LQ-model for cell and tissue responses 
The extra radiation dose required for the same effect in fractionated radiotherapy 

(defined as a dose sparing effect), varies for the different tissues depending on the radiation 
repair characteristics of the target cells. By decreasing the fraction size, and conversely 
increasing the fraction number, more damage can be repaired during each interfraction interval. 
The tissue dose-response is related to a certain level of target cell depletion as shown in Figure 
1.5. On fractionating or protracting the radiation exposure higher radiation doses may be 
required for the same level of target cell survival (iso-survival) that will cause a similar shift in 
the dose-response curve (iso-effect). By quantitatively comparing iso-survival of target cells 
with the iso-effect of dose-response for fractionation/protraction and single dose, radiation can 
be used as an investigative tool to identify the putative target cell population responsible for a 
particular tissue function. 
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Figure 1 .5: Relationship between cell survival and dose-responses. Cell survival curve 
(upper and middle panel) and dose-response curve (lower panel) for a tissue effect. The 
dose-response curve for single dose radiation is related to a certain level of cell survival. 
Fractionation of the radiation dose in equal fractions (upper panel) or protraction to a low 
dose-rate (LDR, middle panel) results in a shift of the cell survival curve and the extra 
dose required for the same level of cell survival (iso-survival) corresponds to the extra 
dose required for the response (iso-effect). Quantitative comparison of iso-survival of 
target cells with the iso-effect of dose-response for fractionation/protraction and single 
dose may help to identify the putative target cell population responsible for tissue 
function. 
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To quantitatively express radiation damage it is now common to apply the linear 
quadratic (LQ) model which describes cell survival as a function of dose (see section 1.1. 1, 
formula 2). In case of a dose-response the effect (E) can be calculated with the same 
parameters: 

E=a.D+jJD2 (3) 

When the radiation dose is divided into multiple fractions it is assumed that each fraction results 
in the same amount of damage so that cell survival (S) and tissue effect (E) can be expressed 
as: 

E=a.nd+jJ(ruJ)2 (5) 

where n is the number of fractions and d is the dose per fraction. 
The rate of SLDR differs considerably between different tissues and can be expressed as 

repair half-time {T1,.t,) i.e time required to repair 50% of that part of the damage that can be 
repaired. If the interfraction interval is not long enough for completion of repair, the formula 
(5) of the LQ-model can be adapted according to the incomplete repair model described by 
Thames (1985). Since repair only effects the /j-component, the formula becomes: 

E=n(a.d+ftd2) +nftd2hn(8) (6) 

where flu(O) is dependent on the half-time of repair and the interval time (At): 

h (8)=(�)8 [n-(1 -8n)/(l -8)] 
n n (1 -8) 

8 =e -µL\t (8) 

ln2 
µ =- (9) 

T¼ 

(7) 

hu(O) is a value between O and 1 and tends to zero with larger interval times since it reflects the 
amount of unrepaired damage relative to the total potential for repair. 

Low dose-rate (LDR) irradiation protracts the treatment over a prolonged period of time 
by reducing the rate at which the radiation dose is administered and this allows for SLDR to 
occur during exposure. LDR irradiation can also be used for dissociation of the effects of 
radiation on tumors and normal tissue if they differ in repair rate as well as in capacity. A 
therapeutic gain of LDR irradiation can be realized when more repair accumulates in normal 
tissue than in tumors at the used dose-rate. Effect of radiation with dose-rate (v) and treatment 
time (t) previously described by Thames (1985) is then: 

E=a.vt+fl(vt)2g(µt) (10) 
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where g(µt) is a function of µ: 

g(µt) 2[µt-1 +e -µ� 

(µt)2 
(11) 
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The ex/ (j ratio has the dimension of dose and indicates the dose at which cell kill from 
the linear low-dose term is equal to cell kill from the dose-squared term. Tissues with low exl(j 
ratios have a large capacity for dose-sparing from fractionated and very low dose-rate 
irradiations. For comparison, between different tissues or end-points, the ex/ (j ratio has 
advantages over many other parameters of fractionation dose-sparing since it is theoretically 
independent of the level of effect (Thames 1984). The method, first described for the 
calculation of exl(j from tissue responses, used indirect analysis (Thames et al. 1982) where the 
LQ-formula (5) was rewritten to: 

1 a; 13 -=- +-d (12) 
nd E E 

The reciprocal of the total dose (nd) is a function of the corresponding dose per fraction 
and parameters ex and (j scaled by effect (E). Data plotted in this way are referred to as a 
reciprocal dose or Fe-plot (Douglas and Fowler 1976, Thames et al. 1982). For various 
fractionation schemes an iso-effect dose can be calculated e.g. by determining the total dose at 
which 50% of the animals show a specified effect in a tissue. This may be done by converting 
the data to a quanta! response through selection of a threshold level of effect and estimating the 
proportion of mice within each dose group that exceeds this value. The graphical representation 
of the iso-effect doses can be employed to determine the ratio ex/ (j (Figure 1. 6, Thames et al. 
1982, Barendsen 1982). The intercept of the Fe-plot at infinite small doses per fraction is equal 
to ex/E and the slope of the regression line to (j/E from which a slope-to-intercept ratio 
corresponding to exl(j can be estimated (Thames et al. 1982). 

An alternative method, named direct analysis, subjects all the raw (quantal) data to a 
maximal likelihood treatment (Thames et al. 1986) and can incorporate the incomplete repair 
model described by Thames (1985) for an estimation of ex, (3, T½, and tissue rescuing units (In 
K) as well as exl(j. Direct analysis allows, at the moment, the most reliable estimation of repair 
parameters with realistic confidence limits. 

From the above approaches it was discovered that early-responding tissues had a higher 
ex/(j ( > 6 Gy) than late-responding tissues ( < 6 Gy) (Barendsen 1982, Thames et al. 1982, 
Fowler 1989). Table 1. 1 shows examples of ex/(j ratios of normal tissues that respond early or 
late after radiation treatment. These ratios have major implications for modifying fractionated 
radiotherapy since the increase in iso-effect dose with decreasing dose per fraction is larger for 
late-responding tissues (low ex/(3) than for early-responding tissues (high ex/{j). 
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Figure 1 .6: Reciprocal total dose or Fe-plot. The reciprocal of the total dose is plotted 
as a function of the dose per fraction for a certain iso-effect level. From this plot an 
estimate of a/(3 can be obtained from the slope-to-intercept ratio (see text). Two 
examples are shown, one for a tissue with a low a/(3 ratio (2 Gy) and one with a high 
a/{3 ratio (8 Gy). In tissues with a low a/(3 ratio, decreasing the fraction size will 
increase the iso-effect dose more than in tissues with high a/{3 ratios. The way in which 
cell survival changes with fractionation is depicted in the upper part of the figure. 
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Table 1. 1: od {J ratios for various normal tissue responses 

Tissue cx/{3 Reference 

Early-responding 
Mucosa 16 Gy Stiiben et al. ( 1991) 

8 Gy Chougule and Supe ( 1993) 

Gut 8 Gy Withers et al. ( 1975) 
9 Gy Peck and Gibbs (1994) 

Skin epidermis 10 Gy Douglas and Fowler (1976) 

Bone marrow (LD50130) 

8 Gy Brown et al. ( 1962) 
Fang et al. (1986) 
Travis et al. ( 1988) 

Late-responding 
Lung 4 Gy Down et al. ( 1986a) 

4 Gy Travis et al. ( 1987) 
4 Gy Vegesna et al. ( 1989) 

Kidney 3 Gy Stewart et al. ( 1984) 
3 Gy Thames et al. ( 1988) 

Spinal cord 3 Gy Thames et al. ( 1988) 

Skin dermis 2 Gy Bentzen et al. ( 1989) 
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1.2 Hemopoiesis 

1.2.1 The hemopoietic hierarchy 
Blood contains several cell types, namely erythrocytes, granulocytes, lymphocytes, 

monocytes, and platelets. The finite lifetime of these mature cells requires a well-organized 
system of cell renewal. In adult mammals blood cell production predominantly takes place in 
the bone marrow. The hemopoietic system is organised as a hierarchical progression of 
hemopoietic cells able to replicate repeatedly and differentiate into the various types of blood 
cells and thus perform the main function of the bone marrow. The concepts of how the 
hemopoietic stem cells and progenitors are organised has been under continuous reappraisal 
since the 1960s (Figure 1. 7). 
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Figure 1.7: Changing concepts of the hemopoietic cell hierarchy. As described in the 
text the central role of the CFU-S has been reviewed and adapted over the past 30 years. 
Till and McCulloch (1961) first described the CFU-S simply as the stem cell for all 
mature blood cells. However, starting in the 1970s the heterogeneity of the CFU-S 
compartment related to the time of scoring was uncovered (Worton et al. 1969) and in 
the last decade evidence for the existence of a pre-CFU-S compartment has accumulated 
(Hodgson and Bradley 1979, Ploemacher and Brons 1989). 

The proliferative ability of individual hemopoietic stem cells was first demonstrated by 
transplanting bone marrow into lethally irradiated mice (Till and McCulloch 1961). Eight to 
twelve days later the spleens of these mice contained macroscopically visible clones, derived 
from colony forming units-spleen (CFU-S), which arose from the clonal expansion of one cell 
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(Becker et al. 1963). The CFU-S assay was used to enumerate the frequency of stem cells in 
the bone marrow that remained after a radiation treatment (Till and McCulloch 1 961, 1963, 
McCulloch and Till 1964). CFU-S were later found to be heterogeneous with respect to their 
capacity for self-renewal (Worton et al. 1969). Magli et al. ( 1982) showed that colonies visible 
on day 12 (CFU-S-12) were not always present on day 8 but had grown into a colony from a 
separate progenitor. The time needed for colony formation may therefore reflect the 
primitiveness of these cell types (Schofield 1978). Growth of hemopoietic cells has also been 
determined from uptake of 125IUdR in the spleen shortly after lethal irradiation and BMT. 

Another assay was developed to detect stem cell subsets using the ability of stem cells to 
repopulate the bone marrow and generate new CFU-C (colony forming unit in culture) or CPU
S in an irradiated secondary recipient (Hodgson and Bradley 1979, Hodgson et al. 1982; 
Ploemacher and Brons 1989), termed marrow repopulating ability (MRA). Hodgson and 
Bradley (1979) reported that bone marrow from mice treated with 5-fluorouracil had a marked 
decrease in CFU-S-10  content but MRA were hardly affected. Such studies provided evidence 
for the existence of a stem cell type more primitive than CFU-S, i .e .  pre-CFU-S. 

The primitive, pluripotent hemopoietic stem cell population has the special ability for 
continuous and long-term repopulation of all lineages, myeloid and lymphoid, of an irradiated 
recipient after BMT, i .e .  it has long-term repopulation ability (LTRA). This stem cell function 
can only be adequately shown in chimera models that are able to distinguish between donor and 
recipient stem cell pools after BMT (see section 1.4.2). While long-term repopulation is 
believed to be a function of the most primitive stem cells, it remains uncertain whether these 

cells are different from MRA and whether LTRA totally lack the potential for colony formation 
ability 12 days after BMT (CFU-S-12). 

Short-term repopulating cells (STRA), as opposed to LTRA, can only produce new 
peripheral blood cells in the first few weeks after BMT and are probably CFU-S like cells 
(Ploemacher and Brons 1988a, 1 988b, 1989, Jones et al. 1990, Ploemacher et al. 1 993). These 
cells are necessary for rescuing lethally irradiated animals from radiation induced bone marrow 

aplasia that without a bone marrow transplant would lead to mortality. 
Stem cell separation techniques have been very useful for understanding the 

developmental biology of the hemopoietic system and could also be instrumental in gene 
insertion clinical therapies. Ploemacher and Brons (1988a, 1988b, 1989) separated CFU-S like 
cells able to rescue lethally irradiated mice from MRA on the basis of rhodamine retention 
implying that CFU-S and MRA are separate bone marrow stem cell subsets. Other techniques 
for separation of bone marrow stem cells have utilized counterflow sedimentation (Jones et al. 
1990) or wheat germ agglutinin (WGA) affinity (Ploemacher et al. 1993, Down and Ploemacher 
1993). While complete isolation of a pure cell population containing only long-term 
repopulating stem cells has not been achieved, an almost pure population of CFU-S was found 

to be devoid of long-term repopulating ability (Ploemacher et al. 1993, Down and Ploemacher 
1 993). In humans, approaches to isolate primitive stem cells with long-term repopulation ability 
have relied on the presence of the CD34 + antigen and a low expression of the HLA-DR antigen 

(Sutherland et al. 1989, Watt and Visser 1992, Breems et al. 1994). 
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The capacity of bone marrow cells to proliferate and form colonies has also been 
accomplished in vitro. A progenitor that forms a colony in semi-solid culture is termed the 
CFU-C that is considered to be more committed than CFU-S-12. When the conditions in the 
culture are adapted, by the addition of growth factors for lineage restricted growth, multi- or 
unipotent clones can be demonstrated. Several distinct colony forming progenitors have been 
identified in this way. A CFU-GEMM can grow into a multilineage colony consisting of 
granulocytes, erythrocytes, macrophages, and megakaryocytes. A colony that has differentiated 
into granulocytes and macrophages is the progeny of a CPU-GM. Erythroid restricted stem cells 
are the burst-forming unit erythroid (BFU-E) and the more mature erythroid clony forming unit 
CFU-E. 

A recent method for testing the frequencies of different hemopoietic cell subsets growing 
as cobblestone area forming cells (CAFC) under a stromal layer in vitro was introduced by 
Ploemacher et al. (1989, 1991, 1992). It was demonstrated that CAFC frequencies determined 
at various culture times showed good correlation with the different hemopoietic subsets as tested 
with other assays (CFU-C, CFU-S-12, and MRA). The CAFC assay has also been used for 
determining the sensitivity of the different hemopoietic cell subsets for radiation (Ploemacher et 
al. 1992) or cytotoxic drugs (Down and Ploemacher 1993). Until now, the CAFC assay is the 
only testing system that has the ability to reliably measure primitive stem cell frequencies other 
than in vivo long-term engraftment studies and has provided a basis for useful comparisons with 
LTRA radiosensitivity (see further in Chapter 9). 

1. 2. 2 Radiation sensitivity of the hemopoietic system 
The hemopoietic system is well-renown for its high sensitivity towards ionizing 

radiation. After TBI, death can occur between 10 to 30 days after exposure as a result of 
infection, hemorrhage, and anemia caused by the depression of circulating leucocytes, platelets, 
and erythrocytes. Radiation sterilizes progenitors that normally maintain normal blood 
cellularity. The probability of an animal dying from hemopoietic failure escalates upon 
increasing the radiation dose. The dose with 50 % incidence of mortality within 30 days (LD50/30) 
was one of the first recognized quantified effects of radiation on the hemopoietic system 
(Ellinger 1945, Quastler 1945). The LD50130 was found to vary for different species with a value 
of approximately 4 Gy for humans and about 7 Gy for mice (Hall 1988). 

The CFU-S assay introduced by Till and McCulloch (1961) was the first clonogenic 
assay to determine cell survival for a normal tissue in vivo (Till and McCulloch 1961, 1963, 
McCulloch and Till 1964). The radiation survival curve of CFU-S typically shows an almost 
linear relationship between survival and dose and the D0 was found to V'i�ry between 0. 7 and 0.9 
Gy, indicative of a relatively radiosensitive cell population (Hendry and Lord 1983). Re
evaluation of fractionation data for CFU-S survival using the LQ-model indicates a high od/3 of 
about 23 Gy for CFU-S (Hendry and Potten 1988). 

Cell survival curves have recently been obtained from a range of hemopoietic cell 
subsets, including stem cells more primitive than CFU-S, using both in vivo and in vitro assay 
systems (Imai et al. 1987, Meijne et al. 1991, Ploemacher et al. 1992). It was found that 
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radiation sensitivity was low in CFU-C and early appearing CAFC while a higher sensitivity 
(i.e. a lower D0) was found for the CFU-S population (and CAFC-12) .  Marrow repopulating 
ability (MRA) and late appearing CAFC were relatively radioresistant (Figure 1 . 8) .  
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Figure 1 .8: Radiation sensitivity of hemopoietic stem cells and progenitors. Summary 
of D0 values for several hemopoietic stem cell subsets. These references were chosen 
because they showed results of radiation sensitivity for a range of hemopoietic subsets 
within one study. References: [1] Meijne et al. 1991, [2] Ploemacher et al. 1992 . 

Radiobiological considerations for TBI therapy have often relied upon the effects of 
fractionated radiation on bone marrow measured by the LDso/30 assay or the CFU-S assay. The 
CFU-S assay has not shown a significant change in radiation survival with fractionated TBI 
(McCulloch and Till 1964, Till and McCulloch 1963, Hendry and Howard 197 1 ,  Tarbell et al. 
1987, Down et al. 1991). Increasing the interval time to more than three days in split-dose 
experiments allows repopulation of CFU-S consistent with rapid proliferation (Till and 
McCulloch 1963 , Hendry and Howard 197 1 ,  Imai et al. 1987) . Fractionation effects on LD50130 

are minimal within overall treatment times of one week but rapid recovery from repopulation of 
proliferating cells can occur thereafter (Kaplan and Brown 1952, Paterson et al. 1952, Mole 
1957, Brown et al. 1962, Krebs and Brauer 1965) . Additional evidence for the rapid 
proliferation of the CFU-S population was shown after treatment of bone marrow with 5-
fluorouracil ,  an agent known for its selective cytotoxic effect on rapidly dividing cells (Hodgson 
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and Bradley 1979). In contrast, the more primitive pre-CFU-S population is believed to be in a 
quiescent state and to be more radioresistant and capable of more split-dose recovery than CFU
S (Down et al. 1991, Ploemacher et al. 1992). The radiosensitivity of this primitive pre-CFU-S 
population with long-term repopulation ability is central to the issue of how radiation determines 
the level of permanent donor engraftment after BMT. 
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1 .3 Transplantation immunology 

1.3.1 Immunity against allogeneic cells 
One of the therapeutic aims behind radiation conditioning prior to allogeneic bone 

marrow transplantation is to suppress the immune functions responsible for allograft rejection. 
The immune response is directed against transplantation antigens encoded for by 
histocompatibility genes (Snell and Stimpling 1966). As many as forty loci have now been 
identified in mice designated as H-1, H-2, H-3, etc. 

The locus encoding for H-2 is called the major histocompatibility complex (MHC) since 
the gene products of H-2 generally elicit a stronger allogeneic reaction than the products of the 
other genes. The MHC (H-2) complex locus is divided into four regions called K, I, S and D 
found on mouse chromosome 17. The products of MHC genes are transmembrane glycoproteins 
that for the most part are exposed outside the cell. They have several domains; one of which 
recognizes antigens. Alloantigens or virally infected cells are recognized by cytotoxic T-cells in 
association with either H-2K or H-2D products. Helper T-cells recognize H-21 molecules on the 
membranes of antigen presenting cells. H-2K and D are called class 1 MHC, H-21 class 2. 
Class 1 MHC antigens are found on all nucleated cells and class 2 only on antigen presenting 
cells such as B-lymphocytes, macrophages, and dendritic cells (Roitt et al. 1985). The other, 
minor, histocompatibility loci also play a role in the immune reaction against allogeneic cells 
and cumulative reactivity can sometimes be even larger than reactivity against H-2 antigens 
(Michaelson et al. 1988). 

The human leucocyte antigen HLA-system in the human is analogous to the H-2 complex 
in mice representing the major histocompatibility complex. HLA is divided into four regions, 
designated as D, B, C, and A. As in the murine system the human MHC is categorized into 
class 1 and class 2. HLA-A, B, and C are class 1 and HLA-D, subdivided in DR, DQ, and DP 
are class 2 (Roitt et al. 1985). 

Classical cellular immune response starts with recognition of a foreign antigen. Mature 
T-cells carry a T-cell receptor that recognizes antigens in association with MHC products 
presented by antigen-presenting cells. After recognition of an antigen, the helper subset of T
lymphocytes is activated to produce interleukins and interferons. These induce the proliferation 
and stimulation of B-lymphocytes to produce antigen-specific antibodies. Additionally, another 
subset of T-lymphocytes, namely cytotoxic T-cells, and natural killer (NK) cells are activated. 
The whole cascade of immune destruction is activated and cytotoxic T-cells then react against 
cells expressing the foreign antigen and subsequently lyse the cells. NK-cells are another 
population of immunocytes that are thought to react mostly against virus-infected cells, but they 
may also play a role in the rejection of parental bone marrow allografts as described below in 
section 1.3.2. NK-cells were also identified as important effector cells in graft-versus-host 
disease (GVHD) and this is described in section 1.4.1.1 (Ghayur et al. 1987, Ferrara et al. 
1989, De Witte and Preijers 1990). Other subsets of T-lymphocytes, suppressor T-cells and 
veto cells, may be involved in the induction of donor specific tolerance after bone marrow 
transplantation but this remains to be completely resolved (Nakamura and Gress 1990b, Fink et 
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al. 1988). 
The immune response against either MHC-matched or MHC-mismatched allogeneic cells 

involves two basic forms of cellular immunity: delayed type hypersensitivity (DTH) and the 
generation of cytotoxic T-lymphocytes (Huber et al. 1976). However, antibody production by 
B-lymphocytes and NK-cells may also be involved. The involvement of T-lymphocytes was 
shown by the finding that anti-T-cell serum and complement treatment abrogated both the DTH 
and the cytotoxic response (Huber et al. 1976). 

The reactivity of lymphocytes to allogeneic cells can be assayed by their proliferative 
response to alloantigens. Upon recognition of allogeneic cells the number of lymphocytes can be 
increased by clonal amplification of antigen-specific lymphocytes. The extensive proliferation of 
these cells can be quantified from the uptake of tritiated thymidine. Two different assays are 
frequently used to assess alloreactivity in vitro. The mixed lymphocyte culture (MLC) measures 
the overall immune response after culturing a fixed number of responder cells with a fixed 
number of irradiated allogeneic stimulator cells. Limiting dilution analysis (LDA) of the 
precursors of proliferating T-lymphocytes (pPTL) or cytotoxic T-lymphocytes (pCTL) can be 
used to quantify the frequency of alloreactive cells by using several dilutions of responder cells 
with a fixed number of stimulator cells (see also section 2.3. 7). Both MLC and pPTL measure 
proliferation in response to allogeneic cells that differ in class 2. Frequency analysis of 
precursors of cytotoxic T-lymphocytes (pCTL) are particularly useful in measuring differences 
in class 1 MHC-antigens. 

1 .3.2  Hybrid resistance 
Fi-hybrid mice inherit MHC genes from both parental strains precluding allograft 

rejection through recognition of donor MHC antigens after semi-allogeneic BMT (parent -+ Fi) 
However, a peculiar effect first described by Cudkowicz and Bennett (1971a, 1971b) was 
observed when parental hemopoietic cells were rejected by lethally irradiated Fi-hybrid 
recipients where the uptake of 125IUdR at 4 or 5 days post-BMT was used to measure the 
growth of hemopoietic cells. The cells responsible for rejection of semi-allogeneic parental 
marrow were found to be NK-cells (Murphy et al. 1987b, Yankelevich et al. 1989, Sentman et 
al. 1989). Since rejection was not caused by a difference in H-2 or non-H-2 antigens, several 
alternative mechanisms have been suggested for this phenomenon as reviewed by Yu et al. 
( 1992). 

1. 3. 3 Radiation sensitivity of the immune system 
Several cell types within the immune system are well-recognized for their wide 

differences in radiation sensitivity. B- and T-lymphocytes are unusual with regard to the time of 
cell death following radiation exposure at low radiation doses (D0 varying from 0.5-1.5 Gy). In 
contrast to reproductive cell death common to most cell types, lymphocytes often die rapidly by 
interphase cell death (see also section 1.1.1, Anderson and Standefer 1983). This may explain 
the rapid fall in cellularity of lymphoid organs after radiation (Anderson et al. 1977, Meder and 
Michalowski 1980). This process, now commonly ascribed to apoptotic cell death, predominates 
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at low radiation doses (Williams et al. 1994, see also section 1. 1. 1). Antibody production by B
lymphocytes was found to be very sensitive to ionizing radiation with a D0 ranging from 0.55 to 
0.85 Gy (Anderson and Warner 1976, Anderson et al. 1977, Anderson and Standefer 1983, 
Sado et al. 1 985). 

The radiosensitivity of T-lymphocyte sub-populations is less than for B-lymphocytes but 
varies among different T-cell subsets with cytotoxic T-cells being more resistant than helper T
cells. In the literature conflicting results exist in case of mature splenic Ly-1 (helper T-cells) 
and Ly-2 (cytotoxic/suppressor T-cells). Sado et al. (1988) found a D0 of 2.2 Gy for Ly-1 + 
cells and a D0 of 1.8 Gy for Ly-2+ at 3 days after radiation. Williams et al. (1994) reported 
lower D0 values of 0.97 and 1.24 for Ly-1 + and Ly-2+ respectively at 24 hour after TBI. 

The clonogenic ability of human T-lymphocytes was previously determined after 
irradiation of peripheral blood or bone marrow lymphocytes in vitro and testing for the radiation 
dose relationship of the capacity of these cells to grow into a colony. Mitotic death was shown 
to have D0 values between 0.9 and 1.25 Gy (James et al. 1983, Triebel et al. 1985, Prosser et 
al. 1990). Radiation experiments on human precursors for proliferating T-cells (pPTL) from 
normal individuals have given a mean D0 value of about 0.8 Gy (Elyan et al. 1993). 

The proliferative response against alloantigens in vivo was found to have a D0 of 0. 74 
Gy (Smith and Vos 1963) and 1.0 Gy (Sprent et al. 1974) as assessed from graft-versus-host 
reactivity of transplanted T-cells in the host spleen. 

The level of host-versus-graft reactivity that remains after radiation is especially 
important since it determines whether donor cells are accepted or rejected by BMT recipients. 
Rejection of allogeneic bone marrow is relatively radioresistant and often requires radiation 
doses in excess of 8 Gy for donor engraftment (Courtenay et al. 1963, Gengozian et al. 1969, 
Cudkowicz and Bennett 1971a, 1971b, Aizawa et al. 1980, Sado et al. 1985, Schwartz et al. 
1987). 

Radiation treatment with fractionated or protracted irradiation to allow for SLDR of 
immune cells in vitro has been the subject of several studies. Low dose-rate irradiation (8 
cGy/min) had the effect of increasing the dose needed for 50% reduction in antibody production 
by B-cells by 1.2 fold (Gottlieb and Gengozian 1972a, 1972b). The proliferative response of T
lymphocytes (pPTL) in vitro was shown to be more resistant following LDR irradiation at a 
dose-rate of 1 cGy/min (Elyan et al. 1993). 

Acceptance of allogeneic bone marrow in vivo after low dose-rate TBI required higher 
doses to prevent rejection of allogeneic bone marrow than high dose-rate TBI to suggest that the 
responsible cell population has a reasonable capacity for SLDR (Courtenay et al. 1963, 
Gengozian et al. 1969, Down et al. 1991). A similar effect was observed when TBI was 
fractionated to prepare mice for H-2 matched allogeneic BMT (Down et al. 1991). The specific 
cell type responsible for host-versus-graft reactivity and the radiation sensitivity of these cells 
has yet to be fully characterized. Continuing studies in this area may facilitate the search for the 
most effective conditioning regimen aimed at selective suppression of effector cells involved in 
allograft rejection. 
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1.4 Application of TBI conditioning prior to BMT 

BMT can be performed with autologous, syngeneic or allogeneic bone marrow. 
Autologous marrow is usually collected before the last cycle of chemotherapy and returned to 
the patient after chemotherapy and/or radiotherapy to accelerate hematologic recovery in these 
patients. Syngeneic BMT is only possible between genetically identical twins and accounts for 
less than 2 % of total number of transplants (Bortin et al. 1992b). The majority of BMT 
recipients are provided with allogeneic marrow from related or unrelated donors. Current 
applications of allogeneic BMT in the clinic can be divided in HLA-matched and (partly) HLA
mismatched BMT. Allogeneic BMT recipients with leukemia are often brought in remission 
with chemotherapy ( < 5 % tumor cells in the peripheral blood) and then conditioned with high 
doses of cyclophosphamide and TBI. After the conditioning, donor bone marrow cells 
numbering about 2-6xl08/kg are infused intravenously. A number of complications still prevent 
success of treatment with TBI and BMT (Champlin 1990). Some of the frequent complications 
after allogeneic BMT include graft-versus-host disease (section 1.4.3.1), graft failure (section 
1 .4.3.2), leukemic relapse (section 1.4.3.3) and interstitial pneumonitis (IP, section 1.4.3.4). 

In about 10% of the BMT cases, allogeneic bone marrow stem cells can be used in 
attempts to restore normal hemopoiesis in patients with acquired or genetic disorders of the 
hemopoietic system. To achieve engraftment of genetically corrected autologous bone marrow 
(Williams et al. 1 984, Dick et al. 1985), lower TBI doses may be sufficient since there is no 
need for immune suppression. Additionally, healthy stem cells may have a selective growth 
advantage at repopulating the defected lineage as was shown in studies on mice (Wagemaker et 
al. 1986, Nakano et al. 1989a, 1989b, Barker et al. 1988, 1994, Van den Bos et al. 1 994, Van 
der Loo et al. 1994) and patients (Parkman et al. 1975, Ginsburg et al. 1985, Borzy et al. 
1 989, Buckley et al. 1993). 

The majority of the allogeneic BMT cases are leukemic patients where TBI is not only 
used for immune suppression and stem cell depletion but also for leukemic cell kill. In these 
situations there is the need to escalate the total radiation doses but at the high risk of inducing 
damage to other tissues. 

1. 4.1 Allogeneic bone marrow transplantation 
The first attempts to cure leukemia patients with irradiation and subsequent bone marrow 

transplantation were pioneered by Thomas and co-workers (1957, 1959, 1961). Only patients 
that had received marrow from an identical twin showed recovery of marrow function. The 
discovery of the MHC complex in humans (HLA-system) has resulted in it being used for 
selecting a donor that is immunologically matched with the host to minimize the risks of 
complications from immune-mediated processes (Van Rood et al. 1969, Bradley et al. 1 973). 
This has led to the increased utilization of bone marrow transplantation with HLA-matched 
allogeneic sibling donors (Bortin et al. 1992b, 1992c). About half of the leukemic patients have 
been cured following HLA-matched sibling BMT. A donor with a minor mismatch has been 
used when a fully HLA-matched donor could not be found, but only 25 % of these patients 
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remained alive without recurrence of the disease (Trigg et al. 1985). Recently, unrelated donors 
have increasingly been used for patients that lack an acceptable HLA-identical sibling donor or 

a haplo-identical family member compatible for the major HLA loci (Bortin et al. 1992c). The 
use of HLA-matched bone marrow from unrelated donors has led to an increased incidence of 
GVHD but a decreased incidence of relapse (Gajewski et al. 1990, Beatty et al. 1991, Beatty 
1992, Tricot 1992, Kernan et al. 1993). A correlation was shown to exist between the genetic 
barrier between donor and host and the incidence of complications (Beatty et al. 1985, Anasetti 
et al. 1989, Bosserman et al. 1989). Figure 1.9 summarizes clinical results after undepleted 
(upper left), T-cell depleted (upper right) HLA-matched sibling BMT, and HLA-matched 
unrelated BMT (lower left), HLA-mismatched sibling BMT (lower right). 

HLA-matched al logeneic BMT (related) 

Undepleted BMT 

Alive 

Relapse 
GVH D 

T-depleted BMT 

Al ive 

Relapse 

other 

HLA-matched unrelated BMT Mismatched related BMT 

Failure 

Relapse 

other  

IP GVH D IP 

Figure 1 .9: Clinical results with bone marrow transplantation. Clinical outcome of 
transplantation of unmodified (upper left), T-cell depleted (upper right) HLA-matched 
donors and T-cell depleted BMT matched unrelated donors (lower left) or with 
mismatched related donors (lower right). After Trigg et al. 1985, Champlin 1990, 
Tricot 1992, Kernan et al. 1993. 
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Unmanipulated bone marrow transplantation in HLA-matched patients was often 
accompanied by complications such as graft-versus-host disease (GVHO) and interstitial 
pneumonitis (IP). Failure to engraft due to rejection was rare and about 50 % have remained as 
long-term survivors (Champlin 1990). To reduce the incidence of GVHO the bone marrow was 
depleted of mature T-cells but this appeared to lead to an increase in graft rejections and 
relapses (Figure 1.9, upper right) and no improvement in overall survival was observed 
(Champlin 1990). The results with HLA-mismatched BMT or matched unrelated BMT were 
worse than in HLA-matched sibling BMT, since about seventy-five percent of the patients 
showed complications (GVHO, graft failure, IP or relapse). 

1 .4. 1 . 1  Graft-versus-host disease 
One of the most disturbing complications associated with allogeneic BMT is GVHO. 

GVHD can be initiated by donor T-lymphocytes that have been transferred with the graft (acute 
GVHD) or T-lymphocytes that have developed from grafted precursors (chronic GVHD) and 
these can react against tissue antigens of the recipient (Van Bekkum 1985, Tutschka 1987). The 
number of clonable T-cells in the donor bone marrow was shown to correlate with the 
development of GVHD (Kernan et al. 1986) to support the crucial role of T-lymphocytes in this 
reaction. In addition to the need for donor T-lymphocytes, antigenic differences in 
histocompatibility between donor and host and the recipients inability to reject the donor T
lymphocytes can determine GVHO (reviewed in Hakim and Shearer 1990, Parkman 1991). 
Acute GVHD is characterized by erythematous dermatitis and diarrhea. The symptoms for 
chronic GVHD are auto-antibody production, immune deficiency and increased collagen 
deposition, leading to sclerodermatous skin changes, gastrointestinal malabsorption and 
pulmonary fibrosis (Parkman 1991). 

In experimental allogeneic BMT, both major and minor histocompatibility differences 
can cause graft-versus-host reactions (Komgold and Sprent 1978, Hamilton et al. 1981, Vallera 
et al. 1981). The responsible cell types for GVHn are co4+ and ens+ cells. co4+ cells, in 
cooperation with CDS+, are mainly involved in GVHD across full MHC-mismatched barriers 
and ens+ cells are able to induce GVHD only when a class I difference between donor and 
host exists (Komgold and Sprent 1985, 1987a, 1987b). cos+ cells are also capable of inducing 
GVHO without assistance of C04 + cells, but CD4 + cells can enhance the potential of cos+ 

cells to react against host antigens (Komgold 1992). The relative contribution of Cn4 + and 
ens+ T-cells to the development of GVHn directed to minor histocompatibility antigens varies 
according to the particular mouse strain combination (Komgold and Sprent 1987a, 1987b, 
Hamilton 1987). NK-cells and large granular lymphocytes have also been identified as important 
effector cells in GVHD (Ghayur et al. 1987, Ferrara et al. 1989, De Witte and Preijers 1990). 

Removal of T-lymphocytes from the bone marrow has reduced the incidence of GVHn 
in experimental (Komgold and Sprent 1978, Vallera et al. 1981, 1982a, 1982b, 1982c, Vallera 
and Blazar 1989) and clinical BMT (O'Reilly et al. 1985, Martin et al. 1985, Trigg et al. 1985, 
Mitsuyasu et al. 1986). However, in clinical BMT this has led to an increase in graft rejection 
and leukemic relapse (see also Figure 1.9, Trigg et al. 1985, Mitsuyasu et al. 1986, Goldman 
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et al. 1988, Champlin 1990). Studies on variation of radiation conditioning has shown that 
GVHD was more likely to occur when the radiation dose was increased in human BMT (Clift et 
al. 1990), as well as in experimental BMT (Down et al. 1992). GVH reactions in the mouse 
lung appeared to be the most prominent problem at high TBI doses (Down et al. 1992) and this 
may explain why a lower incidence of IP accompanied a reduction in GVHD in T-cell depleted 
BMT patients (see Figu!"e 1.9, upper panels). The controversial role of donor T-cells in 
providing allogeneic engraftment will be discussed further in Chapter 8. 

1.4.1.2 Rejection (host-versus-graft reaction) 
Graft rejection is another concern in clinical allogeneic BMT especially when T-cell 

depleted marrow is used to prevent GVHD (Champlin 1990, Bortin et al. 1992a). It has been 
speculated that a decrease in GVHD would result in an increase in graft rejection (Vriesendorp 
et al. 1981, Vriesendorp 1985, Gale and Reisner 1986, Reisner 1987) due to insufficient 
immune suppression. The phenotype of cells capable of rejecting allogeneic marrow grafts is 
still unknown. It has been suggested that T-lymphocytes are involved in rejecting H-2 disparate 
cells while NK-cells cause hybrid resistance (see also section 1.3.2), i .e .  rejection of parental 
bone marrow grafts by their offspring (Dennert et al. 1985, Murphy et al. 1987b, Sentman et 
al. 1989, Yankelevich et al. 1989, Ferrara et al. 1990, Nakamura and Gress 1990). Rejection 
in clinical BMT was shown to be related primarily to the presence of cos+ effector cells of 

host origin (Bunjes et al. 1987, Kernan et al. 1987, Bierer et al. 1988). Acute rejection can 
lead to bone marrow aplasia and blood transfusions are often used in an effort to maintain 
normal blood cellularity. The donor bone marrow can also be rejected after an initial period of 
donor engraftment. Transient engraftment of donor cells can enable the patient to recover from 
the acute lethal effects of the conditioning treatment but host hemopoiesis may ultimately 
recover from surviving host stem cells (Soderling et al. 1985, Lapidot et al. 1988, Kernan et 
al. 1987, 1989, Martin et al. 1987). There is additional evidence from experimental studies that 
pre-immunization (presensitization) from prior blood transfusions may render the recipient more 
susceptible to bone marrow graft rejection (Van Putten et al. 1967, Weiden et al. 1976, Storb 
and Deeg 1986, Lapidot et al. 1989). Rejection of T-cell depleted marrow is also influenced by 
the radiation conditioning (Table 1.2). In general, fractionation of TBI has led to more graft 
failures from rejection except when high total doses were used (Table 1.2) .  The type and the 
degree of T-cell depletion may also be very important for preventing GVHD without affecting 
the incidence of rejection (Lowenberg et al. 1986, Verdonck et al. 1990). 
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Table 1.2.: Clinical results with T-cell depleted DLA-matched BMT - relation of radiation 
dose and dose fractionation with graft rejection 

Total No. Dose/ Dose Failure Ref. 
dose fract. fract. rate (% rejection) 

7.5 1 7.5 11-18 3/41 (7%) (1) 
7.5 1 7.5 18 2/12 (17%)  (2) 
10 1 10 4.5 0/9 (0%) (3) 
10 1 10 3 1/7 (14%)  (4) 

9 2 4.5 5-5.6 0/22 (0%) (5) 

1 1  3 3.7 4-6 3/5 (60%) (6) 
13 3 4.3 4-6 0/11 (0%) (6) 

10 5 2 6-15 3/4 (75 %) (1) 
11.25 5 2.25 5-7 5/20 (25%) (7) 

12 6 2 6-15 6/10 (60%) (1) 
12 6 2 8 7/11 (64%) (8) 
12 6 2 4.5 7/15 (47%) (3) 
12 6 2 16 4/7 (57%) (9) 

14 7 2 16 1/27 (4%) (9) 
15.75 7 2.25 8 7/41 (17%) (8) 

References: 
(1) Patterson et al. 1986, (2) Lawler et al. 1991, (3) Guyotat et al. 1987, (4) Bretagne et al. 1987, (5) 
De Witte et al. 1986, (6) Iriondo et al. 1987, (7) Mitsuyasu et al. 1986, (8) Martin et al. 1985, 1988, 
(9) Burnett et al. 1988. 

1.4.1.3 Leukemic relapse and graft-versus-leukemia 
Cytoreductive treatment is expected not to deplete all leukemic cells and therefore 

regrowth of the leukemia might occur. As already mentioned, T-cell depletion procedures 
designed to circumvent GVHD may also abrogate the beneficial effect of graft-versus-leukemia 
(GVL) reactions. GVL was first recognized through comparison of identical twin BMT with 
allogeneic (HLA-identical) BMT (Gale and Champlin 1984, Butturini et al. 1987, Horowitz et 

al. 1990). The relapse rate was found to be higher in recipients of syngeneic marrow but also in 
allogeneic BMT recipients that did not suffer from GVHD. Patients with moderate to severe 
GVHD had a lower probability of relapse suggesting an anti-leukemic effect of GVHD (Weiden 
et al. 1979). T-lymphocytes as well as NK and LAK cells may be involved in both GVHD and 
GVL (Ghayur et al. 1987, Ferrara et al. 1989, De Witte and Preijers 1990, Slavin et al. 1990). 
Enhancement of GVL activity without increasing GVHD has not yet been realized in human 
BMT but it remains an elusive goal (Champlin 1992, Kloosterman et al. 1993). One approach 
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would be to isolate lymphocytes in the graft that exert GVL activity but are not reactive against 
normal cells .  Recently, single T-cell clones specific for leukemic cells were detected in BMT 
patients suffering from acute GVHD and these may be used for further attempts to potentiate 
GVL without inducing GVHD (Van Lochem et al. 1992). Another approach would be to infuse 
high numbers of donor lymphocytes in the weeks or months following transplantation when 
tolerance against donor alloantigens has been developed. Allogeneic BMT patients who had 
relapsed from chronic myelogenous leukemia (CML) have been treated with donor leucocyte 
infusions from the original bone marrow donors. This treatment has been shown to be effective 
in re-inducing remission without the complications of severe GVHD (Kolb et al. 1990, 
Drobyski et al. 1 992, 1993, Bar et al. 1993). Finally, administration of interleukin-2 (IL-2) is 
claimed to expand GVL properties without increasing GVHD reactivity (Sykes et al. 1990, 
1994, Hauch et al. 1990). These reports suggested that co4+ T-cell reactivity is selectively 
abrogated by IL-2 to attenuate GVHD, but ens+ T-cell reactivity, NK and LAK cell activity 
can be increased by IL-2 administration to augment GVL. 

Fractionation or protraction of total body irradiation were shown to increase the 
leukemic relapse rate in T-cell depleted BMT (Scarpati et al. 1989, Marmont et al. 1991,  Socie 
et al. 1991) to suggest some repair capacity in leukemic cells. Variations in radiosensitivity of 
leukemic (stem) cells among individual patients may also be an important factor in determining 
the probability of leukemia recurrence (Uckun et al. 1993a, 1993b). 

1. 4. 1. 4 Interstitial pneumonitis 
The lung is often regarded to be a critical dose-limiting tissue for total body irradiation. 

Interstitial pneumonitis (IP) is a multifactorial disease in the BMT setting where radiation, 
chemotherapy, immune suppression, infection and GVH reactions may all contribute to the 
clinical manifestation of lung damage. Interstitial oedema and damage to the alveolar epithelial 
and endothelial cells have been described and pathogens such as cytomegalovirus (CMV) or 
pneumocystis carinii can be detected in about 50 % of the patients suffering from IP (Sloane et 
al. 1983, Bortin et al. 1989). The target cell populations for radiation induced lung damage are 
commonly ascribed to be type II pneumocytes and/or endothelial cells. Both cell types have a 
slow turnover time (3-6 months) and therefore exhibit radiation damage late after irradiation 
(Coultas et al. 1981, Down et al. 1986b). The incidence of radiation-induced IP after clinical 
TBI and upper half-body irradiation (UHBI) was reported to be very sensitive to changes in 
radiation dose (Keane et al. 1981, Van Dyk et al. 1981). 

Animal and clinical data have shown that the incidence of IP can be decreased by 
fractionating or protracting TBI to indicate that target cells in the lung are capable of radiation 
repair (Shank et al. 1 98 1, Bortin et al. 1982, Barrett et al. 1983, Down et al. 1986a, Travis et 
al. 1985, 1987, Cosset et al. 1989, Moulder and Fish 1989). The a/(3 ratio for radiation 
induced pneumonitis in mice was estimated to be about 4 Gy (Down et al. 1986a, Travis et al. 
1987, Vegesna et al. 1989) within the range given for other late-responding tissues (Barendsen 
1982, Fowler 1989). The combination of cyclophosphamide with TBI may enhance and 
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accelerate pulmonary complications caused by radiation as evidenced from experimental studies 
in mice and rats (Collis and Steel 1983, Von der Maase et al. 1986, Lockhart et al. 1986, 
1992, Varekamp et al. 1987) . 

1 .4. 1.5 Other complications 
Renal damage appearing several months after radiation exposure is increasingly 

considered to be another major risk in BMT patients. The kidneys are particularly sensitive to 
systemic radiotherapy where progressive radiation damage to glomerular cells can lead to a 
hemolytic uremic syndrome (HUS) (Tarbell et al. 1988, Chappel et al. 1988, Antignac et al. 
1989, Down et al. 1990, Rabin owe et al. 1991). The od /3 for renal damage was found to be low 
(about 3 Gy) to indicate a considerable repair capacity during fractionated TBI (Stewart et al. 
1984, Thames et al. 1988). There is concern that radiation-induced nephropathy can be 
potentiated by concurrent chemotherapeutic agents (Stewart et al. 1986, Tarbell et al. 1988, 
Chappel et al. 1988). Other complications after TBI and allogeneic BMT include veno-occlusive 
disease (VOD) and cataracts. For these complications the relationship with radiation dose and 
chemotherapy remains to be further elucidated but the clinical impression is that fractionated 
TBI reduces the incidence of both VOD (Deeg et al. 1986, Soiffer et al. 1991b) and cataracts 
(Deeg et al. 1984, Kim et al. 1990) . 

1. 4. 2 Hemopoietic chimerism 
The term chimera is derived from the mythological creature with a lion's head, a goat's 

body and a serpent's tail. Among biologists, a chimera is generally defined as an organism that 
has cell populations from different individuals. In bone marrow transplantation a radiation 
chimera is used to describe an organism whose hemopoietic system is partly or fully derived 
from recognizable donor bone marrow cells in recipients previously treated with radiation. 
Complete chimerism is found when all blood cells are descended from donor stem cells. In a 
mixed chimera both donor and host contribute to hemopoiesis. The term split chimerism is used 
to indicate different levels of engraftment between several cell lineages within one individual. 

1. 4. 2. 1 Assays to detennine chimerism in experimental BMT 
The measurement of hemopoietic chimerism is especially useful for assessing long-term 

repopulation on behalf of donor or host stem cells. The assays available for detection of donor 
or host cells in the treated recipient utilize cytogenetic, immunological or biochemical markers. 

Cytological examination of metaphases for the presence of the T6 marker was the first 
method for the identification of donor cells in a transplanted host (Ford et al. 1956) . T6 is an 
unequal translocation between chromosome 14 and 15 . However, this is a laborious technique 
and it remains uncertain whether the chromosomal abnormality confers a competitive 
disadvantage over normal cells. Another method investigates chimerism in sex-mismatched 
BMT by detecting the male Y-chromosome after in situ hybridization (Van der Sluijs 1993, 
Ploemacher et al. 1993) or after polymerase chain reaction for Y-chromosome specific DNA 
sequences on southern blots (Hampson et al. 1989) . The engraftment of bone marrow after sex-
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mismatched BMT can be influenced by an immune reaction against the H-Y antigen, that is 
documented to be weakly immunogenic (Simpson 1982). In sex-mismatched BMT a higher 
mean number of male BM cells was needed for transplantation into female ( o -+ g) recipients 
than in the reverse female into male (g  _. o) transplantation (Van der Sluijs 1993) but this 
difference was not significant. Recently, the use of transgenic mice to monitor donor 
engraftment in transplanted recipients was reported (Sigounas and MacVittie 1993). DNA 
sequences introduced into the genome of these mice serve as genetic markers to detect the 
presence of donor-derived repopulation in nucleated cells. These cytogenetic techniques can 
only be used to measure engraftment in nucleated cell lineages, excluding the possibility for 
regular monitoring of chimerism in erythrocytes. 

Immunological markers use differences in membrane antigens between donor and host 
that are then tagged with specific monoclonal antibodies. The difference in MHC (H-2) is the 
most widely used immunological marker in murine BMT research. Lysis of labelled cells with 
complement in a microcytotoxicity assay and flow cytometric analysis of antibody binding are 
alternately used to measure donor chimerism (Soderling et al. 1985, Blazar et al. 1988, Sykes 
et al . 1989, Lapidot et al. 1988, 1989, Salomon et al. 1990). However, H-2 antibody typing of 
spleen cells is restricted to MHC-mismatched allogeneic BMT where host-versus-graft and 
graft-versus-host reactions can influence bone marrow engraftment. Flow cytometric analysis of 
other surface markers (Ly-1 ,  Ly-5 and Thy-1) was developed as a method for determination of 
long-term chimerism in congenic recipients (Sprangrude et al. 1 988, Li and Johnson 1992). Ly-
1 and Thy-1 markers can only be used for measurement of lymphoid chimerism and the Ly-5 
antigen (CD45) is expressed on all bone marrow derived cells except erythrocytes and 
erythroblasts (Sprangrude and Johnson 1990). An overlap in fluorescence intensity between 
negative and positive cells may limit the sensitivity of flow cytometric analysis. It also remains 
uncertain whether the congenic differences in these lymphoid antigens may induce a weak 
immune response against donor cells. 

Biochemical markers utilize electrophoretic differences in erythrocyte proteins such as 
hemoglobin (Ferrara et al. 1987a, Mauch et al. 1988, Harrison 1980, Down et al. 1991) or 
carbonic anhydrase (Ferrara et al. 1987b) to distinguish donor from host-derived mature red 
blood cells. Hemoglobin and carbonic anhydrase are erythrocyte specific enzymes and can 
therefore not be used for measuring engraftment along other lineages. Other biochemical 
markers that can be used to measure engraftment in all living cells are the glycolytic enzymes 
phosphoglycerate kinase (PGK) (Brecher et al. 1988, Ansell and Micklem 1 986, Barker et al. 
1988) or glucose-phosphate isomerase (Gpi) (Harrison et al. 1 988, Barker et al. 1988, Ansell 
and Micklem 1986, Francescutti et al. 1985, Voralia et al. 1987, Van Os et al. 1 992) and these 
can be used in congenically marked syngeneic as well as allogeneic (MHC-matched and 
mismatched) BMT. Two murine forms of the above mentioned enzymes exist that can be 
separated using electrophoresis and the relative contribution of donor and host stem cells to 
hemopoiesis can be determined in all cell lineages. 

The technique of monitoring chimerism in non-immunogenic congenic mice enables 
determination of short-term engraftment, originating from CFU-S like cells, and long-term 
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engraftment, originating from LTRA cells, following radiation sterilization of  the composite 
host stem cells (see also section 1.2.1). It can also be used to determine enrichment for donor 
stem cell subsets after bone marrow separation experiments (Neben et al. 1991, Li and Johnson 
1992, Ploemacher et al. 1993, Down and Ploemacher 1993). 

1.4.2.2 Chimerism in clinical BMT 
Measurement of the level of chimerism in clinical BMT may allow determination of the 

success of TBI conditioning in establishing allogeneic donor engraftment. Knowledge of the 
relation between hemopoiesis on behalf of the host and relapse of leukemia may lead to the 
development of chimerism as a predictive factor for relapse. 

The most frequently used chromosomal markers are polymorphisms of the Y
chromosome, in sex-mismatched BMT (Roy et al. 1990, Branch et al. 1982, Bertheas et al. 
1988), and the Philadelphia (Ph) chromosome in patients with chronic leukemias (Frassoni et al. 
1988, Offit et al. 1990). The presence of Ph-chromosome positive cells can only provide 
information on recurrence of leukemic cells but this is not an appropriate measure for the level 
of chimerism on the part of normal stem cells. Electrophoretic patterns of donor and host DNA 
using restriction fragment length polymorphism (RFLP) has also been described as a method to 
distinguish donor and host cells (Yam et al. 1987, Petz et al. 1987, Schattenberg et al. 1989). 
Recent developments of molecular biological techniques such as the polymerase chain reaction 
(PCR) has allowed the detection of chimerism in very few cells (Lawler et al. 1991). Red blood 
cell typing with the use of determinants other than the major blood groups has also been proven 
to be a very sensitive method in showing the presence of very low numbers of donor or host 
cells (Branch et al. 1982, De Man et al. 1988, Schattenberg et al. 1989, Bar et al. 1989). The 
described assays to determine chimerism in clinical BMT vary in their sensitivity to detect 
donor cells. The sensitivity of cytogenetic evaluation of blood or bone marrow cells is 10-15 % , 
for RFLP 5-10%. The PCR method introduced by Lawler et al. (1991) is able to detect donor 
cells at the 1 % level and red cell antigen typing has shown to have a sensitivity of between 
0.01 %-0.5 % (Yam et al. 1987, Schouten et al. 1988, Schattenberg et al. 1989). In clinical 
BMT mixed chimerism is defined merely as the presence of detectable donor cells and the level 
of donor chimerism is often not well documented. 

1. 4. 2. 3 The relationship between chimerism and leukemic relapse 
The relation between leukemic relapse and the residual host hemopoietic cells remaining 

after TBI and BMT in the context of mixed or partial chimerism has been studied extensively 
(Petz et al. 1987, Bretagne et al. 1987, Maraninchi et al. 1987, Schouten et al. 1988, Bertheas 
et al. 1988, Schattenberg et al. 1989, Roy et al. 1990, Lawler et al. 1991). More mixed 
chimeras than full donor chimeras were found among recipients of T-cell depleted bone marrow 
when compared with recipients of unmanipulated marrow (Bretagne et al. 1987, Bertheas et al. 
1987,1988,1991, Maraninchi et al. 1987, Lawler et al. 1991). If normal and malignant 
hemopoiesis are related then a higher probability of relapse in mixed chimeras may be expected. 
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A relation between normal and malignant hemopoiesis was shown from an increase in host-type 
cells at the time of relapse although such an increase did not always lead to relapse (Knowlton 
et al. 1986, Bar et al. 1989, Frassoni et al. 1990). However, no clear relationship between the 
level of chimerism and relapse has been apparent from the current clinical data since the same 
incidence of relapse was found in full donor chimeras as in mixed chimeras (Bertheas et al. 
1987, 1988, Maraninchi et al. 1987, Roy et al. 1990, Lawler et al. 1991,  Van Leeuwen et al. 
1994). CML patients so far appear to be an exception since mixed chimeras were more likely to 
experience a leukemic relapse than full donor chimeras (Bertheas et al. 1991) .  Any correlation 
between chimerism and relapse may therefore be complicated by the variety of leukemias and 
stages of the disease compared in one study. 

1.5 Scope of the present study 

The main purpose of this study was to investigate the role of total body irradiation (TBI) 
in determining the extent of syngeneic and allogeneic engraftment where bone marrow stem cell 
ablation and immune suppression were the two prerequisites of radiation conditioning. A 
congenic mouse strain was used to determine the radiation dependency of bone marrow stem 
cells in a syngeneic BMT model. Long-term bone marrow repopulation was measured in 
erythrocytes and the validity of erythroid chimerism at 20 weeks after BMT as a measure for 
radiation effects on LTRA cells responsible for multilineage hemopoiesis was determined. The 
effect of fractionated and low dose-rate TBI was investigated in syngeneic transplantation to 
evaluate the radiobiological characteristics of bone marrow stem cells responsible for long-term 
engraftment. 

In allogeneic BMT the compromising effect of low dose-rate TBI was studied and the 
relative importance of immune suppression over stem cell ablation was resolved. The effect of 
host presensitization and the presence or absence of donor T-lymphocytes was studied to 
address topical problems relevant to clinical allogeneic graft rejection. 

Additionally, strain related differences in radiation sensitivity of bone marrow stem cells 
and alloreactive cells were investigated. BMT experiments were conducted on recipients with 
severe-combined immune-deficiency (SCIO) to assess their high radiation sensitivity and 
engraftment along lymphoid and myeloid lineages. 

Finally, the results presented in this thesis are discussed in a wider context in Chapter 9 
along with their implications for the use of fractionated and low dose-rate TBI in clinical BMT. 



CBAPTER 2 

Materials and methods 
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2. 1 Animals 
The laboratory animals used in these studies were mice (Mus musculus). Apart from the 

practicality of experimenting with small laboratory animals in our laboratory, most of our 
knowledge of experimental hematology is based on work with these species. Furthermore, a 
variety of cell surface markers are commercially available for mice and the genetics of inbred 
mouse strains have been extensively studied. Table 2.1 lists the characteristics of mice as used 
in the experiments. 

Table 2.1: Characteristics of mouse strains used in the experiments for this thesis. 

Strain Haplotype Gpi-1 type Origin 

C57Bl/6JlcO H-2b Gpi-lb 1,2,6 
(B6) 

C57Bl/6J-Gpi-l 1 H-2b Gpi-11 3,7 
(B6-Gpi-l 1) 

BALB.Bl0LiLa H-2b Gpi-11 4,7 
(BALB.B) 

BALB/c H-2d Gpi-1• 2,5,6 

(B6xBALB/c)F1 H-2b/d Gpi-la/b 7 
(B6CF1) 

(B6-Gpi-1 •xBALB/c)F1 H-2b/d Gpi-l8 7 
(B6CF1) 

Swiss variable ? 1 

CB. 11-scid/scid H-2d Gpi-1• 1 
(SCIO) 

1. Central Animal Facilities, University of Groningen, The Netherlands 
2. ljfa Credo, Someren, The Netherlands 
3. The Jacksons La.boratory, Bar Harbor, ME, USA 
4. Netherlands Cancer Institute, Amsterdam, The Netherlands 
5. TNO, Rijswijk, The Netherlands 
6. Harlan Cpd, 7.eist, The Netherlands 
7. Radiobiology Breeding Unit 
B6-Gpi-l° and BALB.B mice were bred in our breeding facilities after first obtaining them from the 
commercial source. 
All animals were kept under conventional clean conditions and were given food and acidified 

water (pH = 2.5 -3 .0) ad libitum. The presence of common pathogenic viruses (Sendai, MHV, 
PVM, GD VII, REO III, EMC, LMC, MVM, K) and M.pulmonis was regularly checked by 
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serology and mice were never found to be positive for any of these pathogens. 
The congenic mice B6-Gpi-1 • were previously shown in mixed lymphocyte cultures to 

have no evidence of histoincompatibility with the original C57BL/ 6J strain (Y oralia et al. 
1987). B6-mice were also unable to induce an appreciable response against B6-Gpi-l8 cells after 
pre-immunization (data included in Figure 8.1). Fourteen different transplantation combinations 
were used as shown in Table 2.2. Animals used in the experiments were always between 3 and 
5 months of age. In the H-2 compatible BMT combinations donor and host were both H-2b but 
mismatched at H-1, H-3, H-4, H-7, H-8, H-9, H-13, H-15 through H-30 and H-34 through H-
38 (Staats 1976). 

Table 2.2 Bone marrow transplantation models used in the experiments. 

Combination 

B6-Gpi-1• -+ B6 
B6 -+ B6 
BALB/c -+ BALB/c 
BALB.B -+ BALB.B 
Swiss -+ Swiss 
B6CF1 -+ B6CF1 

Allogeneic 
BALB.B -+ B6 
B6 -+ BALB.B 

BALB.B -+ BALB/c 

BALB/c -+ B6 
B6 -+ BALB/c 
Swiss -+ B6 
B6 -+ Swiss 

B6 -+ B6CF1 

Compatibility 

Syngeneic 
Syngeneic 
Syngeneic 
Syngeneic 
Syngeneic 
Syngeneic 

H-2 compatible 
H-2 compatible 

H-2 incompatible but 
non-H-2 compatible 
H-2 incompatible 
H-2 incompatible 
H-2 incompatible 
H-2 incompatible 

Semi-allogeneic 

Assay1 

Chimerism2+3 , CFU-S 
CFU-S 

Chimerism3
, CFU-S 

CFU-S 
CFU-S 
CFU-S 

Chimerism2, CFU-S 
Chimerism2 

Chimerism3 

Chimerism2, CFU-S 
Chimerism2 , CFU-S 
CFU-S 
CFU-S 

Chimerism2, CFU-S 

1. Assays are described in section 2. 2 (in vivo transplantation experiments) 
2. Chimerism was determined from Gpi-phenotyping (section 2. 2. 6. 1 ). Donor and host were always age 
and sex-matched. 
3. Chimerism was determined with Fluorescent In Situ Hybridization (FISH) after sex-mismatched BMT 
(section 2.2.6.2). 
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All experiments were performed in accordance with the Netherlands Experiments on 
Animals Act (1977) and the European Convention for the Protection of Vertebrate Animals 
Used for Experimental Purposes (Strassbourg, 18.III.1986). 

2. 2 In vivo transplantation experiments 
Engraftment of bone marrow after transplantation was measured with the chimerism 

assay (short and long-term engraftment) and the CFU-S assay (short-term engraftment). In all 
experiments the recipients were irradiated and unirradiated donor bone marrow was used. 

2.2.1 Irradiations 
Irradiations were performed using a 6°Co-source in a Siemens Gammatron-3 Unit. The 

dose-rate for high dose-rate irradiations (HOR) was always between 40 and 50 cGy/min. For 
HOR irradiations 5 mice per group were irradiated in a perspex radiation chamber (14 cm 
diameter, 3.5 cm depth). Low dose-rate (LOR) was given at 5, 2, 1 and 0.5 cGy/min by 
increasing the distance from the source and by addition of lead attenuators. Low dose-rate 
(LOR) was given with 5-15 mice in a larger perspex chamber (23 cm diameter, 3.5 cm depth) 
with continuous air flow through the radiation chamber and the mice were given moistened food 
during long irradiation periods. Transplantation was given 3 to 6 hours after the last irradiation, 
except when delayed transplantation after TBI was studied. Dosimetry was performed in the 
radiation chamber with a 0.6 cc thimble ionization chamber and an lonex 2500/3A electrometer. 
Dose variation in the radiation chamber was less than 5 % . 

2. 2. 2 Bone marrow transplantation 
Tibiae, femora and, if necessary, humeri were removed and crushed to prepare a bone 

marrow cell suspension in Hank's Balanced Salt Solution (HBSS). The cell suspension was 
filtered through a metal sieve and the number of nucleated cells was determined with a Coulter 
Counter (Coulter Electronics, Harpenden Herts, UK) before the cells were diluted in HBSS. 
Cell suspensions were kept on ice until use and 0.2 - 0.3 ml were injected intravenously in the 
retro-orbital sinus under ether, penthrane or halothane/Oi/N202 anaesthesia. For H-2 
incompatible allogeneic transplantation the bone marrow was depleted of T-cells according to 
the method already described by Ferrara et al. (1987a). Cell suspensions were treated twice 
with anti-Thyl.2 monoclonal antibody (New England Nuclear, 's-Hertogenbosch, The Nether
lands) and rabbit complement (Cedarlane, Hornby, Canada). T-cell depletion had no effect on 
the CFU-S frequencies in syngeneic hosts. The T-cell frequencies were reduced from 1.45 % ± 

0.27 (sem) in normal marrow to 0.18 % ± 0.05 following anti-Thyl treatment as determined 
from five separate experiments using FITC conjugated anti-Thyl.2 (Caltag Laboratories, 
HyCult bv, Uden, The Netherlands) labelling and immunofluorescent microscopy. In all 
chimerism studies the same total bone marrow dose (107) was given to the recipients. 

Recipient mice were irradiated with high dose-rate single dose TBI, fractionated TBI or 
low dose-rate TBI. At various time intervals after BMT blood samples were taken for Gpi
electrophoresis (see 2.2.4 Gpi-phenotyping) or determination of female donor cells in sex 
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mismatched BMT (see 2.2.5 FISH). The specific alterations in design for the different 
experiments are described in each chapter. 

2. 2. 3 Presensitization 
In some experiments (see Chapter 8) recipient mice were presensitized (preimmunized) 

against donor cells. A spleen cell suspension from donor mice was lethally irradiated (20 Gy X
rays, 5 Gy/min) and 2x107 cells were injected intravenously at 1 week prior to TBI and BMT. 

2.2.4 The CFU-S assay 
The CFU-S assay was first described by Till and McCulloch (1961) to measure 

frequencies of bone marrow stem cells capable of generating macroscopic colonies on the 
spleen. Animals were sacrificed at 8 days after transplantation of fresh bone marrow cells into 
lethally irradiated (9.5 Gy, 6°Co -y-rays , 0.4-0.5 Gy/min) recipients. Spleens were removed and 
the CFU-S-8 were counted after fixation in Bouin-solution. In syngeneic hosts, 1()5 cells were 
injected and the mice were sacrificed 8 days later for spleen colony counts. Growth of CFU-S 
in syngeneic and allogeneic recipients was compared. BM cell doses were adjusted, if 
necessary, to obtain a countable number of colonies on the spleen of allogeneic recipients. The 
diameter of spleen colonies was measured using a calibrated dissecting microscope. 

2.2.5 The CFU-C and the CFU-F assay 
In co-operation with Dr Reno Beekman from the Physics section of Radiotherapy 

Department, University Hospital Groningen, the radiosensitivity of two bone marrow cell 
populations (CFU-C and CFU-F) was determined. Bone marrow was collected from femora 24 
hour after TBI and cultured in semi-solid medium for 7 days according to the method described 
by Ploemacher et al. (1992) for CFU-C quantification. Extending the culture period to 14 days 
did not show an increase from the CFU-C count on day 7. CFU-F produce a colony after 12-14 
day culture in liquid culture in 35 mm Petri dishes using DMEM medium (Gibco BRL, Life 
Technologies, Breda, The Netherlands) complemented with 20% heat-inactivated fetal bovine 
serum (Gibco BRL, Life Technologies, Breda, The Netherlands), 10-5 M hydrocortisone sodium 
succinate (Sigma, St.Louis, MO, USA) and 104 M /j-mercaptoethanol as described (Xu et al. 
1983, Hendry et al. 1984). Subsequently colonies were fixed in methanol and stained with 
Giemsa. 

2.2.6 The chimerism assay 

2.2.6.1 Gpi-phenotyping 
In long-term bone marrow transplantation studies engraftment could be monitored since 

in most cases a difference in Gpi-1-phenotype existed between donor and host mice. 
Erythrocytes were typed for Gpi-1 at various times after transplantation of 107 donor bone 
marrow cells. Blood was collected in micropipettes by bleeding 20 µ1 from the tail tip. 
Erythrocytes were washed with cold PBS then lysed in 180 µ1 cold distilled water. In addition 
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to erythrocytes, bone marrow, spleen, and thymus cells were collected on termination of the 
experiment, at five or nine months after BMT, by mincing the tissues and passing the material 
through a hypodermic needle (17G) before filtering the suspension. Cells were washed and 
contaminating erythrocytes were lysed by a IO-second hypotonic shock. The centrifuged cell 
pellet was lysed in 25 µ.l (bone marrow), 8 µ.l (spleen) or 2 µ.l (thymus) distilled water per one 
million cells. The differe,1t lysates were stored at -80 °C and later used for electrophoresis on 
cellulose acetate strips as described by Ansell and Micklem (1986) . Electrophoresis was carried 
out on a Semi-Micro-II-Chamber (Gelman Sciences, Ann Arbor, MI) using a potassium
phosphate running buffer (0.005 M, pH=6. 8) at 250 V. After a 60 minute run the strips were 
stained using a modified method by DeLorenzo and Ruddle (1969) . The staining solution 
consisted of 10 µ.l glucose-6-phosphate dehydrogenase (667 U/ml, Boehringer Mannheim), 15 
mg fructose-6-phosphate (Sigma), 5 mg NADP (Boehringer Mannheim), 5 mg MTT (Sigma), 
40 mg MgC12 (Merck) and 500 µ.l phenazine methosulphate (Sigma, 2.5 mg/ml) in 60 ml 0.1 M 
Tris buffer containing 25 % polyethylene glycol (Sigma, St.Louis, MO, USA) . After 20-30 
minutes of staining, the strips were fixed in 5 % acetic acid. The relative intensity of the bands 
was measured using a scanning densitometer (LKB, Uppsala, Sweden) . The relative proportion 
of donor type Gpi-1 was calculated from the area under the curve of the Gpi- la peak as a 
percent of the total amount of Gpi (Gpi-1• + Gpi-l b) .  Extensive studies were performed on 
calibrating the Gpi-electrophoresis and a calibration curve on the percentage of A-type Gpi-1 
was calculated from control mixing experiments. A calibration curve for Gpi-phenotyping is 
shown in Figure 2.1. Sensitivity of the assay was within 10%. On each cellulose acetate strip 
two reference samples were included (50% and 95% donor cells) . Values from experimental 
samples were excluded when obtained in a run where the 50 % sample was less than 45 % or 
greater than 55 % or if host Gpi could not be detected in the 95 % mixture. 

2.2. 6.2  Fluorescent In Situ Hybridization (FISH) 
In situ hybridizations were performed at the Department of Hematology, Erasmus 

University, modified from the method described by Van der Sluys (1993) . Blood smears were 
prepared with one drop of blood from the tail tip of BMT recipients. The slides were allowed to 
air dry and were fixed in 100 % methanol for 10 minutes at room temperature . Slides were 
stored before in situ hybridization at -20°C.  The cells on the slide were lysed by pipetting 50 µ.I 
of 0 .1 M HCI/ 0 .05% Triton on a circle made on the glass. The slides were left for 7.5 minutes 
at 37°C.  The triton mixture was replaced by 1 % formaldehyde in PBS and left for 15 minutes 
at room temperature . The slides were then dehydrated with ethanol series (50%, 70%, 90%, 
100%) . 

The slides were placed in 2xSSC (standard sodium citrate 1/10 diluted from a stock of 
20xSSC [3.0 M NaCl/0.3 M tri-Na-citrate; pH 7.0]) at 70°C and after 2 .5 minutes the 2xSSC 
was replaced by 2xSSC containing 70% formamide and then left for another 2.5 minutes at 
70°C. Slides were then dehydrated with ethanol series before the hybridized (at 95 °C) probe 
was added (12 µ.l probe P17-M34/2 (1/10 diluted in hybmix) on each slide) . Slides were 
incubated with the probe for 4 hours or overnight at 37°C.  After incubation the slides were 
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Figure 2.1: Calibration curve for Gpi-phenotyping. The percentage of type-A cells 
found after electrophoresis and densitometric determination of the relative proportion of 
type-A Gpi is plotted as a function of the percentage type-A in the mixture. 
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rinsed with 2xSSC at 37°C and then incubated for 10 minutes at 37°C in 2xSSC with 50% 
formamide in a shaking waterbath. Three other incubations (2x 5 minutes in 2xSSC and 5 
minutes in 4xSSC/0. l % Triton) were performed before 15 µl diluted avidin-FITC (1/500 
dilution in 4xSSC/0. 1  % Triton/5 % low fat dry milk/0. 02 % NaN3) was added for 20 minutes 
and the slides were washed twice in 4xSSC/0.1 % Triton for 5 minutes. Subsequently, 15 µl 
goat-a-avidinoiotin (1/100 diluted in 4xSSC/0.1 % Triton/5% low fat dry milk/0. 02 % NaN3) 

was added for 20 minutes incubation and the washing with 4xSSC/0. l % Triton was repeated. 
Incubations with Avidin-FITC and 2 times 4xSSC/0.1 % Triton were repeated. The slides were 
finally dehydrated in ethanol series and allowed to air dry followed by mounting the slides using 
antifade medium. Antifade medium consists of 9 parts of glycerol with 2 % DABCO, (dissolved 
at 70°C for not more than 10 minutes) and 1 part of 0.2 M Tris/HCl (pH= 7.5), 0. 02% NaN3 

supplemented with 0 .05 µg/ml Propidium Iodide (PI, red fluorochrome) . At least 100 cells were 

counted for each sample under a fluorescent microscope and the proportion of male (positive for 
the probe) and female (negative) cells was determined. Figure 2.2 shows a blood smear of a 
male recipient of female bone marrow transplantation where the Y-chromosome is visualized 

after in situ hybridization with the Y-probe. The picture shows positive cells with a clear spot 
of fluorescence in the nucleus. Granulocytes and lymphocytes were distinguished on the basis of 
their nuclear morphology. 
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Figure 2.2: Blood cells of a male recipient of female bone marrow cells hybridized 

with a Y-chromosome specific probe. Male cells were visualized after in situ 

hybridization and have a clear spot in their nucleus. Granulocytes and lymphocytes are 

distinguished from the shape of the nucleus. (magnification 600x) 

2. 3 Preparation of spleen cell suspensions 
Spleen cell suspensions were collected by mincing the spleen as described above (section 

2.2.6 chimerism assay). 

2.3. 1 T-cell enrichment 
For T-cell repletion experiments spleen cells were enriched for T-cells by passing the 

cells over a nylonwool column (Julius et al. 1973). The columns were made from 0.6 gram 
nylonwool in 10 ml plastic syringes up to the 6 ml mark and the packed syringe was covered 
before it was autoclaved. The sterile columns were rinsed in phosphate buffered saline (PBS) 
containing 5%  heat inactivated newborn calf serum (NBCS, Gibco, Life Technologies, Breda, 
The Netherlands). The columns were placed in an incubator at 37°C for at least one hour 
before loading of cells. A total of 1 to 1.5xH1 cells were loaded in a volume of 2 ml. The 
column were left to incubate for 45-60 minutes at 37°C. After the incubation the column was 
washed slowly with prewarmed (37°C) medium (PBS with 5% NBCS). The first 1 ml was not 
used and the next 15-20 ml were collected in conical tubes and the cells were pelleted at 2000 
RPM (4 °C). The percentage of T-cells was determined after staining the cells with a fluores-:ent 
monoclonal antibody (anti-Thyl.2, Caltag Laboratories) and FACS analysis as described br;'ow. 
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2. 3. 2 lmmunohistochemistry and flow cytometrical analysis of T-cell frequencies 
To determine the frequency of T-cells in bone marrow or spleen cell suspensions, cells 

were stained with a fluorescent monoclonal antibody. First, the cell suspension was made and 
then cells were washed (2000 RPM, 4°C) and erythrocytes were lysed by adding 2 ml �Cl 
(0. 155 M). After 2-3 minutes, excess PBS was added before the cells were washed twice. Cells 
were then filtered over a nylon sieve (50 µm) to remove large clumps. Nucleated cells were 
counted on the Coulter Counter and diluted to 2xl07 cells/ml. Staining in microtiter plates was 
performed on 50 µI of cells with 50 µI of the monoclonal antibody in the desired dilution (anti
Thyl.2, Caltag Laboratories: 1/15 for fluorescent microscopy and 1/50 for flow cytometrical 
analysis in PBS with 4% bovine serum albumin [BSA]). The incubation of 1 hour at 4°C was 
followed by two washing steps with 200 µl PBS/4% BSA. For flow cytometrical analysis 300 µI 
of medium was added and the cells were transferred to special plastic tubes (Becton Dickinson 
BV, Etten Leur, The Netherlands), before examination on the flow cytometer (Becton 
Dickinson) . For microscopic examination, cytocentrifuge (Shandon, Zeist, The Netherlands) 
preparations were made. Slides were precoated with PBS + 3 % BSA in the cytocentrifuge (3 
min, 1000 RPM) before the cells (3-5xl05/ml) were centrifuged (3-5 min, 1000 RPM) . Slides 
were dried overnight in the dark. The next day the slides were fixed in ice-cold ethanol/acetic 
acid (95 %/5%) and washed 3-4 times in ice-cold PBS. The slides were then left in PBS for 
about 30 minutes and mounted with Citifluor (Citifluor LTD, London, UK). 

2.3.3 Reconstitution of lymphoid organs of SCID mice after syngeneic BMT 
The amount of lymphoid reconstitution of SCID mice as described in Chapter 5 was 

determined in spleen and thymus. Single spleen cell suspensions were prepared as described in 
section 2.2.6. The relative amount of T- and B-lymphocytes in the spleen was calculated from 
flow cytometry analysis. T-lymphocytes were stained with an anti-Thyl.2 FITC-conjugated 
monoclonal antibody as described in the previous section. B-lymphocytes were stained with 
FITC-conjugated antibodies against lgM and phycoerythrin conjugated anti-lgD antibodies (in 
two steps) . The total number of splenic B-lymphocytes was calculated from the sum of lgM and 
IgD-positive cells. 

SCID mice used in the BMT experiments were monitored for leakiness by allotyping of 
serum antibodies. C.B-17 (the mouse strain where SCID mice are derived from) differ in lg
type with BALB/c. Flat-bottomed 96-wells, coated with anti mouse IgM, were overlaid with 
serum of transplanted SCID mice to allow binding of IgM. Allotype specific secondary 
antibodies (DS-1 for BALB/c-type lg and AF6-78.25 for C.B-17 type lg both lgG1 from 
Pharmingen, lTK Diagnostics, Uithoom, the Netherlands) were added before peroxidase 
conjugated anti-lgG1 antibodies (Gl-6.5 from Pharmingen) were allowed to bind. The amount of 
peroxidase was then determined as a measure for the amount of either BALB/c or C.B-17 
immunoglobulins. This technique allowed discrimination between BALB/c and C.B-17 type IgM 
to show that reconstitution was derived from the donor bone marrow cells (BALB/c) and not 
from a leaky recipient's own bone marrow (C.B-17 type lg). Antibodies were kindly provided 
by Dr. Frans Kroese from Department of Histology and Cell Biology, University of Groningen. 
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2. 4 Immunological methods 

2. 4. 3 Mixed lymphocyte culture (MLC). 
Cell suspensions were made from spleens of responder and stimulator mouse strains by 

mincing the spleen and gently passing the material through a hypodermic needle (17G) before 
filtering the cell suspension. Viability of spleen cells was always more than 90% as determined 
from trypan blue exclusion tests. Cells were washed once and the nucleated cell concentration 
was determined with a Coulter Counter. From both responder and stimulator cells, 5x1<>5 cells 
were added per well (flat-bottomed 96-well microtiter plates, Costar). In control wells only 
responder cells were added. The cells were then cultured for 4 days at 37°C, 5%CO2 in an 
humidified atmosphere. 3H-TdR was added for another 16-20 hours before DNA was collected 
on a filter using an automatic cell-harvester (Skatron AS, Lier, Norway) . 3H-TdR uptake was 
determined on the filters from liquid scintillation counting. 
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Figure 2.3: The effect of changing the number of stimulator (BALB/c) and 

responder (B6) cells in mixed lymphocyte cultures. For each concentration of 
responder B6-cells the bars depict the incorporation of 3H-TdR (in dps) on a logarithmic 
scale. The concentration of stimulator cells is indicated in the legend. 
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The conditions used in all experiments described in the following chapters were first 
checked for optimal growth with B6 spleen or lymph node cells as responders and BALB/c 
spleen cells as stimulators. The role of serum was investigated and it was shown that 5 % FCS 
allows both spleen and lymph node cells to grow in response to allogeneic BALB/c spleen cells. 
Reducing the percentage of serum to 2.5% slightly reduced the response. When spleen cells 
were compared with lymph node cells the relative response to allogeneic cells was comparable 
but the cell yield per mouse for lymph node cells is too low for extensive radiation studies. 
Adding 2xl06 heavily (20 Gy) irradiated responder cells inhibited the response B6-spleen cells 
against BALB/c mice. The effect of different numbers of responder and stimulator cells is 
shown in Figure 2 .3. The best response was found with 5xlo-5 responders and 5xlo-5 stimulators. 
Higher stimulator cell numbers increased the background and responses could no longer be 
detected with 5xlo-5 or 2xl 06 responders. Lower cell numbers decreased the difference between 
background and response. For further MLC experiments 5xl05 responders and 5xlo-5 stimulators 
were used. 

2.4.4 Limiting dilution analysis of T-lymphocyte precursors 
In this assay each well (flat-bottomed 96-well microtiter plates, Costar) contained a fixed 

number of stimulator cells (5x105/well) and a limiting dilution of responder cells. Eight 
dilutions in 12 wells per dilution were used for each radiation dose. The cells were cultured in 
RPMI (Gibco BRL, Life Technologies, Breda, The Netherlands) with 5% heat-inactivated fetal 
bovine serum (Gibco) and 5xl0-5 M �-mercaptoethanol. Six percent conditioned medium 
(produced as described below in section 2.4.5) was added as a source of cytokines (e.g. IL-2, 
-y-IFN). After 6 days of culture (37°C, 5% CO2 and humidified atmosphere) 3H-TdR was added 
and the cells were cultured for another 16-20 hour. Cells were harvested and processed as 
described for the MLC. 

2.4.5 Preparation of conditioned medium 
Conditioned medium was prepared according to the method of Kast et al. (1984). Spleen 

cells from Wistar rats were cultured for 22 hours at a density of 5xH>6/ml, 3xl06/cm2 in 150 
cm2 culture flasks (Costar) with 5 ng/ml phorbol myrisate acetate in RPMI supplemented with 
5 % fetal calf serum. Antibiotics and 5x10-5 M /j-mercaptoethanol were added. Cells were then 
pulsed for 2 hr with 5 µg/ml concanavalin A, washed three times, and cultured in lectin-free 

medium for another 24 hr. The supernatant was harvested, filtered and stored at -80°C. 

2. 4. 6 Calculation of precursor frequencies 
Responder cells were used in various dilutions and at each dilution the proportion of 

negative wells were determined. Wells were considered positive when 3H-TdR-uptake exceeded 
the mean plus 3 standard deviations (SD) of the control wells (only stimulators, no responders). 

The proportion of negative wells was plotted as a function of the number of cells per well. The 
procedure introduced by Fazekas de St.Groth (1982) was used to calculate precursor frequencies 
and the 95 % confidence intervals. 
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2. 4. 7 Radiation sensitivity of precursors of proliferating T-lymphocytes. 
To measure radiation survival of precursors of proliferating T-lymphocytes (pPTL), mice 

of the host strain were irradiated and the frequency of cells reactive against H-2 matched or H-2 
mismatched allogeneic donor cells was determined (Figure 2 .4) .  The cells were cultured and the 
proliferative response was measured by 3H-TdR uptake. From the proportion of negative wells 
for each dilution the pPTL frequency was calculated. The method described by Fazekas de 
St.Groth (1982) provides the mean number of cells causing 37% negative wells ( = pPTL 
frequency) with 95 % confidence interval. To determine whether irradiated cells inhibit the 
response of pPTL, varying numbers of heavily irradiated host spleen cells were added to 
unirradiated cells and the 3H-TdR uptake was compared. It was found that when more than 
2x 106 irradiated cells were added per well the pPTL frequencies were reduced by more than 
50% (Figure 2.5). Hence, cultures that exceed 2x1C>6 cells should not be included in teh 
calculation of the pPTL frequency (see also the discussion of Chapter 7). 

2.5 Statistics 

2.5.1 Analysis of radiation dose-responses and estimation of LQ parameters 
The engraftment data was analyzed after converting the data to a quanta! response by 

selecting a threshold level of chimerism and estimating the proportion of mice within each dose 
group that exceeded the threshold value. A threshold level of 80% engraftment was found to be 
the most suitable for obtaining dose-responses that could be analyzed with logistic regression 
analysis. Using the statistical package Systat and applying Fieller's theorem, the ED50 value 
(radiation dose to produce 50 % incidence of donor chimerism at > 80 % ) with 95 % confidence 
limits was calculated. From fractionation data we obtained a reciprocal dose-plot to calculate 
od {j from the slope and the intercept of the straight line calculated by linear regression analysis 
(indirect analysis). The quantal data were also subjected to direct analysis with a single maximal 
likelihood treatment, permitting estimation of repair halftime, al{j, a, {j ,  and lnK (see also 
section 1.1.4 .2, Thames et al. 1986) using the incomplete repair model (Thames 1985). The 
kinetics of repair was assumed to be monoexponential. The formulas shown in section 1 .1 .4 .2 
of the introduction were used for analysis of radiation responses. Direct analysis allows, at  the 
moment, the most reliable estimation of repair parameters with realistic confidence limits. 
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Figure 2.4: Determination of the radiation sensitivity of precursor of 
proliferating T-lymphocytes. Lethally irradiated donor cells were used as 
stimulators for host responder cells that were used in limiting dilution cultures for 
7 days before proliferation was measured with 3H-TdR uptake. See text for 
further details. 
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Figure 2.5: The effect of heavily irradiated (HR) cells on pPfL frequencies. Normal 
B6 responder cells were cultured in the presence of varying numbers of lethally 
irradiated (20 Gy) B6 spleen cells with 5x1<>5 BALB/c stimulator cells. The pPTL 
frequency relative to control cells (without heavily irradiated cells) is plotted as a 
function of the number of irradiated cells added to the culture. The response without HR 
cells is plotted at 105 cells. Mean relative response ± 95% confidence interval is plotted. 

2.5. 2 Mann-Whitney U test 
The the Mann-Whitney U test was used as a standard statistical test to compare different 

treatment groups. This non-parametric test does not assume a normal distribution but ranks the 
different values from two groups and calculates the mean rank per group. From the number of 
observations and the mean rank for the two groups the test applies a p-value. When this p-value 
was lower than 0.05 it was concluded that the two groups were significantly different. 

2.5.3 Log-rank test 
To evaluate survival data the log-rank test was used (Mantel 1966, Peto et al. 1976, 

1977) . This test can be used to compare survival times from different groups and survival time 
was considered significantly different when p < 0.05. 



CHAPTER 3 

The effect of fractionated and low dose-rate TBI on 

syngeneic engraftment 

Summary 
The role of recipient preparation with fractionated and low dose-rate TB/ was 

investigated for the incidence of syngeneic bone marrow engraftment. Increasing dose 
fractionation and decreasing dose-rate had the effect of restoring long-term host hemopoiesis 
and required higher TB/ doses for equal donor engraftment. Most dose recovery occurred within 
the first six hours between fractions, consistent with the kinetics of sublethal damage repair. The 
late chimerism data was fitted to the linear-quadratic (LQ) model using indirect and direct 
analysis and indicated a relatively low al/3 ratio (below 2 Gy ). The dose-rate data gave a repair 
half-time of 2 hours as estimated by the incomplete-repair model. These estimates contrast with 
the much higher al/3 values and lower repair half-times derived from acute hemopoietic failure 

(W5013o), with the implication that separate target-cell populations with differing 
radiosensitivities are involved in these two bone marrow end-points. 

The results presented in this chapter are published in Radiation Research, 136, 1 18- 125 
(1993): "Radiation dose-fractionation and dose-rate relationships for long-term repopulating 
hemopoietic stem cells in a murine bone marrow transplantation model" by R. van Os, H.D. 
Thames, A.W.T. Konings and J.D. Down. 
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3.1 Introduction 

One of the target cell populations of total body irradiation (TBI) in bone marrow 
transplantation (BMT) is the bone marrow stem cell capable of long-term reconstitution. The 
position of LTRA cells within the hemopoietic hierarchy is discussed in Chapter 1 (section 1.2) .  
The radiobiological properties of these early stem cells were assessed in the chimerism assay, 
whereby the recipient mice were irradiated and the marked donor cells could engraft to a degree 
dependent on the level of host stem cell ablation. The absence of an immunological barrier in 
the Gpi-1 congenic BMT system makes it a useful tool to measure radiation effects exclusively 
on bone marrow stem cells. Radiation was given in a fractionated or protracted regimen and 
compared with single dose high dose-rate irradiation. The amount of dose-sparing was 
quantified from dose-response curves for engraftment that shifted to the right with increasing 
dose fractionation and decreasing dose-rate. Additionally, in split dose experiments several 
interval times were used to investigate repair and possible repopulation. These processes would 
have the effect of reducing the percentage of donor engraftment but with different kinetics. 
Repair is invariably complete within one day while repopulation could take days or weeks to 
occur depending on the proliferative kinetics of the target cell population. 

3.2 Experimental design 

3.2.1 Animals and treatment 
Recipient mice (B6-Gpi-1 b) were irradiated and transplanted with congenic (B6-Gpi-1•) 

marrow. Donors and recipients were between 3 and 5 months of age and were either male or 
female, but always sex-matched. No significant differences in the level of donor engraftment 
were observed between male into male and female into female transplants. 

Recipient mice were exposed to 60Co-gamma irradiation (Siemens-Gammatron-3 Unit) at 
42-50 cGy/min with single doses ranging from 2 to 8 Gy for the high dose-rate (HDR) irradia
tion. Fractionated schedules were given in two fractions (interval times varying from 6 hours to 

7 days), 2 Gy per fraction and 1.2 Gy per fraction, up to doses of 19.2  Gy with interval times 
of 6 and 18 hours. Low dose-rate (LDR) irradiation was performed with dose-rates of 5, 2, 1 
and 0.5 cGy/min with total doses between 3 and 24 Gy. Recipients were injected with fresh 
bone marrow cells (107 nucleated cells) within 3-6 hours after the end of the irradiation or at 24 
hours or 7 days after TBI to investigate delayed transplantation. Each radiation dose group 
consisted of 4-6 mice. At various time intervals after BMT blood was collected for Gpi
phenotyping in erythrocytes. The experimental design is diagrammatically shown in figure 3.1 .  

3.2.2 Analysis of radiation dose-responses and estimation of LQ parameters 
The erythroid engraftment data was analysed after converting the data to a quantal 

response by selecting a threshold level of chimerism and estimating the proportion of mice 
within each dose group that exceeded this value. ED50 values (radiation dose to produce 50% 
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incidence of donor chimerism at > 80%) with 95% confidence limits were calculated. The 
quanta! data were also subjected to direct analysis with a single maximal likelihood treatment, 
permitting estimation of al/3 and repair half-time (Thames et al. 1986) of the incomplete repair 
model (Thames 1985). The kinetics of repair were assumed to be monoexponential. 

HOR (�40 cGy/mln) 
Single Doses 
2F, 2 Gy/F, 1 .2 Gy/F 

LOR (5-0.5 cGy/mln) 
Single Doses 

HOST 

86-Gpl-1b 

DONOR 

86-Gpt-1• (syngenelc) 

CHI MERISM ASSAY 

GPl-electrophoresls GPI phanotyplng 1·20 waaka 
- development of blood 

chlmarlam Gpi-1 • (donor) 

GPI phanotyplng at 38 weeks 
• long-term chlmerlam In blood, 

bona marrow, spleen and thymus 

-- Gpl-1 b (host) 

Figure 3.1: Design for the experiments presented in this chapter. Syngeneic mice 
were used that were irradiated with high dose-rate in a single dose or fractionated or 
continuously with a low dose-rate . Periodic blood samples were analysed for erythrocyte 
Gpi-phenotyping. 

3.3 Results 

3.3.1 The development of donor blood chimerism after TB/ 
Figure 3.2A shows the pattern of donor erythroid engraftment as blood chimerism at 

different time intervals after transplantation when the total dose of 6 Gy was given in various 
fractionated schemes (split-dose, 2 Gy/F and 1.2 Gy/F). Engraftment increased gradually until 
12 weeks and either remained stable (single or split-dose) or decreased (2 Gy/F or 1.2 Gy/F) by 
20 weeks. Hence, fractionated TBI resulted in lower engraftment levels compared with single 
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dose irradiation and these differences became more pronounced at later time points. 
Figure 3.2B shows the development of chimerism after high and low dose-rate TBI with 

a total dose of 6 Gy. Reducing the dose-rate to 5, 2, or 1 cGy/min gave lower engraftment 
levels than high dose-rate TBI. There was little difference in dose-sparing effect between the 
used dose-rates and the variation was maximal at later time points with a dose-rate of 1 
cGy/min having the largest sparing effect. 
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Figure 3.2: Development of chimerism after fractionated or protracted TBI in 
syngeneic recipients. Percent donor chimerism is plotted as a function of the time after 
transplantation after 6 Gy total dose. Shown are in panel A: single dose (•), split-dose 
( ♦ ), 2 Gy/F (■) and 1.2 Gy/F (v)  and in panel B: HDR (•), 5 cGy/min (v), 2 
cGy/min ( ♦ ), and 1 cGy/min (■). 
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3.3.2 Effect of fractionated TB/ on long-tenn engraftment 
The results of varying interval times on long-term engraftment after splitting the total 

dose of 6 Gy in two equal fractions are shown in Table 3. 1. The dose-sparing effect of split
dose irradiation appeared maximal with an interval time of 6 hours as no further decrease in 
donor chimerism was found by extending the interval time to 7 days. Increasing the time 
between irradiation and transplantation from 4 hours to 7 days had no significant effect (Table 
3. 1). 

Table 3.1: Effect of interval time on split-dose recovery after a total dose of 6 Gy. 

Fraction 
interval time 

6 hr 
12 hr 
18 hr 
24 hr 
3 days 
7 days 

Time between 
TBI and BMT 

4 hr 
24 hr 
7 days 
4 hr 
4 hr 
4 hr 
4 hr 
4 hr 
4 hr 

a. mean engraftment ± standard error of the mean 

% donor engraftment' 
(20 weeks) 

84 ± l e 

81  ± 3c 

82 ± l e 

64 ± 2b 

60 ± 3b 

57 ± 3b 

63 ± 5b 

60 ± 2b 

71 ± 4c 

b. significantly different (p < 0.05) from single dose irradiation with 4 hours between TB/ and BMT, as 
tested with Mann-Whitney U test. 
c. significantly different from split-dose irradiation with 6 hours fraction interval time, as tested with 
Mann-Whitney U test. 

Full TBI dose-response curves for ordinal and quantal data are given in figures 3 .  3A and 
3.3B respectively for the different fractionation schedules. With single dose HDR TBI donor 
marrow engraftment. increased with radiation dose to reach I 00 % at 8 Gy. Split-dose irradiation 
required about 2 Gy extra for the same level of engraftment. With further fractionation to 2 Gy 
and 1.2 Gy per fraction the curves shifted to even higher doses with 1.2 Gy/F requiring doses 
of above 19 Gy to achieve complete engraftment. The calculated quantal response curves for a 
threshold of 80% donor chimerism (figure 3.3B) showed that at the ED50 level split-dose ir
radiation was significantly different from single dose irradiation. Further significant increases in 
ED50 occurred as the dose per fraction was decreased to 2 Gy and 1.2 Gy. 
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Figure 3.3: TBI dose-response curves for long-term bone marrow engrartment after 
fractionated TBI. Both ordinal (A) and quantal (B) responses (>  80% donor engraft
ment) are shown with ED50 values and 95% confidence intervals. Single dose (•), split
dose ( ♦ ), 2 Gy/F (■) and 1 .2 Gy/F ( '� ) . 
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Figure 3.4: TBI dose-response curves for long-term bone marrow engraftment after 

low dose-rate TBI. Both ordinal (A) and quantal (B) responses ( >  80% donor engraft

ment) are shown with ED50 values and 95% confidence intervals. HOR (•), 5 cGy/min 

(•) , 2 cGy/min ( ♦ ), 1 cGy/min (■) and 0.56 cGy/min ( .�) .  

63 



64 Chapter 3 

3.3.3 Effect of dose-rate on long-term engraftment 
TBI dose-response curves for low dose-rate irradiation are shown in figure 3.4. With 

decreasing dose-rate the dose needed for engraftment increased (figure 3.4A). Only dose-rates 
of 2 cGy/min and below were significantly dose-sparing for long-term repopulating cells from 
the host. In comparison to the fractionation data the amount of dose-sparing with 1 cGy/min 
was less than 2 Gy/F while 0.5 cGy/min had a greater effect than 1.2 Gy/F. The calculated 
quanta! response curves for a threshold of 80% donor chimerism (figure 3.4B) showed that at 
the ED50 level dose-rates of 2 cGy/min and below were significantly different from high dose
rate irradiation. 
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Figure 3.S: Fe- or reciprocal dose plot for long-term repopulating bone marrow cells. 
The reciprocal of the ED50 values is plotted as a function of the dose per fraction. The 
intercept and slope calculated by linear regression were used to calculate the ratio cd/3 
with 95% confidence intervals .  

3.3.4 Evaluation of iso-effect data using the LQ model. 
A standard method of analyzing fractionation data based on the LQ model is the use of 

reciprocal total dose plots (Thames et al. 1982, see also Chapter 1, section 1.1.4.2). The 
reciprocal of the ED50 values is plotted as a function of the dose per fraction in figure 3.5. The 
01.!{3 ratio for long-term repopulating cells was estimated to be 1.9 Gy (95 % confidence limits of 
0.9-3.6 Gy) using this analytical approach. 

In addition to the indirect analysis applied above, direct analysis was used (Thames et al. 
1986) to provide a more reliable estimate of the 01.l{3 ratio and this method is also convenient for 
including the low dose-rate data (see also section 1.1.4.2). This method also gave the 
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parameters half-time of repair (T½), ln K (tissue rescuing units) and individual values of Ci and 
(3 (Table 3.2). Indirect and direct analysis of the fractionation data gave comparable values of 
al/3, CL!E and {3/E. The lower CL!/3 ratio obtained on inclusion of the LDR data can be explained 
by incomplete repair between fractions (table 3.2). 

Table 3.2: LQ model parameters for long-term repopulating cells. 

al/3 (Gy) 
Tl/z (hr) 
a/E (Gy-1) 

{3/E (Gy-2) 

Ol (Gy-1) 

/3 (Gy-2) 
ln K 

Indirect analysis 

1.9 (0.9-3.6)· 

Direct analysis 
(excluding LDR data) 

1.6 (0.6-2.9) 

0.045 (0.026-0.064) 0.0426 (0.0154-0.0955) 
0.023 (0.018-0.029) 0.0267 (0.0137-0.528) 

0.183 (0.088-0.277) 
0.115 (0.078-0.153) 
4.3 (2.9-5.7) 

a. 95 % confidence interval 

3.4 Discussion 

Direct analysis 
(including LDR data) 

0.66 (0.0-1.5)· 
2.1 (1.6-2.8) 
0.0207 (0.0025-0.0480) 
0.0313 (0.0217-0.0463) 
0.0775 (0.0108-0.1442) 
0.117 (0.0953-0.139) 
3. 74 (3.0-4.4) 

Radiobiological considerations for TBI therapy have often relied on the effects of 
radiation on bone marrow measured by the LD50130 or the CFU-S assay. The CFU-S population 
as investigated in several studies (Till and McCulloch 1963, Hendry and Howard 1971, Tarbell 
et al. 1987, Down et al. 1991), has not shown a significant change in radiation survival with 
fractionated TBI to indicate a low capacity to recover or repair between multiple dose fractions. 
Fractionation effects on LD50130 are also reported to be minimal (Kaplan and Brown 1952, Krebs 
and Brauer 1965, Mole 1957, Paterson et al. 1952, Brown et al. 1962), except for long 
treatment times (more than 1 week) where recovery from repopulation of proliferating 
progenitors probably overestimates the dose-sparing effects from SLD repair. Only in a few 
previous reports could we find acceptable conditions for calculating CL! {3 ratios for LD50130 
(Brown et al. 1962, Dutreix et al. 1979, Fang et al. 1986, Travis et al. 1988). From these data 
we calculated that the CL!/3 for LD50130 is high ( � 8 Gy). 

These observations contrast with our data obtained on LTRA as measured in the 
chimerism assay described in this chapter. This approach showed appreciable split-dose 
recovery within 6 hours and no evidence was found for proliferation as the interval time was 
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extended further to 7 days since no extra decrease in engraftment was seen. In addition, 
repopulation could not be detected in experiments where the transplantation of fresh bone 
marrow was delayed for 7 days after the radiation treatment. 

In our study, LQ parameters were obtained from two forms of analysis for evaluation of 
the fractionation sensitivity of long-term repopulating stem cells. Both gave low ai{3 ratios 
(about 2 Gy) for long-term repopulating cells that places them in the range given for other late 
responding tissues (Barendsen 1982, Thames et al. 1982, Fowler 1989) . A relatively slow rate 
of repair of about two hours was derived to suggest that a 6-hour fraction interval may not be 
enough to achieve full repair (about 90%) .  

The LQ model also provides a theoretical estimate of the extrapolated total dose (ETD) 
corresponding to infinitely small doses per fraction or very low dose-rates. The ETD predicts a 
large potential for dose-sparing with protracted TBI. Only ED50 values from low dose-rates 
lower than 2 cGylmin were significantly higher than high dose-rate TBI. This is consistent with 
the estimated long repair half-time (T½ = 2 hours), which contrasts with the shorter T½ (0.3  
hours) derived from the acute bone marrow LD50130 end-point (Thames et al. 1984) .  The slow 
repair rate in long-term repopulating cells meant that it took relatively low dose-rates (0.5  
cGylmin) before a large sparing effect was seen. The parameters found for long-term 
repopulating marrow cells (al/3 :;:;; 2 Gy) predict more dose-sparing effects for fractionation 
than lung (al/3 = 4 Gy) (Down et al. 1986a, Travis et al. 1987), an important radiation dose 
limiting tissue in clinical BMT. This suggests no therapeutic gain for fractionated TBI over 
single dose TBI, since poor donor marrow engraftment is more likely to occur at doses given to 
avoid lung damage. This topic is addressed in more detail in Chapter 9. 

The results of this study support the concept that it  is the quiescent but high self
renewing primitive stem cell subset that represents the principle target-cell population 
responsible for radiation-induced donor marrow engraftment. The low al {3 ratio estimates serve 
to distinguish this LTRA population from radiation survival of the committed CFU-S 
population. Transient engraftment on behalf of donor CFU-S still remains important for 
rescuing hosts from acute marrow lethality (Ploemacher and Brons 1989, Jones et al. 1990, 
Down and Ploemacher 1993) and so this may be better related as a target-cell in the LD50130 

endpoint. 
The radiobiological characteristics of long-term repopulating cells (al/3 � 2 Gy) found 

in this study warn against the application of a single al {3 value to a complex tissue system such 
as the bone marrow that consists of distinct target cell populations. It could pose a problem 
when fractionated or protracted TBI is applied in clinical BMT if permanent donor engraftment 
is the objective. The in vivo dose-response data corresponding to growth of LTRA stem cells in 
situ has been an important basis of comparison with TBI fractionation effects on the various 
hemopoietic cell subsets as measured in the CAFC assay. This aspect of the study has been 
performed in collaboration with Dr R.E. Ploemacher and Ms A. Boudewijn (Department of 
Hematology, Erasmus University, Rotterdam) and will be discussed in detail in Chapter 9. 
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CFU-S rejection and long-term bone marrow engraftment 
across different genetic barriers 

Summary 
Engraftment of donor bone marrow in relation to total body irradiation (FBI) dose was 

studied in various murine BMT combinations: syngeneic (B6 - B6 and BALB/c - BALB/c), H-2 
compatible allogeneic (BALB.B - B6 and B6 - BALB.B), H-2 incompatible allogeneic (BALB/c 
- B6, B6 - BALB/c and BALB.B - BALB/c) and semi-allogeneic (B6 - B6CF1). For each 
BMT combination radiation dose-response curves were obtained from stable long-term bone 
marrow chimerism and this was compared with the growth of exogenous CFU-S. Syngeneic 
engraftment required the lowest TBI doses limited to ablation of host hemopoietic stem cells. 
Resistance against H-2 compatible allogeneic engraftment was evident at low radiation doses 
(< 5.5 Gy) but at 6 Gy and above the level of chimerism was comparable to syngeneic to 
indicate effective immunosuppression. Higher TBI doses were needed for engraftment as the 
immunological barrier was increased to fully H-2 incompatible allogeneic transplants 
corresponding to a higher alloreactivity in the MLC assay. The high TBI dose (9.5 Gy) needed 
for suppression of spleen endocolonies in the CFU-S assay meant that rejection of exogenous 
bone marrow was evident only across the larger immunological barriers. When the allogeneic 
combinations were reversed (B6 - BALB.B and B6 - BALB/c) both CFU-S and chimerism data 
showed less rejection. The steep dose-response relationships show how engraftment is critically 
dependent on TBI dose as well as the genetic disparity between donor and host. 

Results presented in this chapter are partly published in International Journal of Radiation 
Biology, 61 (4), 501-5 10 (1992): "Radiation dose as a factor in host preparation for bone 
marrow tranplantation across different genetic barriers" by R. van Os, A.W.T. Konings and 
J.D. Down. 
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4.1 Introduction 

The optimal radiation schedule for suppression of immunity against HLA-matched or 
mismatched bone marrow is still not well-defined and this has prompted a number of laboratory 
investigations using murine models of bone marrow engraftment. Short-term assays of donor 
marrow growth in the spleen, such as the CFU-S formation and 125IUdR uptake, have been 
widely adopted as a convenient method for measuring allogeneic engraftment (Schwartz et al. 
1987, Ferrara et al. 1987a, 1990, Murphy et al. 1987a, 1987b, Sentman et al. 1989, 
Yankelevich et al. 1989) but necessitate high lethal radiation doses to circumvent concomitant 
hemopoiesis by the host. Longer term chimerism assays that rely on certain markers for 
distinguishing donor from host hemopoiesis have a higher potential over the spleen end-points 
for the following reasons. Firstly, in vivo competition among irradiated host stem cells and 
transfused donor cells can be ascertained for primitive pre-CFU-S stem cells capable of long
term repopulation (Harrison 1980, Down et al. 1991). Secondly, complete suppression of host 
hemopoiesis in the spleen is not an obstacle in the chimerism assay and hence valuable data may 
be obtained over a wide range of radiation doses (Down et al. 1991) . Thirdly, the magnitude of 
chimerism can be compared with the corresponding condition in BMT patients where the 
prognostic value of long-term engraftment still requires elucidation (Frassoni et al. 1988, Petz 
et al. 1987, Van Dijk et al. 1987, see also section 1.4.2.3). 

The aim of this study was to define how the radiation dose level in BMT preparation dictates 
the extent of bone marrow engraftment among donor and host combinations of varying 
histocompatibility. Comparison of syngeneic and allogeneic engraftment was possible from 
inclusion of a syngeneic chimera model with a congenic marker that allowed an estimate of 
competitive autologous recovery originating from surviving bone marrow stem cells without the 
complications of allograft rejection. Long-term engraftment was also compared with short-term 
hemopoietic engraftment in the spleen of lethally irradiated recipients as measured with the 
CFU-S assay. Additional unpublished data on alloreactivity in mixed lymphocyte cultures 
(MLC) and on four subsequent BMT combinations (BALB/c in BALB/c, B6 in H-2 compatible 
allogeneic BALB.B, BALB.B in H-2 incompatible but non-H-2 compatible BALB/c and B6 in 
semi-allogeneic B6CF1 recipients) are also presented and discussed in this chapter. 

4.2 Experimental design 

4. 2.1 Bone marrow transplantation 
The transplantation models using differences in donor and host Gpi-1 phenotypes were: the 

syngeneic combination B6 (Gpi-11) -+ B6 (Gpi-1 b), the H-2 compatible, non-H-2 incompatible 
combinations BALB.B (H-2b) -+ B6 (H-2b) and B6 -+ BALB.B, the full H-2 and non-H-2 
incompatible combinations BALB/c (H-2d) -+  B6 (H-2b) and B6 (H-2b) - BALB/c (H-2d) and the 
semi-allogeneic combination B6 (H-2b) - B6CF1 (H-2b/H-2d) .  Female donors and male 
recipients were used for detection of Y-chromosome (host) leukocytes in the syngeneic 
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combination BALB/c9 -+ BALB/co and the H-2 incompatible, non-H-2 compatible combination 
BALB/c9 (H-2d) -+  BALB.Bo (H-2b). 

At 3 to 5 months of age, recipient mice were exposed to 60Co-gamma irradiation (Siemens
Gammatron 3-Unit) at � 40 cGy/min with single doses ranging from 2 to 11 Gy. They were 
injected with bone marrow within 3-6 hours after the irradiation. Each radiation dose group 
consisted of 4-10 mice. 

For H-2 incompatible allogeneic transplantation the bone marrow was depleted of T-cells 
according to the method already described in section 2.2.2. In all chimerism studies the same 
total bone marrow dose (107) was given to the recipients and the level of donor chimerism was 
determined either in blood erythrocytes (Gpi-phenotyping, section 2.2.6.1) or blood leukocytes 
(Y-chromosome analysis, section 2.2.6.2) at 20 and 18 weeks respectively. Figure 4.1 
diagrammatically shows the design for the experiments presented in this chapter. 

Gp/-1b RECIPIENT Gpl-1• RECIPIENTS 

B6-Gp/-1b 

GPl-electrophoresls 

Gpl-1 "  (donor) 
I 

-- Gpi-1 b (host) 

Gp/-1b DONORS 

B6-Gp/-1b 

Blood phenotyping at 1 8-20 weeks 

Gpl-1• DONORS 

B6-Gp/-P 
BALB.B(9d') 
BALB/c (9d') 

Figure 4.1: Diagram of the design for the experiments presented in this chapter. 
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4. 2. 2 CFU-S assay 
In each experiment the CFU-S content of the donor bone marrow was measured in syngeneic 

hosts given 9.5 Gy TBI as described in section 2.2.4. Growth of CFU-S in syngeneic and 
allogeneic recipients was compared for all above mentioned transplantation models and 
additionally in Swiss -+ B6, B6 -+ Swiss and the syngeneic control Swiss -+ Swiss. BM cell 
doses were adjusted, when necessary, to obtain a countable number of colonies on spleens of 
allogeneic recipients. The size of the 8-day spleen colonies was measured using a calibrated 
dissecting microscope. 

4. 2. 3 Mixed lymphocyte culture (MLC) 
Cell suspensions were made from spleens of responder and stimulator mouse strains by 

mincing the spleen and gently passing the material through a hypodermic needle (17G) before 
filtering the cell suspension. Cells were washed once and the nucleated cell concentration was 
determined with a Coulter Counter. From both responder and stimulator cells, 5xlc>5 cells were 
added per well (flat-bottommed 96-well microtiter plates, Costar). In control wells only 
responder cells were added. Proliferation of responder cells was determined from 3H-TdR 
uptake as described in section 2. 3. 3. 

4.3 Results 

4.3. 1 Alloreactivity of various donor and host combinations 
The reactivity of host spleen cells against donor cells was measured in mixed lymphocyte 

cultures. The response was expressed as the ratio of 3H-TdR-uptake in responders cultured in 
the presence of stimulators over 3H-TdR uptake in control responders cultured without 
stimulators. Figure 4.2 shows that in the syngeneic combination (B6-Gpi-la -+ B6) and in the H-
2 compatible combinations (BALB.B -+ B6 and B6 -+ BALB.B) no alloreactivity could be 
observed. In H-2 incompatible combinations an increase in 3H-TdR uptake relative to control 
was found with BALB/c -+ B6 showing more reactivity than B6 -+ BALB/c. B6CF1 spleen cells 
reactivity against semi-allogeneic B6 cells showed a small but insignificant increase in 3H-TdR 
uptake. 

4.3. 2 Long-term donor engraftment after syngeneic and allogeneic bone marrow transplantation 
Five-month survival of B6 recipients of T-cell depleted BALB/c marrow was 51/64 (80%). 

In BALB/c recipients of T-cell depleted B6 marrow long-term survival was 27/30 (90%). In 
syngeneic BMT survival was 155/158 (98%) and in H-2 compatible transplantation survival was 
109/112 (97%) and 15/15 (100%) in BALB.B - B6 and B6 - BALB.B respectively. Survival 
of B6CF1 recipients of B6 marrow was 96% (32/33). 
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Stimulator-responder combination 

Figure 4.2: Alloreactivity in different donor (stimulators) and host (responders) combinations 

as determined with mixed lymphocyte cultures. 3H-TdR uptake as a measure of proliferation 
was determined after culturing responders in the presence (response) and absence (background) of 
stimulator cells . The ratio of response and background 3H-TdR uptake is shown for all BMT 
combinations used in chimerism experiments. 
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Figure 4.3 shows the results of the long-term chimerism (5 months) as a function of TBI 
dose in syngeneic, semi-allogeneic, H-2 compatible and H-2 incompatible allogeneic 
transplantation. In syngeneic transplantation engraftment increased progressively with radiation 
dose to attain 100% donor engraftment at 8 Gy. H-2 compatible BMT (BALB.B - B6) required 
at least 5.5 Gy for partial (mixed) donor hemopoietic chimerism and showed a steeper radiation 
dose-response relationship. In H-2 incompatible transplantation (BALB/c - B6) no mixed 
chimeras were observed; either complete donor engraftment or complete host repopulation was 
found. The dose-response curve of engraftment for this combination was also very steep, but 
positioned at higher radiation doses. When the BMT combinations were reversed (B6 -
BALB/c and B6 - BALB.B), lower doses were sufficient in producing engraftment. In semi
allogeneic BMT a shallower dose-response curve was found, where 4 Gy gave less than 5 % 
donor chimerism and 8 Gy resulted in full chimerism (Figure 4.3). 
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Figure 4.3: TBI dose-responses at 20 weeks for erythroid engraftment o f  bone marrow (107 

cells) transplanted over different genetic barriers. (A) Syngeneic engraftment was performed in 
the combination B6 (Gpi- 13) - B6 (•). H-2 compatible engraftment is shown for BALB.B marrow 
in B6 recipients (■) and the reverse combination B6 - BALB.B (�). (B) H-2 incompatible 
transplantation was performed in the combinations BALB/c - B6 (�)  and B6 - BALB/c (• ). 
Semi-allogeneic BMT was performed in the combination B6 - B6CF1 ( ♦ ). 
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Figure 4.4 shows radiation dose-response curves for sex-mismatched donor engraftment 
where Y-chromosome FISH on blood leukocytes allowed for an estimation of resistance 
conferred exclusively by an H-2 disparity in the BALB/c (H-2d) - BALB.B (H-2b) combination. 
Also shown for comparison are the data obtained from the corresponding sex-mismatched 
syngeneic combination (BALB/c� - BALB/co) and from erythrocyte chimerism in allogeneic 
BMT involving BALB.B and BALB/c hosts. The relative position of these curves indicate a 
higher resistance across the major H-2 difference (BALB/c -+ BALB.B) than across minor non
H-2 differences (B6 -+ BALB.B). The greater resistance of H-2 over non-H-2 mismatching can 
be equated to a radiation dose of around 2 Gy. The TBI dose needed to be increased further (by 
about 1 to 2 Gy) in the fully allogeneic combination B6 -+ BALB/c to compensate for the 
cumulative resistance conferred by both H-2 and non-H-2 disparities. 
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Figure 4.4: TBI dose-responses for leukocyte (Y-chromosome FISH) and erythroid (Gpi-1 
electrophoresis) donor chimerism in BALB/c or BALB.B recipients. Female donors and male 
recipients were used for detection of Y-chromosome (host) leukocytes at 18 weeks after the 
syngeneic combination BALB/c9 - BALB/co (O) and the H-2 incompatible, non-H-2 compatible 
combination BALB/c9 (H-2d) - BALB.Bo (H-2b) (□). Gpi-1 phenotyping of erythrocytes was 
performed at 20 weeks after the H-2 compatible, non-H-2 incompatible combination B6 -
BALB.B ( '�), and the full H-2 and non-H-2 incompatible combination B6 (H-2b) - BALB/c (H-2d) 
(..t.). 

4.3.3 Growth of allogeneic CFU-S across different genetic barriers. 
The use of the CFU-S assay to study short-term engraftment showed differences in growth of 

CFU-S according to the genetic disparity between donor and host. No CFU-S rejection is 
expected in syngeneic transplantation and about 15-20 colonies were found on the spleen 8 days 
after injection of 105 bone marrow cells. On introduction of minor non-H-2 disparities in H-2 
compatible transplantation, CFU-S rejection was still not observed (Table 4.1). When the 
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Table 4.1: Growth of CFU-S-8 after 9.5 Gy TBI in transplantation across different genetic 
barriers. 

Donor Host 

Syngeneic transplantation 
B6 B6 
BALB/c 
Swiss 
BALB.B 
B6CF1 

BALB/c 
Swiss 
BALB.B 
B6CF1 

H-2 compatible transplantation 

BALB.B B6 

H-2 incompatible transplantation 

BALB/c B6 
B6 BALB/c 
Swiss B6 
B6 Swiss 

Semi-allogeneic transplantation 

B6 

CFU-S/ 105 BMC a 

15.6 ± 7.1 (N =7,n =41) 
15.9 ± 5.5 (N =5,n=25) 
20.9 ± 5.6 (N =2,n= l2) 
19.4 ± 3.2 (N= l,n =5) 
15.0 ± 7.5 (N = l,n =4) 

15.3 ± 6.4 (N=2,n = l6) 

0.05 ± 0.07 (N=5,n=34)* 
4.0 ± 1.4 (N=2,n=8r 
0.25 ± 0.39 (N=3,n =23)* 
16.2 ± 5.9 (N = l ,n =5) 

0.25 ± 0.37 (N =9,n= 43)* 

CFU-S size (mm) b 

0.92 ± 0.29 (N =2,n =8) 
nd 
nd 
nd 
nd 

0.95 ± 0.28 (N= l  ,n=5) 

0.53 ± 0.19 (N= l,n =9)* 
nd 
nd 
nd 

0. 72 ± 0.25 (N =2,n =7)* 

a. Number of CFU-S per J(f BMC (± SD) is shown after different doses of injected cells. 1he values 
shown are means from several experiments (N= number of experiments, n = total number of mice). 
b. CFU-S size was measured in mm using a calibrated dissecting microscope. 
* Significantly different from syngeneic control (p < 0.05) as tested with Mann Whitney U test. 
nd = no data available. 

genetic difference also included the H-2 locus, CFU-S frequencies fell depending on the donor
host combination. When Swiss or BALB/c (H-2d) mice were used as donors and B6 (H-2b) mice 
as recipients, a marked reduction in CFU-S frequencies was seen to indicate a strong rejection 
of allogeneic cells (Table 4.1). In addition to reduced CFU-S numbers per !OS cells, the size of 
the spleen colonies was reduced in these fully allogeneic recipients (Table 4.1). When B6 mice 
were used as donors and either Swiss or BALB/c mice as recipients, a smaller decrease in 
CFU-S frequencies was observed. 'Hybrid resistance' in the semi-allogeneic combination B6 -
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B6CF1 was demonstrated at 9.5 Gy by reduced CFU-S frequencies with a slight decrease in 
colony size (Table 4.1). 

4.4 Discussion 

The present study assessed the function of pluripotent stem cells under the demands of donor 
marrow cell loss through immune-mediated cytotoxicity. In MLC only H-2 incompatible 
allogeneic differences resulted in significant alloreactivity in vitro. This assay was not sensitive 
enough to detect immune reactivity against the minor non-H-2 differences. Partial chimerism 
was seen at relatively low radiation doses following syngeneic BMT (i.e. in absence of 

alloreactivity) while non-H-2 immune reactivity of B6-mice against BALB.B donor cells in vivo 
could still be detected from the absence of BALB.B chimerism at 5.0 Gy. The steep increase in 
marrow engraftment between 5 and 6 Gy indicates an abrupt removal of the immune response. 
This is in agreement with the previous findings of Down et al. (1991, 1992) using two other H-

2 compatible BMT models (LP � B6 and BIO.BR � CBA). Since the resistance to H-2 identical 
grafts was easily overcome by TBI doses of 6 Gy and above, it was not surprising to find that 
the CFU-S frequency and growth were unaffected after a high dose of 9.5 Gy. 

Other murine studies have addressed the role of TBI dose in determining allogeneic 
engraftment but most are limited to H-2 disparate allogeneic or semi-allogeneic BMT. These 

investigations have shown persistent alloreactivity after higher radiation doses (Soderling et al. 
1985, Ferrara et al. 1988, Schwartz et al. 1987, Salomon et al. 1990). In using B6 (H-2b) as 
common hosts, we were able to assess the engraftment potential of H-2 incompatible BALB/c 
(H-2d) bone marrow for direct comparison with H-2 identical BALB.B transplantation. The H-2 

incompatible combinations were not only shown to have a higher in vitro alloreactivity in MLC 
than H-2 compatible combinations but also an extra 3 Gy was required to overcome host-versus
graft reactivity and to achieve engraftment. In this case the doses became high enough to show 
CFU-S rejection at 9.5 Gy TBI. The decrease in size as well as frequency of the remaining 
colonies at 8 days suggests an ongoing immune mediated inhibition of colony growth. It is 

remarkable that at high "lethal" radiation doses, non-engrafted animals survived with complete 
host marrow reconstitution. The CFU-S data showed that at an injected cell dose of 107 a few, 
albeit small, spleen colonies can escape from immune-surveillance. Transient engraftment of H-
2 incompatible CFU-S therefore appears to provide enough hemopoietic maintenance before the 
re-emergence of progeny derived from radioresistant primitive stem cells of the host. 
Temporary allogeneic engraftment during the post-transplant period has been reported in other 
murine studies (Soderling et al. 1985, Lapidot et al. 1988) and this phenomenon is discussed 
further in relation to the results presented in Chapter 7. 

An interesting shift in the radiation dose-response curve to lower TBI doses for H-2 
incompatible transplantation was seen upon reversing the donor-host combination. This 
corresponded to a lower level of reactivity in the MLC assay. In addition, only a moderate 
(25%) CFU-S rejection was seen after 9.5 Gy. Engraftment of B6 marrow in BALB.B 
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recipients (reciprocal of BALB.B - B6) was also found at lower doses and a TBI dose of 5 Gy 
gave more engraftment than expected from syngeneic BMT (B6 - B6). These results point to 
significant strain-related differences in immune reactivity involved in allogeneic bone marrow 
rejection. The radiation sensitivity of bone marrow and donor-reactive immunocytes of both B6 
and BALB/c mice is also presented and discussed in Chapter 5. 

Inclusion of sex-mismatched BMT experiments involving the H-2 disparate, non-H-2 
identical (BALB/c - BALB.B) combination has been useful in attempting to isolate the effects 
of the major H-2 from minor non-H-2 antigens on allogeneic bone marrow rejection. 
Comparison with erythroid chimerism data obtained from the converse H-2 identical, non-H-2 
disparate (B6 - BALB.B) combination showed that the H-2 difference conferred a higher 
resistance against marrow engraftment. The data also showed that these effects can be quantified 
in terms of the compensating increase in radiation dose. The use of the Y-chromosome FISH 
technique to monitor leukocyte chimerism in other sex-mismatched BMT combinations is 
presented in Chapter 5. 

Long-term engraftment in semi-allogeneic recipients showed a shallower radiation dose
response relationship than in the allogeneic BMT recipients. It is also notable that the CFU-S 
rejection seen at high radiation doses was not accompanied by a demonstrable rejection of long
term repopulating stem cells. These differences may be caused by a distinct effector cell type 
confined to semi-allogeneic bone marrow rejection. In this case NK-cells are considered to be 
responsible for hybrid resistance and are usually thought to be relatively radioresistant 
(Hochman et al. 1978, Dennert et al. 1985, Murphy et al. 1987b, Sado et al. 1988). Since NK
cells are not able to proliferate in response to an antigenic stimulus, they may possibly mount 
an acute allograft reaction that can discriminate short-term (CFU-S) from long-term 
repopulating stem cell subsets. 

It is concluded from these studies that the radiation dose needed for long-term donor 
hemopoiesis after allogeneic BMT depends on the particular type of genetic disparity between 
donor and host. The chimerism assay was especially informative in revealing the effect of weak 
allograft rejection at low radiation doses in close comparison to host marrow repopulation. 
These data offer an experimental framework for further identifying critical target cell 
populations and are pertinent to the efforts aimed at detecting and overcoming the genetic 
barriers encountered in clinical BMT. 
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Intrinsic differences in radiosensitivity between mouse 
strains with and without severe-combined immune-deficiency 
(SCID) 

Summary 
The contribution of intrinsic differences in radiation sensitivity between different mouse 

strains to shifts in the TBI dose response curve for long-term bone marrow engraftment observed 
in reciprocal allogeneic BMT combinations was investigated (see Chapter 4). Leukocyte Y
chromosome analysis was used to compare syngeneic BMT in B6 and BALB/c recipients. No 
clear differences between hemopoietic stem cell and progenitor radiosensitivity between B6 and 
BALB/c mice were found that could account for these differences. Radiation cell survival curves 
for pPTL in both strains showed no significant difference in slope, but the number of 
pPTL/spleen in unirradiated mice was lower in BALB/c mice. Higher TBI doses were therefore 
necessary for immune suppression in the combination BALB/c - B6 than in the reverse B6 -
BALB/c. This appears to be related to the number of alloreactive cells present before 
conditioning rather than the intrinsic radiosensitivity of either immunocytes or stem cells. 

Syngeneic BMT was shown to be effective in reconstituting lymphoid organ cellularity in 
unirradiated SCID recipients and in recipients prepared with 1 or 2 Gy TBI. Transplantation of 
1 (f normal bone marrow cells into unirradiated SCJD mice led to about 25 % donor engraftment 
in granulocytes but more than 90% engraftment in lymphocytes. This split chimerism indicates 
preferential growth and differentiation of normal donor stem cells along the lymphoid lineage. 
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S.1 Introduction 

As already described in Chapter 4, the radiation dose-response relationship for allogeneic 
engraftment depends on the genetic disparity between donor and host. Another interesting 
finding was that in combinations with the same genetic differences, donor engraftment showed 
different radiation dose-response depending on the host strain. Higher TBI doses were required 
for engraftment in B6 recipients of BALB/c and BALB.B bone marrow when compared with the 
reciprocal combinations B6 -+ BALB/c and B6 -+ BALB.B. These observed differences could be 
caused by intrinsic strain-related differences in radiosensitivity either in bone marrow stem cells 
or in immune cells responsible for allograft rejection. TBI dose-response relationships for long
term syngeneic engraftment was therefore determined in B6 and BALB/c recipients to search 
for any differences in radiation sensitivity of bone marrow stem cells in the absence of an 
immunological barrier. Since no BALB/c mice are available that are congenic for Gpi-1, we 
performed sex-mismatched BMT and then followed donor engraftment from fluorescent in situ 
hybridization (FISH) of the Y-chromosome in circulating leukocytes. In addition, radiation cell 
survival curves were obtained for precursors of proliferating T-lymphocytes (pPTL) capable of 
mounting an immune response against allogeneic donor cells. 

To further compare the radiation dose-response for long-term bone marrow engraftment 
among different mouse strains, mice with severe-combined immune-deficiency (SCID) were 
included as recipients of syngeneic BMT. These SCID mice have a defect in rearrangement of 
gene segments encoding for variable (V), diversity (D) and joining (J) parts of immunoglobulins 
and T-cell receptors referred to as V(D)J recombination and therefore become deficient in both 
T- and B-cell immunity (Bosma et al. 1983). SCID mice are also known to be very 
radiosensitive among various tissues due to a deficiency in the capacity to repair DNA double 
strand breaks (Fulop and Phillips 1990, Biederman et al. 1991, Hendrickson et al. 1991, 
Hendry et al. 1994). This provides an explanation as to why donor engraftment of xenogeneic 
or allogeneic marrow can be easily achieved in SCID mice after relatively low doses of 
radiation (Surh and Sprent 1991). Nevertheless, little is known of the potential for syngeneic 
marrow engraftment in irradiated SCID mice. Such an issue is of interest to current stem cell 
gene therapy trials designed to correct the corresponding SCID condition in patients. It was 
therefore considered appropriate to include SCID mice for direct comparison with engraftment 
in normal mice. 

5.2 Experimental design 

5.2. 1 Bone marrow transplantation 

The sex-mismatched transplantation models used were the syngeneic combinations: B6 
(� ,  Gpi-14) -+  B6 (o, Gpi-l b), BALB/c (� ) -+ BALB/c (o) and BALB/c (9) -+ C.B11-scidlscid 
(o, SCID). One sentinal BALB/c mouse, maintained in the same cage as SCID mice, was 
sacrificed for microbiological screening and showed the presence of antibodies against REO II 
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virus but was negative for other common pathogenic viruses (Sendai, MHV, PVM, GD VII, 
EMC, LMC, MVM, K) and M.pulmonis. Female donors and male recipients were between 3 
and 5 months of age. Recipient mice were exposed to 6°Co-gamma irradiation (Siemens
Gammatron3-Unit) at � 40 cGy/min with single doses ranging from 1 to 6 Gy. They were 
injected with bone marrow within 3-6 hours after the irradiation. Each radiation dose group 
consisted of 4-5 mice. The experimental design for sex-mismatched BMT is shown in Figure 
4.1. 

5.2.2 Chimerism assays 
In the syngeneic combination B6-Gpi-1 • -+ B6 bone marrow engraftment can be 

monitored from Gpi-1-phenotyping. Erythrocytes were typed for Gpi-1 at 12 and 18 weeks after 
transplantation of 107 donor bone marrow cells as described in section 2.2.5.1. In all BMT 
combinations engraftment was determined with Fluorescent In Situ Hybridization (FISH). Blood 
smears were prepared from one drop (5 µl) of blood from the tail tip of BMT recipients. 
Smears of bone marrow, spleen or thymus cells were prepared from 25 µl of single cell 
suspensions at 2xl 07 from these tissues. The Y-chromosome was visualized after hybridization 
with a Y-probe and staining with avidin-FITC as described in section 2.2.5.2. Between 100-200 
cells were counted under a fluorescent microscope and the proportion of male (positive for the 
probe) and female (negative) cells was calculated. Cells were morphologically characterized 
from nucleus shape to separately determine donor engraftment in myeloid and lymphoid cells. 

5.2.3 Determination of the radiation sensitivity of splenic pPTL 
Spleens were excised from three to four mice per group at 24 hours after TBI (2-9.5 

Gy). Spleens were weighed and a single cell suspension was made by mincing the tissue and 
then the material was passed through a hypodermic needle (18G) and filtered through a metal 
sieve. Spleen cells from both B6 and BALB/c mice were used in limiting dilution cultures with 
lethally (20 Gy) irradiated H-2 incompatible allogeneic stimulator cells (from BALB/c or B6), 
to determine pPTL frequencies. Precursor frequencies (pPTL) with 95 % confidence intervals 
were determined as described by Fazekas de St. Groth (1982). Since spleen weight and 
cellularity decreased after irradiation, the survival of pPTL was expressed on the basis of pPTL 
per spleen for comparison with untreated controls. The experimental design has already been 
shown in Figure 2.6 and further details in section 2.4.7. 

5. 2. 4 Determination of radiation sensitivity of bone marrow CFU-C and CFU-F 
In co-operation with Dr. Reno Beekman from the Physics Section of the Radiotherapy 

Department, University Hospital Groningen, the radiosensitivity of two bone marrow cell 
populations (CFU-C and CFU-F) was determined in the same mice as used for splenic pPTL 
determinations. Bone marrow was collected from femora 24 hours after TBI and cultured in 
semi-solid medium for 7 days according to the method by Ploemacher et al. (1992) for CFU-C 
quantification. Extending the culture period to 14 days did not show an increase from the CFU
C count on day 7. CFU-F were grown in liquid culture in 35 mm Petri dishes using DMEM 
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medium complemented with 20% heat-inactivated fetal bovine serum, 10-5 M hydrocortisone 
sodium succinate (Sigma, St.Louis, MO, USA) and 104 M /j-mercaptoethanol as described by 
Xu et al. (1983). At 12-14 days colonies were fixed in methanol and stained with Giemsa. 

5.2.5 Lymphoid reconstitution in SCID mice after syngeneic BMT 
The amount of lymphoid reconstitution of SCID mice was determined in spleen and 

thymus. Thymus and spleen were weighed and single cell suspensions were prepared as 
described in section 5.2.3. The total number of nucleated cells was determined on a Coulter 
Counter. The relative amount of T- and B-lymphocytes in the spleen was calculated from flow 
cytometry analysis. T-lymphocytes were stained with an anti-Thyl.2 FITC-conjugated 
monoclonal antibody and B-lymphocytes were stained with FITC-conjugated antibodies against 
IgM and phycoerythrin conjugated anti-IgD antibodies kindly provided by Dr F. Kroese from 
the Histology Department of the University of Groningen, the Netherlands. The total number of 
splenic B-lymhpocytes was calculated from the sum of IgM and IgD-positive cells. 

SCID used in the BMT experiments were checked for leakiness by allotyping of serum 
antibodies as described in section 2.3.3. This was used to discriminate between BALB/c and 
C.B-17 type IgM and to test whether reconstitution was derived from the donor bone marrow 
cells (BALB/c) and not from a leaky recipient's own bone marrow (C.B-17 type lg). 

5.3 Results 

5.3.1 Comparison between Gpi and FISH chimerism 
In the syngeneic BMT combination B6-Gpi-1 • - B6 it was possible to determine the 

relative contribution of donor and host hemopoiesis from both erythrocytes (Gpi--1) and 
leukocytes (FISH). Figure 5.1 compares these two parameters for each recipient and shows a 
reasonable correlation. Regression analysis showed that FISH chimerism is on average 13 % 
higher than Gpi-chimerism. 

5.3.2 Comparison of syngeneic engraftment in B6 and BALB/c recipients 
Syngeneic engraftment was determined from FISH chimerism after sex-mismatched BMT 

in B6 and BALB/c mice. Engraftment was lower in BALB/c recipients given 2 Gy TBI but at 
higher TBI doses the level of donor chimerism was comparable in the two mouse strains (Figure 
5.2). There was therefore no evidence for a higher radiation sensitivity of BALB/c bone 
marrow stem cells with long-term repopulating ability. 
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Figure 5.1: Comparison between Gpi and FISH-chimerism. Syngeneic engraftment 
(B6-Gpi-la - B6) determined with Gpi-phenotyping or FISH. Shown are values for 
FISH-chimerism as a function of Gpi-chimerism in individual mice. The dotted line 
represents identical FISH and Gpi-chimerism values. The area shown is the 95% 
confidence interval for the calculated regression line (FISH chimerism is on average 1 3  % 
higher than Gpi-chimerism, r=0.88). 
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Figure 5.2: Syngeneic engraftment in two different mouse strains. B6 (•) or BALB/c 
(O) were transplanted with syngeneic bone marrow after 2, 4 or 6 Gy TBI and donor 
engraftment was determined with FISH. 
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5.3.3 The radiation sensitivity of pPTLfrom B6 and BALB/c mice 
Splenic pPTL frequencies were determined in B6 and BALB/c after a range of TBI 

doses. The radiation sensitivity of B6 spleen cells reactive against allogeneic BALB/c cells is 
shown in Chapter 7. In Figure 5.3 a comparison is made with BALB/c spleen cells reactive 
against B6 cells. It can be seen that without irradiation the number of pPTL per spleen was 
lower in BALB/c but that the slope of the cell survival curve was similar (D0 = 1.0 ± 0.1 Gy 
in B6 and 1.1 ± 0.1 Gy in BALB/c mice). 
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Figure 5.3: Radiation sensitivity of pPTL in B6 and BALB/c mice. The number of 
pPTL/spleen is plotted as a function of radiation dose with 95 % confidence intervals. In 
B6 mice pPTL reactive against BALB/c cells ( • ) and in BALB/c mice the frequency of 
pPTL reactive against B6 ( o ) was determined 24 hours after TBI. D0 values for pPTL 
depletion obtained from linear regression analysis were 1.0 and 1 . 1 for B6 and BALB/c 
mice respectively. 

5.3.4 The radiation sensitivity of bone marrow CFU-C and CFU-F 
The radiation sensitivity of CFU-C was only slightly different between BALB/c and B6 

mice (Figure 5.4A) with a D0 of 1.3 Gy for both mouse strains. A much higher radioresistance 
was found for CFU-F in B6 when compared with BALB/c (Figure 5.4B). The D0 values in B6 
and BALB/c mice were 3.9 Gy and 1.3 Gy respectively. 
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Figure 5.4: Radiation cell survival of CFU-C (A) and CFU-F (B) from B6 and 
BALB/c mice. B6 (•) and BALB/c mice (O) were given graded doses of TBI and 24 
hours later the CFU-C (A) and CFU-F (B) per femur relative to unirradiated controls 
was determined. A) D0 values for CFU-C were found to be 1 . 3  Gy for both strains, 
extrapolation numbers (n) were 1 . 8  for B6 and 1 . 1  for BALB/c mice. B) D

0 
values for 

CFU-F were found to be 3 .9  and 1 .3 Gy and extrapolation numbers (n) 0 .8  and 3 . 1  for 
B6 and BALB/c mice respectively. - Datafrom Beelanan and Down (unpublished). 
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Table 5.1: Reconstitution of SCID mice 16 weeks after syngeneic BMT. 

™- Thymus Spleen 

TBI dose Survival no.cells weight no.cells weight no.cells B-cells T-cells 

(Gy) (xl06) (mg) (xl06) (mg) (xl06) (xlC>6) (xl06) 

SCID-control 3/3 32 ± 3 6 ± 2  1 ± 0.3 85 ± 3 14 ± 1 2 ± 0.5 3 ± 1 

0 4/4 28 ± 4 32 ± 2 23 ± 4 135 ± 22 44 ± 10 14 ± 3 1 1  ± 2 

1 4/4 18 ± 2 40 ± 3 52 ± 3 93 ± 4 97 ± 7 40 ± 3 3 1  ± 1 

2 3/4 22 ± 1 3 1  ± 1 36 ± 3 79 ± 5 70 ± 1 1  27 ± 1 21 ± 3 

4• 0/3 19 ± 3 1 .5 ± 0. 1 nd 23 ± 0.3 7 ± 0.3 nd nd 

BALBI c-control 5/5 22 ± 2 30 ± 2 65 ± 14  1 15 ± 14 140 ± 16  nd nd 

Shown is the mean organ weight or cellularity ± standard error of the mean from mice surviving until 16 weeks after BMT. 
a. SCID mice treated with 4 Gy were sacrificed at 6 weeks for severe respiratory problems. 
nd = not determined 
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5.3.5 Syngeneic bone marrow transplantation in SCID mice. 
Ninety-one percent ( 10/11) of the SCID recipients given 107 bone marrow cells from 

BALB/c mice survived till 16 weeks and showed good reconstition of lymphoid organs (Table 
5 . 1). Mice prepared with 4 Gy were sacrificed at 6 weeks post-BMT since they showed 
physical signs of respiratory stress. Autopsy of these mice showed firm and consolidated lungs 
with very high lung weights (mean 343 mg ± 12 (sem)). Lung weights from untreated BALB/c 
mice were 158 mg ± 5 and lungs from BALB/c recipients of BALB/c bone marrow after 4 Gy 
weighed 179 mg ± 5. The thymus and spleen had decreased in weight below the values found 
in control untransplanted SCID mice (Table 5. 1). Bone marrow and blood cellularity was 
normal and both spleen and marrow showed more than 95 % donor type cells to indicate that the 
mice did not suffer from marrow failure. Histology on lung and spleen revealed that one mouse 
suffered from a lymphocytic leukemia as evidenced by a prominent infiltrate of immature 
lymphoblast cells in spleen and lung. The other two mice showed alveolar wall thickening and a 
heavy infiltrate of macrophages with occassional neutrophils. These findings are consistent with 
the increased lung tissue mass and physical signs of repiratory distress. At 16 weeks all 
surviving transplant recipients showed donor repopulation of both B- and T-lymphocyte lineages 
towards normal levels (Table 5 . 1). 
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Figure 5.5: Syngeneic donor engraftment in BALB/c or SCID mice. BALB/c bone 
marrow was transplanted into syngeneic BALB/c ( •) or congenic C.B-17 scid/scid 
(SCID)-mice (T)  after various doses of TBI .  Engraftment was determined from FISH

chimerism in blood granulocytes (closed symbols) and blood lymphocytes (open 
symbols). 

The relative contribution of donor cells to hemopoiesis in SCID mice was determined in 
peripheral blood smears. Granulocytes and lymphocytes were counted separately on the basis of 



86 Chapter 5 

their nuclear morphology. It was found that without total body irradiation the percentage of 
donor engraftment was 25 % in peripheral blood granulocytes and 95 % in circulating 
lymphocytes. The level of chimerism in granulocytes reflected chimerism in bone marrow while 
the thymus and spleen were completely repopulated with donor type cells as were peripheral 
blood lymphocytes (Table 5.2). A TBI dose of 1 or 2 Gy was enough to induce full engraftment 
in both lineages. Normal BALB/c mice, on the other hand, showed no difference in the 
percentage of donor engraftment between lymphocytes and granulocytes (Figure 5.5). 
Allotyping of immunoglobulins in the serum of SCID recipients additionally showed that only 
donor cells contributed to the reconstitution of lymphoid organs. Host-type immunoglobulins 
could be detected at only 10-25% of normal levels in two of three SCID mice that were left 
untreated. 

Table 5.2: Donor engraftment in blood, bone marrow, spleen and thymus of transplanted 
SCID mice 

TBI dose 

0 Gy 
1 Gy 
2 Gy 

Blood 

Granulocytes 

28 ± 2 
98 ± 0.3 
100 ± 0 

% donor engraftment' 

BM 

Lymphocytes 

96 ± 3 1 9  ± 5 
100 ± 0 88 ± 2 
100 ± 0 97 ± 2 

a. Donor engraftment was determined from FISH-chimerism 

5.4 Discussion 

Spleen Thymus 

81 ± 8 96 ± 1 
98 ± 1 95 ± 5 
100 ± 0.3 99 ± 0.3 

The aim of the experiments presented in this chapter was to investigate whether intrinsic 
differences in radiation sensitivity between different mouse strains contributed to changes in the 
TBI dose response curves for allogeneic bone marrow engraftment. Erythrocyte Gpi
phenotyping and leukocyte Y-chromosome analysis were compared and showed similar 
percentages of donor-derived cells after syngeneic BMT (B6-Gpi-1 • -. B6) to support the use of 
FISH-chimerism for further comparison of the radiation sensitivity of long-term host marrow 
repopulation in B6 and BALB/c mice. No clear differences between hemopoietic stem cell and 
progenitor radiosensitivity between B6 and BALB/c mice were found that could account for the 

lower TBI doses required for long-term allogeneic engraftment in BALB/c and BALB.B mice as 
shown in Chapter 4. A lack of difference in radiosensitivity between BALB/c and B6 mice was 
also shown previously for bone marrow CFU-S (Yuhas and Storer 1969, Hanson et al. 1987). 

The CFU-F measures a stromal cell type that is forced into proliferation to produce a colony in 
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culture and this is unlikely to occur for resting cells left in situ. Since any strain difference in 
radiation sensitivity of stromal cells would equally effect growth of donor and host stem cells it 
seems unlikely that this accounts for the difference in long-term engraftment in B6 and BALB/c 
recipients of allogeneic bone marrow (chapter 4). In previous reports it was shown that BALB/c 
mice were more sensitive to ionizing radiation with respect to the LD5016 and LD50130 (Yuhas and 
Storer 1969, Hanson et al. 1987). The lower LD5016 was shown to be related to a lower D0 for 
jejunal epithelial cells (Hanson et al. 1987) but endogenous spleen colony survival did not 
correlate with LD50130 (Yuhas and Storer 1969). 

Radiation cell survival curves for pPTL in both strains were constructed and showed no 
significant difference in slope. The number of pPTL/spleen in unirradiated mice was, however, 
lower in BALB/c mice. In Chapter 4 it was already described that the overall immune response 
of BALB/c spleen cells against B6 cells, as measured in mixed lymphocyte cultures, was lower 
than the response of B6 against BALB/c. In this chapter, it was additionally shown that the 
pPTL frequency in unirradiated BALB/c mice was lower than in B6 mice. Therefore, the level 
of immune suppression required for long-term engraftment of B6 marrow in BALB/c recipients 
can be achieved at lower TBI doses than in the reverse combination (BALBI c - B6). Using a 
common semi-allogeneic donor marrow source, Sado et al. (1985, 1988) demonstrated that 
allograft rejection can be more radioresistant in one mouse strain than in another. These 
differences compared well with the radiosensitivity of immune effector cells in the spleen of 
host mice as measured from cytotoxicity against allogeneic target cells. This implies that in 
clinical BMT a standard conditioning protocol may be sufficiently immune suppressive in one 
patient but insufficient in another. Development of predictive tests for allograft rejection may 
therefore be helpful in choosing the best conditioning protocol. 

The immune deficiency of SCIO mice was largely corrected with syngeneic BMT as 
shown from reconstitution of lymphoid organ cellularity in unirradiated recipients and in 
recipients prepared with 1 or 2 Gy TBI. Transplantation of 107 bone marrow cells into 
unirradiated SCIO mice led to about 25 % donor engraftment in granulocytes but more than 90 % 
engraftment in lymphocytes. Split chimerism is clearly evident to indicate preferential growth 
and differentiation of donor stem cells along the lymphoid lineage. The bone marrow cavities of 
SCIO mice therefore seem to have enough space to allow for engraftment even without prior 
TBI. Lymphocyte progenitors produced from primitive stem cells may have a selective 
advantage for the correction of the defected lineage as has also been documented for the 
erythroid lineage in genetically anemic W/WV-mice (Barker et al. 1988, Nakano et al. 1989a, 
1989b) and thalassemic mice (Barker et al. 1994, Van den Bos et al. 1994, Van der Loo et al. 
1994). Similar findings of split chimerism have been reported in SCIO patients (Parkman et al. 
1975). These observations offer a basis for current attempts to correct hematological defects in 
patients with genetically transfected autologous stem cells using milder BMT conditioning 
therapy. After TBI doses of 1 or 2 Gy more than 95 % donor engraftment was observed in both 
lymphocytes and granulocytes. Other lymphohemopoietic tissues (bone marrow, spleen and 
thymus) were also fully reconstituted with donor cells. Complete donor engraftment at low 
radiation doses is consistent with a previously reported high sensitivity of SCIO cells to ionizing 
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radiation (Fulop and Phillips 1986, 1990, Biederman et al. 1991). However, SCID mice 
prepared with 4 Gy exhibited severe lung complications at 6 weeks after BMT and the thymus 
was extremely small in these mice. Damage to the supporting stroma of lymphoid organs as 
suggested by Surh and Sprent (1991) may have prevented maturation of donor T-lymphocytes 
rendering these mice more susceptible to opportunistic lung infections compounded by radiation 
tissue damage. 

Recent reports have envisaged the use of SCID mice as an experimental model for 
studying normal and malignant human hemopoiesis (Phillips and Spaner 1991, Dick et al. 1991, 
1992, Surh and Sprent 1991). SCID mice lack mature T- and B-lymphocytes but have normal 
numbers of NK-cells (Dorshkind et al. 1985) that are thought to be responsible for allograft 
rejection (Murphy et al. 1987a, 1987b). NK-cell activity may also hamper xenogeneic 
engraftment and requires prior irradiation to allow human or rat bone marrow engraftment. 
Despite good reconstitution of T- and B-cell differentiation after xenogeneic BMT in irradiated 
rats (Surh and Sprent 1991), human marrow transplantation led to only 0.5-1.0% engraftment in 
SCID mice (Dick et al. 1991). Administration of human growth factors to irradiated SCID mice 
has shown to improve human stem cell engraftment (Lapidot et al. 1992). 

In summary, we have shown that strain differences in TBI dose relationships for long
term allogeneic engraftment appears to be related to the number of alloreactive cells present 
before conditioning and is not related to the radiation sensitivity of LTRA stem cells. 
Preferential donor stem cell growth and differentiation into lymphoid lineages after syngeneic 
BMT in SCID mice was observed. Complete engraftment in SCIO mice was achieved at doses 
of 1 Gy and above but TBI doses in excess of 2 Gy may lead to treatment related 
complications. 



CHAY.I'ER 6 

Stability of long-term chimerism and the correlation of 
erythroid engraftment with engraftment among other 
hemopoietic lineages 

Summary 
Long-term erythroid chimerism was investigated for its stability and compared with 

chimerism in bone marrow, spleen and thymus. Engraftment in red blood cells remained 
relatively constant over the period of 20 to 78 weeks after BMT. The different levels of 
chimerism in erythrocytes correlated reasonably well with engraftment in other tissues 
regardless of genetic disparity, radiation dose, dose-rate or dose fractionation. The 
measurement of donor engraftment in erythrocytes at 20 weeks after BMT therefore appears to 
be an acceptable method for estimating stable donor chimerism originating from pluripotent 
long-term repopulating stem cells. 

Parts of the results contained in this chapter are published in International Journal of Radiation 
Biology, 61 (4), 501-5 10 (1992) by R. van Os, A.W.T. Konings and J.D. Down and Radiation 
Research, 136, 118-125 (1993) by R. van Os, H.D. Thames, A.W.T. Konings and J.D. Down. 
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6.1 Introduction 

Hemopoiesis is a complex hierarchical tissue system that produces a wide variety of mature 
blood cell types with differing renewal rates (see also Chapter 1, section 1 .4). In our Gpi- 1 
chimerism assay the percentage of erythroid donor engraftment was measured at vruious time 
intervals after BMT that corresponds to repopulation and differentiation from different stem cell 
subsets (Down and Ploemacher 1993). In addition to erythropoietic activity, hemopoietic stem 
cells should, by definition, have the ability to repopulate other hemopoietic lineages. Marrow 
cells that give rise to CFU-S are already known to be multipotent through production of 
erythrocytes, granulocytes and megakaryocytes (Till and McCulloch 1961 ,  Wu et al. 1967) . 
Morphologically, splenic colonies appearing on day 8 are mostly erythroid while the majority of 
colonies appearing on day 12 are megakaryocytic and/or granulocytic with a minority being 
erythroid (Magli et al. 1982, Ploemacher and Brons 1988a). From these investigations it was 
suggested that CFU-S-8 and CFU-S-12 were lineage-restricted i.e. committed to form only a 
few hemopoietic lineages. The more primitive pre-CFU-S cells are believed to be truly 
pluripotent. Hence, they should be able to repopulate erythroid, myeloid and lymphoid lineages 
(Harrison et al. 1988, Harrison and Zhong 1992). Our ability to measure the donor Gpi-type in 
hemopoietic tissues other than blood now offers the opportunity to investigate repopulation in 
various lineages within one assay system. 

The development of chimerism during the first 20 weeks after transplant is described in 
Chapter 3 for syngeneic BMT and in Chapter 7 for allogeneic BMT. The stability of chimerism 
at later times is presented in this chapter to test whether erythroid chimerism at 20 weeks is an 
acceptable time-point for assessing permanent long-term marrow repopulation. The 
measurement of blood chimerism as a suitable index of pluripotential stem cell behaviour is also 
evaluated through comparison with other tissues, such as bone marrow, spleen and thymus. 
These tissues were chosen since they contain cell lineages principally derived from bone 
marrow stem cells. The mouse spleen consists of mature B- and T-lymphocyte populations at 
about 70% and about 20% proportions respectively. The thymus contains immature T
lymphocytes undergoing proliferation and maturation or clonal deletion. Bone marrow cells are 
the most immature with the majority of cells in active proliferation at various stages of 
differentiation. Cell lineages contained in bone marrow, spleen, thymus and blood are renewed 
with different kinetics. In the mouse, monocytes, granulocytes and B-lymphocytes are replaced 
in about 2 weeks (Stutman 1978, Van Furth 1989) while erythrocytes are completely replaced 
every 4 weeks (Down et al. 1990). Most T-lymphocytes have a short lifetime of a few weeks, 
but a subpopulation of T-cells can survive up to 6 months (Stutman 1978). Correlations between 
engraftment among the different lymphohemopoietic tissues under conditions of modified TBI 
(fractionated or protracted) after syngeneic or allogeneic BMT are presented. 
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6.2 Experimental design 

6.2.1 Chimerism assay (long-term engraftment) 
Erythrocytes were typed for host and donor Gpi-1 isozymes at 12, 20, 40 and 78 weeks after 

transplantation of 107 donor bone marrow cells. Twenty µl of blood was collected, washed with 
cold PBS and lysed in 180 µI of cold distilled water. In addition to erythrocytes at 20 or 40 
weeks after BMT, bone marrow, spleen and thymus cells were collected by mincing the tissues 
and gently passing the material through a hypodermic needle (17G) before filtering the 
suspension. Cells were washed and contaminating erythrocytes were lysed by a 10 second 
hypotonic shock. The centrifuged cell pellet was lysed in 20 µI (bone marrow) or 8 µ1 (spleen 
and thymus) distilled water per one million cells. The percentage of donor chimerism was 
determined as described in Chapter 2 (section 2.2. 1). On average, bone marrow, spleen and 
thymus were reasonably well reconstituted. Organ cellularity showed no relation with radiation 
dose, dose-rate or genetic disparity. 

6. 2. 2 Statistics 
The level of erythroid chimerism for each radiation dose group was compared with 

chimerism in bone marrow, spleen and thymus and the Mann Whitney U test was used to test 
for significant differences. The correlation of engraftment in erythrocytes with the percentage of 
donor chimerism in other tissues was determined from linear regression analysis and the 
statistical programm Systat (Systat Inc. Evanston, IL, USA) was used to calculate 95 % 
confidence intervals for the regression lines. 

6.3 Results 

6.3.1 Stability of erythroid chimerism levels 
Chimerism levels of erythrocytes in syngeneic and allogeneic recipients at 40 weeks after 

BMT corresponded well with chimerism levels at the earlier times of 12 and 20 weeks (Table 
6.1). Only after 4 Gy and syngeneic BMT erythroid chimerism levels differed significantly with 
time between 20 and 40 weeks after BMT. Chimerism levels at 64 weeks (BALB.B ➔ B6) and 
78 weeks (B6-Gpi-1 • ➔ B6) also showed no significant change from chimerism levels at 40 
weeks. 

6.3.2 Comparison between erythroid engraftment and engraftment among other lineages in 
syngeneic BMT 

At 40 weeks after BMT, average erythroid chimerism levels compared well with chimerism 
in bone marrow, spleen and thymus for various TBI conditioning protocols (Table 6.2). 

As shown in Table 6.3 engraftment in thymus at 20 weeks was significantly higher than 
erythroid engraftment in groups given 2 Gy (single dose), 6 and 10 Gy (fractionated) whereas 
chimerism levels in bone marrow and spleen compared well with erythroid chimerism. The 
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regression lines and 95 % confidence interval were calculated for each tissue at 40 (Figure 6. 1) 
and 20 weeks (Figure 6.2) post-BMT to determine the correlation between erythroid 
engraftment and engraftment in other tissues. Erythroid chimerism closely resembled chimerism 
in other tissues at 40 weeks, but at 20 weeks the correlation coefficient between erythroid 
chimerism and chimerism in thymus was lower (r = 0.28, Figure 6.2C) than in bone marrow 
and spleen (r=0.8 1  and 0.80 respectively). 

Table 6.1: Chimerism• in erythrocytes at different time intervals after BMT. 

Time post-transplant 

TBI dose 12 weeks 20 weeks 40 weeks 64-78 weeks 

B6 - B6 
2.0 Gy 44 ± 3 (10) 50 ± 2 (14) 51 ± 5 (8) nd 
4.0 Gy nd 70 ± 3b( l3) 54 ± 3 (5) 54 ± 2 (5) 
6.0 Gy 83 ± 1 (33) 84 ± 1 (44) 85 ± 3 (16) 72 ± 2 (3) 
8.0 Gy 96 ± 3 (5) 97 ± 2 (10) 99 ± 1 (9) nd 

BALB.B - B6 
5.0 Gy 0 (15) 0 (15) 1 ± 1 (10) 0 (4) 
5.5 Gy 5 1  ± 13 (10) 61 ± 11 (11) 60 ± 13 (10) nd 
6.0 Gy 83 ± 5 (25) 84 ± 5 (25) 86 ± 9 (11) 85 ± 8 (4) 
6.5 Gy 100 (6) 98 ± 1 (6) 97 ± 2 (5) nd 
7.0 Gy 100 (5) 100 (5) 100 (5) nd 

BALB/c - B6 
6.5 Gy nd 0 (6) 0 (6) nd 
8.0 Gy 0 (5) 0 (12) 0 (12) nd 
9.0 Gy 0 (5) 0 (5) 0 (5) nd 
9.5 Gy nd 88 ± 13 (8) 86 ± 14 (7) nd 
10.0 Gy 100 (4) 100 (4) 100 (4) nd 
11.0  Gy 100 (4) 100 (9) 100 (9) nd 

a. The relative amount of donor-type cells (chimerism) as measured by Gpi-phenotyping is given ± 1 
SEM. Numbers in parentheses represent number of animals. 
b. Significant different, (p < 0.05) as tested with the Mann-Whitney U test, from chimerism in 
erythrocytes at 40 weeks post BMT. 
nd = no data available 
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Table 6.2: Donor engraftment in blood, thymus, spleen and bone marrow at 40 weeks after 
syngeneic BMT. 

% Donor (Gpi- 1 •) engraftmenr 

TBI dose Erythrocytes Bone marrow Spleen Thymus 

Single dose TB/ 
2 Gy 5 1  ± 5 38 ± 3b 36 ± 3b 41 ± 5 (7) 
4 Gy 54 ± 3 41 ± 4 49 ± 2 54 ± 3 (6) 
6 Gy 85 ± 3 73 ± 3b 76 ± 2b 89 ± 2 (15) 
8 Gy 99 ± 1 92 ± 4 94 ± 2b 98 ± 1 ( 10) 
rd 0.87 0.89 0.88 

WR, 5 cGy/min 
4 Gy 62 ± 7 58 ± 4 63 ± 7 73 ± 10 (5) 
6 Gy 66 ± 3 49 ± 4b 61 ± 4 68 ± 2 (3) 
8 Gy 88 ± 3 78 ± 3 80 ± 3 lQO ± Qb (4) 
10 Gy 100 ± 0 97 ± 1 96 ± lb 98 ± 2 (5) 
rd 0.90 0.90 0.85 

WR, 2 cGylmin 
4 Gy 59 ± 3 53 ± 4 52 ± 3 50 ± 4 (5) 
6 Gy 74 ± 1 63 ± 3 76 ± 4 79 ± 1 (3) 
8 Gy 82 ± 4 85 ± 4 80 ± 8 94 ± 3 (5) 
10 Gy 97 ± 3 86 ± 6 92 ± 4 100 ± 0 (5) 
12 Gy 97 ± 3 92 ± 7 97 ± 2 86 ± 7 (5) 
rd 0.82 0.75 0.77 

WR, 1 cGylmin 
3.3 Gy 45 ± 4 5 1  ± 1 44 ± 2 45 ± 4 (5) 
6 Gy 55 ± 1 51  ± 3 54 ± 5 66 ± 3b (8) 
8 Gy 67 ± 3 56 ± 2b 63 ± 2 74 ± 5 (5) 
10 Gy 79 ± 5 75 ± 5 83 ± 5 94 ± 3b (5) 
14 Gy 97 ± 1 81  ± lb 89 ± 2b 82 ± 5 (5) 
rd 0.89 0.89 0.75 

Split dose 
4 Gy,2P 48 ± 2 46 ± 3 46 ± 1 5 1  ± 4 (4) 
6 Gy,2P 55 ± 3 47 ± 2 56 ± 1 61 ± 9 (5) 
8 Gy,2P 85 ± 3 65 ± 5b 73 ± 3b 78 ± 7 (5) 
10 Gy,2P 93 ± 2 87 ± 4 80 ± 7 91 ± 6 (5) 
rd 0.85 0.77 0.72 

re 0.86 0.85 0.81 

Footnotes on next page 
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a. Engraftment is expressed as percentage donor cells measured with the chimerism assay ± 1 SEM. 

Numbers in parentheses represent number of animals. 

b. Significantly different from erythroid engraftment when tested with Mann-Whitney U-test (p < 0.05). 

c. Split dose (2F) irradiation was given with interval times of 6 hours. 

d. Correlation coefficients (r) with erythroid engraftment were calculated for separate TB/ modalities 

with linear regression analysis. 

e. Correlation coefficients (r) with erythroid engraftment were calculated/or all TB/ protocols with linear 

regression analysis. 

Table 6.3: Donor engraftment in blood, thymus, spleen and bone marrow at 20 weeks after 

syngeneic BMT. 

% Donor (Gpi-1 •) engraftment" 

TBI dose Erythrocytes Bone marrow Spleen Thymus 

Single doses 
2 Gy 46 ± 2 47 ± 2 61 ± 3b 93 ± 4b (5) 
6 Gy 82 ± 6 73 ± 6 77 ± 5 95 ± 4 (5) 
rd 0.80 0.80 0.33 

Fractionated 
6 Gy Fracc 38 ± 6 45 ± 1 61 ± 6 91 ± 3b (5) 
10 Gy Fracc 75 ± 1 67 ± 6 85 ± 4 95 ± 3b (5) 
14 Gy Fracc 91 ± 2 87 ± 7 85 ± 3 96 ± 5 (5) 
rd 0.81 0.82 0.24 

re 0.81 0.80 0.28 

a. Engraftment is expressed as percentage donor cells measured with the chimerism assay ± 1 SEM. 
Numbers in parentheses represent number of animals. 
b. Significantly different from erythroid engraftment when tested with Mann-Whitney U-test (p < 0.05). 
c. Fractionation was given with 2 Gy fractions and interval times of 6 and 18 hours. 
d. Correlation coefficients (r) with erythroid engraftment were calculated with linear regression analysis. 
e. Correlation coefficients (r) with erythroid engraftment were calculated for all TB/ protocols with linear 

regression analysis. 
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Figure 6.1: Correlation of long-term syngeneic chimerism between erythroid engraftment and 
engraftment among other tissues. Donor erythroid chimerism as a function of chimerism in bone 
marrow (A), spleen (B) and thymus (C) at 40 weeks after BMT is plotted showing the linear-regression 
slope with 95% confidence limits (dashed lines). Correlation coefficients were found to be 0.86 . (BM), 
0.85 (spleen) and 0.81  (thymus). 
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Figure 6.2: Correlation of long-term syngeneic cbimerism between erythroid engraftment and 
engraftment among other tissues. Donor erythroid chimerism as a function of chimerism in bone 
marrow (A), spleen (B) and thymus (C) at 40 weeks after BMT is plotted showing the linear-regression 
slope with 95% confidence limits (dashed lines). Correlation coefficients were found to be 0.81 (BM), 
0.80 (spleen) and 0.28 (thymus). 
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6.3.3 Comparison between erythroid engraftment and engraftment among other l ineages in 
allogeneic BMT 

The level of chimerism in the different lymphohemopoietic tissues was compared and found 
to be similar for each radiation dose group at 20 and 40 weeks in both H-2 compatible and H-2 
incompatible BMT and after high as well as low dose-rate TBI (Tables 6.4 and 6.5). In the H-2 
compatible allogeneic BMT combination (BALB.B � B6) regression analysis showed high 
correlation coefficients ranging from 0.84 and 0.94. However, some mice showed mixed 
chimerism in thymus with complete donor or complete host erythropoiesis (Figure 6.3). A 
difference in chimerism levels between two hemopoietic lineages is referred to as split 
chimerism. In this study no mice with complete split chimerism (100% donor in one lineage and 
0%  donor in another lineage) were found. Figure 6.4 shows the relation between chimerism in 
erythrocytes and in other tissues for H-2 incompatible allogeneic BMT. Almost all mice show 
complete donor chimerism or full host repopulation in all lineages. As in H-2 matched BMT, 
there were no cases where 100 % donor chimerism was seen in one tissue and no donor cells 
(0% chimerism) in another, within the same recipient. 

The radiation dose-response curves for engraftment were additionally compared in these 
different tissues for possible variations in the radiation dose-response relationships among three 
BMT combinations of varying genetic resistance. The dose-response relationships for syngeneic, 
H-2 compatible and H-2 incompatible allogeneic were similar for all tissues at 40 weeks (Figure 
6.5). 

Table 6.4: Donor engraftment at 20 weeks after BMT in erythrocytes, bone marrow, 
spleen and thymus. 

% Donor (Gpi-1 •) engraftment' 

TBI dose Erythrocytes Bone marrow Spleen Thymus 

BALB.B � B6 
High dose-rate 
6.0 Gy 82 ± 6 (20) 70 ± 9 (10) 70 ± 8 (10) 70 ± 9 (10) 
9.5 Gy 99 ± 1 (5) 96 ± 2 (5) 96 ± 2 (5) 87 ± 5 (5) 
rb 0.87 0.92 0.84 

BALB/c � B6 
High dose-rate 
9.5 Gy 7 ± 7 (14) 9 ± 7 (14) 8 ± 6 (14) 23 ± 10 ( 10) 
rb 1.00 1.00 0.98 

For footnotes see Table 6.5 
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Table 6.5: Donor engraftment at 40 weeks after allogeneic BMT in erythrocytes, bone 
marrow, spleen and thymus. 

% Donor (Gpi-l 1) engraftmenr 

TBI dose 

BALB.B -+ B6 
High dose-rate 
5.0 Gy 
5.5 Gy 
6.0 Gy 
6.5 Gy 
7.0 Gy 

Erythrocytes 

1 ± 1 (10) 
60 ± 13 (10) 
86 ± 9 (1 1) 
97 ± 2 (6) 
100 (3) 

Low dose-rate (2 cGy/min) 
6.0 Gy O (4) 
8.0 Gy 92 ± 3 (9) 
10.0 Gy 96 ± 3 (10) 
12.0 Gy 100 (5) 
rb 

BALB/c -+ B6 
High dose-rate 
6.5 Gy 
8.0 Gy 
9.0 Gy 
9.5 Gy 
10.0 Gy 
1 1 .0 Gy 

0 (5) 
0 (10) 
0 (5) 
100 (1) 
100 (4) 
100 (7) 

Low dose-rate (2 cGylmin) 
10.0 Gy O (4) 
12.0 Gy O (3) 
14.0 Gy 25 ± 22 (4) 
rb 

Bone marrow 

2 ± 2 (9) 
71 ± 12 (6) 
90 ± 7 ( 1 1) 
95 ± 3 (6) 
95 ± 5 (3) 

0 (5) 
82 ± 6 (9) 
90 ± 3 ( 10) 
93 ± 5 (4) 
0.91 

0 (4) 
0 ± 0 (10) 
0 (5) 
100 (1) 
100 (4) 
99 ± 1 (6) 

0 (4) 
0 (4) 
25 ± 22 (4) 
1 .00 

Spleen Thymus 

0 (9) 1 1  ± 7 (9) 
56 ± 9 (10) 73 ± 8 (10) 
86 ± 7 (1 1) 87 ± 1 1  (5) 
89 ± 4 (6) 92 ± 6 (4) 
93 ± 1 (3) 94 ± 5 (3) 

1 ± 1 (5) 1 ± 1 (5) 
88 ± 4 (9) 90 ± 4 (8) 
88 ± 2 (10) 86 ± 6 (10) 
93 ± 2 (4) 92 ± 7 (3) 
0.94 0.85 

0 (4) 2 ± 1 (4) 
0 (10) 2 ± 1 ( 10) 
0 (5) 4 ± 4 (5) 
100 (1) 100 ( 1) 
100 (4) 97 ± 3 (4) 
97 ± 3 (6) 88 ± 9 (4) 

0 (4) 0 (2) 
0 (4) 0 (2) 
25 ± 22 (4) 33 ± 27 (3) 
1 . 00 0.98 

a. The relative amount of donor-type cells (chimerism) as measured by Gpi-phenotyping is given ± 1 
SEM. Numbers in parentheses represent number of animals. 
b. Correlation coefficients (r) with erythroid engraftment were calculated for all TB/ protocols with 
linear regression analysis. 
No significant differences for chimerism in bone marrow, spleen, and thymus with chimerism in 
erythrocytes at 20 or 40 weeks post BMT were observed as tested by the Mann-Whitney U test. 



Correlation of erythroid engraftment with engraftment in other hemopoietic tissues 

A 

B 

C 

a, 100 
! 
0 

t 75 
QI 

.5: 
E 50 

-� 
QI 

.§ 25 
0 

0 

Cl> 1 00 
! 
0 

e 

t 75 
QI 

.E: 

-� 
50 

QI 

.§ 25 i3 
#. 

0 

Cl> 100 
t 
0 

e 

t 75 
Ql 
.5 
E 50 

-� 
Ql 
.§ 25 i3 
-ae. 

0 

ERV-BM 
r=0.91  

ERY-SPL 
r=0.94 

ERV-THY 
r= 0 . 85 

"f' 

...... 

25 50 75 

% chimerism in bone marrow 

25 

25 

50 75 

% chimerism in spleen 

■ ■ ■ ■ ■■ -

50 75 

% chimerism in thymus 

/ 

"f' 

1 00 

1 00 

• 

100 

99 

Figure 6.3: Correlation of long-term H-2 matched allogeneic chimerism between erythroid 
engraftment and engraftment among other tissues. Donor erythroid chimerism as a function of 
chimerism in bone marrow (A), spleen (B) and thymus (C) at 40 weeks after H-2 matched allogeneic 
BMT (BALB.B - B6) is plotted showing the linear-regression slope with 95% confidence limits (dashed 
l ines). Correlation coefficients were found to be 0.91 (BM), 0.94 (spleen) and 0.85 (thymus). 
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Figure 6.4: Correlation of long-term H-2 mismatched , allogeneic chimerism between erythroid 

engraftment and engraftment among other tissues. Donor erythroid chimerism as a function of 

chimerism in bone marrow (-Y), spleen (• )  and thymus (■) at 40 weeks after H-2 mismatched allogeneic 

BMT (BALB/c - B6) is plotted showing the linear-regression slope with 95% confidence limits (dashed 

lines). Correlation coefficients were found to be 1 .00 (BM), 1 .00 (spleen) and 0.98 (thymus). The 

majority of recipients had either full donor chimerism or complete host repopulation in all tissues. 

6.4 Discussion 

Permanent multi-lineage differentiation from pluripotent stem cells was investigated in the 
chimerism assay by comparing the level of engraftment in erythrocytes with engraftment in 
bone marrow, spleen and thymus. Only minor changes in erythroid chimerism were observed 
between 12, 20, 40 and 78 weeks after BMT. A time-point of 20 weeks therefore appears to be 
long enough for estimating stable donor chimerism originating from long-term repopulating 
stem cells. 

Long-term repopulating stem cells should also have qualities of pluripotency that can be 
demonstrated through their ability to differentiate into erythrocytes, thymocytes, splenocytes and 
bone marrow progenitors (Harrison et al. 1988, Brown et al. 1990). Identification of donor 
cells using the Gpi-1 marker is now a generally accepted approach, especially in experimental 
hematological studies designed to measure competitive repopulation of two transplanted stem 
cell pools in lethally irradiated recipients (Harrison et al. 1988, Brecher et al. 1988, Harrison 
and Zhong 1992, Neben et al. 1993a, 1993b). 
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Figure 6.5: TBI dose responses for engraftment in bone marrow (A), spleen (B) and 
thymus (C) in comparison with erythroid engraftment at 40 weeks after BMT. TBI was 
given in a single dose at a high dose-rate before syngeneic (B6 � B6, • ), H-2 compatible 
(BALB.B � B6, ♦ ) or H-2 incompatible allogeneic (BALB/c � B6, ■ ) was transplanted. 
Erythroid chimerism is shown as solid lines and chimerism in other tissues as dashed lines. 
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Others reported the use of the Gpi-marker to study the long-term engraftment potential of sorted 
cells after a sublethal and lethal dose of TBI (6 and 8 Gy) as well as after depleting host stem 
cell subsets with different chemotherapeutic agents (Down and Ploemacher 1993, Down et al. 

1994b). All these studies have shown a very reasonable agreement between erythroid 
engraftment and engraftment in other lineages. In this chapter another approach is presented 
where syngeneic and allogeneic BMT recipients are irradiated with graded doses of TBI. We 
have found that in all lineages the percent of donor type cells was found to correlate generally 
well at 40 weeks after syngeneic BMT in agreement with recently reported data on syngeneic 
engraftment in Ly 5.2 congenic mice 20 or 30 weeks after low doses of TBI (Tomita et al. 
1994). However, in our study higher levels of syngeneic thymocyte chimerism were found at 20 
weeks post-BMT than in blood, spleen and bone marrow. While erythroid engraftment appears 
stable by 20 weeks post-BMT, a prolonged but transient donor engraftment in the thymus on 
behalf of the committed stem cells and lymphoid progenitors remains possible. Hence, a 
delayed thymic repopulation arising from the more radioresistant pluripotent stem cells of the 
host marrow could explain the apparent fall in chimerism levels between 20 and 40 weeks. 

Reasonable correlations among the different lymphohemopoietic tissues were also found in 
recipients of allogeneic BMT with no significant differences in average chimerism levels within 
each treatment group. Nevertheless, in some mice mixed chimerism in thymocytes was 
accompanied either by 100 or 0% donor chimerism in erythrocytes. A tendency was seen for 
lower levels of thymic chimerism compared with eryth:roid chimerism. Relatively low levels of 
lymphocyte chimerism have also been observed in other allogeneic BMT models (Ferrara et al. 
1987a, 1987b, 1988). This was explained by the persistence of radioresistant T-lymphocytes. In 
these studies, the lack of agreement between engraftment in erythrocytes and lymphocytes may 
be related, in part, to the earlier assay times after transplant and to the fact that splenic T
lymphocytes were typed with a separate method. Lemischka recently suggested that small 
numbers of stem cells can give rise to lineage-restricted hemopoiesis or fluctuations in 
contribution of stem cell clones, due to a demand for commitment rather than self-renewal 
shortly after BMT. This was followed by stabilization through the activation of stem cells that 
had undergone self-renewal rather than commitment (Lemischka et al. 1986, Jordan and 
Lemischka 1990, Lemischka 1992). In allogeneic BMT, only small numbers of stem cells of 
donor or recipient type could have remained since both are heavily depleted by immune 
rejection or high radiation doses. Jordan and Lemischka (1990) described fluctuations in stem 
cell activation that generally lasted 4-6 months but in a small fraction of their animals this 
fluctuation persisted until 9 months post-BMT. It is described in Chapter 7 that large individual 
variations in development of fully mismatched allogeneic engraftment were seen to indicate stem 
cell activation and inactivation at critically low frequencies. The long life-time of a 
subpopulation of T-lymphocytes may therefore require very late measurements of donor 
chimerism to assess stable chimerism among the lymphoid lineage in allogeneic BMT. Finally, 
a period of mixed chimerism in the thymus after allogeneic BMT may be involved in the 
development of tolerance to donor and host as previously demonstrated (Sharabi et al. 1992, 
Eto et al. 1994), but this remains to be further investigated. 
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In conclusion, we found that the different levels of chimerism in erythrocytes correlated 
reasonably well with engraftment in other tissues regardless of genetic disparity, radiation dose, 
dose-rate or dose fractionation. While thymocyte chimerism was significantly higher at a time
point of 20 weeks post-BMT, this later decreased to comparable levels found in the the other 
tissues. The measurement of donor engraftment in erythrocytes at 20 weeks after BMT, as used 
routinely in other experiments, therefore appears to be a reliable estimate of multi-lineage 
engraftment of long-term repopulating bone marrow stem cells. 





CHAPI'ER 7 

Allogeneic bone marrow engraftment after low dose-rate 
TBI and its comparison with pPTL-depletion 

Summary 
The protraction of TB/ to a continuous low dose-rate has been investigated for its effect on 

donor ma"ow engraftment. Long-term hemopoietic engraftment at 20 weeks showed a dose
sparing effect of low dose-rate (LDR) that became more prominent with increasing genetic 
disparity between donor and host. For fully allogeneic (H-2 incompatible) BMT a dose as high 
as 16 Gy WR was still not sufficient for achieving chimerism in all recipients. In many cases 
allogeneic BMT gave transient blood chimerism enabling the recipient to survive the acute 
effects of high dose TB/ followed by full long-term repopulation of the host. A radiation dose
sparing effect of WR was also found for pPTL depletion. These data suggest that radiation 
damage repair during WR irradiation in an immunocyte target cell population is mainly 
responsible for enhanced graft rejection thus rendering protracted TB/ less effective for 
application in clinical BMT. 

The results presented in this chapter are published in the International Journal of Radiation 
Biology, 64, 761-770 (1993): "Compromising effect of low dose-rate total body irradiation on 
allogeneic bone marrow engraftment" by R. van Os, A.W.T. Konings and J.D. Down. 
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7 .1 Introduction 

As already discussed in Chapter 1 (section 1.4) TBI serves to ablate malignant and non
malignant lymphohemopoietic stem cells and to suppress immune-mediated allograft rejection. 
Ineffective radiation conditioning can lead to graft rejection followed by death from bone 
marrow aplasia or regrowth of host stem cells and malignancies. The separate effects of altered 
TBI on other target cell systems relevant to BMT, such as hemopoietic stem cell killing (see 
Chapter 3) and immune suppression, also need to be considered before an overall beneficial 
effect of LOR in clinical BMT can be properly evaluated. These concerns are highlighted by the 
clinical impression of an increased incidence of rejection after transplantation with T
lymphocyte depleted bone marrow grafts when fractionated or protracted TBI regimens were 
used, even at higher total radiation doses (see Chapter 1, Table 1.2). 

The use of three different donor-host strain combinations with increasing genetic disparity 
has enabled us to discriminate the effects of TBI on hemopoietic stem cells responsible for host 
repopulation (syngeneic BMT) from the effects on immunocytes capable of allograft rejection 
(allogeneic BMT). In the present study we used these murine BMT models to determine the 
dose sparing effect of low dose-rate TBI, at 2 cGy/min, treatments and to provide insights 
regarding the radiation repair characteristics of the critical target cell population(s). Depletion of 
alloreactive T-lymphocyte precursors in the host after both high and low dose-rate TBI was also 
measured in vitro for comparison with the appearance o'f donor chimerism in vivo. 

7 .2 Experimental design 

7. 2. 1 Bone marrow transplantation 
The transplantation models used were: the syngeneic combination B6 (Gpi- I-) -+ B6 (Gpi-lb), 

the H-2 compatible allogeneic combination BALB.B -+ B6 (both H-2b but mismatched at H-1, 
H-3, H-4, H-7, H-8, H-9, H-13, H-15 through H-30 and H-34 through H-38 (Staats 1976)) and 
the fully mismatched (H-2 incompatible) allogeneic combination BALB/c (H-2d) ➔ B6 (H-2h). 
Donor and host mice were between 3 and 5 months of age at time of transplant. Recipient mice 
were irradiated either at a HDR ( � 40 cGy/min) with doses up to 11 Gy or a LDR of 2 
cGy/min with total doses between 3.3 and 16 Gy. All donor-host combinations differed with 
respect to the Gpi-1 phenotype. For H-2 incompatible allogeneic transplantation the bone 
marrow was depleted of T-cells according to the method already described in section 2.2.2. In 
all chimerism studies the same total bone marrow dose (107) was given to the recipients. The 
level of donor chimerism was determined from blood samples at various time intervals after 
BMT. Figure 7 .1  shows the design for experiments presented in this chapter. 
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Figure 7.1: Schematic diagram for the experimental design used in this chapter. 

7.2.2 Detennination of splenic pPTLfrequencies 

107 

Spleens and thymuses were excised from two or three mice per group at various time 
intervals after 6 or 9.5 Gy TBI. For the radiation dose-cell survival studies mice were sacrificed 
at 24 hr after TBI (2-9.5 Gy for HDR and 2-16 Gy for LOR). Organs were weighed and single 
cell suspensions were made by mincing the tissues and then the material was passed through a 
hypodermic needle (18G) and filtered through a metal sieve. Spleen and thymus cellularity was 
determined on a Coulter Counter. The spleen cells were used in limiting dilution cultures to 
determine pPTL frequencies. Precursor frequencies (pPTL) with 95 % confidence intervals were 
determined as described by Fazekas de St.Groth (1982). Since spleen weight and cellularity 
decreased after irradiation, the survival of pPTL was expressed on the basis of pPTL per spleen 
for comparison with untreated controls. The radiation sensitivity of pPTL was determined in the 
same combinations that were used in BMT experiments. The experimental design in shown in 
Figure 2.4 and further details are described in section 2.4. 7. 
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7.3 Results 

7.3.1 Development of donor erythroid chimerism 
In syngeneic BMT the percent of donor stem cell-derived erythrocytes is dependent on 

depletion of host stem cells by radiation. Figure 3.2B shows the development of chimerism 
given by B6-Gpi-t • bone marrow transplanted in B6-Gpi-1 b-recipients that were prepared with 6 
Gy TBI either at a HDR of 40-50 cGy/min or at a LDR of 2 cGy/min. Chimerism appeared 
stable from 12 weeks post-BMT. Decreasing the dose-rate to 2 cGy/min reduced the level of 
engraftment by about 5 % . 

Chimerism developed with more variation between the individual mice and to a lower level 
following H-2 compatible (BALB.B) BMT in 6 Gy HDR TBI pretreated B6-recipients (Figure 
7 .2) .  Delivering 6 Gy at LDR produced only initial transient engraftment followed by a 
decrease to undetectable donor chimerism by 8 weeks post-BMT. 
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I BALB. B -+ 86 I -;I. 
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0 
2 4 6 8 1 0  1 2  1 4  1 6  1 8  20 22 

Time after BMT (weeks) 

Figure 7 .2: Development of donor engraftment (blood chimerism) after 6 Gy TBI given as HOR 
(•) or LOR (•) followed by H-2 compatible (BALB.B) allogeneic BMT. Mean donor engraftment 
± 1 SEM for 5-15 mice per group are plotted from one (LOR) to three (HOR) experiments. 

In H-2 incompatible BMT (BALB/c -+ B6), a higher dose of 9.5 Gy HOR was effective only 
in some recipients (Figure 7.3A) and the development and magnitude of chimerism varied 
considerably between the individual mice over the first 16 weeks after BMT. In some mice the 
donor component appeared gradually while in others a delayed rejection was seen between 4 
and 12 weeks post-BMT after an initial wave of donor engraftment. Thus the results were not 
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stable before 20 weeks post-BMT and showed only complete donor chimerism or full host 
repopulation at this time. A similar late rejection phenomenom was seen after 16 Gy LOR with 
all three surviving mice showing full host marrow recovery by 20 weeks after BMT (Figure 
7.3B). 

Mortality during 20 weeks after TBI and H-2 incompatible allogeneic BMT was 5/19 (26%)  
and 2/5 (40%)  for 9 .5  Gy HOR and 16  Gy LOR respectively. In  two of the mice treated with 
9.5 Gy HOR marrow failure was evident as a decrease in peripheral red blood cell counts and 
bone marrow cellularity to about 40% and 20% of control respectively. No donor engraftment 
was observed in these animals. Two other sick mice had no evidence for marrow failure but 
showed pathological changes to gut (distension) or lung (interstitial edema and fibrosis). These 
mice had 0% and 100% engraftment respectively. One mouse (100% engraftment) had an 
enlarged spleen and an increased white blood cell count (4-fold increase above control), 
possibly due to leukemia. The two mice treated with 16 Gy LOR that were sick in the first 20 
weeks after BMT had donor engraftment ( 100%, 34%), but displayed a distended gut or 
lymphadenopathy and splenomegaly on autopsy. 

7.3.2 TB/ dose-responses for long-term engraftment 
Radiation dose-response curves were constructed for long-term engraftment at 20 weeks for 

each dose-rate and BMT combination. In syngeneic BMT (Figure 7 .4A) engraftment improved 
steadily with increasing TBI dose from 2 to 8 Gy. Slightly higher doses of about 1 Gy extra 
were needed for equal engraftment following LOR irradiation. 

In H-2 compatible allogeneic BMT (Figure 7.4B) engraftment increased steeply at doses of 
between 5.5 Gy and 7 Gy HOR to indicate a sharp radiation dose threshold for removal of host
vs-graft reactivity. Differences between LDR and HOR appeared to be larger than for syngeneic 
BMT at about 2 Gy. 

For H-2 incompatible allogeneic BMT (Figure 7.4C), full donor engraftment in all recipients 
was seen only at doses of above 9.5 Gy HOR. LOR irradiation required even higher doses to 
allow engraftment and presumably doses in excess of 16 Gy would be needed to achieve full 
chimerism in all recipients. Hence the difference between HOR and LOR (of more than 6 Gy) 
was greater in this BMT combination than in H-2 compatible allogeneic BMT. 
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Figure 7 .3: Development of chimerism in individual mice from one (LOR) or two separate (HOR) 
experiments. The total number of mice per treatment group were five for LOR and 16 for HOR. 
Each line and symbol rep�esents donor engraftment for one individual mouse treated with (A) 9 .5 
Gy TBI given as HOR or (B) 16 Gy given as LOR followed by H-2 incompatible (BALB/c) BMT. 
* indicates the last measurement for mice that died within the 20 week assay peroid . 
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7.3.3 Splenic pPTL-depletion at different times after TB/. 
The changes in spleen and thymus cellularity and the splenic pPTL frequencies (for both H-2 

compatible (BALB.B) and H-2 incompatible (BALB/c) stimulators) at different intervals after 
TBI are shown in Table 7 . 1 . In unirradiated mice the frequency of B6 splenic-pPTL reactive 
against H-2 compatible allogeneic BALB.B cells was 5 1 1  per spleen. The pPTL reactive against 
BALB/c cells were present at a higher frequency of 7. 8 x 1()4 per spleen. During the first 24 
hour after 6 or 9.5 Gy TBI spleen and thymus cellularity decreased to about 5 to 1 5%  and 
remained relatively low up to 7 days. The number of pPTL per spleen reactive against BALB.B 
were decreased to between 2 and 1 1  % after 6 Gy HDR. The pPTL reactive against BALB/c 
were depleted to about 0.07% and 0.01 % at one day after 6 Gy and 9.5 Gy HDR respectively. 
There was no evidence of pPTL recovery during the 7 day period after TBI for either H-2 
compatible or H-2 incompatible allogeneic stimulation. 

7. 3. 4 Radiation dose-survival for splenic pPTL. 
Between O and 8 Gy, both spleen and thymus cellularity was reduced in a dose-dependent 

manner to between 5 and 10% at one day after irradiation (Figure 7.5). At higher doses little 
additional cell loss was observed. There was no apparant difference between HDR and LDR 
irradiations on organ cellularity. 

100 
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1 L___j___..J._ _ _j___...J....._.....1-_ __,_ _ __,_ _ ______. _ _______. 

0 2 4 6 8 1 0  1 2  14 16 1 8  

TBI dose (Gy) 

Figure 7.5: TBI dose-response at HOR (solid lines) and LOR (dashed lines) for spleen and 
thymus cellularity. Mean cellularity as percentage of untreated control ± 1 SEM is plotted for 6- 12 
mice per group pooled from two to four experiments. 



Table 7.1:  Frequency of pPTL reactive against allogeneic spleen cells at different times after 6 Gy or 9.5 Gy TBI 

Alloreactivity against H-2 compatible cells Alloreactivity against H-2 incompatible cells 
Time after Cellularity pPTL-frequency pPTL/spleen % survival pPTL-frequency pPTL/spleen % survival 
TBI Spleen Thymus (per 1()6 cells) 

(xl06) (x1Q6) 

control 1 14 95.7 4.49 (3 .28-6. 12f 

6 Gy 

0 hr 108 79 0. 124 (0.066-0.233) 
6 hr 82 .6 72.2 0.301 (0. 185-0.489) 
24 hr 15.5 6.7 2 .94 (2.20-4.07) 
3 d  10.8 5.6 3 .90 (2.98-5 . 1 1) 
7 d  7 .43 23.5 7 .33 (5 .63-9 .53) 

9.5 Gy 

0 hr 101 . 1  82.5 
6 hr 9 1 .9 74 
24 hr 9 .38 3 .95 
3 d  5 .30 3 .65 
7 d  5 .28 4.38 

5 1 1  (375-698f 

13 .4 (7.2-25.2) 
24.9 (15.3-40.4) 
45.5 (34 . 1 -63 .0) 
42. 1  (32 . 1 -55 .2) 
54.4 (41 .8-70.8) 

Mean values of 4 mice per group from two separate experiments are given 
a. 95 % confidence interval 

(per 106 cells) 

100 684 (517-905f 77941 (58889-103 122)a 100 

2.6 (l .4-4.9)a 2.67 ( 1 .97-3 .62) 288 (212-39 1) 0.37 (0.27-0.50f 
4.9 (3 .0-7.9) 1 .89 (1 .38-2.58) 156 (1 14-213) 0.20 (0. 15-0.27) 
8 .� (6.7-12.3) 3 .50 (2.54-4.83) 54.2 (39.2-74.7) 0.07 (0.05-0. 10) 
8.2 (6.3-10.8) 8 .9 1  (6.45- 12 .3) 96.2 (69 .7-132) 0. 12 (0.09-0. 17) 
10.6 (8 .2-13 .8) 7 .8 1  (5 .59-10.9) 58.0 (41 .5-80.9) 0,07 (0.05-0. 10) 

0.53 (0.34-0.82) 58.6 (38.9-90.6) 0.055 (0.036-0.085) 
0.24 (0. 15-0.38) 2 1 .6 (13 .5-34.5) 0.020 (0.013-0.032) 
1 .39 (0.99- 1 .96) 13 . 1 (9 .3-18 .4) 0.012 (0.009-0.017) 
6 .91  (5.26-9.08) 36.6 (27.9-48 . 1) 0 .034 (0.026-0.045) 
2. 12 ( 1 .47-3 .06) 1 1 .2 (7.7-16. 1) 0.010 (0.007-0.015) 
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The percentage survival of pPTL per spleen proliferating in response to H-2 compatible 
allogeneic BALB.B cells decreased with increasing TBI dose (Figure 7.6A) but the survival 
curve tended to show a shallower slope at high radiation doses. In this study, the surviving 
fraction after 6 Gy was about 1.5 % . Higher TBI doses were needed for equivalent pPTL killing 
when LDR TBI was used with about 4 % of the cells surviving 6 Gy LDR. 

The radiation cell survival curve for cells reactive against fully allogeneic BALB/c cells also 
showed a shallowing of the slope at high radiation doses (Figure 7.6B). Surviving fractions after 
6 and 9.5 Gy were 0.07% and 0.006% respectively. The pPTL population appeared more 
resistant when TBI was delivered at 2 cGy/min (surviving fractions after 6 and 9.5 Gy of 0.4% 
and 0.02 % respectively) and there appeared to be no additional cell killing with doses of above 
9.5 Gy. 

7 .4 Discussion 

In H-2 compatible allogeneic BMT lasting donor engraftment was found at 6 Gy HDR and 
above while in H-2 incompatible allogeneic BMT higher acute doses of TBI were needed to 
induce chimerism as demonstrated in Chapter 4. In some of the mice treated with 9.5 Gy HDR, 
engraftment of H-2 mismatched marrow progressed slowly and did not reach full chimerism 
until 16 weeks after BMT. Other recipients rejected the bone marrow graft completely 
following a transient period of donor engraftment. The results at 20 weeks showed no mixed 
chimeras but only full donor engraftment or full host repopulation. Transient erythroid 
engraftment during the first 3 months after BMT is consistent with short-term repopulation on 
behalf of stem cell subsets residing in the CFU-S compartment as shown from bone marrow 
separation experiments (Jones et al. 1990, Ploemacher et al. 1993, Down and Ploemacher 
1993). These donor cells seem to have escaped immune destruction by host cells whereas the 
more primitive pre-CFU-S subset appears to be more susceptible to allograft rejection. These 
differences caution against the use of short-term engraftment assays such as CFU-S frequencies 
and splenic 125IUdR-uptake to predict allogeneic marrow engraftment in the long-term (Down et 
al. 1991, see Chapter 4). Late restoration of anti-donor immunity by newly produced immune 
cells derived from surviving host stem cells could account for delayed rejection of H-2 
incompatible grafts. Transient donor engraftment was also shown in other murine BMT studies 
(Lapidot et al. 1988, Soderling et al. 1985) at TBI doses that are critical for bone marrow 
rejection. Our measurements of blood chimerism with time after BMT have revealed a 
relatively late rejection process that depends on the degree of histo-incompatibility as well as 
radiation dose. In patients undergoing BMT, temporary engraftment of donor cells has been 
documented in association with graft failure (Kernan et al. 1989, Martin et al. 1987). 
Alloreactive cells surviving intensive conditioning protocols were previously demonstrated in 
monkeys (Reisner et al. 1986) and BMT patients (Butturini et al. 1986, Voogt et al. 1990, 
Vinci et al. 1991, Terenzi et al. 1993) and these may still be able to expand and initiate a late 
host-versus-graft immune reaction. Ultimate recovery of host hemopoiesis could circumvent the 
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Figure 7 .6: TBI dose-response for residual numbers of pYfL per spleen using limiting 
dilution analysis (LDA). The response against H-2 compatible allogeneic BALB.B cells (A) and 
H-2 incompatible allogeneic BALB/c cells (B) was determined at 24 hours after TBI .  TBI was 
given as a high dose-rate (40-50 cGy/min, •) or low dose-rate (2 cGy/min, ..-) .  The range of 
survival with 95% confidence limits is given for 6-12 mice per group from two to four 
experiments. 
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problems of graft failure but may lead to an increased probability of leukemic relapse, although 
the relation between mixed chimerism and relapse remains to be elucidated (Bar et al. 1989, 
Schattenberg et al. 1989, Frassoni et al. 1990). 

The work presented in Chapter 3 has dealt with the dose-sparing effects of various low dose
rate and fractionated TBI treatments in syngeneic BMT. The radiobiological parameters 
corresponding to long-term repopulating stem cells indicate only marginal sparing effects of 
LDR TBI at 2 cGy/min due to an estimated long repair half-time of about 2 hours. In H-2 
compatible allogeneic BMT more dose sparing was seen and in H-2 incompatible BMT it was 
so large that the highest TBI dose of 16 Gy LDR was still not sufficient to induce long-term 
donor chimerism. Comparison of this low dose-rate effect with syngeneic BMT suggests that the 
radiation repair parameters in the immune cells capable of allograft rejection are different from 
those found in bone marrow stem cells. In this case a dose-rate of 2 cGy/min appears to spare 
immunocytes more than hemopoietic stem cells and this difference is enhanced as the genetic 
barrier between donor and host is increased. An earlier investigation on fractionated TBI has 
similarly shown more dose sparing in allogeneic than in syngeneic BMT (Down et al. 1991). 
An intracellular repair process, either occuring during LDR exposures or between dose 
fractions, therefore appears to reside in the target cell population responsible for host-vs-graft 
reactivity. 

Radiation effects on spleen and thymus cellularity showed no difference between HDR and 
LDR TBI. The decrease in total cell number in lymphoid tissues within the first 24 hours after 
TBI is commonly associated with the interphase cell death as opposed to reproductive cell 
failure (Konings 1981, Anderson and Standefer 1983). In our case the number of splenocytes or 
thymocytes was found to be a very poor predictor of allograft rejection since, in contrast to in 
vivo chimerism, no dose-rate effect was observed. An association between rejection of HLA
mismatched marrow and clonable T-cells that remain after sub-optimal BMT conditioning has 
been recently reported in a clinical study (Terenzi et al . 1993). The current work has assessed 
the immune response against allogeneic cells in a similar fashion by determining the 
proliferative response of T-lymphocyte precursors through pPTL frequencies. With this assay 
we were able to measure anti-donor reactivity against both BALB.B and BALB/c cells. Without 
radiation the frequency of pPTL reactive against BALB.B cells was about 100-fold lower than 
that against BALB/c cells. From 1 to 7 days after TBI the number of pPTL/spleen in the host 
remained depressed to imply that this population undergoes minimal proliferative repopulation 
within the first week after TBI. The depletion of immune reactive cells by TBI showed a 
radiation dose survival relationship but with a shape that suggests increasing radioresistance at 
high radiation doses. Comparison with the TBI dose-responses for allogeneic chimerism showed 
that about two decades of depletion of immune cells (after 6 Gy) is necessary to allow H-2 
compatible bone marrow engraftment. For LDR TBI a higher dose of 8 Gy was needed for the 
same level of pPTL-depletion and this does seem to match the extent of dose-sparing for in vivo 
H-2 compatible chimerism. In the H-2 incompatible combination, BALB/c - B6, about 4 
decades of pPTL-depletion was found at doses needed for engraftment ( >  9.5 Gy). Detection 
of even lower pPTL frequencies is currently limited for this assay since high numbers of 
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irradiated spleen cells then inhibit growth of surviving pPTL (see Chapter 2, Figure 2.5). After 
LOR TBI no further decrease in pPTL survival was found at doses above 9.5 Gy but remained 
constant at about 0.02%. This may indicate the presence of a radioresistant cytotoxic T-cell 
subpopulation that could account for the high rejection rates seen in vivo after LOR TBI. While 
further studies are still needed to more precisely define the limiting host cell type(s) involved in 
bone marrow transplant immunity, the present results point to potential problems in attempting 
to improve on BMT conditioning in the clinic through dose-modification with protracted or 
fractionated TBI. 





CHAPTER S 

Allogeneic bone marrow rejection in the presensitized and 

irradiated recipient 

Summary 
The role of presensitizing murine recipients with donor spleen cells prior to T-cell 

depleted or repleted allogeneic bone marrow transplantation (BMT) was investigated at two 
different doses of total body irradiation (TBI). The level of donor (Gpi-1°) engraftment was 
determined by blood Gpi-phenotyping. Recipients that were presensitized with 2xld' irradiated 
donor spleen cells at 1 week before a sublethal dose of 6 Gy TBI and H-2 compatible BMT 
showed no evidence of donor blood chimerism while unsensitized recipients showed about 80% 
donor engraftment. After raising the TBI dose to 9.5 Gy an increase in mortality from marrow 
failure was observed in presensitized animals. No significant engraftment promoting effect of up 
to 2xl(f T-cells (20% of total marrow dose) was seen either in presensitized or unsensitized 
mice. The increased rejection rate in these allogeneic BMT combinations followed an increase 
in immune reactivity against H-2 compatible allogeneic cells after presensitization as measured 
by mixed lymphocyte cultures or pPTL determination. Both presensitized and unsensitized 
recipients of H-2 incompatible BMT showed a high incidence of mortality from bone marrow 
failure. The addition of 2xl (1 T-cells to the bone marrow had no effect on long-term survival. It 
can be concluded that presensitized recip,ients are more susceptible to acute marrow rejection 
and that T-cells added to the bone marrow did not influence the level of donor engraftment in 
these transplantation models. 

The results presented in this chapter are submitted for publication in Leukemia (1994) : 
11 Allogeneic bone marrow rejection in the presensitized and irradiated recipient" by R. van Os, 
T. de Witte, J.H. Dillingh, A.W.T. Konings and J.D. Down. 
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8.1 Introduction 

Graft-vs-Host Disease (GVHD) still remains a major complication after allogeneic bone 
marrow transplantation (BMT) (Champlin 1990). Methods of depleting T-lymphocytes from the 
donor bone marrow graft have successfully decreased the incidence of GVHD but these have 
become frustrated by an increasing incidence of engraftment failures as well as leukemic 
relapses (Martin et al. 1985, O'Reilly 1987, 1992, Trigg et al. 1985, Mitsuyasu et al. 1986, 
Goldman et al. 1988, Champlin 1990). Several possibilities have been suggested for increased 
rejection rates seen with T-cell depleted BMT when compared with undepleted BMT. Firstly, 
donor T-lymphocytes could be the source of hemopoietic growth factors (e.g. IL-6, IL-3, G
CSF, GM-CSF) which are known to accelerate hematologic recovery from radiation damage 
through stimulation of stem cell growth and differentiation (Talmadge et al. 1988, Patchen et 
al. 1990a, 1990b, 1991) . Secondly, donor T-cells may exert a suppressive effect on immunity 
rendering it incapable of rejection. This can be through cytotoxicity against host effector cells 
(Martin and Miller 1989, Martin et al. 1992) or through donor 'veto cells' that suppress anti
donor activity (Fink et al. 1988, Nakamura and Gress 1990). Finally, hemopoietic cells may be 
lost or damaged during the process of T-depletion leaving the graft compromised in its ability to 
engraft (Uharek et al. 1992a, 1992b). These problems have prompted a number of investigators 
to study the role of donor T-lymphocytes on bone marrow engraftment. However, many studies 
have only addressed the possibilities of growth factor ' production and the immune suppressive 
effect of donor T-cells and have also been limited to short-term engraftment. Donor chimerism 
may be overestimated when H-2 typing in spleen cells is used because an ongoing GVHD may 
elevate the number of donor T-cells residing in the spleen. Recent murine studies comparing 
bone marrow with and without T-cells have shown no positive effect of T-lymphocytes on 
allogeneic bone marrow engraftment (Down et al. 1992, Uharek et al. 1992b) . 

It is generally assumed that aplastic anemia and thalassemia patients, who have received 
prior blood transfusions may be in a presensitized state at the time of a bone marrow transplant 
leading to a high rejection rate (Storb et al. 1980, 1984, 1991). Marrow rejection may be 
enhanced through activation of the host immune system against alloantigens present in the 
transfusions as was shown in clinical BMT (Warren et al. 1980, Mickelson et al. 1981, Storb et 
al. 1983) as well as in experimental studies on monkeys (Van Putten et al. 1967), dogs (Weiden 
et al. 1976, Storb et al. 1979), and mice (Lapidot et al. 1989). In the present study the role of 
donor T-lymphocytes and host presensitization was investigated in H-2 matched and H-2 
mismatched murine BMT models. These variables can be compared in one experimental system 
where survival as well as donor chimerism are principal end-points. Additionally, the immune 
response against donor cells in unsensitized and presensitized animals was determined from 
stimulation in mixed lymphocyte cultures (MLC) and the frequency of alloreactive precursors of 
proliferating T-lymphocytes (pPTL). 
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8.2 Experimental design 

8.2.1 Bone marrow transplantation 
Three transplantation models were used: the H-2 compatible allogeneic combination 

BALB.B (H-2b) - B6 (H-2b), the fully mismatched (H-2 incompatible) allogeneic combination 
BALB/c (H-2d) - B6 (H-2b) and the semi-allogeneic BMT combination B6 (H-2b) - B6CF1 (H-
2b'd) .  All donor-host combinations differed with respect to the Gpi-1 phenotype. 

Irradiations were performed on groups of 5 B6-recipient mice using a 60Co-source with a 
dose-rate between 40 and 50 cGy/min. Ten million bone marrow cells (0.2 - 0.3 ml) were 
injected intravenously at 4-6 hour after the end of irradiation. Bone marrow was depleted of T
cells by monoclonal antibody (anti-Thyl.2) and complement treatment according to the method 
described in section 2.2.2 except in the semi-allogeneic BMT combination. Presensitization was 
performed with 2x107 lethally irradiated (20 Gy) donor spleen cells given intravenously at 1 
week prior to irradiation and BMT. Spleen cells, collected from the donors and enriched for T
cells by passing the cells over a nylon wool column according to the method described by Julius 
et al. ( 1973), were added to the bone marrow so that each mouse either received 2xl06 T-cells 
or none at all. Erythrocytes were typed for Gpi-1 at different time intervals after 
transplantation. 

8. 2. 2 Body weights and blood cell counts 
At different time intervals after BMT animals were weighed and blood was collected for 

blood cell counts. Blood cellularity was determined after bleeding 20 µl of blood from the tail 
tip and immediately diluting it in isotonic buffer (J.T. Baker BV, Deventer, The Netherlands). 
Red blood cells (RBC) were counted on a Coulter Counter and the number of nuclei from white 
blood cells (WBC) was then measured after all cells were lysed. Mice expected not to recover 
from treatment were sacrificed when RBC and WBC values were decreased by more than 75 % . 

8.2.3 Mixed lymphocyte cultures and determination of splenic pPTLfrequencies 
Cell suspensions were made from spleens of responder (host) and stimulator ( donor) 

mouse strains by mincing the spleen and passing the material through a hypodermic needle 
( 17G) before filtering the cell suspension. From both responder and stimulator cells, 5x105 cells 
were added per well. 3H-TdR uptake was determined from liquid scintillation counting. 

MLC and pPTL measurements in the spleen were performed using the methods 
described in sections 2.4.3 and 2.4.4. Frequencies and 95% confidence intervals were 
calculated as described by Fazekas de St.Groth (1982). Since spleen weight and cellularity 
decreased after irradiation, the survival of pPTL was expressed on the basis of pPTL per spleen 
for comparison with untreated controls. 
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8. 2. 4 Statistics 
Survival data was tested for significancy using the log-rank test (Mantel 1966, Peto et al. 

1976, 1977). Chimerism data was compared using the Mann-Whitney U test. Groups were 
considered significantly different when p < 0.05.  

8.3 Results 

8.3. 1 Mixed lymphocyte reactivity in presensitized and unsensitized mice 
Reactivity of normal B6 spleen responder cells in mixed lymphocyte cultures was seen 

against H-2 incompatible BALB/c stimulator cells but not against H-2 compatible BALB.B cells 
(Figure 8 .1) .  However, when B6-mice were presensitized against BALB.B cells, a response 
comparable to the reaction against BALB/c cells was found. Presensitization against BALB/c 
cells showed no extra 3H-TdR uptake in mixed lymphocyte cultures when compared with 
unsensitized mice. 

Response H-2 incompatible 
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Pre�ens. 
� 750 

!s 500 
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250 
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Figure 8.1 : Immune reactivity as measured by mixed lymphocyte culture in different 

BMT combinations. Responder (host) and stimulator (donor) were cultured and 3H-TdR 

uptake was determined after 5 days. Presensitized mice were injected with 2xl07 

irradiated donor cells on day -7. 

8.3.2 Splenic pPTLfrequencies in presensitized and unsensitized mice 
The frequency of proliferating T-lymphocytes (pPTL) in B6-spleen cells reactive against 

H-2 compatible BALB.B cells was increased by about 100-fold at one week after 
presensitization with BALB.B cells when compared with unsensitized animals (Figure 8 .2A). 
Total body irradiation with 6 or 9 .5 Gy reduced the numbers of pPTL per spleen but the 
residual number of lymphocyte precursors in presensitized animals was significantly higher than 
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Figure 8.2: Immune reactivity in B6 mice as measured by pPTL frequencies in 
response to (A) H-2 compatible (BALB.B) or (B) H-2 incompatible (BALB/c) cells. 
Responder (host) and stimulator (donor) were cultured and 3H-TdR uptake was 
determined after 7 days. Frequencies with 95% confidence intervals shown as error bars 
were calculated according to method by Fazekas de St. Groth. Presensitized mice were 
injected with 2xl07 irradiated donor cells on day -7. 
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in unsensitized mice. Reactivity of B6 spleen cells against H-2 mismatched BALB/c is usually 
higher than reactivity against BALB.B cells (see Chapters 4 and 7) but MLC reactivity and the 
number of pPTL reactive against BALB/c was not increased upon presensitization. 
Furthermore, after 9.5 Gy TBI the number of residual pPTL per spleen in presensitized animals 
was slightly lower than in unsensitized controls (Figure 8.2B). 

8.3.3 H-2 matched allogeneic BMT (survival, blood cell counts and chimerism) 
Survival of B6-mice transplanted with H-2 compatible BALB.B bone marrow after 6 Gy 

TBI was 100%. Recipients of bone marrow were regularly monitored for body weight and 
blood cell counts (Figure 8.3). Red blood cell counts (RBC) in unsensitized recipients treated 

with 6 Gy were comparable to untreated control mice but in presensitized animals RBC 
decreased by about 20 to 30% and recovered between 2 and 3 weeks after BMT (figure 8 .3A). 
White blood cell counts (WBC) decreased rapidly after BMT by about 80 to 90% (Figure 
8 .3B). In unsensitized mice, WBC rapidly recovered between 3 and 7 days after BMT with a 
distinct overshoot followed by stabilization to normal values. Presensitized mice showed a 
delayed recovery after 6 Gy TBI. Body weight decreased by about 5 % in the first three days 
after BMT, but then increased slowly at a rate similar to untreated mice (Figure 8.3C). 

Figure 8.4 shows the survival of unsensitized or presensitized B6-mice after 9.5 Gy TBI 

and H-2 matched BMT with or without T-cells added to the inoculum. Ninety percent of the 
unsensitized animals survived throughout the experiment but presensitized mice showed early 
mortality due to acute rejection of the graft as concluded from blood cell counts (presensitized 
vs. unsensitized; p < 0.05, Figure 8.5A). Similarly bone marrow cellularity decreased by 70-
95 % to suggest bone marrow failure. WBC decreased and recovered rapidly after BMT, but 
presensitized recipients showed no recovery of WBC (Figure 8 .5B). No significant differences 
in blood cell reconstitution were observed between T-cell depleted and repleted BMT. Between 
2 and 3 weeks after BMT the body weight fell by more than 20 % in presensitized mice 
prepared with 9.5 Gy and in unsensitized animals body weights increased as in control mice 
after a small decrease in the first week after BMT (Figure 8.5C). 

Transplantation of H-2 matched bone marrow into B6 mice that were conditioned with a 
sublethal dose of 6 Gy showed a progressive increase in donor engraftment with time after 
BMT (Figure 8 .6A). Adding 2xla6 T-cells did not show acceleration of engraftment nor a 
different level of long-term engraftment by 20 weeks after BMT. However, when mice were 
presensitized with 2xl07 irradiated donor cells prior to TBI and BMT, no donor cells could be 
detected throughout the post-transplant period and these mice survived with endogenous 
hemopoietic recovery. Adding T-cells did not improve long-term donor engraftment. Increasing 
the radiation dose to 9.5 Gy became lethal and required transplantation of bone marrow to 
survive the acute effects of radiation. Recipients of 9.5 Gy TBI and H-2 compatible BMT 
demonstrated full donor engraftment in unsensitized mice as early as 8 weeks post-BMT, 
whereas presensitized recipients all died from acute marrow failure with no evidence of donor 
type chimerism (Figure 8 .6B). Table 8 .1 shows a comparison between erythroid engraftment 
and engraftment in bone marrow, spleen and thymus from this and other experiments where 
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Figure 8.3: Body weight and blood cell counts of transplanted mice at various time 
intervals after BMT and 6 Gy TBI. H-2 matched BMT (BALB.B - B6) was performed 
on day O with 107 T-cell depleted bone marrow cells with (•) or without 2xl06 T-cells 
(�) .  Presensitized mice were injected with 2xl07 irradiated donor cells on day -7 and 
transplanted with T-depleted bone marrow (no T-cells, o) or T-repleted bone marrow 
(2x106, V). Results are shown from one experiment with five mice per group. Ninety
five percent confidence intervals are shown as error bars at 100 % (RBC and WBC) or as 
a shaded area (body weight). 
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lower numbers of T-cells were added to the bone marrow inoculum. No significant differences 
in engraftment between the lymphohemopoietic tissues were found in this BMT combination 
whether or not T-cells were added. The surviving presensitized recipients showed very low 
levels (below 10%) of donor engraftment in all tissues. 
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Figure 8.4: Survival of B6-mice transplanted with BALB.B bone marrow after 9.5 
Gy TBI. BMT was performed on day O with 107 T-cell depleted bone marrow cells with 
(•) or without 2xl06 T-cells ( '�) . Presensitized mice were injected with 2x107 irradiated 
donor cells on day -7 and transplanted with T-depleted bone marrow (no T-cells, o) or 
T-repleted bone marrow (2x1<>6, V). Results are shown from one experiment with five 
mice per group. 
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Figure 8.5: Body weight and blood cell counts of transplanted mice at various time 
intervals after BMT and 9.5 Gy TBI. H-2 matched BMT (BALB.B - B6) was 
performed on day O with 107 T-cell depleted bone marrow cells with (•) or without 
2x106 T-cells ( .... ). Presensitized mice were injected with 2x107 irradiated donor cells on 
day -7 and transplanted with T-depleted bone marrow (no T-cells, o) or T-repleted bone 
marrow (2x106, V). Results are shown from one experiment with five mice per group. 
Ninety-five percent confidence intervals are shown as error bars at 100% (RBC and 
WBC) or as a shaded area (body weight). 
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Figure 8.6: Development or engrartment in B6-mice transplanted with H-2 
compatible (BALB.B) T-cell depleted or repleted bone marrow after 6 Gy (A) or 9.5 
Gy (B) TBI. The level of donor chimerism at different time intervals after BMT was 
determined from blood Gpi-phenotyping. H-2 matched BMT (BALB.B - B6) was 
performed on day O with 107 T-cell depleted bone marrow cells with (•) or without 
2x l06 T-cells ("') .  Presensitized mice were injected with 2x107 irradiated donor cells on 
day -7 and transplanted with T-depleted bone marrow (no T-cells, o) or T-repleted bone 
marrow (2xl06, V). Results are shown from one experiment with five mice per group . 
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8.3.4 H-2 mismatched allogeneic BMT (survival, blood cell counts and chimerism) 
Survival of H-2 incompatible BMT recipients prepared with 9.5 Gy TBI is shown in 

Figure 8. 7. Most animals died from marrow failure as evidenced from severe depression of 
blood cell counts (Figure 8.8) and marrow cellularity (less than 30% of control mice) regardless 
of whether the recipients were presensitized or left unsensitized. Adding 2xl06 T-cells 
prolonged the median survival time from 13 to 35 days (p < 0.05) but long-term survival was 
still poor. RBC and WBC counts reached a minimum between 2 and 3 weeks after BMT and 
only recovered in two mice from separate treatment groups. One recipient of T-cell repleted 
BMT exhibited full donor engraftment but died at 16 weeks post-BMT with decreased body 
weight but no signs of graft-versus-host disease. The other surviving mouse which was 
presensitized and given T-cell repleted bone marrow showed no donor engraftment throughout 
the 20 weeks of follow-up. No signs of donor engraftment were found in other recipients to 
suggest that acute marrow rejection caused the high rate of mortality. Table 8.1 includes results 
from this and other experiments where a lower number of T-cells was added and shows that 
chimerism in surviving mice in spleen and bone marrow at 20 weeks post-BMT reflected 
chimerism in red blood cells, but chimerism in the thymus was usually higher than erythroid 
chimerism as described in Chapter 6. 
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Figure 8.7: Survival of B6-mice transplanted with BALB/c bone marrow after 9.5 
Gy. H-2 mismatched BMT (BALB/c - B6) was performed on day O with 107 T-cell 

depleted bone marrow cells with (•) or without 2xl06 T-cells ('Y ). Presensitized mice 

were injected with 2x l07 irradiated donor cells on day -7 and transplanted with T

depleted bone marrow (no T-cells, o) or T-repleted bone marrow (2x 1Q6, V). Results are 

shown from one experiment with five mice per group. 
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Figure 8.8: Body weight and blood cell counts of transplanted mice at various time 
intervals after BMT and 9.5 Gy TBI. H-2 mismatched BMT (BALB/c - B6) was 
performed on day O with 107 T-cell depleted bone marrow cells with (•) or without 
2xl06 T-cells ('Y) .  Presensitized mice were injected with 2x107 irradiated donor cells on 
day -7 and transplanted with T-depleted bone marrow (no T-cells, o) or T-repleted bone 
marrow (2x106, V). Results are shown from one experiment with five mice per group. 
Ninety-five percent confidence intervals are shown as error bars at 100% (RBC and 
WBC) or as a shaded area (body weight). 



Table 8.1: Comparison of donor engraftment in blood, bone marrow, spleen and thymus at 20 weeks after allogeneic BMT. 

% donor engraftment' 

TBI dose T-cell dose Exp. Survival Erythrocytes Bone marrow Spleen Thymus 

BALB.B - B6 
6 Gy 0 l,ill 24/25 82 ± 6 70 ± 9 70 ± 8 70 ± 9 

5x104 I 515 61 ± 14 57 ± 8 50 ± 11 50 ± 14 
2xl06 III 5/5 85 ± 1 82 ± 8 93 ± 3 99 ± 1 

8 Gy 0 I 10/10 nd nd nd nd 
9.5 Gy 0 III 5/5 99 ± 1 96 ± 2 96 ± 2 87 ± 5 

2xl06 m 4/5 100 98 ± 2 98 ± 2 83 ± 9 
BALB.B - B6-presensitized 
6 Gy 0 l,ill 10/10 0.3 -± 0.3 1 ± 1 1 ± 1 2 ± 1 

5x104 I 5/5 0 ± 0  5 ± 4  5 ± 4  0 ± 0  
2xl06 m 5/5 1.4 ± 1.3 4 ± 2  2 ± 2  2 ± 2  

8 Gy 0 I 515 nd nd nd nd 
9.5 Gy 0 III 515 nd nd nd nd 

2xl06 III 0/5 nd nd nd nd 
BALB!c - B6 
9.5 Gy 0 1,11 16/22 7 ± 7  9 ± 7  8 ± 6 23 ± 10· 

0 III 0/5 nd nd nd nd 
5x104 1,11 5/10 0 ± 0  0 ± 0  0 ± 0  29 ± 12· 
5xl05 II 5/10 40 ± 22 35 ± 20 40 ± 22 61 ± 18· 
2xl06 III 1/5 nd nd nd nd 

BALB/c - B6-presensitized 
9.5 Gy 0 I 1/5 nd nd nd nd 

0 III 0/5 nd nd nd nd 
5x104 I 1/5 nd nd nd nd 
2xl06 m 0/5 nd nd nd nd 

a. Percentage of donor chimersim is determined from Gpi-phenotyping and expressed as the mean ± standard error of the mean of five mice per treatment 
group in 1-3 separate experiments. b. Presensitized recipients received 2xl07 irradiated (20 Gy) donor spleen cells 7 days prior to TB/ and BMT. 
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8.3.5 The effect of presensitization on engraftment of semi-allogeneic marrow 
Semi-allogeneic BMT (B6 - B6CF1) exhibited a TBI dose-response curve that was 

shallower than allogeneic BMT (see Chapter 4). The development of semi-allogeneic chimerism 
was measured after 6 Gy TBI in unsensitized and presensitized recipients. A TBI dose of 6 Gy 
led to about 50% donor engraftment in unsensitized recipients and slightly, but insignificantly, 
higher levels of chimerism were found in presensitized mice (Figure 8.9). 
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Figure 8.9: Development of engraftment in B6CF1 mice transplanted with semi
allogeneic B6 parental bone marrow. The level of donor chimerism at different time 
intervals after 6 Gy TBI and BMT is plotted for unsensitized mice (•) or mice that were 
presensitized (•) with 2xl07 irradiated spleen cells 7 days before 6 Gy TBI and BMT. 

8.4 Discussion 

This study showed no observable effect of adding T-cells to the donor marrow inoculum 
on either survival or engraftment of the transplanted stem cells. The results using the H-2 
matched BMT model are consistent with recent findings of Down et al. (1992) who showed that 
while T-cell repletion enhanced GVHD, it had no effect on the level of donor chimerism in 
another H-2 compatible BMT model (BlO.BR - CBA). 

Adding high numbers of T-cells to the bone marrow also had no significant graft-
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promoting effect in H-2 incompatible BMT. The highest number of T-cells in our studies 
neither improved engraftment nor did it lead to GVHD that was severe enough to induce 
lethality. The development of GVHD appears to be strain dependent with the donor-host 
combination that involves BlO.BR and CBA mice being the only recorded murine BMT system 
that is susceptible to the induction of lethal GVHD without the need for extra T-lymphocytes 
added to the bone marrow inoculum (Korngold and Sprent 1978). The radiation dose is also a 
factor that determines the incidence of lethal lung GVHD in this combination (Down et al. 
1992). B6 recipients of H-2 incompatible BALB/c marrow only showed mortality from GVHD 
when as many as 2.5xl07 spleen cell were added (Vallera et al. 1981, 1982, Soderling et al. 
1985). The relative low number of CD4 + helper T-cells in mouse bone marrow also has 
recently been suggested to cause the disability of mouse bone marrow to provoke lethal GVHD 
(Brochu and Perreault 1993). 

Allogeneic bone marrow engraftment is critically dependent on bone marrow cell dose 
(Ferrara et al. 1987a, Lapidot et al. 1989, Uharek et al. 1992a), genetic disparity (Ferrara et 
al. 1987b, Chapter 4 of this thesis) and radiation dose (Ferrara et al. 1988, Down et al. 1991, 
Chapter 4 of this thesis). The influence of T-cells in the donor marrow inoculum is difficult to 
resolve in mice since addition of spleen cells is often needed for better comparisons with human 
BMT. The lack of an effect of T-depletion in mice is in contrast to the clinical impression of 
overt graft failure in clinical T-cell depleted BMT. An explanation for this may be that in 
murine studies the donor marrow cell dose is adjusted for cell loss during the process of T-cell 
depletion, whereas in human BMT this is usually not possible. The procedure of T-cell 
depletion from human marrow may incidentally deplete or damage beneficial donor cells such as 
hemopoietic or accessory cell populations that are required for engraftment. A procedure that 
allows for more selective removal of GVHD-initiating T-cells may reduce the risk of allogeneic 
bone marrow rejection as well as GVHD. The encouraging results of more subtle T-cell 
depletion protocols such as with monoclonal antibodies directed against the lymphocyte 
subpopulation bearing the CD6 antigen (Bosserman et al. 1989, Soiffer et al. 1992) or with 
counterflow centrifugation (De Witte et al. 1984, 1986) may consitute such a strategy. 

BMT patients often receive blood transfusions prior to transplantation and this may 
immunize the patient against allogeneic cells. Pre-immunization was shown to lead to a higher 
incidence of bone marrow graft rejection (Van Putten et al. 1967, Weiden et al. 1976, Storb et 
al. 1979, 1983, Warren et al. 1980, Mickelson et al. 1981, Lapidot et al. 1989). The results 
presented in this chapter show an enhanced alloreactivity in vitro (MLC, pPTL) and a very 
marked rejection of allogeneic marrow following recipient presensitization. The results indicate 
that radiation dose is very critical for allogeneic engraftment and survival in presensitized 
animals. TBI doses of 6 Gy and above were enough to induce donor chimerism in unsensitized 
recipients of H-2 matched BMT (Down et al. 1991, 1992, see also Chapters 4 and 7). Bone 
marrow was promptly rejected in presensitized animals but the low TBI dose allowed survival 
through recovery of host hemopoiesis. Raising the TBI dose to 9.5 Gy was shown not to be 
adequate enough to prevent rejection of allogeneic bone marrow in presensitized mice and this 
led to death from acute bone marrow aplasia. Both presensitized and unsensitized H-2 
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incompatible BMT recipients acutely rejected the donor marrow leading to a high mortality rate 
and this corresponds to the lack of difference in immune reactivity in vitro. Adding as much as 
2xl 06 T-lymphocytes (about 20% of the bone marrow inoculum) to the bone marrow did not 
improve donor engraftment under these conditions. The results imply that in this incompatible 
allogeneic BMT combination pre-immunization does not have such a dramatic effect as in 
matched BMT. This may be due to the high reactivity without sensitization, which led to a high 
rejection rate after 9.5 Gy in both groups preventing the detection of increased rejection in 
presensitized recipients. Another H-2 mismatched BMT combination (B6 � C3H) has shown an 
effect of pre-immunization but in this combination donor chimerism can already be achieved at 
a lower TBI dose of 8 Gy (Lapidot et al. 1989). Presensitization of semi-allogeneic recipients 
had no compromising effect on short- or long-term donor engraftment. This finding is in 
agreement with previous reports that indicated that pre-immunization against parental antigens 
was not associated with accelerated or stronger rejection (Cudkowicz and Nakamura 1983, 
Dennert et al. 1985). Natural-killer (NK) cells are probably responsible for semi-allogeneic 
bone marrow rejection and these cells are not able to proliferate in response to alloantigens 
whereas T-lymphocytes are involved in allogeneic bone marrow rejection allowing clonal 
expansion of donor-reactive cells. 

The use of alternative irradiation protocols, such as fractionation or low dose-rate TBI 
were shown to decrease the incidence of allogeneic donor chimerism in experimental (Storb et 
al. 1989, Salomon et al. 1990, Down et al. 1991, Chapter 7 of this thesis) and clinical BMT 
(Patterson et al. 1986, Guyotat et al. 1987, Iriondo et al. 1987). Therefore, further studies will 
be needed to elucidate the role of T-cell depletion under conditions of altered TBI courses. In 
clinical BMT, extra immune suppression may be required to prevent rejection of T-cell depleted 
marrow grafts, especially in patients who are already presensitized from previous blood 
transfusions. This could be achieved by 1) depression of host immunity by using of anti
thymocyte globulins or monoclonal antibodies directed against host immune effector cells 
(Cobbold et al. 1986, Blazar et al. 1991) and 2) local irradiation of lymphoid organs. In the 
latter case, total lymphoid irradiation (TLI) may be of benefit in allowing for better engraftment 
without inducing toxicities common to high dose TBI as already evidenced in patients with 
leukemia or aplastic anemia that receieved allogeneic T-cell depleted bone marrow (Champlin et 
al. 1987, Ganem et al. 1988, Soiffer et al. 1991a). 

In summary, addition of T-cells to the donor marrow inoculum had no observable effect 
on donor engraftment. Pre-immunization with donor cells enhanced the probablity of acute 
rejection leading to high mortality rates. The role of residual immunity in BMT patients needs 
to be further evaluated in the context of designing safer but more effective conditioning therapy. 



CHAPTER 9 

General discussion 
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The experimental results presented in this thesis offer valuable information on how the 
radiation sensitivity and repair of particular target cell populations in the conditioned recipient 
dictate the fate of transplanted donor bone marrow. A syngeneic chimera model was essential 
for generating unique radiation dose-response data corresponding to the survival of long-term 
repopulating hemopoietic stem cells. This primitive host stem cell type had a remarkable 
capacity to recover from fractionation or continuous low dose-rate TBI and demanded much 
higher radiation doses to achieve equivalent donor marrow engraftment. This phenomenon has 
subsequently encouraged a collaborative study with Dr Ploemacher and co-workers (Erasmus 
University, Rotterdam) designed to further define the radiation sensitivity and repair of LTRA 
stem cells in an in vitro system (see section 9. 1 ). The additional role of immune-mediated 
marrow rejection in allogeneic BMT was resolved using various donor-host combinations with 
defined histocompatability disparities. Ultimate rejection of allogeneic donor stem cells was 
often accompanied by long-term autologous recovery of primitive host stem cells. Increasing the 
genetic barrier between donor and host was shown to necessitate higher TBI doses to prevent 
allogeneic bone marrow rejection. Low dose-rate TBI exhibited an appreciable dose-sparing 
effect on allogeneic marrow engraftment. Anti-donor reactive immunocytes (pPTL}, remaining 
in the host after TBI treatment, were also capable of radiation damage repair. 

It was additionally demonstrated that mice presensitized with donor cells prior to BMT 
and TBI became more susceptible to allogeneic bone marrow rejection. Adding donor T
lymphocytes to the marrow inoculum had no significant effect on the incidence of rejection. In 
this chapter the clinical implications of these results warrant discussion with due consideration 
of possible improvements in BMT conditioning therapy. 

9.1 Heterogeneity and radiation sensitivity of hemopoietic stem cells 
Increasing knowledge of heterogeneity within the hemopoietic system, as exemplified in 

BMT experiments, necessitates a re-evaluation of the radiation response of bone marrow stem 
cells . .  CFU-S has long been regarded as the stem cell in the bone marrow and is described as 
being relatively radiosensitive with little recovery during fractionated or protracted TBI (Hendry 
and Lord 1 983, Tarbell et al. 1987). The lower radiosensitivity of more ancestral pre-CFU-S 
stem cell subsets has only recently been appreciated from results of the MRA-assay that 
measures the ability to repopulate the bone marrow of secondary recipients with clonable 
precursors (CFU-S or CFU-GM) (Meijne et al. 1991, Ploemacher et al. 1992). In this thesis 
the radiation response of LTRA was assessed in a murine chimera model that also determines 
the function of primitive stem cells residing in the pre-CFU-S compartment. The level of donor 
engraftment in these radiation chimeras depends on the degree of host bone marrow stem cell 
depletion, i.e. more stem cell-killing will lead to higher levels of donor chimerism. 

An in situ estimate of the D0 as a measure of LTRA stem cell radiation sensitivity was 
obtained from other work in this laboratory that investigated the inter-dependence between 
radiation and bone marrow cell dose responses (Figure 9. lA, from Down et al., unpublished 
results). In this case radiation dose-response curves were constructed for bone marrow cell 
doses varying from 104 to 4xl 07

• When very high BM cell doses (4x107) were transplanted up 
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to 40% donor cells could be detected in unirradiated recipients confirming previous reports 
(Brecher et al. 1 982, Saxe et al. 1984, Voralia et al. 1987, Wu and Keating 1993, Crittenden et 
al. 1 993). Decreasing the bone marrow cell dose had the effect of shifting the TBI dose
response curve to higher doses since more stem cell killing was presumably necessary to allow 
for engraftment from lower donor stem cell doses (Figure 9. lA). Hence , at the radiation dose 
needed for equivalent donor engraftment, the number of surviving LTRA is related to the 
competing number of transplanted cells. Each bone marrow cell dose has been plotted in Figure 
9. lB as relative surviving fractions at the iso-effect (ED50) radiation dose needed for 80% 
engraftment. The slope provides a theoretical estimate of the D0 value corresponding to LTRA 
stem cells irradiated and growing in situ. A D0 of approximately 1 .3  Gy is consistent with 

values obtained from MRA and CAFC-28 endpoints (Meijne et al. 1991 , Ploemacher et al. 
1 992). 

All these values differ considerably from the data reported by Van den Bos ( 1 994) where 
a value of 0 .7  Gy was found for LTRA after transplantation of healthy bone marrow cells into 
thalassemic mice. In this case, engraftment may have been influenced by the preferential donor 
repopulation along the erythroid lineage in thalassemic mice (Van den Bos et al. 1 994, Barker 
et al. 1 994). The explanation proposed by Van den Bos (1994) of heterogeneity within the 
L TRA compartment with a subpopulation of L TRA cells being more resistant at higher 
radiation doses did not take into account the data of Ploemacher et al. ( 1992) who found a 
consistently high D0 for LTRA over a 6 Gy dose range. Van den Bos ( 1994) also proposed that 
LTRA in BALB/c mice might be more radiosensitive than in other mouse strains but this is not 
supported by the results presented in Chapter 5 of this thesis. 

Following fractionated or protracted radiation treatment, dose-sparing effects on long
term engraftment were assessed for certain repair parameters after application of the LQ-model 
in collaboration with Dr Thames (University of Texas, Houston) (see Chapter 3). This analysis 
indicates that LTRA stem cells have a relatively high capacity for radiation damage repair. The 
a/{3 ratio and repair half-time (T½) were found to be about 2 Gy and 2 hours respectively as 
opposed to a/{3 of 8 Gy and T½ of 0.3 hours for the acute marrow lethality end-point (LD50/30) 

(Brown et al. 1 962, Thames et al. 1984, Fang et al. 1986, Travis et al. 1988). These 
differences confirm that separate stem cell populations with differing radiosensitivities are 
involved in the LD50130 and long-term engraftment endpoints. 
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Figure 9.1: Radiation dose-response for different bone marrow cell doses. 

Chapter 9 

(A) Donor engraftment as a function of TBI dose is plotted for each bone marrow cell 
dose. It is assumed that the extra dose required for equivalent engraftment on lowering 
the donor cell number corresponds to a proportional decrease in host L TRA survival . (B) 
The ED50 estimate (at 80% engraftment level) for each bone marrow cell dose was used 
to obtain a cell survival curve and calculate a 00 for L TRA in situ. LTRA were found to 
be relatively radioresistant with a D0 of about 1.3 Gy. (Unpublished data from Down, 

Van Os, and Thames) 
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In addition to in vivo chimera models, an in vitro assay able to determine L TRA function 
has recently been developed using a miniaturized long-term bone marrow culture system 
(Ploemacher et al. 1 989, 1991) .  This requires growth of bone marrow cells on pre-established 
stroma where the frequency of cobblestone area forming cells (CAFC) can be determined 
through limiting dilution analysis. CAFC developing late at day 28 and beyond were found to 
be comparable to stem cells repopulating erythrocytes at 20 weeks post-BMT with respect to the 
amount of radiation split-dose recovery (Ploemacher et al. 1992) . The correlation between late
developing CAFC and L TRA has also been demonstrated from cell separation experiments 
using rhodamine or wheat germ agglutinin (Ploemacher et al. 1991, 1993, Down and 
Ploemacher 1993) and on variations in chemosensitivity (Down and Ploemacher 1993, Down et 

al. 1994b) . The time-dependent formation of cobblestone areas was found to reflect the renewal 
and primitiveness of hemopoietic cells and can be related to other standard bone marrow assays. 
CAFC developing early on day 5 is found to correlate with CFU-GM frequencies whereas 
CAFC-10  shows a good correlation with CFU-S-12. Late developing CAFC ( � 28 days) 
represent the most primitive stem cell that agrees with MRA as well as L TRA measurements 
(Ploemacher et al. 1989, 1991, 1992, 1993) . In Chapter 1 (see Figure 1 . 8), the correspondence 
between the CAFC day-types and these other assays was confirmed in terms of variations in 

radiation sensitivity (D0) and in split-dose recovery (D2-D1) (Ploemacher et al. 1 992). CAFC 
radiation dose survival experiments have recently been extended to investigate more 
comprehensive fractionation schemes. The aim of this particular study was to obtain radiation 
repair parameters (e.g. a/{3 ratios) based on the LQ-model for comparison with radiation dose
response data on long-term repopulation in vivo as presented in Ch�pter 3. The late radiation 
response can therefore be related to actual cell survival of a putative target cell population. 
Figure 9.2 shows the survival curves for single dose, split-dose, 2 Gy per fraction and 1 .2 Gy 
per fraction for four CAFC subtypes measured at 6, 12, 20, and 35 days in culture. " The 
changing survival of later appearing CAFC show more dose sparing than the early developing 
CAFC. 

Figure 9.3 displays a/{3 ratios for_ the different CAFC subtypes calculated from direct 

analysis of the cell survival data for comparison with a/{3 for LTRA in vivo. Early CAFC (day 
6-20) have very high a/{3 whereas late CAFC (day 28-35) have a low od/3. The latter is very 
comparable to the value found for in vivo long-term repopulation (Chapter 3) . It is therefore 
postulated that the late-appearing CAFC subset ( � 28 days) represent the host target cell 

population responsible for long-term repopulation and engraftment in vivo while early

developing CAFCs are probably better related to hemopoietic repopulation in the short-term. 
The recent development of an equivalent CAFC assay system for human bone marrow (Breems 
et al. 1994) may prove valuable in extending these radiobiological studies to BMT patients for 
closer comparisons with clinical responses. 
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Figure 9.2: Changing survival of bone marrow CAFC subsets with radiation dose 
fractionation. The CAFC content per femur is expressed as a percentage of unirradiated 
controls for single dose (•), split-dose (•), 2 Gy/F (• )  and 1.2 Gy/F ( '" ). Surviving 
fractions and 95 % confidence limits were calculated and the curves were fitted using 
direct ananlysis. A survival level of 1 % is indicated. (Unpublished data from Down, 
Boudewijn, Van Os, Thames, and Ploemacher). 
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The general classification of different tissue systems i n  terms of their proliferative 
organization and a/{3 ratio (see section 1.1.3) needs reappraisal in light of these results on 
distinct stem cell subsets in bone marrow. This tissue has long been placed in the H-type 
category associated with a typical acute radiation response and high a/ {3. However, the 
existence of hemopoietic subpopulations with a wide range of al {3 estimates may necessitate a 
reclassification of the hemopoietic system into a mixture of cell types with both H-type and F
type properties. In this case, cycling CFU-S-like cells produce a characteristic early H-type 
response while the more primitive quiescent LTRA stem cell may be better regarded as a 
discrete F-type sub-compartment. The non-cycling proliferative state of LTRA probably allows 
for more efficient repair and confers the low a/{3 ratio that is commonly associated with late 
radiation responses. The maturation of these cells into CFU-S therefore represents a critical 
transition point separating two important normal tissue reactions but within one hierarchical cell 

18 
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system. The advent of recent stem cell isolation techniques now opens up the opportunity for 
further molecular-orientated investigations aimed at resolving the underlying mechanisms of 
radiation repair. These concepts also raise the question as to whether other normal or malignant 
tissues contain elusive resting stem cell populations with similar radiobiological properties to the 
hemopoietic LTRA stem cell. 
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Figure 9.3: Alpha/beta ratios for different CAFC subtypes. The a./(3 ratio 
estimates with 95 % confidence intervals are plotted as a function of CAFC-day type. The 
shaded area represents the range for a./(3 of long-term repopulation in vivo obtained from 
direct analysis of the long-term engraftment data (fable 3.2, Chapter 3)using equivalent 
regimens of fractionated irradiation. (Unpublished data from Down, Boudewijn, Van Os, 
Thames, and Ploemacher). 

9. 2 Implications for modified TB/ treatment in clinical BMT: the role of stem cell ablation 
While TBI is often included in the preparation of patients prior to BMT, there is still no 

consensus amongst the different BMT centers whether it is advantageous to deliver the 
radiotherapy in many small doses or to keep it to one or two treatments. The issue over which 
radiation dose schedule offers the best therapeutic ratio partly depends on the relative repair 
capacities of the hemopoietic clonogens and the cells of the dose-limiting normal tissues. The 
lung is often regarded as the most sensitive dose-limiting tissue in the BMT setting and the slow 
proliferating target cells (type II pneumocytes and endothelium) would benefit from a radiation 
treatment that is fractionated. This has been contrasted with the poor fractionation recovery 
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documented for CFU-S survival and acute marrow failure and has provided a radiobiological 
rational for first employing fractionated TBI to preferentially spare late normal tissue side
effects (Peters et al. 1979). While it has also been argued that the repair capacity of bone 
marrow stem cells and their malignant counterparts should not be underestimated (Song et al. 
1981, Song et al. 1994) , such comparisons were not directly addressed in an experimental 
transplant model (Down et al. 1994a). 

The results generated from the Gpi-1 chimerism studies described in this thesis have 
helped to readdress the balance of these arguments by extending our knowledge of radiation 
sensivitivity and repair to include the pre-CFU-S stem cell with LTRA qualities. As already 
mentioned, the low al/3 for long-term bone marrow engraftment is in the range normally seen 
in late-responding tissues and is indicative of a large repair capacity. Multiple 1.2 Gy fractions, 
for example, necessitated about a 2.5-fold increase in total dose to achieve comparable high 
levels of donor engraftment. The LQ model provides a simple formalism for comparison of the 
dependence of tolerance doses on the dose per fraction for various tissues and end-points 
(Barendsen 1982). It is now important to stress that the conservative a/(3 estimate of around 2 
Gy corresponding to LTRA stem cells of the host not only contrasts with that obtained from 
early marrow lethality but is even lower than for lung or kidney. The previously reported a/{3 
ratios for all these tissues were used to calculate the dependence of iso-effect total-dose on 
changing the dose per fraction. To achieve a more realistic comparison between tissues, the 
single doses were normalised to 7 Gy, a dose that is often considered to be maximally tolerated 
following acute exposure in patients (Van Dyk et al. 1981, Patterson et al. 1986). 

Figure 9 .4 shows that the iso-effect radiation dose for late bone marrow engraftment 
rises dramatically with · decreasing dose per fraction or, conversely, with increasing fraction 
number. Changing the dose per fraction also has a considerable effect on lung and kidney 
damage but not to the same extent. These comparisons imply that there is no therapeutic gain in 
employing fractionated TBI if re-emergence of host-type hemopoiesis is to be avoided at 
tolerable radiation doses. High doses of fractionated TBI may also lead to more complications 
related to acute myelosuppression due to more killing of short-term repopulating cells. 

The repair parameters obtained through the direct analysis method gives the opportunity 
for estimating the relative position and shape of the dose-incidence curves for marrow 
engraftment and lung damage upon TBI dose-fractionation. In this case the individual values of 
lnK (tissue rescuing unit) , a and (3 were obtained from murine studies on both LTRA (table ? , 
Chapter 3) and lung (Travis et al. 1987) and dose-responses were calculated according to the 
formula: 

P= e -e lnK-o.D-&JD (13) 
where p is the probablity of effect, d is the dose per fraction adn D is the total dose (Thames et 

al. 1986). a and (3 were held constant while InK was adjusted so that p corresponded to dose 
levels used in clinical TBI. The single dose curves were first positioned where 7 Gy gave a 
95 % probability of bone marrow engraftment and 5 % probability of lethal lung damage. 
Available clinical data for acute radiation exposures suggest that such a dose is indeed close to 
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the upper and lower dose-thresholds for donor-type hemopoietic chimerism (Van Leeuwen et al. 
1994) and pneumonitis (Van Dyk et al. 1981) respectively. As shown in Figure 9.5A, both 
dose-response curves shift to higher radiation doses and become shallower if radiation 
treatments are delivered in 2 Gy fractions. However, these curves also predict that a TBI dose 
needed to achieve 95 % engraftment will be accompanied by an unacceptable incidence of 
radiation pneumonitis (about 50%). Figure 9.5B shows how decreasing the dose per fraction 
would give declining levels of donor engraftment at maximally tolerated doses estimated at 5 % 
pneumonitis. Included for comparison in Figure 9.5A are selected clinical data on allogeneic 
bone marrow rejection (Patterson et al. 1986, Burnett et al. 1988) and on pneumonitis (Van 
Dyk et al. 1981, Petersen et al. 1992) for single dose and 2 Gy per fraction courses. While it 
should be cautioned that other factors encountered in the clinic are likely to influence the 
position of these dose-responses (e.g. lung shielding, combined chemotherapy, infections, T-cell 
depletion, GVHD and allograft rejection), the clinical values do appear to fall reasonably close 
to the corresponding theoretical curves extrapolated from syngeneic marrow engraftment and 
lung damage in mice. 
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Figure 9.4: Dependence of total dose on dose per fractionation for tissues involved in 
bone marrow transplantation. Previously reported a/{3 values for lung, kidney (late 
responding tissues) and acute marrow lethality (early responding tissue) were considered 
for comparison of TBI fractionation effects. The a/fl value for LTRA as presented in 
Chapter 3 is also included . Late-responding tissues can usually tolerate higher radiation 
doses than early responding tissues when the radiation is fractionated (dose per fraction 
decreased). The a/(3 values were used for calculating iso-effect doses following 
normalization of the single dose to 7 Gy. 
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Figure 9.5: Dose-response estimates for long-term marrow engraftment and 

radiation pneumonitis after single dose or fractionated TBI. (A) Theoretical dose
response curves for single doses and multiple 2 Gy fractions were calculated using 
parameters derived from direct analysis of murine data as described in the text. The 
clinical incidence of lung complications (dashed lines : � ,  single dose UHBI, Van Dyk et 
al. 1981 ; v , 2 Gy/F TBI, Petersen et al. 1992) and of T-cell depleted allogeneic marrow 
engraftment (solid lines : • ,  single dose TBI, Patterson et al. 1986; o ,  2 Gy/F TBI, 
Patterson et al. 1986, Burnett et al. 1988) are shown for comparison. Dotted lines 
indicate radiation dose for 5% incidence of lung pneumonitis. (B) Reduction in donor 
marrow engraftment with decreasing doses per fraction calculated at lung tolerance (5 % 

intersitial pneumonitis (IP) level). 
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9. 3 Altered TB/ in allogeneic BMT: the role of transplant immunity 
Allogeneic BMT is the main treatment of choice for patients with leukemia. In this 

setting there is an additional demand for the conditioning therapy to provide sufficient immune 
suppression and thereby avoid rejection of the bone marrow. The relative roles of immune 
suppression and stem cell ablation have been determined by comparison of syngeneic and 
allogeneic BMT. In this thesis the use of low dose-rate TBI for preparation of recipients prior to 
syngeneic and allogeneic BMT was investigated (see Chapters 3 and 7). In a similar fashion to 
fractionated TBI, lowering the dose-rate had the effect of increasing the dose needed for equal 
syngeneic engraftment due to the dose-sparing effects of sublethal damage repair. Comparison 
of this low dose-rate effect with allogeneic BMT suggests that the radiation repair characteristics 
in the immune cells capable of allograft rejection are different from those found in bone marrow 
stem cells. At a dose-rate of 2 cGy/min dose-sparing in immunocytes appears to be relatively 
more important than sparing of hemopoietic stem cells and this difference became more 
prominent as the genetic barrier between donor and host was increased. An earlier investigation 
on fractionated TBI similar! y showed more dose-sparing in allogeneic than in syngeneic BMT 
(Down et al. 1991). In that study H-2 compatible LP marrow was transplanted into B6 mice 
that had been irradiated with TBI fractionated to 2 Gy per fraction every 6 hours or every 6 and 
18 hours. The radiation dose response curve for single dose TBI is comparable to the curve 
found in the H-2 matched combination (BALB.B - B6) used in this thesis (see Figure 4.2). 
Fractionated TBI resulted in a considerable dose-sparing effect (Figure 9.6). Direct analysis of 
dose-response data with 6-hour intervals provided an a/{3 ratio of about 2 Gy for immune cells 
responsible for allograft rejection (Dow'n et al. 1991). This value is comparable to that 
determined in the syngeneic BMT model (Chapter 3). An extra dose-sparing effect was 
observed on inclusion of 18-hour intervals in twice-per-day treatments signifying an additional 
recovery process in immunocytes responsible for allograft rejection. 

Other studies in mice (Salomon et al. 1990) and dogs (Losslein et al. 1987, Storb et al. 
1989) have similarly shown that the probability of rejection increases when TBI is fractionated. 
These particular studies compared only a few total doses without information on dose-response 
relationships that is needed for quantification of the extent of dose-sparing and for comparison 
with other tissues. While further studies are still needed to more precisely define the limiting 
host cell type(s) involved in bone marrow transplant immunity, the present results point to 
potential problems in attempting to improve on BMT conditioning in the clinic through dose
modification with protracted or fractionated TBI. An intracellular repair process, either 
occurring during LDR exposures or between dose fractions, therefore appears to reside in the 
target cell population responsible for host-vs-graft reactivity. Indeed, these murine studies are 
consistent with several clinical reports that indicated a higher incidence of T-cell depleted bone 
marrow rejection after fractionated or low dose-rate TBI schedules (Patterson et al. 1986, 
Guyotat et al. 1987, Iriondo et al. 1987, see also table 1.2). 
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Figure 9.6: Effect of fractionated TBI on long-term erythroid engraftment in H-2 

matched BMT (LP - B6). Radiation doses were delivered at 100 cGy/min. Fractionated 

TBI was administered in 2 Gy fractions at a high dose-rate either twice daily (b. i .d.) at 6 

and 1 8  hour-intervals or continuously (cont.) every 6 hours . Long-term chimerism of 

donor LP marrow was determined from hemoglobin electrophoresis at 3 months after 

BMT and infusion of 107 bone marrow cells. (Adapted from Down et al. Blood, 77, 661-
669, 1991) 

The role of donor T-cells in allogeneic marrow engraftment is a matter of continuing 
debate. It is well established that T-lymphocytes present in the donor bone marrow inoculum 
are very potent inducers of graft-versus-host disease. To prevent GVHD, T-cells can be 
removed from the marrow by monoclonal antibodies (Waldmann et al. 1984, Prentice et al. 
1984, Filipovich et al. 1985), counterflow centrifugation (De Witte et al. 1984, 1986) or 
soybean agglutination techniques (O'Reilly et al. 1985). In murine studies no effect of T-cell 
depletion on allogeneic engraftment has been observed (see Chapter 8, Leshem et al. 1987, 
Down et al. 1992, Uharek et al. 1992b) whereas in clinical BMT a higher incidence of rejection 
was observed with T-cell depleted BMT (reviewed in Champlin 1990). One explanation for the 
apparent discrepancy between murine BMT models and human BMT with respect to bone 
marrow rejection is that in murine studies the donor marrow cell dose is adjusted for cell loss 
during the process of T-cell depletion while this is usually not possible in clinical practice. The 
procedure of T-cell depletion from human marrow may incidently deplete or damage beneficial 
donor cells such as hemopoietic or accessory cell populations that are required for engraftment 
(Dreger and Miiller-Ruchholtz 1990). This possibility encourages further efforts to modify T
cell depletion protocols for more selective removal of GVHD-initiating T-cells. Since there is 
evidence for the involvement of GVHD in decreasing the tolerance to TBI (Clift et al. 1990, 
1991, Tait et al. 1991, Down et al. 1992), its prevention may provide more opportunities for 
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intensifying radiation conditioning. 
Presensitization to (minor) histocompatibility antigens represents another significant 

clinical problem in human marrow transplantation, especially for patients that require many 
blood transfusions (Storb et al. 1991). In Chapter 8 an enhanced alloreactivity in vitro (MLC, 
pPTL) was shown to be accompanied by a very marked rejection of H-2 matched allogeneic 
marrow following recipient presensitization. The sensitization effect may be caused by dendritic 
cells present in the blood transfusions given to the recipient prior to BMT (Deeg et al. 1988). 
Rejection rates have, however, decreased due to a more judicious use of transfusions and the 
use of leukocyte poor blood products (Storb et al. 1991). Irradiation of the administered blood 
products has also been suggested as a possibility for preventing presensitization (Bean et al. 
1991, 1994). Allogeneic BMT recipients that have received prior blood transfusions clearly 
require a more intense immune suppressive therapy to circumvent the increased immune 
reactivity. However, this may be accompanied by intolerable toxicities and an increased 
susceptibility to infections due to a more immunocompromised state of the patient. 

9. 4 Effects of altered TB/ on leukemic stem cell kill 
A third target cell population that needs to be eradicated by TBI are the malignant stem 

cells, mostly those that belong to leukemias. Much of our current knowledge of leukemia 
radiosensitivity have been obtained from in vitro cell lines and highly passaged leukemias in 
animals. These systems may fail to assess the survival of resting stem cells that are responsible 
for relapse in primary leukemias and could account for the inconsistent radiosensitivities 
reported in the literature (Weichselbaum et al. 1981, Johansson et al. 1982, Kimler et al. 1985, 
Fitzgerald et al. 1986, Lehnert et al. 1986). Recent clinical findings have, however, pointed 
toward higher leukemic recurrence following protracted or fractionated TBI (Frassoni et al. 
1989, Scarpati et al. 1989, Marmont et al. 1991, Socie et al. 1991) to suggest some repair 
capacity in leukemic cells. It is important in this context to consider that certain leukemias may 
exhibit some of the hierarchical properties similar to normal hemopoietic stem cells (see section 
9. 1). There is therefore a need to invoke the possibility that different leukemias and/or different 
leukemic cell (sub)populations may similarly vary in radiation sensitivity and repair with 
residual malignant stem cells of high self-renewal remaining in a quiescent state and being 
refractory to chemo- and radiotherapy. In this respect, the approaches as described by U ckun et 
al. (1993a, 1993b) or Lapidot et al. (1994), utilizing primary leukemia cultures and SCID mice 
for growth of human leukemias, may be useful in determining the radiation sensitivity of 
leukemic cell sub-populations and to predict the most optimal radiation scheme in individual 
patients. 

9. 5 Future approaches for research on radiation responses of human hemopoietic stem cells 
Methods to assay human hemopoiesis in experimental models have recently been 

developed that may be used to see if similar variations in radiosensitivity among different 
hemopoietic subsets also exist in human bone marrow. At present few laboratories have 
succeeded in establishing assays for the growth of human long-term repopulating stem cells. In 



148 Chapter 9 

vivo systems are now available for the study of human hemopoiesis in experimental models. 
Sheep-human chimeras have been created after in utero transplantation of human fetal stem cells 
(Zanjani et al. 1992). The use of immune-deficient mice (Dick et al. 1991) as hosts for human 
bone marrow transplantation represents a more convenient system. In this case SCID mice are 
irradiated with 4 Gy and treated with exogenous human growth factors to improve human stem 
cell growth in the murine micro-environment. Reasonable levels of donor engraftment in the 
normal myeloid lineages (up to 50%) can be accomplished (Lapidot et al. 1992) and, more 
recently, growth of human myeloid leukemias was demonstrated in this model (Lapidot et al. 
1994). Umbilical cord blood stem cells, on the other hand, can be engrafted in SCID mice 
without exogenously administered human growth factors (Vormoor et al. 1994) . The 
experiments presented in Chapter 5 have shown that SCID mice could be reconstituted with 
syngeneic marrow after low TBI doses of below 2 Gy. However, SCID mice prepared with 4 
Gy had limited survival due to severe radiation damage to non-hemopoietic tissues, principally 
thymus epithelium and lung. One major drawback of the SCID-hu model is therefore the 
extreme radiation sensitivity of SCID mice. This needs to be considered when additional 
radiation or chemotherapy in human-SCID chimeras need to be applied to evaluate in vivo 
responses of human normal hemopoietic or neoplastic cells. Other immune-deficient mice such 
as RAG-2 and NOD-scidlscid mice may therefore be considered as hosts for human bone 
marrow growth (Shinkai et al. 1992, Lowry et al. 1994). 

Additionally, two methods for the growth of human bone marrow in vitro have been 
established. Human bone marrow cells capable of initiating long-term marrow cultures were 
shown to be a reasonable representation of human stem cell function. This assay allows 
quantification of LTRA from the number of clonogenic cells present at 5 weeks after initiation 
of the culture (Sutherland et al. 1989). However, assessment of frequencies at multiple time 
points requires a large culture effort that prohibits routine use. The second system comprises of 
in vitro growth of human bone marrow in CAFC cultures similar to murine CAFC. This assay 
has also shown much potential for investigations on human hemopoiesis since it can be used to 
quantify the number of different stem cell subsets such as L TRA from a limiting dilution 
analysis (Breems et al. 1994). The in vitro human CAFC system continues to undergo extensive 
research for comparison with in vivo end-points. The relationship between numbers of long-term 
repopulating cells depleted in the host and successful engraftment may be resolved from assay 
systems measuring human LTRA activity. 

9. 6 Future prospects for improved BMT conditioning 
There are still many conflicting views concerning the best way to deliver TBI in BMT 

since it is difficult to resolve all the disease and transplant related variables encountered in the 
clinic (Appelbaum et al. 1992, Appelbaum 1993, Cosset et al. 1990, 1994). The radiation
orientated studies described in this thesis have, however, revealed an appreciable radiation 
repair capacity in hemopoietic stem cells and transplant immunity that has the effect of 
compromising long-term donor marrow engraftment. Evidence has also accumulated to indicate 
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that at least some leukemias are similarly efficient at repair. Such phenomena offer an 
explanation as to why there has been no compelling therapeutic advantage of multiple dose 
fractionation over delivery of TBI in one or two fractions among the clinical BMT centers. 
While these findings also point to limitations in trying to improve on current TBI therapy, our 
increasing knowledge of critical target cell radiosensitivity does offer scope for designing other 
therapeutic approaches in BMT conditioning. In this respect, chemotherapy using busulfan or 
related compounds may be considered as an alternative to TBI. These drugs are particularly 
toxic to L TRA stem cells and provide for sustained engraftment of donor marrow in mice 
(Lapidot et al. 1989, Down and Ploemacher 1993, Down et al. 1994b) and are already 
increasingly used with some success in clinical BMT for myeloid leukemia (Santos et al. 1983, 
Copelan and Deeg 1992, Bortin et al. 1992c) and genetic diseases (Parkman et al. 1984) . 
However, as with radiation, busulfan conditioning is still troubled by severe toxicities that limit 
its application to sub-optimal drug doses (Morgan et al. 1991, Blaise et al. 1992) . These 
problems stress the need for other BMT conditioning drugs that can now be synthesized to 
specifically target resting stem cell populations confined to bone marrow and leukemia. 

Selectivity may also be better achieved in radiotherapy by localizing the radiation field to 
the principle target tissues such as lymphoid tissue and sanctuary sites (e.g. cranial and testes 
irradiation) while shielding the organs that are commonly at risk such as lung, gut, liver and 
kidneys. The application of total lymphoid irradiation (TLI) aimed at immune suppression 
constitutes such a strategy that has already shown some potential in combination with TBI for 
transplant of HLA matched and mismatched allogeneic bone marrow (Ganem et al. 1988, 
Champlin et al. 1987, Soiffer et al. 1991a) . Additional abrogation of anti-donor reactivity may 
be achieved with monoclonal antibodies against host immune effector cells (Cobbold et al. 
1986, Ferrara et al. 1990, Blazar et al. 1991, Hiruma et al. 1992) or antibodies against 
adhesion molecules (Fischer et al. 1986, Van Dijken et al. 1990) . These alternative immune 
suppressive therapies may be especially useful when TBI is exchanged for less toxic 
chemotherapeutic agents specifically designed to systemically ablate bone marrow and leukemic 
cells. 

The radiobiological studies described in this thesis contribute to our recognition of target 
cell populations in the recipient that play a pivotal role in the successes and failures of BMT. 
While TBI itself undoubtedly has efficacy and has contributed to the expanding utilization of 
BMT in the clinic, we may have to accept that its future application now hangs in the balance 
as more sophisticated therapeutic strategies begin to be realized. 
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General 
BMT 
GVHD 
HVG 
IP 
CMV 
RBC 
WBC 

SCID 
VOD 
HUS 
Autologous 
Syngeneic 

Congenic 

Allogeneic 
Semi-allogeneic 

Xenogeneic 
Chimerism 

Radiobiology 
TBI 
UHBI 
Gy 

HDR 
LDR 
SLDR 

Multi-target model 

extrapolation number (n) 

LQ-model 

GWSSARY 

Bone marrow transplantation 
Graft-versus-host disease 
Host-versus-graft (reaction) 
Interstitial pneumonitis 
Cytomegalo virus 
Red blood cell count 
White blood cell count, obtained from counting nuclei after lysis of 
whole blood samples 
Severe-combined immune deficiency 
Veno-occlusive disease 
Hemolytic uremic syndrome 
Part of the same individual/animal 
Strains of animals produced by repeated inbreeding so that all 
animals are genetically identical 
Animals that are genetically constructed to differ at one particular 
locus 
Refers to intraspecies genetic variations 
Refers to genetic differences of an offspring from two genetically 
different parents with either parent 
Refers to interspecies antigenic differences 
The situation . that cells from different distinguishable individuals 
coexist in one body 

Total body irradiation 
Upper half-body irradiation 
Gray (unit of absorbed radiation dose) ; 1 Gy= 1 Joule per kg= 
100 rad 
High dose rate 
Low dose rate 
Sublethal damage repair; SLDR can occur between dose fractions 
if cells are left for some hours before the next fraction is 
administered 
Model that assumes the presence of many targets in a cell, all 
which require inactivation to kill the cell 
Dose which reduces survival to e-1 (0.37 or 37%) of its previous 
value on the exponential portion of the survival curve 
Point of extrapolation of the exponential part of a multi-target 
survival curve on the Y-axis 
Linear quadratic model; effect (E) is a linear quadratic function of 
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T½ 
<:1./{3 ratio 

LDso130 

Bone Marrow syndrome 

Gastrointestinal syndrome 
Mitotic death 

Interphase death 
Apoptosis 

Sublethal damage 

Target cell 

F-type tissue 

H-type tissue 

Hemopoiesis 
CFU-S-8 
CFU-S-12 
CFU-C 
BFU-E 
CFU-E 
CFU-GM 
CFU-GEMM 

MRA 

LTRA 

dose (D): E=<:1.D+{3D2 

Half time of repair 

Glossary 

alpha beta ratio; describing the shape of the survival curve or the 
iso-effect plot 
Lethal dose (of radiation) for 50% of animals in 30 days after 
exposure; death is caused by the bone marrow syndrome 
Signs of hemopoietic failure as a result of irradiation (sterilization) 
of the bone marrow 
The signs and symptoms of intestinal failure 
Cell death caused by failure to complete mitosis correctly and 
produce two viable daughter cells 
Cell death in the absence of mitosis. May be identical to apoptosis 
Mode of (programmed) cell death characterized by nuclear 
fragmentation, cell lysis, and phagocytosis of dense chromatin 
bodies (apoptotic bodies) by neighbouring cells 
Nonlethal injury that can be repaired or accumulated with further 
radiation dose to become lethal 
A cell whose death contributes to a reduction in tissue function, 
usually the aim of the radiation treatment 
Flexible type tissue; tissues where all or most cells are equipped 
for specific functions and are equally capable of proliferation 
(Michalowski 1981, figure 1. 4) 
Hierarchical type tissues are compartmentalized into the stem cell, 
the transit cell and the mature cell populations that differ in their 
capacity for proliferation, differentiation, and self-renewal 
(Michalowski 1981, figure 1.4). 

Colony forming unit in the spleen appearing on day 8 
Colony forming unit in the spleen appearing on day 12 
Colony forming unit in culture 
Burst forming unit erythroid; erythroid restricted progenitor cell 
Clony forming unit erythroid; more mature than BFU-E 
Colony forming unit with granuloid and monocytic cells 
Colony forming unit with granuloid, erythroid, monocytic and 
megakaryocytic cells 
Marrow repopulating ability; a stem cell subset able to repopulate 
bone marrow in 14 days after a lethal dose of TBI with new CFU
S or CFU-C 
Long-term repopulating ability; activity of very primitive stem cells 
determined after competitive repopulation of donor and host cells 
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STRA 
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WGA 

Rh 

G-CSF 
GM-CSF 

Immunology 
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H-2 

HLA 
T-cell 

B-cell 
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co4+ 
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in a bone marrow chimera model 
Stem cell more primitive than CFU-S, this could be an MRA or 
LTRA cell 
Short-term repopulating ability, probably related to the activity of 
CFU-S like cells 
Cobblestone area forming cell, able to form a colony of 
hemopoietic cells ( > 5 cells) growing under a marrow stromal 
layer Usually named after the day on which it is scored (between 5 
and 42 days) 
Wheat germ agglutinin; lectin that can be present on cell 
membranes 
Rhodamine, fluorescent dye whose retention depends on the 
mitochrondial activity of the cell and/or multidrug resistance 
Granulocyte-colony stimulating factor 
Granulocyte/macrophage colony stimulating factor 

Major histocompatibility complex, genetic region in all mammals 
whose products are primarily responsible for rejection of allografts 
and which function in signalling between lymphocytes and cells 
expressing antigen 
Histocompatiblity complex-2, main MHC in mice, minor 
histocompatibility genes are encoded for by H-1, H-3 through H-39 
Human leucocyte antigen, the human MHC 
T-lymphocyte, arisen from a bone marrow stem cell and matured 
in the thymus 
B-lymphocyte, arisen from a bone marrow stem cell and matured 
in bursa or equivalent organ (lymph nodes in mammalian species) 
Natural killer cell, lymphocyte subclass that has the intrinsic ability 
to recognize and destroy some virally infected cells and some 
tumor cells 
T-lymphocyte subset; helper T-cells, a subclass that can help to 
generate cytotoxic T-cells and cooperate with B-cells in the 
production of antibodies 
T-lymphocyte subset 
T-lymphocyte subset; cytotoxic T-cells or suppressor T-cells 
B-lymphocyte 
Mixed lymphocyte culture 
Limiting dilution analysis 
precursors of proliferating T-lymphocyte 
precursors of cytotoxic T-lymphocyte 



172 

IL-2 
IL-3 
IL-6 
-y-IFN 
APC 
Effector cell 

Antigen 

Recombination 

Materials and methods 
HBSS 
RPMI 
PBS 
NBCS 
FCS 
BSA 
FISH 
PGK 
Gpi 
FACS 
3TdR 
1251UdR 
RFLP 
PCR 
FITC 

TCA 
PMA 
ConA 
DNA 
SSC 

Mouse strains 
B6 
B6-Gpi-1• 
BALB/c 

Interleukin 2 
Interleukin 3 
Interleukin 6 
Gamma-interferon 
Antigen presenting cell 

Glossary 

A functional concept which in context means those cells 
(lymphocytes or phagocytes) which are responsible for the end 
effect 
A molecule that induces an immune reaction; either antibody 
production or cellular immunity 
Somatic rearrangements of DNA e.g. occuring in the formation of 
genes encoding antibodies or T-cell receptors 

Hank's balanced salt solution 
Rosewall park memorial institute, culture medium 
Phosphate buffered saline 
New born calf serum 
Fetal calf serum 
Bovine serum albumin 
Fluorescent in situ hybridization 
Phosphoglyceraat kinase; enzym involved in glycolysis 
Glucose-phosphate isomerase; enzyme involved in glycolysis 
Flourescent activated cell sorter 
Tritiated thymidine 
125lodine Uridine 
Restriction fragment length polymorphism 
Polymerase chain reaction 
Fluorescein isothiocyanaat, fluorescent dye often conjugated to 
monoclonal antibodies or avidin 
Trichloro acetic acid 
Phorbol 12, 13 myrisate acetate 
concanavalin A: A mitogen for T-cells 
Desoxyribonucleic acid 
standard sodium citrate; buffered solution used for in situ 
hybridization 

C57Bl/6Jlc0; black mouse strain 
C57Bl/6J-Gpi-1 •; congenic black mouse strain with altered Gpi 
Albino mouse strain 



BALB.BlO 

B6CF1 

C.B-17 scidlscid 

W/W" 

173 

Albino mouse strain on BALB/c background with altered H-2 (H-2b 

from B6) 
(B6xBALB/c)F1 ; cross breed strain with BALB/c as male parent 
and B6 as female parent 
Albino mouse strain on BALB/c background with mutation in 
antibody production and with mutation for severe combined 
immune deficiency 
Mouse strain with macrocytic anemia 





SUMMARY 

The experiments presented in this thesis were designed to investigate the role of total body 
irradiation (TBI) in conditioning murine recipients of syngeneic and allogeneic bone marrow 
transplantation (BMT). Engraftment of donor bone marrow in relation to total body irradiation 
(TBI) dose was studied in syngeneic (B6-Gpi-t• - B6), MHC compatible (BALB.B - B6, B6 -
BALB.B) and MHC incompatible allogeneic (BALB/c - B6, B6 - BALB/c) and semi
allogeneic (B6 - B6CF1) murine bone marrow transplantation (BMT) models. The degree of 
blood chimerism was determined from the proportion of stem cell-derived donor (Gpi-1 •) and 
host (Gpi-1 b) blood erythrocytes to monitor the efficacy of TBI in providing for engraftment. 
The depletion of host stem cells by radiation was determined from the level of donor stem cell
derived erythrocytes in syngeneic BMT where more stem cell killing would lead to higher levels 
of engraftment. In addition to erythropoietic activity, hemopoietic stem cells should, by . 
definition, have the ability to repopulate other hemopoietic lineages. Hence, LTRA should be 
able to repopulate erythroid, myeloid and lymphoid lineages. Our ability to measure the donor 
Gpi-type in hemopoietic tissues other than blood now offered the opportunity to investigate 
repopulation in various lineages within one assay system. Permanent multi-lineage 
differentiation from pluripotent stem cells was investigated in the chimerism assay by comparing 
the level of engraftment in erythrocytes with engraftment in bone marrow, spleen and thymus. 
Only minor changes in erythroid chimerism were observed between 12, 20, 40 and 78 weeks 
after BMT. A time-point of 20 weeks therefore appears to be long enough for estimating stable 
donor chimerism originating from long-term repopulating stem cells. It was also found that the 
different levels of chimerism in erythrocytes correlated well with engraftment in other tissues 
regardless of genetic disparity, radiation d,ose, dose-rate or dose fractionation. The measurement 
of donor engraftment in erythrocytes at 20 weeks after BMT, as used routinely in these studies, 
appears to be a reliable estimate of multi-lineage engraftment of long-term repopulating bone 
marrow stem cells. 

Increasing radiation dose fractionation and decreasing dose-rate had the effect of restoring 
long-term host hemopoiesis and required higher TBI doses for equal donor engraftment. Most 
dose recovery occurred within the first six hours between fractions, consistent with the kinetics 
of sublethal damage repair. The late chimerism data was fitted to the linear-quadratic (LQ) 
model and indicated a relatively low a/{3 ratio (below 2 Gy) in accordance with other late 
responding tissues. The dose-rate data gave a repair half-time of 2 hours as estimated by the 
incomplete repair model. These estimates contrast with the much higher al {3 values and lower 
repair half-times derived from acute hemopoietic failure (LD50/30), with the implication that 
separate target cell populations with differing radiosensitivities are involved in these two bone 
marrow end-points. 

Comparison of radiation dose-response curves indicated that syngeneic engraftment required 
lower TBI doses than allogeneic BMT. Resistance against H-2 compatible allogeneic 
engraftment was evident at low radiation doses ( < 5 .5 Gy) but at 6 Gy and above the level of 
chimerism was comparable to values found after syngeneic BMT to indicate effective 
immunosuppression. Higher TBI doses were needed for engraftment as the immunological 
barrier was increased using fully H-2 incompatible allogeneic transplants. The high TBI dose 
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(9.5 Gy) needed for suppression of spleen endocolonies in the CFU-S assay meant that rejection 
of exogenous bone marrow was evident in this assay only across the larger immunological 
barriers. An interesting shift in the radiation dose-response curve to lower TBI doses for H-2 

incompatible transplantation was seen upon reversing the donor-host combination (from BALB/c 
➔ B6 to B6 ➔ BALB/c), corresponding to a lower level of mixed lymphocyte reactivity in 
BALB/c mice. Engraftment of B6 marrow in BALB.B recipients (reciprocal of BALB.B ➔ B6) 
was also found at lower TBI doses. These results point to possible strain-related differences in 
host radiosensitivity of target cell population(s) involved in allogeneic bone marrow 
engraftment. 

TBI dose response relationships for long-term syngeneic engraftment were determined in B6 
and BALB/c recipients to search for any differences in radiation sensitivity of bone marrow 
stem cells in the absence of an immunological barrier. Since no BALB/c mice are available that 
are congenic for Gpi-1 ,  sex-mismatched BMT was performed and then donor engraftment was 

followed from fluorescent in situ hybridization (FISH) of the Y-chromosome in circulating 
leukocytes. No clear differences between hemopoietic stem cell and progenitor radiosensitivity 
between B6 and BALB/c mice were found that could account for the lower TBI doses required 
for long-term allogeneic engraftment. Radiation cell survival curves for pPTL also showed no 
significant difference in slope (D0) but the number of pPTL per spleen in unirradiated mice was 
lower in BALB/c mice. The overall immune response of BALB/c spleen cells against B6 cells, 
as measured in mixed lymphocyte cultures, was also· lower than the response of B6 against 
BALB/c. Therefore, the level of pPTL-depletion sufficient for immune suppression to allow for 
long-term engraftment of B6 marrow in BALB/c recipients can be achieved at lower TBI doses 
than in the reverse combination (BALB/c ➔ B6). 

To further compare the radiation dose-response for long-term bone marrow engraftment 
among different mouse strains, mice with severe-combined immune-deficiency (SCID) were 
included as recipients of syngeneic BMT. The immune deficiency of SCID mice was largely 
corrected with syngeneic BMT as shown from reconstitution of lymphoid organ cellularity in 
unirradiated recipients and in recipients prepared with 1 or 2 Gy TBI. Transplantation of 1 07 

bone marrow cells into unirradiated SCID mice led to about 25 % donor engraftment in 
granulocytes but more than 90% engraftment in lymphocytes. Split chimerism is clearly evident 
and indicates preferential growth and differentiation of donor stem cells along the lymphoid 
lineage. Normal lymphocyte production from primitive stem cells may have a selective 
advantage for the correction of the defected lineage. After TBI doses of 1 or 2 Gy, more than 

95 % donor engraftment was observed in both lymphocytes and granulocytes. Other 
lymphohemopoietic tissues (bone marrow, spleen and thymus) were also fully reconstituted with 
donor cells. Complete donor engraftment at low radiation doses is consistent with the high 
cellular radiation sensitivity conferred by the SCID mutation. However, SCID mice prepared 
with 4 Gy exhibited lethal lung complications. 

The protraction of total body irradiation (TBI) to a continuous low dose rate has been 
investigated for its effect on donor marrow engraftment in three murine bone marrow transplant 
(BMT) models of varying immunological resistance and B6 mice as common hosts. Radiation 
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dose-response relationships corresponding to long-term hemopoietic engraftment at 20 weeks 
showed a dose-sparing effect of LDR that became more prominent with increasing genetic 
disparity between donor and host. For fully allogeneic (H-2 incompatible) BMT, a dose as high 
as 16 Gy LDR was still not sufficient for achieving chimerism in all recipients. In many cases 
allogeneic BMT gave transient blood chimerism enabling the recipient to survive the acute 
effects of high dose TBI with full long-term repopulation from surviving stem cells of the host. 
Radiation cell survival curves were obtained for the frequency of alloreactive precursors of 
proliferating T-lymphocytes (pPTL) remaining in the spleen at one day after TBI. A radiation 
dose sparing effect of LDR was also found for pPTL depletion and shows correlations with 
allogeneic engraftment in vivo. These data suggest that radiation damage repair during LDR 
irradiation in an immunocyte target cell population is mainly responsible for enhanced graft 
rejection thus rendering protracted or fractionated TBI less effective for application in clinical 
allogeneic BMT. 

The role of presensitizing murine recipients with donor spleen cells prior to T-cell depleted 
or repleted allogeneic bone marrow transplantation (BMT) was investigated. Recipients of TBI 
at a sublethal dose of 6 Gy and H-2 compatible bone marrow that were presensitized at 1 week 
before BMT with 2xl07 irradiated donor spleen cells showed no evidence of donor blood 
chimerism while unsensitized recipients showed about 80 % donor engraftment. After raising the 
TBI dose to 9.5 Gy an increase in mortality from marrow failure was observed in presensitized 
animals. The increased rejection rate in allogeneic BMT followed an increase in immune 
reactivity against H-2 compatible allogeneic cells after presensitization as measured by mixed 
lymphocyte cultures or pPTL determination. No significant engraftment-promoting effect of up 
to 2xl06 T-cells (20% of total marrow dose) was seen in either presensitized or unsensitized 
mice. These results support the notion that the procedure for T-cell depletion from human 
marrow may incidently deplete or damage beneficial donor cells, such as hemopoietic or 
accesory cells, and may possibly account for the high incidence of graft failure seen in the 
clinic. 





SAMENV ATTING 

Totale lichaamsbestraling (TLB), gevolgd door beenmergtransplantatie (BMT), wordt 
veel gebruikt bij de behandeling van leukemieen en andere ziekten van bet hemopoietische 
systeem (bloedcelvorming). Het doel van TLB is drieledig. Ten eerste dient bet om 
beenmergstamcellen te elimineren en daardoor ruimte te creeren voor de stamcellen van de 
donor. Ten tweede om immuniteit te onderdrukken (om afstoting te voorkomen) en tenslotte om 
de kwaadaardige leukemiecellen te doden. In mijn promotieonderzoek is vooral aandacht 
besteed aan de effectiviteit van TLB in bet bewerkstelligen van de eerste twee doelen. 

Om te onderzoeken hoe effectief TLB beenmergstamcellen kan elimineren is gebruik 
gemaakt van een syngeen muizemodel (B6-Gpi-I• --'> B6-Gpi-lh) ;  de donor en ontvanger muis 
zijn genetisch identiek ) zodat afstotingsreacties geen rol spelen. Het enige genetische verschil 
tussen donor en ontvanger is een verschil in glucose-fosfaat-isomerase (Gpi-1). Dit is een enzym 
dat in elke eel aanwezig is en gebruikt wordt in de glycolyse (suikermetabolisme). Dit enzym 
kan in muizen voorkomen in twee typen en kan daarom gebruikt worden om cellen van de 
donor (Gpi-18) te onderscheiden van cellen van de ontvanger (Gpi-lh). Deze enzymen zijn te 
scheiden door middel van elektroforese, waarna de relatieve hoeveelheid bepaald kan worden 
aan de hand van de intensiteit van de bandjes (voor een voorbeeld zie figuur 3. 1). Het 
percentage donor-type Gpi-1 is een maat voor het aanslaan van het donor beenmerg. Hoe · meer 
beenmergstamcellen gedood zijn door de bestraling hoe hoger het percentage donor Gpi-1 ( = % 
chimerisme). In het beenmerg bevindt zich een verzameling cellen die in een verschillend 
stadium van de bloedcelvorming zijn. De lange-termijn repopulerende eel (LTR) wordt gezien 
als de meest primitieve stamcel die in staat is tot continue produktie van nieuwe bloedcellen. In 
eerste instantie is nagegaan hoe donor .repopulatie in rode bloedcellen zich ontwikkelt na 
beenmergtransplantatie (BMT). Het bleek dat het percentage donor rode bloedcellen na 20 
weken (tot anderhalf jaar) niet of nauwelijks meer verandert. We hebben ook onderzocht of het 
niveau van chimerisme in rode bloedcellen overeen kwam met chimerisme in andere weefsels 
waarin cellen voorkomen die ontstaan zijn uit LTR cellen. Er is gevonden dat bet niveau van 
chimerisme in rode bloedcellen op 20 weken na BMT een goed representatie is voor chimerisme 
in beenmerg, milt en thymus ongeacht de stralingsdosis, dosissnelheid, fractionering en de 
genetische barriere tussen donor en ontvanger. Het meten van chimerisme in rode bloedcellen 
20 weken na BMT is dus een goede maat voor de functie van LTR, die in staat is tot 
differentiatie in granulocyten, lymfocyten en erythrocyten. Het niveau van chimerisme wordt 
dan bepaald door de hoeveelheid stamcellen (LTR) die door de bestraling gedood zijn en plaats 
gemaakt hebben voor donor stamcellen. TLB doses oplopend van 2 tot 8 Gy leidde tot steeds 
hogere percentages donor cellen. 

Tevens zijn de effecten op het aanslaan van beenmerg onderzocht na gefractioneerde 
TLB en na TLB gegeven met een lage dosissnelheid (LDR). Gefractioneerde bestraling houdt in 
dat de totale stralingsdosis wordt gegeven in kleinere porties met daartussen rustperiodes waarin 
cellen zich kunnen herstellen door een proces dat sublethale schade reparatie wordt genoemd. 
Dit proces kan bij LDR bestraling plaatsvinden tijdens de bestraling. De capaciteit voor 
reparatie van sublethale schade kan verschillen voor verschillende celtypen. 

Hogere TLB doses waren nodig voor hetzelfde effect op LTR cellen wanneer TLB werd 
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gefractioneerd of wanneer lagere dosissnelheden werden gebruikt. Het lineair quadratische 
(LQ)-model is een model dat stralingsdood beschrijft als een lineair-kwadratische functie van de 
stralingsdosis. Na analyse van de resultaten met fractionering en LOR met het LQ-model, werd 
een OLl{j ratio van ongeveer 2 Gy gevonden. Een lage OL!{j ratio ( s 6 Gy) wordt vaak gevonden 
bij weefsels/cellen die een groot vermogen hebben om sublethale schade te repareren. LTR 
cellen hebben dus een groot reparatievermogen in tegenstelling tot een andere subset van 
(minder primitieve) beenmergcellen (colony forming units in the spleen (CFU-S)) die zorgen 
voor bescherming tegen acute stralingsdood (LD50130; OL!{j ratio > 6 Gy). Dit verschil is een 
bewijs voor de opvatting dat LTR en CFU-S (LD50130) te onderscheiden celpopulaties zijn met 
verschillende stralingsgevoeligheid. 

We hebben ook onderzocht hoe een genetisch verschil tussen donor en ontvanger het 
aanslaan van beenmerg beinvloedt (allogene BMT). Elke eel heeft op zijn oppervlak structuren 
(MHC) die verschillend zijn per muizestam. Deze structuren, gevormd door eiwitten, kunnen 
bij een andere muizestam immuunreacties (afstotingsreacties) op gang • brengen. Genetisch 
identieke muizen (syngeen), hebben geen verschil in MHC zodat de cellen van de ene muis niet 
door de andere worden afgestoten. Bij een klein genetisch verschil spreekt men van MHC 
compatibel allogeen en bij een groter verschil van MHC incompatibel allogeen. Bij allogene 
BMT kunnen donorcellen wel afgestoten worden en wordt het niveau van chimerisme dus niet 
alleen bepaald door stralingsdood van beenmergstamcellen maar ook door de overlevende 
immuuncellen verantwoordelijk voor afstoting. Bij een kleine genetische barriere tussen donor 
en ontvanger (MHC compatibel; BALB.B -+ B6) bleken bij TLB doses beneden 5.5 Gy geen 
donorcellen aantoonbaar te zijn. Dit betekent dat minimaal 6 Gy nodig is om immuuncellen, die 
afstoting veroorzaken, te inactiveren. Bij TLB doses boven 6 Gy was het niveau van 
chimerisme vergelijkbaar met syngene BMT. Dit suggereert voldoende immuunsuppressie en het 
niveau van chimerisme is nu afhankelijk van de hoeveelheid overlevende beenmergstamcellen. 
Bij een grotere genetische barriere (MHC incompatibel; BALB/c -+ B6) waren veel hogere 
doses nodig ( �  9.5 Gy) voordat het donorbeenmerg aan kon slaan. Deze dosis (9.5 Gy) wordt 
gebruikt in de CFU-S assay om de vorming van eigen CFU-S in ontvanger muizen te 
onderdrukken en de groei van donor CFU-S te kunnen onderzoeken. Omdat bij allogene (MHC 
incompatibel) BMT na 9.5 Gy nog afstoting plaats kan vinden, was in deze combinatie ook 
afstoting aantoonbaar met de CFU-S assay, wat resulteerde in een verminderde groei van MHC 
incompatibel allogene CFU-S. Een steile TLB dosis respons curve voor lange-termijn 
chimerisme werd gevonden na allogene BMT, wat een abrupte opheffing van immuniteit tegen 
donorcellen suggereert . Daarentegen werd bij semi-allogene BMT (BMT met beenmerg van 
vader of moeder; B6 -+ B6CF1) een minder steile dosis-respons relatie gevonden, waarschijnlijk 
doordat de immuunreactie tegen semi-allogene cellen niet een alles-of-niets reactie is zoals tegen 
allogene cellen. 

Een interessante vinding was de verschuiving van de dosis-respons curve voor allogene 
BMT wanneer de donor-ontvanger combinatie werd omgedraaid. B6 muizen werden nu als 
donor gebruikt en chimerisme werd al bij lagere TLB doses gevonden in zowel BALB.B als 
BALB/c ontvangers. Dit verschijnsel kan twee oorzaken hebben. Ten eerste door een verschil in 
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stralingsgevoeligheid van beenmergstamcellen en ten tweede door een verschil in 
stralingsgevoeligheid van immuuncellen die afstoting kunnen veroorzaken. De eerste 
mogelijkheid is onderzocht door syngene chimerisme in B6 en BALB/c te vergelijken met 
behulp van sex-mismatched BMT (vrouwelijk beenmerg getransplanteerd in een mannelijke 

muis) . Het mannelijke Y-chromosoom werd aangetoond met fluorescentie-in-situ-hybridisatie 
(FISH) . Het relatieve aantal vrouwelijke cellen (geen Y-chromosoom) is een maat voor 
chimerisme. Geen verschil kon aangetoond worden in stralingsgevoeligheid tussen B6 en 
BALB/c beenmergstamcellen. Ook is de stralingsgevoeligheid van pPTL (cellen betrokken bij 
immuunreacties tegen allogene cellen) in B6 en BALB/c vergeleken. De helling van de 
overlevingscurve van pPTL was niet verschillend, maar bet aantal pPTL was lager in 
onbestraalde BALB/c dan in onbestraalde B6 muizen. Het verschil tussen BALB/c -+ B6 en 
BALB.B -+ B6 enerzijds en B6 -+ BALB/c en B6 -+ BALB.B anderzijds, kan dus niet worden 
verklaard door een verschil in stralingsgevoeligheid van beenmerg of immuuncellen, maar bet 
niveau van depletie van pPTL nodig voor immuunsuppressie kan in BALB.B of BALB/c muizen 
al bereikt worden bij lagere TLB doses dan in B6 muizen. In SCID muizen (deze hebben een 
immuundefi.cientie doordat geen rijpe T- en B-lymfocyten gevormd kunnen worden) kan al 
volledige chimerisme gevonden worden na 1 of 2 Gy. Dit wordt waarschijnlijk veroorzaakt door 
een algehele hoge stralingsgevoeligheid in SCID muizen. Zelfs zonder TLB sloeg bet 
transplantaat aan: 25 % in granulocyten en 90-95 % in lymfocyten. Een verschil in percentage 
chimerisme tussen verschillende bloedceltypen heet split chimerisme en komt waarschijnlijk 
doordat vanuit LTR cellen relatief meer cellen zich tot lymfocyten ontwikkelen dan tot andere 
bloedcellen, omdat er, door de immuundeficientie, een grotere behoefte is aan gezonde 
lymfocyten. 

Het gebruik van TLB met een lage dosissnelheid bij allogene BMT is onderzocht en bet 
bleek dat bet verschil tussen lage en hoge dosissnelheid (HDR) groter werd naarmate bet 
genetisch verschil tussen donor en ontvanger toenam. Bij de gebruikte lage dosissnelheid zijn 
immuuncellen dus, nog meer dan beenmergstamcellen, in staat tot reparatie van sublethale 
schade. In veel gevallen werd in ontvangers van allogene BMT een tijdelijke chimerisme van 
donorcellen gezien gevolgd door late afstoting van het donor beenmerg. Deze tijdelijke 
chimerisme heeft de ontvanger door de kritische periode, ontstaan door de acute effecten van 
hoge dosis TLB, heen geholpen. De late afstoting werd waarschijnlijk veroorzaakt doordat zich 
nieuwe anti-donor reactieve immuuncellen ontwikkeld hebben vanuit overlevende stamcellen van 
de ontvanger. De capaciteit om sublethale stralingsschade te repareren is ook onderzocht in 
pPTL. Ook in deze cellen werd een groot verschil gevonden tussen HDR en LDR TLB. De 
verschillen waren bij de immuunreactie van B6 cellen tegen BALB.B cellen (MHC compatibel) 
vergelijkbaar met in vivo chimerisme. De immuunreactie tegen BALB/c cellen liet zien dat een 

subpopulatie van immuuncellen veel minder stralingsgevoelig is. Deze populatie zou ervoor 
kunnen zorgen dat beenmerg (MHC-incompatibel allogeen) nog bij zeer hoge TLB doses 
afgestoten kan worden. 

Tevens is bet effect van T-lymfocyten en pre-immunisatie met donorcellen op 
chimerisme van allogeen beenmerg onderzocht. Pre-immunisatie (presensitisatie) van ontvangers 
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vond plaats door 1 week voor TLB en BMT 2x107 miltcellen van de donor in te spuiten. In 
allogene BMT (MHC-compatibel) werd hierdoor het immuunsysteem zodanig geactiveerd dat 
alle ontvangers bet getransplanteerde beenmerg acuut afstootten. Dit werd gezien na zowel 6 Gy 
als na 9.5 Gy TLB. Na 6 Gy kon bet hemopoietische systeem van de ontvanger nog berstellen, 
maar na 9.5 Gy stierven alle muizen door beenmergaplasie (te weinig beenmergcellen (CFU-S) 
over om snel nieuwe bloedcellen te maken). In MHC-incompatibel allogene BMT werd niet 
meer afstoting gevonden in gepresensitiseerde ontvangers dan in onbebandelde muizen, 
waarscbijnlijk omdat de immuunreactiviteit zonder presensitisatie al erg boog is en dus niet veel 
extra activatie van bet immuunsysteem mogelijk is. Deze resultaten komen overeen met bet 

ontbreken van een verschil in immuunreactiviteit in vitro tussen gepresensitiseerde en 
ongesensitiseerde muizen bij MHC incompatibel allogene BMT. Bij MHC compatibel allogene 
BMT werd in vitro wel een toename in immuunreactiviteit in gepresensitiseerde muizen 
gevonden. In geen enkel geval hadden T-lymfocyten een groot effect op bet niveau van 
chimerisme na allogene beenmergtransplantatie. Dit in tegenstelling tot BMT in de kliniek waar 
meer afstoting gevonden wordt als alle T-lymfocyten uit bet beenmerg verwijderd worden. Dit 
verscbil kan veroorzaakt worden doordat andere subtypen T-lymfocyten aanwezig zijn in 
bumaan beenmerg dan in muizebeenmerg. De T-lymfocyten in humaan beenmerg zouden 
bijvoorbeeld de groei van beenmerg beter kunnen bevorderen dan T-lymfocyten uit 
muizebeenmerg. Een andere mogelijkheid is dat de methode van T-depletie van humaan 
beenmerg tevens leidt tot beschadiging of verlies van stamcellen of van cellen die de groei van 
het donor beenmerg bevorderen. 
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