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SUMMARY

It has been known for some time that filtration of a heterogeneous
population of lymphocytes through a nylon wool ¢olumn will produce an
eluate containing almost exclusively T lineage lymphocytes. Results
presented in this thesis show that filtration of thymus lymphocytes
through nylon wool produces a subpopulation which exhibits both a
greater mutual adhesiveness and a temporary difference in localisation
patterns when injected back into syngeneic recipients as compared to
the unfiltered population. Further analysis of the adhesiveness and
localisation patterns of filtered and unfiltered T lymphocytes derived
from lymph nodes was useé in an attempt to support the hypothesis that
the in vivo localisation characteristics of a lymphoid cell can be pre-
dicted from its in vitro adhesiveness to like cells, The data,‘ however,
was not compatible with this concept which was rejected as being too

simple,

It was found that the localisation of particular radioactively labelled
lymphoid cells eould be disrupted by the simultaneous injection of a
large number of unlabelled lymphoid cells of a homogeneous lineage.
This effect is not thought to be the result of physical obstruction by the
extra cells but rather due to substances released by the unlabelled cells
whieh alter the interaction of the labelled cells with resident and circu-

lating cells within the lymphoid system.

The presence of substances released by lymphoecytes which can modulate
the interactions between lymphocytes of the opposite lineage has been
previously reported. The effect of these substances, interaction

modulation factors (IMFs), on the localisation of injected labelled



lymphoid cells was studied and the results suggested that the effects
seen after treatment of injected labelled cells with large numbers of
unlabelled cells could possibly be attributed to the release of large

amounts of IMFs by the latter cell type.

The stages of lymphocyte circulation and their possible control mechan-
isms are discussed in depth but none can adequately explain the overall
positioning patterns that are displayed by lymphoid cells. The action
of IMFs in vivo is put forward as an overall control mechanism of
lymphocyte circulation and is compared with other theories which have
been suggested to explain the specific sorting-out of cells in embryonic

and morphogenetic systems.



To doubt everythin# or to believe everythin#
are two equally convenient solutions! both

dispense with the necessity of reflection*

Jules Henri Poincard (1857-1912)
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INTRODUCTION



CHAPTIER ONE

INTRODUCTION

The necessity for a cell to b able to specifically migrate from
one point in an eryganism to another is fundamental to development
and survival (see Trinkaus 1969), Stem cells in the embryo must
be able to ponulate and proliferate in particular orgarne, but
migrational cpecificity iz al=o crucial in adult life as is evident
from the moverr;ents of certain motile blood cells. The exact
positioning and functioning of thece cell types is essential in the
body's constant fight again:t disease and any deviations from the

normal have disastrous conscquences,

The presence of active motile blood cells has been known for almost
a century due to the pionecring studies started by Virchow and
Metchnikoff., HHowever, the majority of the observatiois on thesc
cell types, at least until thirty years ago, was the recult of pains-
taking work with the light microccope and often little consicderation
was given to the correlation with function and movement in vivo,
The polymorphonuélear leucocytes (PML) were known to be able

to phagocytose foreign objects in vitro but how they recognired and
acted on such objects in vivo was a.complete mystery. The know-
ledge of lymphocytes was also vague; they were known to be involved
in the body's immune system, but, in the absence of our present

knowledge of the immunoglobulins, their action remained unknown.



During the 19508, it was realised that white blood cells had an innate
ability to home to active or inflamed regions while under normal
cireumstances, some of these cells remaincd in vasecular circulation,
moved passively by fluid flow and the remainddr were stationary

within particular organs.

Today, we know where almost all white blood cells miprate to, what
can stop their migration, what can enhance it, what thev cc when
they rcach a particular place and generally all there is to know about
the "private life' of such a cell. What we do not know is what
happen- in the "mind” of the cell - why, under normeal circumstances
with ro infeetion, should a ¢ell eirculate and not become trapped in
organs along with similar, thourh not identical compatriots. The
theory has been put forward that lymphoid cell recirculation oceurs
to better the charnce of a particular antigen-sensitive c¢ll meeting a
specific antigen on its presentation., This is a feasible suggestion
since only one in a million cells will be sersitive to a narticular
antinen (Ford 1975)., However, the fact that recirculation occurs in
the fcetus, which is immuroclosically immature, makes this theory

slightly cdubious.

In this particular study, tho role of intercellular adhesion as a
possible control mechanism ir: lymphocyte traffic will be discussed
in the licht of present and past experiments. That these control
mechanisms have implications in the aetiology of certain diseases

is narticularly evident in the case of mycosis fungoides. This



couisiition i manifested by a sclective migration ol one lymphoid
cell type to the skin resulting ia bizarre dermatological disorders
aud immmunological defects resulting from the loss from circulation

of that ccll type (Coos et al 1976).
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TH PROPIRTIVG AND S0 R “TION OF B "ND T LYMPHOCYTES

o

For many of the localisation experiments undertaken, it ha- been
neeessary to attempt to produce cells of a homogeneous lincage,
i.e. T or B. Inthis chapter, some of the major differences between
T and B cells will be revieved with reference to their separation

and the validity of using th: separated cells for circulation rtudies.

That thers are two lineaze: of lymvhoeytes in mammoals has been
known for some time, although the classification inte T and B types
wan arly made falrly recently (Roitt et a1 1969), lowever, the
ontopeny of these two type: remﬁins ebscni-e. Lymphocyte = probably
arise from multipetential stem cells originally in the yolik sac whiceh
migrate to the foetal liver and bone marrow and then to the primary
lymphoid tissues to be subszequently processed (Stutman 1976).

Celly migrating to the thymus ((HHarris et al 1964) develop T cell
characteristicr (Stutmar ¥ Good 1971), but only a small number of
these cells ever develop further into peripheral T cell: and migrate
from the thymus (Bryant 197:). The latter cell type probably arises
in the thymic medulla where o semall population (3 - 57") has been
found which is relatively inzoncitive to the effects of radiation and
corticosteroids (Blomaren © “ndevsson 1969, 157, i977) and shares
many attribute: characterictic of peripheral T cello (Raff 1971,

naff - Owen 197!), Since the majority of thymoceytes nre renidly

Aivicine (Metealf . Wiacrowski 1966, Joel ot al 12977}, those cells



not destired to become peripheral T cells must either die in sita

or migrate from the thymus to be reprocessed or die elaevwhere
(Bryant i97i). It has recently been sugpested that the differentiation
of ¢ eell subeclasges is not due to sequential stages of a single path-
way, but rather duz to separate lines of differeantiatioa arising in

carly foctal life (Goldschneider 1976, :uber et al 1976, Papiernik

et al i77).

The nrocesiting of B lineane lymnhoeytes in mammals is cot well
understood at all, In bird.., stem cells migrate into 2 rut-a~coeciatec
primary lymphoid orcan, the Bursa of Fabriciug, wherein they 2re
processed, iollowed by migration in 2 mature form to perinheral
tissues (Moore & Owen 1966, Durkin et al 197:, de Kruyff et al
1975). That B cells are found in the avian thymus and | cells in
the Bursa has presented an a. yet unexplainec problem. Mammals,
however, possess no orgasn which has definitely been assigned
‘Bursal’ functions althouph both {oetal liver and bore marrow are
kaown to wive rise to stem cells which can differentiate in situ to
iorm B lymphocytez. Oweu et al (1677) have deseribed a pathway
of cells foun: in foetal liver aud bone marrow showing cytoplasmic
Iz3! vhich cevelop into cells o:hibiting surface IgM (characteristic
oi more mature B cells) in the bone marrow only. Adult bone
marrow contains very few tally differentiated B ceils {Bacten et al
1$71), but still eontains mauy lgM positive cells which can further
nevelop into mature B cells which are Igd or Ig” positive (Osmond

et al 1076). Most of the zut a.sociated lymphoid tissues (G2 LT)



have been suggested at one time as having "Bursal” functions
(reviewed in Greaves et al 1974). In the rabbit* Peyer's patches*
aggregates of lymphatic nodules along the length of the small
intestine, have been suggested as being a Bursal equivalent from
studies after their surgical removal (Faulk et al 1971), but since
this technique requires major surgery on the experimental animal,
a large disruption of the lymphoid system status quo would inevitably
result. Another observation on Peyer’s patches has suggested that
they show the characteristics of peripheral rather than central
lymphoid tissue (Perey k Milne 1975). Thymus cells are known

to migrate to the Peyer’s patches of newborn mice (Joel et al 1971)
and to the GALT of young rabbits (Barg & Draper 1975) and they
have been found to contain all the known T cell subsets which act

in the Graft-versus-Host reaction (Vuitton et al 1977). Thus,
although it seems that Peyer’s patches can hardly be a central B
cell processor due to theixTcell function and content, Perey et al
(1968) found that removal of the appendix, sacculus rotundus and
Peyer's patches, followed by lethal irradiation and foetal liver
reconstitution, in rabbits abolished the antibody response to certain
antigens. This observation may, in fact, argue for a possible
"Bursal" function of the appendix, but a study by Nieuwenhuis (1971)
found no evidence to suggest that it might be a central lymphoid
organ. Clearly, then, the GALT as a whole have some role in B
cell development, but at the present time there is little more

definite evidence.



Although all lymphocytes have a common origin,the subsequent
processing in the central lymphoid organs produces cells with

very different physical, chemical and biological properties. These
differences allow easy identification of each type and provide the
basis for many separation techniques. The classification of cells
into T and B as discrete categories is somewhat misleading and
applies rather more to the developmental pathway than the finished
product. Mature B cells have been found with characteristics which
are usually attributed to T cells and vice versa, not unlike the
division between female and male as sexes, who, although developing
in a similar way, have diverged into the two forms which neverthe-

less retain characteristics of both types.

One aspect which exhibits this feature is the electrophoretic mobility
(EPM) of the various lymphocyte types. The FPM is a function of
the overall charge on the cell and is mainly due to the chemical
make-up of the cell surface components. The thoracic duct lymph
(TDL) of rodents contains 70-90% of cells classified as T lineage
(Raff 1969), and studies on the EPM of TDL lymphocytes prior to
this work (and the original classification by Roitt et al(1969))

showed that there are two electrophoretically separable populations
of small lymphocytes (Ruhenstroth-Bauer & Llicke-Huhle 1968).
They found that 77% of cells (designated type B, though confusingly
not B lymphocytes) had a consistently higher EPM than the remaining
23% (type A). Moreover, type A lymphocytes were larger than

type B, (although they were all classified as small lymphocytes),



were depleted by whole body radiation of 800R, and were directly
correlatable numerically with the number of antibody producing cells.
This suggests that type A were B lymphocytes and type B were T
lymphocytes. This point has been confirmed by many other workers
(e.g. Nordling et al 1972, Sundaresan et al 1975). One interesting
point was that blood was found to contain almost all type A cells

(B lymphocytes) whereas other evidence from surface markers
suggests that the majority of blood lymphocytes (about 75%) are T
type cells (Raff 1969, Vassar et al 1976). Clearly then, alth ugh
the EPM of a cell is a rough guide to its lineage, the use of the
technique of preparative cell electrophoresis to produce homogeneous
T and B populations is not entirely valid although used in the past

(von Boehmer et al 1974, Zeiller et al 1972).

The advent of the scanning electron microscope (SEM) was hoped
to provide many of the anawers about the ultrastructural details of
the cell surface. This may undoubtedly be so in some fields, but
in the realm of lymphocyte biology it has led to some very fierce
controversy. In a study of the surface morphology of murine B
and T cells (Polliack et al 1973, 1975), it was stated that T cells
were "smooth’land B cells "villous". This finding was confirmed
by Padnos (1976) using Hoffman modulation contrast microscopy
with cell suspensions and smears, supposedly involving less handling
of the cells likely to cause artefacts. However, similar SEM
studies on human and murine cells failed to reveal such differences

(Alexander i. Wetzel 1975, Alexander et al 1976, Newell et al 1976)



and suggested that the preparation technique produced the "smooth"
cells. It is likely that lymphocytes undergo continuous changes of
surface morphology as they mature, divide, circulate and interact
with other cells during normal in vivo functioning (Alexander et al
1976), In a particularly elegant study of lymphocytes migrating
through the high endothelial venules (HEV) of lymph nodes, van Ewijk
et al (1975) concluded that recirculating T and B cells have numerous
microvilli which are necessary for the initial interaction with the

HEV cells. Once diapedesis between the cells begins, the microvilli
are withdrawn, only to reappear when the cells are back in circulation.
However, Loor k H&gg (1975) found villi on recirculating and sedentary
cells, contrary to van Ewijkls results, and also that sodium azide

did not inhibit the villi which were suggested to be microfilament
supported. These results are particularly interesting in the light

of experiments by Ford et al (1978) on the mechanism of passage of
lymphocytes through HEVe and will be discussed in a later section.
Whether the villousness of the cells is that significant remains to be
seen, but certainly the concept of different degrees of villousness on

B and T cells finds some support from the nyjon wool separation

experiments discussed later.

Obviously the best methods of separation (or rather enrichment) of
lymphocyte sub-classes utilise the different surface components.
In many instances this has involved the selective retention of B
cells on some type of substrate leaving the T cells unbound. On B

cells the presence of surface-bound immunoglobulin, receptors for



C3-complement and the Fc units of antibodies has made this problem
easier. T cells display a paucity of known surface antigens; in
rats and mice, a brain-associated T cell specific antigen designated
Theta has been reported (Reif k Allen 1964) which has subsequently
been renamed Thy i and is a glycoprotein of 25,000 daltons molecular
weight (Letarte-Muirhead et al 1975). However, in a recent report
it has been suggested that B lymphocytes in the rat are derived from
Thy 1-positive cells in the bone marrow with the result that this
antigen cannot be reliably used as a marker for T lineage lymphocytes,
at least in the rat (Hunt et al 1977), A Thy 1-type surface antigen
has been isolated in humans but does not appear to be a marker for
thymus lymphocytes and is found mainly on thymic epithelial cells
(Arndt et al 1978). The recent discovery of the Ly antigen series
may also provide a useful basis for subsequent cell separation
(Cantor &k Boyse 1975). Separation techniques utilising surface
antigens have involved the selective binding of B cells to anti-
immunoglobulins bound to polymethylmethacrylate beads (Basten

et al 1972, Campbell L Grey 1972, Wigzell & Andersson 1969) or
Sephadex beads (Chess et al 1974) although the latter has been
criticised due to the fact that passage of B cells through the column
may cause surface immunoglobulin and Fc receptors to become
masked and thus remain undetected in the eluate (Karpf et al 1975).
However, in a more recent report, the use of C3-complement linked
to Sepharose did not encounter such a problem (Casali ™ Perussia
1977). These separation methods supposedly produce pure popu-

lations of T lymphocytes leaving the B lymphocytes bound (they can



usually be eluted but often become damaged in the process) but the
large quantities of antisera needed for the columns makes it an
inviable technique in a small laboratory. No anti-T cell column

purifications of B cells appear to have been widely used.

One of the most extensively used but least understood of the separ-
ation techniques involves the use of nylon wool columns which
specifically retain B lymphocytes (Bianco et al 1970, Julius et al
1973). The specificity of the technique is extraordinary in that

from a heterogeneous input, the cluate contains around 95% T lineage
cells. How the selective retention works is a mystery, although

the suggestions from SEM work that B cells are more villous than

T cells, and hence are trapped, may have some bearing on the
mechanism. Subsequent removal of the B cell population has been
achieved by mechanical disruption of the column although the cells
have a low viability and are very mixed in lineage (Trizio & Cudkowicz
1974, Handwerger k Schwartz 1974) but the use of disaggregation
agents such as calcium- and magnesium-free medium or EDTA

failed to release the bound cells (C. W. Evans, personal communi-
cation). The fact that the technique is temperature and serum
sensitive indicates an active process, although incubation of the
columns in the cold after elution of the T cell population does not
cause the release of adherent cells (personal observation). A further
twist to the mystery was added in the report that passage of thymocytes
through a nylon wool column produced a subpopulation with a greater
mutual adhesiveness than that of the input population (Evans k

Davies 1977). This suggested that when used for the separation of

B and T cells, some T ceils might remain bound to the columns as

11 .



well, and that the eluted subpopulation might be a specific sub-class
of T cells. Although Wiig (1976) found this proposition to be false
from the point of view of T lymphocyte localisation patterns, the
results of work reported in this thesis conflict with his findings.
Thus, although the technique ia quick, cheap and efficient in the
purification of T cells, the resultant population should not be expected
to contain a full complement of T cell subsets and thus, care should

be taken in subsequent interpretations.

Other separation techniques have involved the binding of B cells via
their complement receptors to a solid phase (usually sheep red

blood cells) and their subsequent removal by differential centri-
fugation; separation of fluorescently labelled subsets in a fluorescence-
activated cell sorter (Cantor et al 1975); by specific agglutination of
one cell type vith lectins (e.g. Heisner et al 1976); density gradient
centrifugation (BAyum 1968, Morrison 1967, Raidt et al 1968, Tse &
Dutton 1976) and a host of more or less complex methods (reviewed
by Hunt 1978). The type of separation to be used depends on the
experiment - in the instance of recirculation experimente, the best
source of f cells is from thoracic duct lymph (70-95@" T cells) and

B cells from adult thymectomised, irradiated and bone marrow
reconstituted animals. As the former technique in mice is extremely
difficult, some of the separation techniques described here have to

be used, and interpretations using these cells must be made with

discretion in the light of the problems mentioned.

12 .
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CHAPTER THREE

RECIRCULATION AND ITS CONTROL MECHANISMS

The words migration, localisation, recirculation, traffic, homing
and ecotaxis are among the many found in the literature concerning
cell movements which have similar meanings. At the out3et of

this appraisal of the knowledge of lymphocyte movements, it is as

well to define each term as it will be used here.

Migration, as referred to the movement of neural crest or primordial
germ cells in the embryo or neutrophils to a site of inflammation in
the adult, implies a movement from one site to another, the latter
site being more or less permanent. However, migration as applied
to birds suggests, as in their migration from Britain to Africa, a
degree of transience as the majority of birds will return to Britain

at the start of the season, a feature which has more in common with
the recirculation of lymphoid cells, shortly to be* described. Thus,
neural crest cells migrate to various different areas to make up,
amongst other organs, parts of the adult nervous system and

teeth (Chibon 1967), primordial germ cells migrate to prospective
gonad areas (Meyer 1964) and neutrophils migrate into areas of
inflammation (Grant 1973) - all one way movements. The migration
of lymphocytes in this instance will be regarded as a part of the
process of recirculation, a temporary stop for cells en route.

The use of the word homing in lymphocyte studies has been a mistake.
By definition, homing means to return to the normal place of

residence, a feature not normally exhibited by cells. Chick embryo



cells, when introduced into the venous system, failed to home to

their tissue of origin (Burdick 1968). Lymphocytes are often
described as "homing to the lymph nodes"” but this usually means
"migrating to the lymph nodes". Ecotaxis, coined by de Sousa (197i),
implies more "discrimination” on the cell's behalf - i.e. thymus

cells in circulation will localise preferentially in thymus-dependent
areas of the lymphoid tissues. However, since it may be the inter-
actions between cells, rather than the action of the cell itself, that
governs this process, the use of the term ecotaxis may not be entirely

correct.

Recirculation is the movement of a cell from one point back to the
same point via various different organs within a short space of time
like a car being driven around an urban ring road. Thus, recir-
culating lymphocytes in the blood migrate through lymph nodes into
lymph and return back to the blood in the course of a day or so,
thence to repeat the process once more (e.g. Sprent 1973). As

far as is known today, the process of recirculation as described is
unique to lymphoid cells and requires a high degree of selectivity for

the migration of only certain classes through the lymph nodes.

In the results presented in this thesis, localisation is used to des-
cribe the number of cells to be found in a particular organ after a
particular time following intravenous injection. It does not imply
any degree of recirculation or ecotaxis as there is insufficient

evidence from this type of experiment to draw any further conclusions.

14 .



Overall, the movement of any cell type, by any means to any place,
can be called traffic. This chapter will deal specifically with
lymphoid cell traffic and some experiments which may throw light

on its control.

To retrace the history of experiments leading to our present know-
ledge of lymphocyte recirculation would be pointless when many
modern reviews are available which cover the subject in more detail
than would be possible here (Greaves et al 1974, Ford 1975, de
Sousa 1976, Sprent 1977). However, certain key and more recent

experiments will be mentioned to pave the way for further discussions.

The majority of studies on lymphocyte recirculation was initiated by
the classical work of Gowans and co-workers (Gesner & Gowans
1962, Gowans 1959, Gowans & Knight 1964) on the output of small
lymphocytei? from the thoracic duct of rats and mice with indwelling
cannulae. The results of these exoeriments showed that the output
of small lymphocytes is maintained by the recirculation of cells from
the blood to lymph through lymph nodes and Peyer's patches. The
time taken f-or a cell to circulate from blood to lymph (essentially
the blood to blood time) varies between 12 and 36 hours in mammals
and rather quicker in other vertebrates (de Sousa 1976). Although
the concept of blood-lymph aa the major route of recirculation is
almost universally accepted, it has been suggested (at least in the dog)
that most cells entering the lymph node arrive via the afferent lymph
rather than from the blood (Sainte-Marie et al 1975) although Hall &
Morris (1965) found more lymphocytes in efferent than afferent

lymph which suggests that the excess is due either to an influx of
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recirculating cells from the blood or from cell division within the
lymph nodes. Both these explanations are probably true, but the

crux of the argument put forward by Sainte-Marie (1975) is that

Gowans & Knight (1964) did not produce enough evidence to prove

that high endothelial venules (HEV) are the sole site of entry of lympho-
cytes into the nodes to account for the numbers of cells appearing

in the thoracic duct lymph, amounting to an average of about 3.5 x 10
cells/hour in the mouse (Boak & Woodruff 1965). The problem of

the explanation of cells arriving from the afferent lymph i3 the origin
of these cells - afferent lymph drains tissues but it is highly unlikely
that lymnhoid cells migrate from blood outside the blood-lymph

circuit since very few lymphoid cells migrate from blood to non-
lymphoid tissues (Rannie & Donald 1977) and cells, once outside the
blood-lymph system, very rarely return to circulation, at least

under normal conditions when the cells are not stimulated (Hollingsworth

& Carr 1972).

Perhaps the most pertinent question of all concerning recirculation
is why it should occur in the first place. The explanation usually
given is an essential part of the interpretation of the clonal selection
theory of antibody production put forward by Burnet (1959)* This
theory was suggested to explain how a rapid antibody response could
be initiated towards an antigen never before encountered by the
immune system. It was supposed that there are, in the lymphocyte
system, cells which are sensitive to a particular antigen (why they
are sensitive is another problem), probably amounting to about one

cell in a million. Contact with antigen would cause this cell to



proliferate into a clone of antibody producing cells, However, in

a system of static lymphocytes, the chance of an antigen meeting a
cell sensitive to it is minimal, but if the cells were able to recirculate
throughout the blood-lymph system, then the chance would be much
greater, De Sousa (1976) argues that since the blood circuit itself
covers all parts of the body, then recirculation from blood to lymph

is unnecessary - as demonstrated by the pig which has a poorly developed
lymphocyte circulation system (Binns & Hall 1966) and yet can

mount normal primary and secondary antibody responses. Since

the pig has anatomically uniqu: lymph nodes, then there is some
reason to believe that it might be a special case. The assumption
that the blood system covers the whole body is also not entirely true
since it will not enter the actual tissue of a lymph node itself, the
expected site of trapping of a non-blood borne antigen (Zatz 1976a).
Further evidence for this suggestion is that the sequestration of
lymphocytes by antigen in the spleen (originally blood-borne) is
brought about by diffc rent cells and by a different mechaniam to that in
the lymph nodes (Zats 1976a & b}, Thus, for a complete dissemi-
nation of immunglogical ability, recirculation would seem to be
necessary, but thi; suggests that only cells carrying immunological
"memory'' can circulate which is unlikely in the light of the finding
that recirculation occurs in the foetal lamb (Pearson et al 1976),

which we are led to believe is immmunologically virgin, but by the
definition of the clonal selection theory must contain at least some
antizen sensitive cellz., Iiowever, in a study of materno-foetal

responses to Mycobacterium leprae, it was found that a low molecular
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weight substance released by lymphocytes crossed the placenta and
sensitised the foetal lymphocytes (Barnetson et al 1976). Recircu-
lation from blood to lymph, it would seem, is a physiological property
of the cells themselves whether they be virgin or memory; undoub-
tedly cells can be stimulated to recirculate by antigen (Strober &

Dilley 1973, Gery et al 1977), but initially the surface fcatures of

the cell must be of prime consequence.,

Having discussed the need for a recirculatory system, what classes
of lymphocyte have been found to traverse the ""blood-lymph' barrier?
It is assumed that if a cell is found in thoracic duct lymph, it is a
recirculating cell, On the whole, this is true and it can be considered
that most cells were probably in the blood no more than 18 hours
previously. However, the input of cells which have divided in the
lymph node and have been released, which cannot rightly be called
recirculating celle, must be considered (Hall & Morris 1965).
However, most of the studies on circulation have utilised radio-
actively labelled cells introduced into the blood, so we can be fairly
certain that they are of the circulating pool if they appear in the
thoracic duct lymph (TDL). The majority of these cells are of a

T lineage (Sprent 1973) but up to 20% may be B cells depending on the
animal studicd., Using the. "B' rat, produced by adult thymectomy,
lethal irradiation and bone marrow cell reconstitution of rats,

Howard and co-workers (197Za 3 1972b) found that the thoracic duct
lymph contains B lineage cells which are predominantly long=~lived

whereas the frequency of short-lived B cells is the same as in



normal lymph. These recirculating long-lived B cells take much
longer to reach the thoracic duct lymph than normal TDL cells due

to their taking a more tortuous route of movement through the lymph
node. Thus, although the route of entry of both cell types is the
same (Zutman & Weissman 1973, Nieuwenhuis & Ford 1976), T cells
are more quickly mobilised on thoracic duct drainage than B cells.

It has been suggested that immature B cells are short-lived and do
not recirculate which is in some respects true in that B memory
cells are able to recirculate (though probably not all do so) and
short-lived cells do not contribute much to memory (Strober &

Dilley 1973). However, it has been found that memory B cells,
although recruite‘é from the recirculating population in the secondary
response are only recruited from the sessﬁe B cell population in

the primary response (Smith et a1l 1970). The argument from this
experiment is that recirculation of B cells is not a memory pheno-
menon and hence is not antigen driven, That memory B cells are
somewhat different is suggested by the observation that they can
migrate to th: thymus (Benner et al 1977) and that circulating B cells,
accumulating in a stimulated lymph node are found in the T-dependent
area {Gery et al 1977). Ffom this mass of confusing data, it can

be seen that T and B cells can be recirculating or sessile, virgin

or memory, adding further support to the hypothesis that recirculation
{s a phenomenon of lymphoid cells and the tissues they migrate

through rather than as a result of antigenic stimulation.

The recirculation of lymphoid cells, no matter of which class,

essentially involves five stages:
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1. The adhesion of lymphocytes in the blood to the high
endothelial venules (HEV) of lymph rodes (and Peyer's
patches),

2, The initiation of movement of the adherent lymphocytes
through or between the HEV cells into the lymph node stroma.,

3. The "sorting out” of the respective cell types within the
lymph node intoc dependent areas,

4. The emigration of cells from the node into efferent lymph.

5. The circulation of cells through other lymphoid and non-

lymphoid organs,

These stages require an "active' participation on behalf of the lympho-
cyte itself while the traffic in the blood and lymph is purely passive

as a result of cardiac blood pressure, There is, however, a possi-
bility that the different rates of fluid flow in blood vessels might

result in a separation of cells on the basis of charge. This sugges-
tion will not be considered here due to an almost complete lack of

data on the subject.

Since the cdiscovery that lymphoid cells recirculate, people have been
trying to find out what control mechanisma might be involved. Up
until recently, the majority of experiments have, intentionally or
not, been involved with the first stage of recirculation, the adhesion

of lymphocytes to HEV cells,

The first and probably the most repeated experiments on the control
of recirculation were as a result of treating lymphocytes with various

enzymes which affect the cell surface, followed by an examination
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of their recirculation or localisation behaviour in vivo. The earliest
hypothesis to explain the control of recirculation postulated specific
glycoside units on the lymphocyte surface with corresponding receptors
on the HEV cells (Gesner & Ginsburg 1964), In these experiments,

Clostridium perfringens glycosidases were found to reduce the local-

isation of cells in the spleen and lymph nodes white increasing that in
the liver, although more recent evidence disputes the latter fact (Ford
et al 1976), Of the other enzymes used, trypsin has been the most
popular, It has been found that trypsin treated lymphocytes do not
localise at all well in the lymph nodes while their localisation in the
white pulp of the spleen is almost unaffected (Woodruff & Gesner 1968),
This effect decreases with time suggesting that the cell is able to
resynthesise any units cleaved by the enzyme and that the mechanisms
of spleen and lymph node localisations involve different recognition
systems (Gesner et al 1969), Further experiments on the trypsin
sensitivity of cells showed that éialylglycoproteins cleaved from the
cell surface were rapidly (about 12 hours) resynthesised as deter-
mined by puromycin and temperature sensitivity (Woodruff 1974),
However, it has been found that puromycin treatment of cells will
also reduce their mutual adhesiveness and it is possible that this
factor can alter the localisation patterns which were the sensitivity
criteria in Woodruff's (1974) experiments (Curtis et al 1975a). This
does not wholly argue for the concept of resynthesis of surface com-
ponents but indicates that a number of factors must be involved in
lymphocyte recirculation. Whether these proteins are the most

important in the control of recirculation is not known since, although

1
)
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their loss alters localisation patterns, they are by no means the
only surface components removed by trypsin, There is now no
doubt that trypsin does inhibit the entry of cells into lymph nodes
from in vitro experiments (Ford et al 1976, Woodruff et al 1977),
but the actual role of sialylglycoproteins in this mechanism is now
to be doubted, In other early experiments, neuraminidase treated
lymphocytes were found to localise in the liver and the lymph node
entry was also seen to be lowered, although the liver sequestration
was not consgidered to be the whole explanation (Woodruff > Teesner
1969). This increase was not due to a decrease in the viability of
the cells (Berney & Gesner 1970, Wiilg 1976) and a concomitant
paucity of cells in the blood was thought to explain the decrease in
lymph node entry (Freitas - d.. Sousa 1976a). This was confirmed

w

and extende:sd by Ford et al (1976), in an elegant study using an isolated,
perfused mesenteric lymph node chain from the rat, Usin:- this
syster:, it was found that neuraminidase treated cells entered the
lymph nodes at least as well as untreated cells, while the entry of
trypsin treated cells was atill inhibited, The explanation of the
defective lymph node entry seern in the whole animal studies with
neuraminidase in earlier years was that, due to the large accumu-
lation of cells in the liver, the actual number of cells available in

the blood for reeirculation through the lymph nodes was deereased

but the ability of those cells to enter the lymph nodes was not impared.
Neuraminidase has been widely used in the study of cell surfaces of

other cell types which may help us to understand what is happening

in the lyrophoid system, Neuraminidase, which cleaves cell surface
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sialic acid from D-galactose residues may well be involved in the
adhesion of cells by generating new binding sites for glycosyltrans-
ferases (Roseman 1970) or by reducing electrostatic forces of repul-
sion between cells (Lloyd & Cook 1974) and sialic acid also has con-
sequences in the control of tumour metastasis (Gasic & Gasic 1962),
There is some evidence to suggest that the hepatic localisation of cells
may be controlled by the expression of sialic acid since neuraminidase
treated red blood cells are cleared very rapidly by the liver (Berney
& Gesner 1970) and spleen and are phagoeytosed by Kuppfer cells
and macrophages (Janeik et al 1978). A recent study of thymus
lymphocytes, using the lectin peanut agglutinin (PNA), has come up
with further support for this theory (Reisner et al 1976, Irl€ et al
1978). It has been found that PNA, which binds specifically to
De-galactose residues, is able to agglutinate whole thymus cells but
not those thymus cells which are hydrocortisone resistant (HCR),
These HCR thymocytes, as described earlicr, make up 5-10% of

the thymocyte population and have been found to express similar
amounts of sialic acid and sialyltransferase activity to peripheral T
and B cells while the whole thymus population shows little activity of
either (Despont et al 1975), although Mehrishi & Zeiller (1974) and
Sundaresan et 21 (1975) suggest that B lymphocytes have less sialic
acid on their surfaces. Sialic acid expression may then be a matu-
rational stage of T lymphocytes. Injected thymocytes will localise
preferentially in the liver and.it is sugpgested that the binding
mechanism may be similar to that of the PNA molecule. Cells

exhibiting large amounts of sialic acid would not be bound by the liver
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according to this hypothesis, but unfortunately the conflicting evi-
dence concerning cell surface gialic acid and the fact that B and T
cells do not localise in the liver to the same extent (Wiig 1976,
Freitas & de Sousa 1975) cannot be reconciled. Thus, the role

of sialic acid in lymphocyte circulation may be important for the
interactions with non-lymphoid organs but seems to have little
bearing on the lymph node entry and hence recirculatory habits of
cellg, Trypsin, in compurison, is an en:yme of little specificity
and the fact that it inhibits lymph node entry ic hardly surprising
conetidering the damage that would be inflicted to the cell surface.

In adc.tion, trypein has been found to be a potent stimulator of

DNA synthesis in B lymphocytes (Vischer 1574). Rannie et al
(1977) have made the obzervation that the migration of lymphocytes
into cellemeZiated immunc lesions as well as lymph nodes is trypsin-
sensitive, whereas migration to the spleen and non-lymphoid organs
is trypsin~resistant and indecd the localisation in these organe is
often increased. Since neuraminidase decreases cell entry into

the spleen (Freitas & de ouca 1976a), it is possible that the
trypsir-resistant effects above are sensitive to neuraminidase and
that the two enzymes show no interreactions as regards recﬁ'culation
control mechanisms. De Bono (1976), studying lymphocyte-endo-
thelial interactionz in vitro ha:z: found that there is a specific compo-
nent of the endothelial cell surface which is neuraminidase labile
and i{s responsible for lymphocyte adherence. lHowever, this only
concerns the adherence of lymphocytes to generalised endothelium

and may be due to the removal of a receptor which will non-specifically



bind lymphoecytes. That HEV cells are probably functionally

distinct from generalised endothelium is evident from the work of
Stamper & Woodruff (1976) on the binding of recirculating lymphocytes
to lymph node sections. In this assay, recirculating lymphoeytes
bound very much more to HEV cells than to the surrounding endo-

thelium.

Other wwrkers have used neutral proteases (Wiig 1976) and have
examined their effect on lymphocyte localisation. Protease treatment
is found to decrease the lymph node localisation and increase the

liver localisation, It was suggested that the proteases did not act

by killing the cells since heat-killing the cells does not increase

their localisation in the liver (not agreed with by Freitas & de Sousa
1976¢c). On the basis of the comparison of the effects of protease

and neuraminidase from his work, Wiig proposed three types of

receptor to be involved in lymphocyte circulation:-

1. For migration into Peyer's patches - resistant to
protease and neuraminidase.

2, For lymph nodes - receptors sensitive to neuraminidase

and protease.
3. For spleen migration - receptors mainly neuraminidase

sensitive,

In the light of the more recent studies by Ford and co-workers
using the isolated lymph node, this interpretation is now probably

incorrect. In fact, due to the similarity of the structures involved,
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the migratio. of cells into lymph nodes and Peyer'se patcheu is
probably controlled by the same nechanizm, while migration into the
splecu, which iz via merphologically different structurcs, may be

controlle by ancther mechanism,

tt this point, it is necessary to point out that proteases are fount
naturally it serum {and probably lymph) and are essential for the
functioning, of many immuae and non-immune systems, Lpecific
proteases are of key importance in the activation of the complement
system but trypsin, thrombin, plasmin and lysosomal proteases have
alsc been found to affect the C3 component cf complement (Gbtze
1973). Proteases are also ewsential for the correct interactions of
glycoproteins in the cascade mechanism for blood coagulation giviug
rice to fibrin formation (Davie et al 1975). It is thus clear that we
must view the actions of proteases in vitro on the i vivo localisation
patterns of lymphoeytes with care. The presence of serum proteases
may have further, as yet unconsidered and undefined, effects on

circulating ly'nphocytes.

Probably the most specific en.ymes which have been use ! to reveal
the complexities of the coutrol mechanisms of lymphocyte circu-
latio: are the phospholipases v and C and sphingomyclirase C
(Freitas { e Jousa 1776a,c). Phospholipase /7 (PL-")ha. 2

fairly small chemical eficct on the cell surface phospholipids, but

a major effect or the distribution of labelled cells., The nain defect
secu i a decrease in lymph noce localisation with trancient alter-

ations in upleen, lungs, liver and small integtine.

- 26 -



Phospholipase C (PL-C) has a far more drastic effect on phos-
pholipids releasing from them a free phosphorylcholinegroup.
Although the data provided by Freitas & de Sousa is incomplete
compared to that of PL-A, PL-C causes a transient increase in

the blood level and decrease in lymphoid organ levels but considering
the detrimental effect of the en.yme on cell viability, this is not
entirely surprising. This may be explained by the fact that the

PL~-C used was an impure preparation., Sphingomyelinase C

(SM-C) is a specialised form of PL-C but was found to be too toxic
for any cell traffic measurements to be made, The conclusions to
this work are not clear; PL-A causes an accumulation of lyso-
compounds at the cell surface, known to decrease the mutual adhesive-
ness of cells (Curtis et al 1975a,b) and also mimics the cffect of
trypsin on cell localisation, although the pessibility that the membrane
conformational changes caused by trypsin (Nicolson 1972) and
phospholipid alteration have the same mechanism has not yet been
proved. Another observation is that PL-A, may be present in serum
as the substance which causes a decrease in the adhesiveness of

cells (Curtis & Greaves 1965, Curtis et al 1975a). It is then
interesting to speculate that the adhesiveness of cells within an

organ not dircctly permeated by serum might be greater than those

in circulation which would help to maintain the integrity of that

organ. PL«C and 5M-«C, which have more marked effects on
phospholipids than PL- 4, have such a detrimental effect on cell
viability that any differences in localisation seen can probably be

attributed to the general degradation of cellular function,
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Another en:yme used has been hyaluronidase (Ford et al 1978)
which cleaves the bond between D-glucuronate and Z«deoxy-2-
acetamido-D-glucose in acid mucopolysaccharides, However,
although this enzyme causes a marked leucocytosis, treatment of

lymphocytes with it has very little effect on recirculation.

Although no definite enzymic cffect can be attributed to the alterations
in cell localisation so far described, it becomes abundantly clear that
a considerable number of effects are responsible for regulating the
interaction between lymphoid and other cells. Thus, sialic acid,
phospholipids and constituents of the glycocalyx 'mo.y all be relevant
in circulation, each exerting their effects in different areas and on
different receptors. The enzyme work has been of benefit in helping
to elucidate the mechanism of recirculation but it has by 1:0 means

answered all the questions.

As has already been mentioned, lcetins such as PN/ have the ability

to bind spgcific cell surface sugars and effectively mask them from
recognition and also to induce cell membrane changes. These

abilities have also been utilised in the study of lymphocyte recirculation.
Concanavalin A (Con A) has been shown to increase the localisation

of labelled lymphocytes in the spleen at the expense of localisation

in the lymph nodea (Cillette et al 1973), However, the defective

lymph node entry is as a consequence of the increased level in the
spleen since, in splenectomised hosts, treated cells localise equally
well in the lymph nodes (Freitas & de Sousa 1975, 1976a). From

the conclusions of the neuraminidase work, it would be interesting
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to know the levels of cells in the blood in these experiments, but

they have been curiously omitted. The fact that neither of the above
two reports entirely agrees with that of Schlesinger & Isradl (1974)
indicates that the effect of Con A can be variable and that the incubation
conditions in vitro are critical. Another lectin, phytohaemagglutinin
(PHA), and bacterial lipopolysaccharide (LPS) were found to have
similar effects to Con A (Freitas & de Sousa 1975, 1976b). Since
lectins do not seem to affect the ability of a cell to enter the lymph
nodes, this removes much of the support for the sugar receptor theory
since the sugar would be masked. Con A appears to slow down the
recirculation of T cells with the result that the localisation patterns
with time of treated T cells are similar to that of untreated B cells
(Freitas & de Sousa 1975). This suggests that the recirculation
mechanisms for both cell types are similar and only the route and
tempo differ. This alteration in recirculation rate could probably
be caused by a cell membrane change as would be expected to be
caused by the tetravalent molecule of Con A. Recently, Freitas et
al (1978) have confirmed this suggestion by studying the effects of
monomeric, dimeric and tetrameric Con A on lymphocyte traffic.
Monomeric and dimeric Con A are unable to modify traffic which
suggests that the alterations seen using tetrameric Con A are due to
a cell membrane change, probably in the form of a change in fluidity
which was suggested not to involve microtubles. These experiments
lend more support to the suggestion made earlier that a combination
of surface features in a particular configuration are necessary for

normal recirculation.

29



In the past few years, there has been an increasing amount of effort
put into the study of the role of sulphated polysaccharides of various
types on lymphocyte recirculation, Gowans & Knight (1964),
concerned about an earlier report of the possibility that heparin,

a sulphated acid mucopolysaccharide, might cause the release of
lymphocytes from lymph nodes into lymph (Jansen et al 1962),

found that in the concentrations used in their experiments, it did

not cause the release of lymphocytes into the lymph over and above
normal levels. Later work (Bradfield & Born i969) indicated that
heparin causes a marked lymphocytosis without a measurable
increase in the rate of supply of cells from the thoracic duct, which
was due to ar inhibition of the extravasation of cells from the blood.
The ability of cells to enter the white pulp of the spleen was also
compromised. In a further report (Bradfield § Born 1974), it

was suggested that, in fact, heparin decreases the ability of cells to
cross the blood-lymph barrier which implies blocking at the level of
the high endothelial cell in the post capillary venules. An interesting
observation from these experiments is that only acidic sulphated
polysaccharides like dextran sulphate can cause the lymphocytosis
seen as dextran phosphate, a similar negatively charged acidic
phosphated polysaccharide, has no effect. Similarly, no lympho-
cytosis is produced by the positively charged diethylaminoethyl

(DE ' E) dextran or neutral dextrans. This is in some ways surpris-
ing since neutral dextrans can bind to all cells and increase their
/.eta potential, a measurement of surface charge (Brooks & Seaman

1973) and positively charged molecules would be expected to attach



to negatively charged cells by simple charge attraction. Negatively
charged molecules can attach to negatively charged cells utilising
Ca++ ions as cationic bridges (Dietrich et al 1977). Thus it seems
that the role of surface charge in lymphocyte recirculation is difficult
to correlate along with the fact that Con A, LPS and neuraminidase,
which all alter the charge on cells, have no effect on recirculation
through the lymph nodes (Ford et al 1978). One anomalous fact in
Bradfield & Born’s work (1974) is that chondoitin sulphate, an acid
mucopolysaccharide, found in large amounts in the cell glycocalyx,
unlike dextran sulphate, has no effect on the lymphoid system.
However, Viklicky et al (1976) found that if blood glycosaminoglycans
(strictly glycosaminoglycuranoglycans, another name for muco-
polysaccharides) in the form of chondroitin sulphate are raised, then
the localisation of injected labelled cells in the lymph nodes is
reduced. Most of this work has been repeated by Freitas & de Sousa
(1977) who also found that only sulphated polysaccharides cause a
decrease in localisation of labelled cells in the lymph nodes with a
concomitant increase in the blood. The effects were related to and
differed slightly with the molecular weight of the dextran sulphate
used, which was also found by Bradfield & Born (1974). They

also found that neutral and positively charged DEAE-dextrans have
no effect on lymphocyte localisation. Treatment of cells with
dextran sulphate may also slow down their circulation through the
marginal zone and red pulp of the spleen (Freitas & de Sousa 1977).
In a further study on the effects of dextran sulphate, Ford et al
(1978) set out to prove the hypothesis that sulphated proteoglycans

(sulphated acid mucopolysaccharide-protein complexes as normally



found in vivo) may play a part in the selective migration of lympho-
cytes from the blood but without much success, which is hardly
surprising when the hypothesis and the experimental conditions used
are chemically different. Other results had suggested that there
might be an acidic sulphated proteoglycan on the surface of HEV
cells (a quite likely fact) which would be in competition with the
dextran sulphate used in the experimental system. However, there
waz no evidence in favour of this idea and dextran sulphate was not
found to bind to the surface of HI'V cells in vivo, It has been found
that the degree of sulphation of the polysaccharide is critical for the
irhibitory effect on the lymph node entry {as well as the molecular
weight of the dextran) and that HEV cells can possibly manufacture
and release a sulphated molecule, a feature not exhibited by normal
endothelial cells. Dextran sulphate has also been found to inhibit
the adhesion of cells in tissue culture which may reflect a general
effect on the adhesion of all cells explairing the decreased lymphocyte-
endothelial interaction seen in these experiments (Bremerskov 1973),
Another effect of dextran sulphate is to stimulate DN* aynthesis,

but only in B lymphocytes, while neutral dextrans have no effect,

It probably acts by entering the cell (which it does very rapidly)

and altering some internal control mechanism (Diamanstein et al
1$73). An interesting point has been made by Dietrich et al (1977)
concerning sulphated mucopolysaccharides {SMPs) like chondroitin
sulphate */C, chondroitin sulphate B and heparitin sulphate. These
are present on the cells of all tissue-organised life forms and show

structural and type differences depending on the tissue or organism
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of origin. Thus, differences in SMP expression meet most, if not
all, the requirements for a role in the process of specificity for
recognition and adhesion between tissues. Although the picture is
still very clouded, it seems plausible that the hypothesis of Ford et
al (1978) could be correct - a sulphated proteoglycan on the surface
of the high endothelial cells which could provide the specificity for

the recognition and adhesion stages of lymphocyte recirculation.

There are also a number of other effectors altering lymphocyte
recirculation - substances, the site oL action of which is not known,
but which alter recirculation rates. They may or may not affect the
initial stage of lymphocyte-HITV cell recognition and adhesion.
Anaesthesia, injection of fluid, prednisolone and corticotropin have
all been found to reduce recirculation in rats (Spry 1972) presumably
by some steroid action which may only affect circulating 1 cells.

T lymphocyte recirculation has also been found to be slowed by

the .activation of C3 complement by cobra venom factor although this
effect may be due to an alteration of the macrophage®© lying along the
T lymphocyte traffic route which may increase the rate and avidity

of lymphocyte-macrophage interaction (Spry et al 1977). The
chemical state of end groups of components of the cell surface appears
to be important in that lymphocytes oxidised with sodium periodate

in vitro do not localise in the iy mph nodes, an effect which can be
abolished by the subsequent in vitro reduction with sodium borohydride.
Reduction alone has little effect (7.atz et al 1972b). The use of

radioactive sodium chromate, also an oxidising agent, to label cells



for injection in vivo appears not to alter the cells' localisation
patterns (see results). The blood flow to lymph nodes must also affect
the entry of lymphocytes into nodes. If the volume of blood reaching
the node is increased, then there is an increased number of lympho-
cytes available to enter the node. Similarly, if the speed of flow
increases, then haemodynamic factors will make it more difficult for
an adherent lymphocyte to remain attached to an HEV cell prior to
migration into the node. It has been found that antigen stimulation
increases the blood flow by as much as four times to a regional node
and that there is an increase in lymphocyte traffic as a direct result
of this increase in flow (Hay & llobbs 1977). However, since only
one lymphocyte in ten (less by other estimates) entering a normal
node by the venous route, migrates out of the blood, then an increase
in traffic could be as a result of a greater number of cells migrating
out of the blood for the same original rate of blood flow to the node
(Hall & Morris 1965). This would assume that the HEV cell sites

for lymphocytes are not "saturated" in the normal condition.

Sodium azide treatment of lymphocytes has also been used (Ford et

al 1978). This substance, a metabolic inhibitor, stops cell surface
components capping and reduces the entry of injected cells into the
lymph nodes. Whether this reduction is due to the inability of the
cell surface components to cap or whether as a result of other meta-
bolic blocks is not known. However, a”ide does not inhibit the main-
tenance of surface villi (Loor & Htigg 1975), as mentioned earlier,
which have been considered necessary for the initial recognition

of endothelial cells (Anderson & Anderson 1976).



Anderson & Anderson (1976) found that regional perfusion of the rat
mesenteric lymph node with EDTA (ethylenediaminetetraacetic acid,
a divalent cation chelator) causes a reduction in the adherence of
blood lymphocytes to HEV cells. Divalent cations are normally
required for adhesion between cells and the case of adhesion between
lymphocyte and endothelial cells is probably no exception. Whether
or not EDTA acts on this mechanism alone and no other cellular

process is not clear.

The major histocompatibility complex and its products also seem to
have some role in recirculation, again possibly affecting the adherence
to high endothelial cells. 2.ati et al (1972a) found that if there is a
strong I1-2 histoincompatibiiity between injected cells and the reci-
pient, then ceil localisation is impaired. Earlier experiments
(Bainbridge et al 1966) had suggested that allogeneic cells recirculated
as well as syngeneic cells. That histocompatibility differences

might be recognised at the lymphocyte-endothelial adhesion stage is
evident from the observation that only autologous cells can recirculate
from blood to lymph while even allogeneic cells can circulate from
afferent to efferent lymph (frost et al 1975). There is at least
another explanation of this result. Histoincompatibie lymphocytes
might be able to cross the HEV cell barrier but wouiu be immediately
recognised as foreign by resident macrophages within the lymph

node parenchyma and thus be destroyed. The route of migration

from afferent to efferent lymph does not require movement through
macrophage-infested areas and so incompatible cells might escape

recognition.



The supernatants from cultures of Bordetella pertussis, which
cause a leucocytosis, decrease the ability of lymphocytes to enter
the lymph nodes in the same manner as sulphated polysaccharides.
Pertussis treated lymphocytes enter the lymph nodes of normal
and pertussis treated mice less than controls and the spleen level
is not quite as high (Morse & Barron 1970). The treated cells are
not sequestered in any other organ and remain in the blood (Taub
et al 1972) so the stage which must be blocked is the initial lymph
node entry. Pertussis factor has now been isolated and is a four
polypeptide subunit, lipid and carbohydrate free protein of 74,000
daltons molecular weight (Morse & Morse 1976). Whether this
substance acts on the lymphocyte or HEV is not clear, although it

is suggested that it does in fact act on the HEV.

The adhesive state of the cells so far mentioned concerns the

adhesion to endothelial cells. It is possible that the adhesion between
like lymphoid cells can be used as a guide to the adhesive state of

that cell with respect to different cell types. Thymocytes having
different mutual adhesivenesses have been shown to have different
localisation/recirculation patterns (Evans & Davies 1977) but it is

not certain whether cell maturation has anything to do with this
system. As mentioned earlier, puromycin, which reduces cell
adhesion, also alters cell localisation but in this case the other effects
of puromycin probably have some bearing on the result. In a
preliminary experiment, it was suggested that a substance released
from T lymphocytes in culture which decreases the mutual adhesiveness

of B lymphocytes can alter the recirculation of lymphocytes in
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nude mice (Curtie & de Sousa 1975). Results in this thesiz will

demonstrate further effects of these substances.

It has been known for some time that iron and iron-containing com-
pounds are involved in Hodgkin's disease, a cutaneous T cell
lymphoma (Beamish et al 1972). Recently, it has been suggested
that irorn compounds and iron binding proteins might also modify
lymphocyte circulation (de Sousa ¢t al 1978), Lactoferrin and trans-
ferrin, two irov binding proteins have been found to bind to lympho-
cytes {van Snick & Masson 1376, Thillips 1976) and lymphocytes
bearing surface ferritin have been found in patient: with Hodgkin's
dizease and breast cancer (Moro . et al 1977), Moreover, large
amounts of ferritin have been foun? in the epleens of patients with
lodgkin's disease (Bieber i Bieber 1973) and circulating T lympho-
cytes are specifically sequestered by the spleen (de Sousa et al 1977).
Iron salts have also been found to reduce the incidence of rosettes of
sheep red blood celle and human T lymphocytes (de Jousa % Nishiya
1278) although the exact relevance of this observation iz hard to
imagine. <e Sousa (1978) has thus suggested that lymphocytes might
have receptors for iron-binding proteins or metal-protein complexes
and would therefore be able to migrate to areas rich in metal-proteins,
Pretreatment of cells with iron salts might be expected to block such
receptors and divert cells to other sites, This hypothesis was
apparently experimentally prove:i azlthough there is some controversy
coanceriing the viability of cells following treatment with iron salts,
The role of iron in lymphocyte positioning is still a moot point

complicated by interpretations of observations on pathological states
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being extrapolated to normal conditions, At the present time, it
would be incorrect to say that the actions of iron salts or iron-
protein complexes have been proved to be a major control mechanism

in lymphocyte circulation.

At this point, it is worth mentioning further some recent experiments
by Woodruff and her colleagues which have already been cited. The
system involves an in vitro model of lymphocyte recirculation by
measuring the adhesion of circulating lymphocytes to lymph node
sectiorfs. When a lymphoeyte suspension is layered over a fixed
section of a syngeneic lymph node, cells stick preferentially to the
HEYV cells but not to other vascular structurces (Stamper & Woodruff
1976). Adherence to HEV cells is a property of recirculating cells
and iuymus and bone marrow cells only adhere poorly. The strange

features of the model are:

1. Maximal adherence of cells occurs at TOC. and is greatly
decreased at lo. 242 and 37°C. This is explained by the
increased stability of an ensyme complex at '70 although
there is no evidence given for this,

2. The HEV cells must be fixed with glutaraldehyde for
optimal adherence though there is some suggestion that
it does work without fixation. It must alsc be borne in
mind that the cells are adhering to sections of cells so
eytoplasmic cffects may come into play.

3. I'he lymph nodes used must be in perfect physiological
condition, if.e. from non-stressed, non-infected rats,

Zver theu, there were times when the adherence did not
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occur which eould not be explained,

{Stamper & Woodruff 1977)

Despite these incongruities, the model is interesting as it is possible
to study directly lymphocyte-endothelial interactions without the
influence of many of the other factors that occur m +» It has been
found that adherence is energy dependent, sensitive to calcium fons
and the calcium lonophore A23187, involves teypsin-sensitive syrface
determinants, does not im)elve surface sialic acids and there is no
evidence of microtubule involvement. However, the detrimental
effect of cytochalasin B on adherence suggests that microfilaments
may be involved (Woodruff et al 1977). Since the HIV cells are

fixed and metabolically inert, adherence is a feature of the lymphocyte
surface zo that glutaraldchyde fixed lymphocytes do not adhere.
Whether the use of the model is valid with respect to the actual
mechanisms involved in vivo has not ye.t been evaluated, hut it
certainly seems to confirm many of the in vivo experiments previously
performed. The only stage it can examine is the initial adherence

and recognition, about which we already know the most.

In conclusion, despite the number of experiments performed, little
iz known about the first stape of recirculation. The mechanism
appears to be fairly complex requiring the integrity of a number of
cell surface components and probably aome aetive role by the HEV
cells. Once the lymphocyte has adhered to the HEV cell, it must

migrate into the node - the second stage of recirculation.
Even less is known about this second stage, indeed moust of the reports
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so far published have been concerned with electron microzcope
studies, the earliest of which is again the work of Gowans (Marchesi
& Gowans 1964) who suggested that migrating lymphocytes actually
penetrate the cytoplasm of high endothelial cells, entering on the
luminal side and leaving in the basal region. They alzo noted that
only small lymphocytes are able to cross the HEV cell barrier and
not neutrophils or large lymphocytes. Other workers have agreed
with both these observations but in a study of rome B00 electron
microscope pictures of lymphoeytes traversing HEV cell borders,
Schoefl (1972) found that 51% of the lymphocytes examined were clearly
intercellular and 9% were surrounded by «ndothelial cytoplasm,
disputing the earlier work of Marchesi & Gowane, OSchoefl's work
has subsequently been confirmed (Wenk et al 1974, Anderson &
Andersan 1576) and the explanation of the apparently intracellular

cells has been that:

a. Too few sections were examined by Marchesi & Gowans,
b. Those cellis appeared intracellular due to the orientation

of the sections as serial sections were not examined,

It is now generally acknowledged that lymphocytes enter the node by
migrating between adjacent HE'V cells caused by a temporary reduction
in lateral adhesion allowing through movement of the cell, The tall
lumino-basal height of the H¥'V cells may allow guatained and constant
cell trafiic without causing excessive fluic loss into the node {Schoefl
1972). The most painstaking electron microscope and functional

studies on the migration of cells between HEV cells habe becn made
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by the Andersons. In avery thorough examination of the structure

of the microvasculature of lymph nodes (Anderson & Anderson 1975),
it has been found that distal venous sphincters, innervated by unmy-
elinated nerve fibres, permit the regional control of blood flow through
the venules. Thus, a substance like adrenalin will cause a constric-
tion of the venous sphincters and hence a reduction in blood flow to
the node. It is on this control mechanism that the effects of antigenic
stimulation on blood flow must occur (Hay & Hobbs 1977). It has
also been suggested that when the blood flows from the capillaries

into the venules, the sudden increase in vessel volume would slow the
blood flow and aid the attachment of cells (Anderson & Anderson 1976)
although, since the total volume of the capillary beds is greater than
in the draining veins, the blood flow might, in fact, increase. In
this study, it was found that lymphocytes attached to HEV cells
through contact points, which were able to resist shear forces suffi-
cient to flush away other blood elements. These contact points look
very similar to the microvilli visible in the SEM studies of van

Ewijk et al (1975).

The high endothelial venules of lymph nodes and Peyer's patches

have been found to have a similar complex structure (Anderson et al
1976). The plump endothelial cells are ensheathed by a series of
overlapping reticular plates and connective tissue so that any migrat-
ing lymphocyte has to move around the edges of the plates to enter

the node, a satisfactory way of minimising vascular leakage also aided
by the dimensions of the HEV cells themselves (Anderson et al 1976).

Although there was no evidence to believe so, Anderson & Anderson



(1976) suggested, probably correctly, that, after attachment of the
lymphocyte to the HEV cell, the migration into the node is directed
by a chemotactic gradient. Although another mechanizm might be
involved, this may be a feasible explanation for the direction of
movement of cells into the node which may not however be exclusively

one-way as discussed below,

The work of Gowans & Knipght (1964) suggested that the major route
for recirculation of lymphocytes is from blood to lymph and Anderson
& Anderson (1976) agreed that the traffic through the node is probably
unidirectional from blood to lymph in a continuous or intermittent
movement, They also noted that migrating lymphocytes showed a
cytoplasmic polarity oriented in the direction of movemenrnt and that
92%. of migrating cells were moving into the node from the venule.
The actual study of lymphoeyte locomotion in vitro, other than that

of the chemotactic reactions of lymphoeytes {e.g. Ward et al 1971,
1977), has been a subject curiously neglected in th. interpretation

of lymphocyte traffic. Rydgren et al (1976a) have studied the loco-
motor responses of human lymphocytes in autologous plasma clots

by time lapse cinemicrophotozraphy and have found that the loco-
motion of normal lymphocecytes, from the examination of "hundreds and
thousands of cells", is extremely rare., However, after membrane
stimulation with PH4, or antiimmunoglobulin, macrophages or
isclogous lymphocytes, also all found to stimulate the chemotaxis

of lymphocytas (Ward et al 1577), lymphocytes are induced to move,
or at least to adopt the characteristic shape polarity of motile cells,

They concluded that the basic polarity of the moving lymphoeytes
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provided a basis for the analysis of lymphocyte traffic within the

node. Utilising this observation in a further study (Rydgren et al
1976b), it was found that, analysing the movement of lymphocytes

(with the characteristic shape) relative to the basement membrane

of the venules, 69*?1of the 113 lymphocytes examined were apparently
on their way into the venule from the lymph node parenchyma, in
contradiction to the more definite results of Anderson d 'neerson
(1976), This suggested that lymphocyte traffic might be bi-directional
with the major route being from the lymph node into the venule which
conflicts with the current dogma and agrees to some extent with the

work of fainte-Marie and co-workcrs.

It was found that there were more lymphocytes in the blood leaving
the node than arriving at it ( ainte-Marie et al 1967) which suggested
that lymphocytes entered the blood from the node. Further experi-
ments showed that blood borr.e labelled lymphocytei in th_ >og
(Sainte-Marie et al i97S) and intramediastinaily injected thymocytes
in rats ( 'ainte-Marie & Peng i975a) arrived at lymph node.; via the
afferent lymphatics and the subcapsular sinuses. n interesting,
although not particularly relevant point to this discussion from thesc
experiments was the difference in localisation of medullary and
cortical thymocytes injectied iniramediastinally. flu medullary
thymocyte forme pseudo-follicles while the cortical thymocytes
migrated into the extra-follicular none of the cortex (Sainte-Marie «

Peng 1°75Dhb).

From all these experiments, it is apparent that the direction of



lymphocyte flow might be hi-directioral, although thiz would further
complicate any of the postuiated mechanisms, Why should some
celle migrate into the bloo< and what are their characteristics?

The experiments just described do naturally have their faults,
Rydgren et al (1976b) only studied 118 migrating lymphoeytes while
Anderson ? Anderson (1976) examined 146 motile lymphocevytes,
althourh only 136 are shown in their scattergram. Analy:ing the
cdata of Rydoren et al, it is interesting to note that of these 118

cells examined, 67 were from rormal animals, 40 from animals
treated with erythrocytes, 6 from ferritin treated and % from typhue
vaccire treated animals, {.¢, those undercoing an immune reeponse.
From the scant data on control animals, 73% of the lymphocytes
studies were moving into the venule from the lymnh node narenchyma.
The photooraphs published are vot particularly clear and the decisions
of th dircction of movement of some of the cells must hav been
very subjective, Some of the work of Sainte-Marie also has its
faults - intramediastinally injecte? thymoeytes micht be exnected to
arrive in the nodes by the afferent lymphatics throurh the lymph
channels draining the mediastinal eavity, althocurh few ceils seem

to arrive via the afferent lymnphatics to the node (Hall ? Morris 1965),
Another nroblem iz that cclls have been observed micratine from the
lymnh node parenchyma into the venule but once in th» venule lumen,
will a lymvhocyte re-migrate back into the rode by the clacaical

route or will it be carrizd away into the blood stream? Since the
lymphneyt: s micrating into the venule are capable of moving, then

their membranes must be activated in some way as interoreted by
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Rydgren et al (1976a). Once in the lumen of the venule, is it
possible for these cells to readhere to HEYV cells or can only cells
with non-activated membranes adhere to the HEV cells in the first
place? Which comes first, adhesion or membrane activation?

This theory is difficult to reconcile since the localisation of labelled
intravenously injected lymphocytes in the lymph nodes within a few
minutes iz rather too rapid to suggest a route via the afferent lymph-
atics, but traffic experiments up until now have only really considered
the localisation of cells after intravenous injection which may be bi-

paseing some key step.

The direction and stimulation of movement into the node is still an
area of great interest and of extreme difficulty to study in that it is
impossible to cannulate all the routes into and out of a single node
without disrupting normal physiological integrity. The system of
the isolated perfused node as described by Sedgley & Ford (1976)

is a useful beginning but only the venous system was able to be
cannulated., Their experiments showed that migration into the node
was strictly one way but in the light of other conflicting reports, it
is not correct to completely exclude the possibility of some bi-

directional movement.

{he initial adhesion to HEV cells has often been described as a case
of ""specific achesion' only involving lymphocytes and no other
leucocyte tynes. However, this is not necessarily so since other
cell types might adhere to the HEV cells but be unable to migrate into

th. node. In this case, it could be said that the migration stage,
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or at least the initiation of migration, is specific for lymphocytes
since a signal might only stimulate lymphocytes to move and other
cell types would subsequently become detached by the flow of blood.
In support of this concept, de Bono (1976) suggests that pretreatment
of lymphocytes with heparin and trypsin, which have already been
described as reducing recirculation, does not prevent their initial
adhesion to endothelium but rather the migration through the endo-
thelial layer itself, although Woodruff et al (1977) have found that
trypsin inhibits adhesion to HEV sections in vivo. Another point
about lymphocyte movement concerns the observation by Rydgren et
al (1976a) that normal blood lymphocytes are not motile. Since the
migration into and through the node requires movement, then the
cell must be stimulated in some way but sometime between the entry
into the lymph and return to the lumen of an HE venule, the lympho-
cyte must lose its ability to move, and require restimulation to

enter the node again.

After a short while, the recirculating lymphocyte has crossed the
endothelial cell barrier for the third stage of recirculation. The
stage of migration through the HEV barrier takes only a few minutes
in comparison to the hours taken for the cells to "sort out” into B
and T areas within the node. The first two stages of lymphocyte
recirculation that have been described are probably not specific to
B or T cells since they both arrive in the node by the same route
(Gutman Weissman 1973, Nieuwenhuia & Ford 1976). The cells,
having arrived in the node, remain fairly immobile in this region

for a few hours during which time cellular co-operation for the
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initiation of the immune response is thought to occur (Nieuwenhuis &
Ford 1976). This area, in the deep aone of the lymph node cortex,

is designated a T-dependent area. If homogeneous populations (or

at least of the same lineage) are radioactively labelled and injected
intravenously, after 24 hours these cells will be found localised in
specific areas of the lymphoid organs. It is particularly this process
of migration to dependent areas that has been called ecotaxis by de
Sousa (1971). T cells will migrate preferentially to the mid and deep
cortex of lymph nodes, the inter-nodular spaces of Peyer’s patches
and the periarteriolar lymphatic sheath of the white pulp of the spleen
(Parrott & de Sousa 1971, Mitchell 1972). The nodules and medulla
of lymph nodes, plasma cells in Peyer's patches and the peripheral
areas of the white pulp and red pulp of the spleen are known as

T-independent or B-dependent areas.

After six hours or so, B and T cells have segregated into their res-
pective dependent areas where they remain for a further period of up
to 36 hours prior to emigrating from the node. The processes that
control the activities of the lymphocytes from the stage of segregation
to entering the efferent lymphatics some time later is a complete
mystery, mainly due to the lack of work in this field area result of
practical difficulties. At this point in time, no mechanism for the
processes of sorting out and emigration have been postulated but in
the discussion to this thesis a possible mechanism involving inter-
action modulation factors (IMFs) is suggested. These IMFs are
released by homogeneous populations of lymphoid cells and act on

cells of the opposite type by reducing their mutual adhesiveness -
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i.e. T cell IMF affects only B cells and vice versa (Curtis & de
Sousa 1973,1975). However, there are certain features of the cells
within lymph nodes that may help us to understand this process
further - T cell: have been found to alter the interactions between B

and T cells possibly by the action of an IMT {de Sousa & Haston 1976).

I..yrmph~ nodes contain not only lymphoid cells but also a large number
of structural cells and macrophages. These macrophages are known
to line the T lymphocyte traffic routes in the lymph node (Spry et al
1977) and may be able to exert some modulatory effect on passing
cells. Indeed, Scollay et al (1976) have suggested that macrophages
in nodes ''groom' cells on their passage through, which removes
detritus collected during circulation in the blood and makes them
more immunologically active. It has also been suggested that the
process of lymphocyte trapping which occurs when the lymph node is
stimulated by antigen may also be initiated by the action of macro-
phages (Frost & Lance 1974). Thus, it is possible that the interaction

with other cell types in the node might cause migration to occur.

It was stated earlier that the passage of cells throuzh the lymph node
iz a process that is Independent of the major histocompatibility
complex (Frost et al 1975), which hints at a more overall cellular
control mechaniem that can be explairned by the int-raction modulation
factor theory rather than a specific recognition procesz, as might
occur with the achesion to 1TV cells. ' strange fcature is revealed
in the report of Frost et al {1975) ~ the time for recirculation between

blood and lymph in sheep is given as 27-36 hours while the time for
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circulation from afferent to efferent lymph is only 6-12 hours
(recirculation times from blood to lymph in the sheep are longer

than in the rat and mouse). Since cells have been seen to cross the
HEV cell barrier into the lymph node in 15 minutes or less (e.g.
Gowans & Knight 1964), then there is a period of at least 15 hours
unaccounted for. Cells from the afferent lymphatics arrive at the
node in the region of the sub-capsular sinuses, a B dependent area,
and the difference in time might be explained by an accelerated move-
ment through the node of cells arriving by this route. Alternatively,
examination ofilymph node structure shows that the route of migration
between blood and efferent lymph requires movement through dense
areas of resident lymphocytes and macrophages, while that between
afferent and efferent lymph only requires movement along large
lymph channels, altogether a less tortuous pathway. The proportion
of B cells in the two different populations is important also since B
lymphocytes take two to three times as long as T lymphocytes to
recirculate from blood to lymph (Nieuwenhuis & Ford 1976).
Consideration of these observations may help in formulating a theory

of how cells sort out within the lymph node.

The fourth stage of recirculation is the emigration of cells from the
node into efferent lymph channels and back into the blood. How
this occurs is not known at all. Perhaps after a period of sojourn
in the node, the cell’s adhesiveness to its partners is reduced and

it meanders throughout the nodal labyrinth until it reaches the lymph
channel. At this time any explanation is purely speculative and

will probably be an integral part of the explanation of sortingrout



within the node.

Up until now, this account has been concerned with the recirculation
of lymphocytes through lymph nodes, but the spleen and non-lymphoid
organs play a predominant role in the fifth stage of lymphocyte recir-
culation. In experiments on the isolated perfused pig spleen, it is
found that the daily output of small lymphocytes from the thoracic
duct is insufficient to account for the mean transit time of small lympho-
cytes through the blood compartment. It is likely in this case that
release of lymphocytes from the spleen makes up the deficit (Pabst &
Trepel 1975), although following perfusion of an isolated rat spleen

it is found that the rate of release does not exceed the rate of entry
until at least 6 hours after the introduction of cells (Ford 1969).
Another fact that indicates the necessity of the spleen in recirculation
is that the rate of recirculation in pigs is four times fpster in a
normal animal than in a splenectomised animal (Pabst & Trepel 1976).
The mechanism of entry of cells into the spleen is very different to
that into the nodes. No high endothelium is seen and the entry is

not so selective. The transit times for cells in the spleen is also
different; the maximum traffic time of cells being about 6 hours t

as opposed to up to 28 hours in lymph nodes (Ford 1969). How the
spleen modifies recirculation is still a mystery, although the findings
of Pabst & Trepel (1976) on the speeding up of recirculation by the
spleen may not be directly applicable to other species since the recir-
culatory system of the pig is a unique case (Binns 1973). A further
point that must be considered is the production of cells by the spleen,
which has been estimated as being in the region of 4.6 x 109 lympho-

cytes per day in the pig (Pabst et al 1977), which can only be short



lived cells such that normal levels of lymphocytes are maintained.
Other lymphoid and non-lymphoid organs, like the bone marrow,
liver and lungs, doubtless have some role in controlling recirculation

and this point will be discussed further in the latter part of this thesis.

From this account, it is fairly obvious that experiments on the control
of lymphocyte recirculation have been centred around the interactions
of lymphocytes with endothelial cells in the lymph node. Although
this stage is undoubtedly of prime importance, the two final stages

of recirculation that have been mentioned are often neglected. In
addition, it is not only the interaction of lymphocytes with endothelial
cells that controls recirculation but also their interaction with many

other cell types, not least other lymphocytes.

The work presented in this thesis examines two aspects of lymphocyte

circulation:

1, The role of the adhesive state of the lymphocyte surface.
2, The interactions between circulating lymphocytes as a control

mechanism.

The results show that measurements of the adhesive state of the cell

in vitro are not necessarily a good guide to their localisation patterns
in vivo and that lymphocyte-lymphocyte interactions, which can occur
in lymphoid and non-lymphoid organs, are probably of key importance

in maintaining lymphocyte circulation on a gross scale.

- 51 -



CHAPTER FOUR

MATERIALS & METHODS



CHAPTER FOUR

MATERIALS & METHODS

4,1 Media

HEPES buffered Hanks plus Medium 199 (HH199).

90ml 10mM HEPES (Sigma; N-2-hydroxyethylpiperazine-N'-2-
ethane sulphonic ae¢id) m distilled water pH 7.4.

5ml Hanks' 10x concentrate (Flow Labs.).

Sml Medium 199 10x concentrate (Gibeo Biocult).

pH adjusted to 7.4 with 2ZN NaOH.

RPMI] 1640
90ml HZPTS water (as above).
10ml R PMI 1640 10x concentrate (Gibeco Biocult).
1ml 4.47. sodium bigarbonate solution (BDH).

pH adjusted to 7.4 with 10N NaOH.
During the course of this work, problems were encountered with a
batch of Medium 199 as a result of the medium being toxic {acknow-
ledged by Cibco Biocult Ltd.). For this reason, a change to RPMI
was made even though subsequent batches of 199 were found to be
nonetoxic. The adhesiveness of cells in the two media differed
slightly (A, S. G. Curtis, personal communication) and thus no
experiments using HH199 and R PMI are directly compared. A
correction factor for use with measurements in RPMI medium was
calculated and applied so that all adhesion values are expressed with

respect to a standard HH1%9 medium,
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The osmolarity of HH199 was 292.mOsmol/kg and RPMI1 280 mOsmol/kg
compared to 285 mOsmol/kg for normal mouse serum as measured

by a Knauer freezing-point depression osmometer.

Hanks-HEPES. (HH)
90mI HEPES water.

10ml Hanks' I1O0x concentrate.

HEPES buffered salt solution (HSS).

NacCl 9g

KC1 0.4q

CaCl .2H O 0,0769g
2 2

MgCIl2.6HzO O.lg

Made up to 1000ml with IOmM HEPES water, pH 7.4.

Foetal calf serum. (FCS).
When used, foetal calf serum (Gibco Biocult) was heat inactivated

for 45 minutes at 56°C and used at a concentration of 10% in complete

media.

Ammonium chloride solution.

0.83% ammonium chloride (BDH) in IOmM HEPES water, pH 7*4.

Ficoll-Hypaque.

Stock solutions of 9% and 14% Ficoll 400 (Pharmacia) and 33.9%
Hypaque (sodium diatrizoate, Winthrop) were made up in distilled
water and autoclaved. The mixtures used experimentally varied
depending on the cells to be separated and are d‘escribed in the

appropriate sections.
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Gelatin.

2.5% gelatin (BDH) was dissolved in 0.9% saline.

White blood cell counting diluent,

2% acetic acid in distilled water plus a small amount of crystal violet.

Formol-saline,

90ml 0,9% saline.

10m1 407 formaldehyde,

Trypan blue,

0.2% trypan blue (BDH) in HH.

Glutaraldehyde,

TAAB Tltrastructure grade glutaraldehyde (25%) diluted to 1% with

R PMI before use,

Chemicals.
All chemicals used were '~nalar' grade where possible and water was

double glass distilled,

4.2 TDrugs & Antisera.

Cyclophosphamide (CPP; ndoxana, WB Pharmaceuticals Ltd.).
Stock solution at 20mg/ml diluted with saline for injection intra-

peritoneally at a level of 200pg per gram body weight.

Anti-lymphocyte serum. (ALS, Searle Diagnostics, Batches 13 & 14).

Injected intravenously or subcutaneously at a predetermined dose.

Anti-mouse immunoglobulin serum (Anti-Ig, Nordic Immunologicals
and Gibco Biocult). Raised against isotypic mouse immunoglobulins.
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Anti-Thy 1.2 serum (Searle Diagnostics). Raised in mice exhibiting
only Thy 1.1 antigen against Thy 1.2 to give an allogeneic antibody

with little non-specific cross-reaction.
4.3 Animals

CBA/ca female mice from 6-16 weeks old were used throughout.
They were obtained from the following sources:

Department of Bacteriology & Immunology, University of

Glasgow

ARC IRAD, Compton, Berkshire

Bantin & Kingman, Hull

OL.AC, Bicester
Animals were housed in the Institute of Virology, University of

Glasgow.
4.4 Animal Handling Techniques

2
Mice were kept ten to a cage with an area of 450cm on peat and
hay bedding with food and water ad lib. Following delivery from the
breeders, mice were allowed to recover for at least two days before

being used in any experiment.

The CBA/ca mouse is thought to be a genetically pure strain identical
throughout the world but it was obvious that mice from different
sources showed features that were consistently different, e.g. lymph
node size. For this reason, it was not valid to compare results
between different sources of mice and separate experiments were

always done bn mice from the same batch and of the same age.
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Injection methods.

1. Subcutaneous. Volumes up to 0.5ml were delivered in a
posterior direction in the skin fold in the scruff of the neck.

2. Intraperitoneal. Volumes up to 0.5ml were given into the
lateral peritoneal areas away from the mid-line, care being
taken not to enter or damage the viscera.

3. Intravenous. Following warming in an electrically heated
cage, volumes up to 0.25ml were given slowly into the lateral

caudal vein.

Exsanguination. Mice were anaesthetised using anaesthetic grade
diethyl ether and exsanguinated by rupture of the aorta. Blood was

collected with a needle-less syringe.

All experiments were conducted within the restrictions of the 1876
Cruelty to Animals Act covered by the licence to experiment on

living animals and certificates A and B.
4.5 Glassware

o
All glassware was baked in an oven at 160 C before use.
Siliconising - glassware was treated for 10 seconds with 1% silicone
fluid (MS 1107) in ethyl acetate followed by six washes in distilled

0
water and baking at 160 C for one hour.

Subbing - this treatment was used to coat microscope slides prior
to use for autoradiography to ensure good adhesion of the emulsion.
Slides were dipped in a solution containing 5g gelatin and 0.5g
chrome alum in one litre of distilled water, allowed to drain and

dried in a dust-free atmosphere.
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4.6 Preparation of cell suspensions

1. Normal cell suspensions.

Lymph nodes (inguinal, axillary, brachial and mesenteric) were
removed and gently teased apart in medium using a scalpel. The
tissue clumps were then aspirated through a needleless syringe to
release the majority of lymphoid cells from the reticular network.
The suspension was then filtered through a small plug of glass wool
which had been prewashed with medium in the bottom of a syringe;
this treatment removed all cell clumps and non-lymphoid tissue and
results in a preparation with a viability in excess of 90% as measured
by the exclusion of 0.2% trypan blue or nigrosine. The same method
was later used to prepare thymus and spleen cell preparations although
the latter is a heterogeneous population which required further puri-

fication.

2. B cell enriched suspensions.

(a) Using ALS. Following three daily intravenous or subcutaneous
injections of ALS at a suitable, previously determined doee, lymph
nodes were removed and prepared as above. Usually one additional
passage of cells through cotton wool was necessary to remove dead
cells. ALS Kkills all cells in circulation and is thought not to enter
the lymph nodes. Since the majority of T cells recirculate, then the
B cell component found in lymph nodes will be enriched with respect
to T cells. The preparations used were at least 90% surface immuno-
globulin positive as measured by fluorescent anti-l1gG.

(b) Using anti-Thy 1.2 serum. Lymph node cells were treated

in vitro with anti-Thy 1.2 serum at an appropriate titre for 30 minutes

- 57 -



at 2°C and then with complement for 30 minutes at 37°C. This causes
the lysis of all cells exhibiting surface Thy 1.2 antigen (i.e. T cells).
Dead cells were removed by passage over cotton wool. This technique

was rarely used due to a low cell yield.

3. T cell enriched suspensions,

(a) Nylon wool eolumns. Lymph node cells were filtered through
nylon wool as described in detail by £vans & Davies (1977) from a
technique introduced by Julius et al (1973) and Greaves & Brown (1974),
The resulting population was greater than 90% Thy 1.2 positive as
measured by a fluorescent antiserum, The same method was used
to fractionate thymus cells resulting in a subpopulation with increased
adhesiveness,

(b) Using anti-Ig. Lymph node cells were treated in vitro with
anti-Ig serum and complement as in 2(b). The resulting population
was greater than 90% Thy 1,2 positive (this technique suffered the
same problems as 2{b)).

(¢) Cyclophosphamide treatment. Lymph node cells were removed
three days after one single intraperitoneal injection of CPP (Turk &
Poulter 1972). This substance kills all dividing cells and, since the
majority of B cells are short lived, then T cells are relatively

enriched,

4, Purification of spleen cells, Spleen cell preparations were
well washed, resuspended in 4ml of medium and layered on to a
mixture of 4.2ml 9% Ficoll plus 2ml 33,9% Hypague in a siliconised
10 x 1.5¢m test tube (modified from Béyum 1968). The tube was

spun at 400g, for 30 minutes at 18-20°C following a quick acceleration
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to working speed, The band at the medium/sgparating mixture
interface, of splenic lymphocytes (splenocytes}, was then removed
and washed free of Ficoll/Hypaque. The separating mixture has no
effect on the localisation ability of cells (W, L. Ford, personal
communication). This same technique was used to purify lympho-
cytes from spleens of mice treated with ALS, The resultant sus-

pensions contained greater than 90% B cells.

5. Preparation of leucocyte rich plasma. Heparinised blood

was added to twice its volume of 2,5% gelatin, mixed well and allowed
to stand at 37°C for 60 minutes. The resulting cellular supernatant
was then taken and washed well with HH medium and resuspended at

6
about 10 cells/ml prior to being spun on to a slide in a cytocentrifuge.

6. Preparation of blood lymphocytes. Heparinised blood was
diluted 1:2 with HH, 0,5ml mixture was layered on top of 1ml of
Ficoll/Hypaque (21 parts 9% Ficoll:10 parts 33,9% Hypaque) in a
siliconised 6 x lem glass tube, spun at 400g. for 20 minutes at 20°c,
the medium/spparating mixture interface removed and well washed

(Harris & Ukaejiofo 1970).

Erythrocyte contamination of lymphoid céll suspensions was remedied
by the addition of isotonic ammonium chloride solution which selectively
lyses the red blood cells leaving the lymphoid cells intact both
physically and functionally (Boyle 1968, Zatz & Lance 1970). Before
use the cells were well washed in medium to remove red blood cell

remnants.
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4.7 White blood cell counting

1. Lymphocyte suspensions
Cells (usually diluted 1:9 with medium) were counted in a Mod-Fuchs

Rosenthal haemocytometer using phase contrast optics.

2. Whole blood

A blood sample was drawn up into a white blood cell pipette and diluted
with white blood cell diluent. The pipette was shaken well for 30-45
seconds to lyse all the red blood cells and the resultant white blood

cells were counted in a haemocytometer as above.
4.8 Cytocentrifugation

5
0.5ml samples containing about 5x10 cells were loaded into a
Shandon cytocentrifuge and spun at 600rpm for 5 minutes. The
resultant smears were immediately fixed in absolute methanol for

5 minutes and stained as described.
4.9 Fluorescent antibody staining

Fluorochrome labelled antibodies were used in the identification of

B &T cells. For the former, labelled anti-mouse IgG was purchased
from Nordic Immunologicals. The fluorochromes were either
fluorescein isothiocyanate (FITC) or tetramethylrhodamine is thio-
cyanate (TRITC). For T cell labelling, anti-Thy 1.2 serum was
reacted with TRITC Isomer R (Nordic). Free TRITC was removed

by passage of the conjugate through a small column of Sephadex G-10.
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The labelled antibody was added to cells at an appropriate predeter-
mined titre and allowed to Incubate for 30 minutes at ZOC. This

was followed by 4 to 6 washes in excess medium to remove unbound
antibody. Alternatively, the cells were made up to 1ml with medium
and were layered on to 1ml of 15% Ficoll in saline. Following centri-
fugation for 5 minutes at 800g., the Ficoll layer was diluted with
excess medium and the cells spun down to a pellet. The latter method

had the advantages of speed and minimal cell loss.

Cells were viewed under 50x oil immersion with a Vickers M4*i
microscope fitted with epi-illuminatlon from a HBO 200W mercury
arc lamp and appropriate filters for each fluorochrome. Only cells
showing ring or cap surface staining were counted as positive.

Results were expressed as percentage labelling of the total.
4.10 Measurement of intercellular adhesion

Intercellular adhesion was measured by the Couette viscometer
method introduced by Curtis (1969). Briefly, about 1.5 x 106 well-
washed cells per ml were put into the chamber of the viscometer and
allowed to aggregate under a constant shear rate of 10 see *.

Samples were taken at 0, 7, 14, 21 and 28 minutes and the total
particle number in each was assessed in a haemocytometer. The
collision efficiency of the cells in the sample was calculated from the
formula given by Curtis. The viscometer was siliconised at frequent

intervals.
4.11 Protein determination

Protein levels in solution were determined using a method modified



from Lowry et al (1951) and the optical densities measured at 660nm
with respect to bovine serum albumin fraction V standards. The
unknown protein levels were calculated by linear regression analysis

from the standard levels.
4.12 Manufacture and assay of interaction modulation factors (IMFs)

Thymocyte IMFs were produced in the following manner. Cells were
suspended at 5 x 107/ml in serum-free medium (HH199 or RPMI)
and allowed to incubate for 1.5-2 hours at 37OC. During this time
the viability of the cells did not fall significantly. The supernatant
obtained after centrifugation at 600-700g. was then filtered through
a sterile 0.22pm Millipore filter and subsequently through an Amicon
UM10 pressure dialysis membrane at 55p.s.i. of nitrogen. The
resulting filtrate should not contain any components w'itli a molecular
weight over 10/000 daltons. This fraction was then concentrated on
a UM2 membrane (1,000 daltons cut-off) to nearly a tenth of its
original volume. At this stage, the semi-pure factor was assayed
for its ability to reduce the adhesion of the opposite cell type as
described below. Following a successful assay, the factor was
further purified on a Biogel P-30 column equilibrated with iOmM
HEPES water at pH 7.4. The resulting protein peak was taken and
reassayed for de-adhesion activity and usually contained 150-200pg

of protein per ml.

The details of the assay system and calculation are given in Curtis &
de Sousa (1975). The activity of the factors is expressed in units

4 6
such that 10 units/ml depresses the adhesion of 10 B cells to zero.
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This activity unit refers to the adhesiveness measured in HH199
medium. Before the factors were used in vivo, they were brought
up to physiological salt strengths with the chloride salts of sodium,
potassium, calcium and magnesium in the proportions given for
HEPES buffered salt solution in the media section (4.1). Factors
were stored at -20°C and frozen-thawed no more than once before

use,

4.13 Radioactive labenin&_and cell irﬂgction

All radioactive substances were obtained from the Radiochemical

Centre, Amersham,

1, Chromium~51. Half life 28 days, supplied as sodium 51¢:hromante
in isotonic saline (CJS 1P). Cells were labelled at 50}1(2‘:1/108
cells/ml of medium for 30 minutes at 37°C. followed by at
least three washes in excess medium to remove un-utilised
radioactivity. At this level, 51¢:hr¢>mate labels all cells by
covalently binding to proteins but whether the labelling is

equal amongst all cell types is not known.

2. Tritiated ufidine. Half life 12,25 years, supplied as E-:,I%]
uridine in aqueous solution (TRA 178). Cells were labelled
with 5-25pCi/5 x 107 cells/ml of medium for 60 minutes at
37°C with intermittent shaking. Following labelling, the cells

were thoroughly washed as above.

3
3. Tritiated thymidine. Supplied as E- I—ﬂ thymidine in
7
aqueous solution (TRA 61). Cells were labelled with 1pCi/5 x 10

celis /ml of medium for 60 minutes at 37°C with
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shaking followed by washing in normal medium. The cells

were subsequently chased in medium containing 1.5mg/ml
o

of non-radioactive thymidine (Sigma) for 60 minutes at 37 C

and washed again.

For injection into animals, radio-labelled cells were suspended at
1.2 x 107 cells/ml of medium and 0.25ml was injected intravenously.
At certain times after injection, animals were Kkilled by exsanguination
and the following organs were removed for assay of radioactivity:
spleen, lungs, liver, peripheral lymph nodes (inguinal, axillary,
brachial), mesenteric lymph nodes, bone marrow (as both femurs),
small intestine (complete), kidneys, thymus, tail and a sample of
blood. The results were expressed as percentage recovery of radio-
activity compared to the input. A recovery of greater than 1% in

the tail indicated that the injection was faulty and mice exhibiting

such recoveries were discarded from the results. The body weight
for each mouse was measured and used to calculate a figure for the
total blood volume (hence total radioactivity found in the blood) using
a formula derived from Kaliss & Pressman (1950); total blood

recovery * weight of mouse x 0.121 x recovery/ml in blood sample.
4.14 Radioactive counting techniques

1. Gamma Counting
Samples were loaded into plastic tubes and counted dry in an
ICN Tracerlab Gamma Set 500 or Wilj 2001 sodium iodide
crystal counter. The counting efficiencies of these machines
were about 3% and 1.8% respectively which compares very

favourably with theoretical and practical values (Sheppard &
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Marlow 1971, Herscowit: & McKillip 1974). Using the ICN
counter the background count was usually around 15¢pm

and samples were counted for one or three minutes., The
Wilj counter had a background of 130cpm and samples were
counted for five minutes. Counting samples for one minute
wa: valid in all cases whore the count exceeded 300cpm as in

this instance, the standard deviation is only 3% of the mean,

Beta counting

Tissue samples were prepared as suggested by Ford & Hunt
(1973) using Aquacol (New Tngland Nuclear) as a scintillant,
It was necessary to leave all samples for a few days prior to
counting to allow chemiluminescence from the preparation
technique to die down, In fact, this phenomenon could be

remedied by the addition of 0,4ml sheep red blood cells which

neutralises the effect of the hydrogen peroxide used (Ford 1978).

Cell zamples were prepared by resuspending a ccll pellet in
tml of 10% ammonium hydroxide and leaving it overnight to
digect, The followingy day 10ml of Aquasol scintillation fluid

was added and the samples counted,

Beta emission was measured in Beckman LS200B, Packard
T'ricarb or Intertechnique scintillation counters with tritium
efficiencies around 60%. In the former counter type, counte
ing proceded until a fixed error was achieved; in the latter

two, counting was for one minute only,
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4.15 Measurement of the toxicity of thym- gyte IMF 127

LNL. were labelled with 100pCi Cr/5 x 10 cells/ml of medium
for 60 minutes at 370C, followed by two washes in RPMI/10%FCS.
After a 30 minute incubation at 20C, the cells were washed a further
three times in RPMI/5%FCS. Cells were then resuspended accord-
ing to the following regime:

Control - 1.2 x 10? cells/ml in RPMI/10%FCS.

Exptal. - 1.2x107 cells/ml in RPMI/10%FCS containing 945,000

units (63pg) T IMF 127 per ml.

After a 15 minute incubation at room temperature, both samples
7
were washed once in RPMI/5%FCS and resuspended to 1.2 x 10
. 0 . .
cells/ml. Samples were then incubated at 37 C, with occasional

shaking and 0.1ml samples were taken at appropriate time intervals.

The 0.1ml samples were diluted to 0.5ml with medium, centrifuged
at 400g. for 10 minutes and 0,1ml samples of the supernatant

removed for assay of released radioactivity.

The maximum release of radioactive chromate was assessed by
exposing an aliquot of cells to 5% Lubrol PX (Sigma) for 30 minutes
followed by processing in the normal manner.

The results are expressed according to the formula -

Recovery in 0.1ml supernatant (Cont. or Exp.) - Background *
Recovery in 0.1ml supernatant (Lubrol treated) - Background
4.16 Sectioning of organs

Organs were removed and fixed in formol-saline. Following dehydration
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and clearing through chloroform to xylene, the organs were embedded
in Paraplast Tissue Embedding medium and 4-5pm sections cut on
a Jung rotary microtome. The sections were floated out on hot

water and dried out on to albumen-treated subbed slides.
4.17 Autoradiography

Sections were dewaxed and rehydrated to water. Dipping in emulsion
followed a method modified from Rogers (1969). Slides were dipped
in a 1:2 or 1:3 dilution of IIford Nuclear Research Emulsion (K2 or
K4) in distilled water at SOOC. After being allowed to drain for
several seconds, the slides were left to dry horizontally for one

hour on a cooled tray in total darkness. The coated slides were

then put into plastic racks in sealed containers with a 3mall amount
of silica gel and left to expose at 20C for 3-6 weeks. Following
development in IlIford D19 and fixing in Amfix (May and Baker),

the slides were stained as described in 4.18.

Sections - these were dewaxed and rehydrated prior to staining

by either of the methods below:

1. Methyl green-pyronin Y-water (15:25:60), differentiated in
n-butanol.
2, Harris* haematoxylin and eosin Y, differentiated in acid

alcohol or calcium chloride solution and "blued" in 1%
sodium bicarbonate.
Sections were then rehydrated, cleared with clove oil and mounted

in Canada balsam.
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Smears - these were fixed in absolute methanol and allowed to dry.

Two different staining methods were used:

1. Leishman's. Smears were stained in 100% Leishman*s,
transferred to 50%, differentiated in buffered water at
pH 6.8 and allowed to dry.

2. May-Grlinwald-Giemsa. Smears were stained in 100%
followed by 50% May-Grlinwald, followed by 10% Giemsa and

were differentiated in distilled water.

4.19 Counting of autoradiographs

Sections prepared for autoradiography, as previously described,
were examined under 250x magnification using Leitz Heine dark-field
illumination. Only cells with more than 20 grains were counted as
positive and their position in the organ examined was then determined
using bright field optics. /t least 300 cells were counted for each

experiment.

4.20 Statistical analyses

Results are routinely expressed as arithmetic mean plus or minus
the sample standard deviation. Comparison between control and
experimental data was done using Student's t test, the variance
ratio (F) test having been previously done to check the compatibility
of the data. However, this test cannot be used if the variances of
the two samples being compared are significantly different. In this

case, Cochran's modified t' test (1964) must be used.
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t* is given by the formula:

tl= Mean 1- Mean 2 ?
where X /st. dev.
J n.
kl * k2
and k X t. dev.
2 I 2
n

This gives a value for t' for which the significance level must now

be calculated. To do this, the significance levels desired (e.g. 1%
or 5%) are looked up in the t tables for ("™ - 1) and (n - 1) degrees
of freedom. These values are called t™ and t™ respectively. The

tM value for this particular level of significance is given by:

te = (kI x t) + (KE x t2)

(Ki + k2>

if t* is greater numerically than t'* then the data s gnificant

within the significance levels chosen.
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CH*PTYR FIVE

ZXPERIMENTAL PROTOCOLS

#.

1. The sifect of chromate on the localisation of labelled thymocytes.

The level of chromate in the normal radioactive labelling solution is
approximately 0.1mM, EIQ uridine labelled thymocytes were incub-
atec for 30 minutes at 370C and 108 cells/ml in saline containing

150pl of 0.1mM potassium chromate. Control cells were ircubated

in the same way in saline without chromate., Cells were theu washed
and injected as normal and after 3.5 hours organs were assayed for

radioactivity by scintillation counting as described in: the Methods section.

i

de Localisation patterns of 51Cr labelled red blood cells.

6
Labelled red blood cells at 3 x 10 cellg/0.25ml were injected intra-
venously and organs were assayed for radioactivity after 15 minutes

and 4 hours.

3. Localisation patterns of normal, glutaraldehyde fixed and

heat-killed labelled thymocytes.

Thymocytes labelled with 5iCx' were resuspended to 1,5 x 107 cells /ml,
(a) Control cells. Cells were incubated for 30 minutes at 17°c
in normal RPMI,
(b) “lutaraldehyde fixed cells, Cells were incubate. in glutaral-
dehyde solution for 30 minutes at 37°C.
(¢) lieat-killed cells. Cells were incubated for 30 minutes at

o
56 C in RPMI containing 20pg/ml TNase.



All cell types were then washed 3 times in fresh medium and their

viabilities checked by dye exclusion prior to injection. Each mouse
6

was given 3 x 10 cells in 0.25ml of medium and organs were assayed

for radioactivity after 2 hours.
L . 51
4. Injection of free sodium Cr chromate.

This stock was obtained from the supernatant of the first wash of cells
following normal labelling procedures. The radioactivity will be in

51 . 51
the form of free Cr-chromate ions or Cr-chromate bound to
small peptide units released from cells during the 30 minute incubation.
0.5ml volumes of this supernatant were injected subcutaneously or
intraperitoneally and organs were assayed for radioactivity after 30

minutes and 4 hours.
5. Alternative injection routes of cells.

51 7
Cr labelled thymocytes, at 6.7 x 10 cells/0. 5ml medium, were
injected subcutaneously or intraperitoneally and organs were assayed

for radioactivity after 30 minutes and 4 hours.

6. The adhesive and localisation properties of normal thymocytes

and nylon wool filtered thymocytes.

Filtered thymocytes were obtained by the nylon wool method described.
The adhesiveness of normal and filtered thymocytes was measured by
the Couette viscometer method.

.., bl L . .
Both cell types were labelled with Cr and injected into syngeneic
recipients. Their respective organ localisations were measured at

15 minutes, 30 minutes, 1, 2, 4 and 24 hours after intravenous injection.
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7. The filtration of thymidine labellec thymocytes through nylon

wool columns,

Thymocytes were labelled with EI—E]thymidine and passaged through
vylon wool columns in the manner described, Cells were cluted in
<ml fractions and the cell nuimmber and radioactivity in cach fraction

were determined.

8, Comparison of localisation patterns of cyclophosphamide (CPP)
produced T lymphocytes ancd nylon wool filtration procuced T

lymphocytes.,

1
> Cr labelled CPP T cells and column T cells were produced as des-

cribecd in the Methods section. Both cell types were injected into
syngeneic recipients which were killed at i5 misutes, 30 minutes, 1,
2, 4 and 24 hours after injectionn. Organs were then assayed for radio-

activity.

9. The effect of the number of cells injected on the recovery of
SICr labelled thymocytes and lymph node lymphocytes in various

organs.

51Cr labelled cells were produced as described and resuspended at the

appropriate concentrations in 0,25ml of medium, which wax injected
intravenously, Various organs were assayed for radicactivity after

1 hours.

10. The cffects of large quantities of unlabellec cells on the local-

isation patterns of 51Cr labelled lymphocytes.

The number of unlabelled cells added varied for each experiment.
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However, the standard inoculum contained 3 x 106 labelled cells in
0.25ml and unlabelled cells were added to this without changing the
final volume. Mixtures were allowed to incubat: for 15 minutes at
37°¢c prior to iajection. Both SICr and E;l% uridine were used as
labels and organs were assayed for radioactivity after set times.,

Some organs were also processed for autoradiography.
il., Intravenous injection of thymocyte IMY,

Before use the protein level and activities of IMFs were measured by
the techniques described. For injection, thymocyte IME was made

up to 80,000 units/ml of buffered saline and 0,25ml was injected intra-
venously, Control animals were given 0.25ml saline only, After
certain time intervals, primarily 2 and 24 hours, blood wa:z withdrawn
into heparinised syringes and the spleens were removedc. The blood

samples were treated in the following ways:

(a) &fter dilution in a white blood cell pipette the total leucocyte
count per ml of blood was measured.

(b) Preparation of a leucocyte rich smear, as described, to obtain
a differential count of leucocyte types.

(¢) separation of blood lymphocytes and staining with fluorescent

antibody to obtain the percentage of Ig positive cells,
The spleens were treated in two ways:

{a} Yor histology by routin: methods.
(b) separation of spleen lymphocytes and measurement of Ig positive

lymphocyte level as with the blood.

-T73 «



\s many cells as possible were counted for each result and the

data is that pooled from at least ten animals.
12. The effect of thymocyte IMFs on labelled thymocyte localisation.

51 H
Cr or uridine labelled cells were incubated with appropriate
amounts of thymocyte IMF for 15 minutes at room temperature prior

to injection (3x10” cells in 0.25ml injected with factor). The follow-

ing IMFs were used:

TF122 at 7,000 units (13pg protein) per injection.
TF124 at 25,000 units (14]ig protein) per injection.

TF126 at 21,000 units 16pg protein) per injection.

In one series of experiments using TF126, the cells were washed

free of IMF prior to injection.

After set time intervals, organs were assayed for radioactivity.
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CHAPTER SIX

RESULTS

Radioactive chromate has, in the past, been criticised as a cell label

for transfusion studies. These first few experiments were designed to

examine the effect of chromate on the cell surface with respect to

localisation patterns, where excess label is found if released, and

where dead labelled cells localise. Answers to these questions are

necessary in the interpretation of the remaining experiments.

6.1 The effect of chromate on the localisation of labelled thymocytes
(see Table 1)

This experiment compares the localisation patterns of thymocytes

labelled with tritiated uridine before and after treatment with non-

radioactive potassium chromate at a similar concentration as would be

used for radioactive labelling.

Due to the preparation technique for scintillation counting, the variances
of the data are rather high but despite the tendency for treated cells
to accumulate in the liver to a slightly greater extent, there is no
evidence to suggest that this is significant.
6.2 The localisation patterns of 51Cr labelled red blood cells.

(see Table 2)
By labelling red blood cells, the relative blood contents of the sampled
organs at 15 minutes and 1hours after injection can be estimated. The

total recoveries of all the sampled organs are very high, 100% and

86% at 15 minutes and 4 hours respectively, which would tend to
indicate some inaccuracy as many organs containing appreciable blood
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were not sampled. It is interesting to note the recovery in the lymph
nodes which is at least detectable compared with the data from table 3
on the localisation of dead cells. The lung levels give an idea of

the number of cells likely to be embolised or trapped following intra-

venous injection.

6.3 The localisation patterns of glutaraldehyde fixed and heat-killed
thymocytes (see Table 3)

1. Glutaraldehyde fixed cells. These cells still apparently main-
tained a high viability as measured by dye exclusion, although most
cells were probably no longer alive by other criteria. Most cells

end up in the liver if they do not become trapped in the lung capillary
beds after injection. The lymph node recovery is undetectable

(below 0.017) and the recoveries in the spleen and kidneys are probably

due to the trapping of previously untrapped dead cells.

2. Heat-killed cells. The patterns of recovery are the same as
with the glutaraldehyde fixed cells. The total recovery is surprisingly

high, being greater than with normal cells.

6.4 Utilisation of free octed chromate.
(see Table 4)
o ] 51
The injected chromate would be in the form of free Cr chromate
51 . .
or Cr chromate bound to small peptide units. The pattern of
recovery depends on the route of injection, with most of the radio-

activity ending up in the liver, email intestine, kidneys and blood.
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6.5 Alternative injection routes of labelled cells

(see Table 5)
1. Intraperitoneal injection. The recovery of cells injected by
this route is minimal even after 4 hours. The high levels recorded
for the blood are probably an artefact as a result of the collection

technique.

2* Subcutaneous injection. Very few, if any, cells ever get into
circulation from the subcutaneous route. The levels seen may be
due to released label as the cells are often damaged from thi3 type of
injection.

6.6 The localisation and adhesive properties of normal thymocytes
and thymocytes filtered through nylon wool.

1. Adhesiveness (see Table 6)

The average mutual adhesiveness of unfiltered thymocytes is much
less than that of filtered cells. The large variance in the data for
the filtered subpopulation is probably due to the variability of the
population of cells eluted from the column. Only 507 of the cells

put on to the column were recovered in the eluate.

2. Localisation patterns (see Tables 7, 8, Figure i)
The time course data is expressed on Table 7 and in Figure 1 and the

results of the t te3ts on Table 8.

Spleen - the localisation of both cell types increases rapidly over the
first four hours, although the filtered subpopulation displays a signi-

ficantly lower localisation throughout. At 24 hours, the percentage
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recovery has decreased slightly and the difference between the entire
thymus population and the filtered cells is probably not significant
except that the variance of the control data is very high. The rate of
entry of the filtered cells into the spleen over the first 30 minutes may

well be depressed.

Lungs - both cell types localise in the lungs at early time intervals but
the levels rapidly drop off. The recovery of the filtered cells is signi-
ficantly lower over the first 2 hours but by 4 hours, both cell types

exhibit an equally low recovery.

Liver « the liver recovery remains largely constant with time for both
cell types but up to 4 hours the recovery of filtered cells is again
significantly depressed. After 24 hours, this difference is no longer

apparent,

Lymph nodes - recovery in the lymph nodes of both control and filtered
cells is low and probably for thiz reason there are no significant
differences in the recovery at most times., The initial rate of entry

of filtered cells into the lymph nodes may well be depressed.

Bone marrow - again the percentage recovery in the bone marrow
after injection of either cell type is low but the recovery of filtered

cells iz significantly lower over the first four hours,

Blood - the recovery of both cell types in the blood starts off at a
high level and decreases rapidly with time. However, at times up to
and including 2 hours, the blood recovery of filtered cells is significantly

higher than that of control cells.
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Small intestine - the recovery of both cell types is low and at most

time intervals there is no significant difference between the recoveries.

Kidneys - the recoveries in the kidneys of both cell types remain high
throughout with the filtered cells being recovered in significantly

higher levels at all time intervals, including 24 hours.

Total recovery - despite a tendency at early time intervals for the total
recovery cf control cells to be greater than that of filtered cells, the

difference in the majority of cases is non-significant.

No detectable recovery was found in the thymus with either cell type
at any time interval (data not included).

6.7 The filtration of thymidine labelled cells through nylon wool
columns

Thymocytes used had been labelled with tritiated thymidine as described.

The results (Table 9) show that the cell yield from the column is about
53% and the yield of thymidine labelled cells is very similar. Thus,
thymidine labelled cells are not significantly passaged or retained.
However, should this be the case, the cpm per 107 cells should remain
a constant. There is a tendency for the fifth fraction to have a slightly
higher cpm per 107 cell recovery but this is probably due to higher
variances in counting such a small number of cells.

6.8 The localisation of cyclophosphamide produced and nylon wool
produced T cells.

Since it had been found that passage of thymocytes through a nylon wool
column caused the selection of a specific subpopulation, it was interesting
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to see whether the same could be found for peripheral T cells produced
by similar means. CPP was used to produce a "control” population

of T cells to be compared with T cells produced by nylon wool filtration
of lymph node lymphocytes.

Summary of localisation patterns of injected cells. (Tables 10, 11, 12
Figure 2)

1. Spleen. Over the first hour after injection, both cell types
localise rapidly in the spleen, although the column T cells are slightly
slower since the level at 15 minutes is significantly lower. After one
hour, the CPP T cells reach a maximal level and gradually fall off to
a slightly lower level at 24 hours. The column T cells do not reach a
maximal level until 2 hours and this level, significantly greater than

the CPP cell level, is maintained until 24 hours when both values are

identical.

2. Lungs. The initial level in the lungs of column T cells is much
higher than that of CPP T cells but falls off more rapidly, such that

a constant low level is reached in both cases at around 4 hours.
Although the initial difference is of the order of 13%, it is not signifi-

cant due to the large differences in variances of the data.

3. Liver. Initially, the level of both cell types is high in the liver,
but the level of column derived cells falls to around 10%. The CPP

T cells are retained in the liver longer over the first hour, but
subsequently fall to similar values as the column T cells at later times.
At 24 hours, both liver levels have increased further but at all times

the recovery of column T cells is lower.
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4. Lymph nodes. From pooled mesenteric and peripheral lymph
nodes. The increase in lymph node localisation with time is broadly
similar with both cell types, although there is a slight lag of lymph

node entry by column T cells around 2 hours. ‘fter 24 hours, both

levels are identical.

5. Bone marrow. Although both cell types localise to the same
extent in the bone marrow at an early time, the rate of entry of CPP
T cells is slower over the next 2 hours. After 4 hours, levels of both

cell types are the same.

6. Blood. At most time intervals up to and including 24 hours after
injection, the level of CPP T cells in the blood 16 significantly greater
than that of column derived T cells. However, by 2 hours this level
is only 4% maximum, dropping off slowly with time. The final level

of column X cells in the blood is very low.

7. ~mall intestine. The levels and rates of entry of both cell types

into the small intestine is very similar.

8. Kidneys. As with the small intestine, both levels and rate of
entry are similar.

6.9 The effect of cell number on the organ localisation of injected
LNL and thymocytes (see Table 13)

This experiment was performed to see whether the injection of
larger cell numbers caused non-specific trapping in various organs.
The low cell dose was 3x106 cells per animal (the dose normally
used in all the experiments reported here); the high cell dose was

7
3-3.5 x 10 cells per animal - both in the same volume of medium.
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1. Recovery of lymph node lymphocytes in high and low doses.
Although, in the data presented here, there are no significant differ-
ences, administration of the higher dose resulted in marginally lower

recoveries in the peripheral lymph nodes.

2. Recovery of thymocytes injected in high and low doses.
As with the above, apart from marginal, non-significant differences,

the recoveries of high and low doses are the same.

Note - the results for the low level injection of lymph node lymphocytes
do not correspond to other data from similar cells derived
from the same source. For this reason, ithe comparison is
made only between animals injected with the same cell inoculum
on the same day, since, for some unknown reason, spleen-
seeking cells may be enriched in certain samples.

6.10 The effect of large quantities of unlabelled cells on the localisation
of labelled lymphocytes.

7
The maximum inoculum cell number was 3.33110 cells, a dose which

has already been shown not to "clogll up the recirculatory system.

1. Labelled LNL with ten times the number of unlabelled LNL
(Table 14)

This control experiment shows that the addition of a large number of
unlabelled cells, identical to those of the labelled population, makes np

difference to the organ distribution of labelled cells at 4 hours.
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2. Labelled LNL with ten times the number of unlabelled

thymocytes (Table 14)

There is a significantly increased localisation of labelled cells in

the spleen compared to the control at 4 hours. This is accompanied

by a tendency for increased localisation in the liver, although the differ-
ence is not significant. The most interesting observation is that the
total recovery of radioactivity from all the organs sampled is greater

in the thymocyte-added injection compared to the control. This argues
against the proposal that the increased localisation in the spleen is at
the expense of localisation to other organs. The increased total
recovery indicates that the extra cells have been sequestered from some
other location other than those sampled. At 24 hours, the differences

previously seen are no longer apparent.

Experiments using tritiated uridine labelled LNL with unlabelled
thymocytes indicate that the increased localisation in the spleen is
present as early as 15 minutes after injection and is maintained for at
least 24 hours (Table 15). The latter result is at variance with the

51
data using Cr labelled cells.

Autoradiographical analysis (Table 16) of the distribution of

uridine labelled LNL in the spleen with unlabelled thymocyte treatment
indicates that this population enters the white pulp more rapidly than
the control population, which remains in the red pulp for a longer time.
At 15 minutes and one hour after injection, an increased number of
cells are found in the marginal zone of the white pulp. At 24 hours,

any differences previously seen are no longer apparent.
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3. Labelled LNL with twice the number of unlabelled lymph node B

lymphocyte a (Table 17)

At 30 minutes after injection, there is no difference between the local-
isation of normal labelled &NL and LNL injected with twice that amount
of unlabelled B lymphocytes also derived from lymph nodes. However,
at 4 hours after injection, significant decreases are seen in the spleen
and blood localisation and increases in the bone marrow and lymph

node localisation compared to the control situation. Other experiments
(Table 18) have indicated a qualitatively similar rise in lymph node
localisation with little eilect on the bone marrow, blood and spleen
localisation but an increase in the liver localisation. This feature may
be apparent in the data for 30 minutes after injection, but due to the

large variances in the data, comparisons cannot be made.

4. Splenic lymphocytes with three times the number of unlabelled

thymocytes (Table 19)

At 4 hours, the only significant difference is a decrease in localisation
of treated cells in the liver with a tendency towards an increase in the
lymph nodes. The drop in the liver is also reflected in a drop (though

not significant) in the total recovery.

5. splenic B lymphocytes with five times the number of unlabelled

thymocytes (Table 20)

The localisation of labelled cells in the lymph nodes at 4 hours is signi-
ficantly decreased, although, in any case, the control values are low.

The localisation of treated labelled cells in the blood and spleen is also
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decreased and the level in the liver increased. "Ithouch none of these
differences are significant, they are sufficient to account for the
significant decrease in the lymph nodes.
6.11 Properties of thymocyte IMFs manufactured and used

(see Table 21)
From the data provided in the table, it seems that there does not appear
to be any close correlation between the protein concentration and the
activity of the IMF in depressing B lymphocyte adhesion. This may be
due to the differences in purity of the individual preparations or that
the protein oart of the molecule is not the active region.
6.12 Cytotoxicity of thymocyte IMF 127

(see Table 22)
This particular IMF has a very high activity for protein content and
thus although th" cells in the experiment are treated with a similar
weight of protein as in other experiments, they are in this case sub-
jected to a much higher B lymphocyte deadhesion activity. Over the
4 hour time course of the experiment, there is no indication that the
IMF is particularly toxic and even after 4 hours, the viability by dye
exclusion is still greater than 90%.
6.13 The effect of intravenous injection of thymocyte IMF on the
lymphoid system. ("*ec Table 23)
1. White blood cell counts. The number of white blood cells per ml
of blood increases significantly after 2 hours following injection of IMF.
The differential white blood cell count from smears suggests that the

increase is due to a non-specific leucocytosi3 involving lymphoid,
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granuloid and other mononuclear cells. Whether there is also an
increase in the red blood cell count is not known, The leucocytosis

is detectable as early as 15 minutes after injection of the IMF,

After 24 hours, the leucocytosis is not apparent and the differential
white blood cell count indicates that all white blood cell types are lost
in proportion, such that coutrol and experimental differential counts
are the same, The large difference in the differential count data at

2 and 24 hours is very hard to explain. It is possible that the prepar-
ation techniques varied on the separate occasions but this is unlikely to

explain such a large difference.

2. Percentage of B cells in blood and spleen. Meazurement of the
percentage of B cells (as surface immunoglebulin positive cells) in
the blood and spleen shows an increase in the B:T cell ratio in the
former and decrease in the B:T ratio in the latter at 2 hours. Thus,
the spleen B:T ratio goes down and the blood B:T ratio goes up., The
difference in the spleen can be explained either by a loss of B cells
or gain of T cells each of which will affect the B:T ratio in the same

way.

3. Histology of the spleen after IMF treatment. At 2 hours after
IMF injection, the red pulp of the spleen appeared more acellular than
in the control, Whether the white pulp was also depleted was impossible
to quantify, althoggh ther: was no markecd difference visible, After

24 hours, the red pulp appeared to have regained its normal cellularity,

The lymph nodes were also examined in this study, There was no
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difference in the B:T cell ratio at any time and no apparent histological

alterations.

6.14 The effect of thymocyte IMF on lymphocyte localisation

£s has already been mentioned, it has been found that mice from differ-
ent sources display different organ recoveries after injection of a
similar cell type; this fact is very evident from the 4 hour control

data shown in tables 14 and 17,

I. Cieneral notes on the trend of lymph node lymphoecyte localisation

with time.

At one hour after injection, the number of cells localising in the spleen
haz almost reached a maximum, a level which is maintained and
gracdually decreases to the lower 24 hour value. A similar pattern is
seen in the liver localisation. TI'he lymph node levels increase with
time almost linearly - it is not known whether the increase after 24
hours continues in the same way, as no experiments were performed
for longer than 24 hours. The blood level falls with tirme as does the
total recovery from all the organs., Localisation in the small intestine
increases with time, The kidney and hone marrow levels reach an

early maximum and then remain largely unchanged with time,

2. The effect of thymoceyte IMF 122 on lymph node lymphocyte local-

isation,

Tr#122 (7,000 units) 1 hour, Although there are probable increases
in the spleen and liver localisation and total recovery,

Table 24, these are not statistically different due to the lack of data.
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There is, however, a significant drop in the recovery
in the peripheral lymph nodes which is not apparent in

the mesenteric lymph nodes.

4 hours. The decrease in the localisation in the peripheral
lymph nodes seen at one hour is still present at 4 hours
along with significant increases in localisation in the
spleen and liver. There is also a decrease in localisation
in the bone marrow. It should be noted that, again, local-
isation in the mesenteric lymph nodes is unaffected and
the level of labelled cells in the blood does not show a
tendency to be decreased. The total recovery of treated

cells in all the organs sampled is again elevated.

24 hours. Any differences seen in the previous time intervals
are no longer apparent at 24 hours. The total recovery of

treated cells is also identical to that of the control.

The effect of thymocyte IMF124 on lymph node lymphocyte local-

isation.

TF124 25,000 units. Table 25.

The results for the experiment at 4 hours are qualitatively similar to

those at 4 hours in table 24 and the mice used in both experiments were

derived from the same source. Treatment with T IMF 124 in this

case does not cause a significant increase in the localisation in the liver.

The remaining data in this table shows the effect of a thymocyte condit-

8 o]
ioned medium (10 cells/ml for 60 minutes at 37 C) on LNL localisation.
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Although the data is not significantly different, the trend is towards a

gimilar effect to the purified IMF,

Tsing the same IMF, the experiments were repeated at 2 and 8 hours
(Table 26). This data is totally incompatible with that previously
described due to the different source of animals for the experiments.
For this reason, the effect of T IMF 124 over a time course cannot be
adequately documented. At 2 hours, there is an increase in the liver
and decrecase in the peripheral lymph nodes, as in the other data.
However, a previously un-noted decrease in the mesenteric lymph
nodes is also seen, ~“t 8 hours, the difference in the liver is still
maintained but the lymph node data, although remaining apparently
lower, iz not significantly different. It should be noted at both times
that the total recovery in 1.1} treated animals is higher than in the

controls,

4. The effect of thymocyte IMT 124 on the intrasplenic distribution

of Eiﬂ uridine labelled LNL (See Table 27)

This experiment was carried out under the same conditions as that
documented on table 16 on the effects of unlabelled thymocytes on the
intrasplenic distribution of LNL, In the latter experiment, at 15
minutes after injection, labelled ¢ells which had beer treated with
thymocytes were seen to enter the white pulp more rapiély, The same
is found for IMF treated cells, though to a greater extent. Cells
enter the white pulp more rapidly but appear to be transiently held up
in the marginal zone of the white pulp. At one hour the hold-up in the

marginal zone is still apparent, while at 24 hours no difference in the
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distribution of control or IMI' treated cells i{s seen. It should also
be remembered that the differcnces shown in the table are from
results expressed as a percentage of total counted. In fact, since
the recovery in the treated animals is always greater, the differences

are greater than are indicated on the table,

5. The effect of thymocyte IMF126 on lymph node lymphocyte

localigation

T¥126 21,000 units. Table 28

The data showa the effect of both intravenous injection of the IMF on
the localisation of labelled LINL and the effect of IMI treatment of the
cells, followed by one wash in medium prior to injection, on the

localisation of labelled LINL.

Intravenous injection of T IMY with LNL, In thi¢ instance, the IMF
causes a significant decrease in the localisation to both peripheral
and mesenteric lymph nodes with a concomitant increase in the liver,
Contrary to other results, there is no increase in the spleen and a
significant decrease in localisation in the amall intestine. The total

recovery is similar to the control,

Treatment of LNL with I IMY prior to injection, This parallels the
results of the intravenous injection of IMYI with a tendency for increased
localisation in the spleen and 2 smaller increase in localisation to the
liver, In both the treatments, the levels of cell:s in the blood are

similar.
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6. The effect of thymocyte IMF 122 on spleen B lymphocyte

localisation.

Table 29 7,000 units TF122

2 hours The only significant increase is in the liver while the
decrease in the peripheral lymph nodes is not significant

due to lack of data,

4 hours The increase in the liver is still apparent but is not
significant due to the large variance of the data. Although
the lymph node recoveries are very low, there is a defi-
nite decrease in the localisation in both peripheral and
mesenteric lymph nodes similar to that seen with the
excess thymocyte treated spleen B lymphocytes (Table 20),
In both the Z and 4 hour time courses the increase in
the liver is also reflected by an increase in the total
recovery, suggesting that increased localisation in the

liver is not at the expense of localisation elsewhere.

6.15 The localisation patterns of LS produced LN B lymphoeytes

The data shown in table 31 shows the localisation patterns of 51Cr
labelled B lymphoeytes produced by in vivo ALS treatment., The
majority of cells localise in the spleen and liver, although the variability
of the cata is high despite the large sample number. This data can

be compared to that on table 20 of the localisation patterns of ALS

produced spleen B lymphocyte:s, It would appear that the latter cell
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type localises more in the lymph nodes than B lymphoecytes from lymph
nodes. This finding does not support the concept that lymph node cells

home specifically back to lymph nodes.
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A A Spleen

O - Langs
Open Symbols - whole thymus population.

Solid Symbols - filtered thymus subpopulation.

Figure la Time course of recoverable radioactivity: abscissae -
time in hours after injection of labelled cells; ordinates -

recovery as a percentage of the injected dose.



O | Liver

O ¢ Lymph nodes
Open Symbols - whole thymus population

Solid Symbols - filtered thymus subpopulation

Figure Ib Time course of recoverable radioactivity: abscissae -
time in hours after injection of labelled cells; ordinates -

recovery as a percentage of the injected dose.



Vv Bone Marrow

O - Blood
Open Symbols - whole thymus population

Solid Symbols - filtered thymus subpopulation

Figure Ic Time course of recoverable radioactivity: abscissae
time in hours after injection of labelled cells;

ordinates - recovery as a percentage of the injected

dose.
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O# Small intestine
A A Kidneys

Open Symbols - whole thymus population

Solid Symbols - filtered thymus subpopulation

Figure Id Time course of recoverable radioactivity:
abscissae - time in hours after injection of
labelled cells; ordinates - recovery as a

percentage of the injected dose.
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N N Liver

Open Symbols - nylon wool produced T cells

Solid Symbols - cyclophosphamide produced T cells

Figure 2a Time course of recoverable radioactivity:
abscissae - time in hours after injection of

labelled cells; ordinates - recovery as a

percentage of the injected dose.
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Open Symbols - nylon wool produced T cells

Solid Symbols - cyclophosphamide produced T cells

Figure 2b Time course of recoverable radioactivity:
abscissae - time in hours after injection of
labelled cells; ordinates - recovery as a

percentage of the injected dose.
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CHAPTER SEVEN

DISCUSSION

In this chapter, the following points will be discussed:

1.

2.

3.

4.

5.

The experimental system of cell localisation used here, in
particular, the uses of various radioactive labels and the charae-

teristics of localisation in the organs sampled,

The correlation between the adhesiveness of cells as measured

in vitro and their in vivo localisation properties utilising

subpopulations of differing adhesiveness produced by nylon wool

filtration.

The effects of large numbers of unlabelled lymphocytes of a
single lineage on the localisation patterns of labelled populations

of lymphocytes.

Products of the thymus and a comparison with thymoeyte inter-

action modulation factor,

The effects of thymocyte IMF's in vivo « particularly the mobili-
sation of cells from the spleen and perturbations caused to the
localisation patterns of circulating cells, The similarity
between the effects of thymocyte IMFs and large doses of

unlabelled cells of a single lineage will be discussed in detail,

The wider implications of the IMF theory will be suggested

along with some speculation about certain mechanisms oceuring

in vivo which might be explained by IMFs., The IMF theory
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will be compared to other theories of sorting-out and cell
adhesion which have been suggested in the past for other systems.
Finally, some thoughts for future experiments will be considered.

7.1 The validity and problems of using 51Cr as a label for transfusion
studies

Radioactive sodium g¢hromate has been used as a label for erythrocytes
in clinical work for many years but only for the past {ifteen years has
it been used as a routine label for lymphoecytes in transfusion studies.
As with most labels, the use of SlchrOmate has had its critics and {t

is proposed here to briefly list the pros and cons of its use.

The dose used for labelling the cells during these experiments has
been 50|,x(:i/108 cells which seems to be the same as used by all other
workers, However, Bainbridge & Gowland (1966) used doses up to
4:()0(.1(:&/108 cells without any apparent detrimental effect on the cells®
localising ability, although Rolstad & Toogood (1978) report that doses

over 10pCi/ml affect the Graft-versus«host response of rat lymphocytes.

Sodium chromate is also an oxidising agent and as was pointed out in
the introduction, oxidising agents such as sodium periodate ean disrupt
lymphocyte localisation (Zatz et al 1972b). In this particular experi-
ment, the effect of periodate was measured on cells labelled with
lchromate so there was no indication of any effect due to the chromate
alone. To check for any possible effects, [:SH] uridine labelled
thymocytes were treated with rion-radioactive chromate and their
localisation patterns eompared to non-~treated controls. The results

in table 1 indicate that chromate has little effect on lymphocytes as
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far as their ability to localise in lymphoid and non~lymphoid organs is
concerned, The variability of the results might mask any differences
in the small intestine and kidneys, this being due to preparation tech~
niques required for liquid scintillation counting, The main effect of
periodate treatment is to reduce the localisation in the spleen and
lymph nodes, cells loealising preferentially in the liver (Zatz et al
1972b). This tendency cannot be seen with chromate treated cells so
it is concluded that chromate labelling at the dose used in these experi-

ments does not adversely affect any cell surface component.

The number of labels that have been used in lymphoeyte transfusion
studies is now large - van Rooijen (1977) lists twelve isotopic species
that can be used, while Rannie & Donald (1977) have made a system-
atic study of six isotppic labels;in common use. Their conclusion is
that 51chromate is probably the; best all round label for its ease of use
and the fact that any label eluted is not reutilised, However, Sprent
(1976) suggested that eluted label was trapped in certain organs
increasing the apparent recoveries. Since 51Cr labels all cell types,
though not necessarily evenly, great care must be taken to eliminate

contaminant cells from lymphoecyte suspensions,

75
Recently, 99m'1‘c (Barth & Singla 1975), Se L-selenomethionine
, 111
(Rose & Micklem 1976) and In (Rannie et al 1977b) have all been

51
suggested as being superior to chromate but short half lives, toxicity anc

51
difficulty of use make them more impractical. chromate is thought
to bind covalently to amino groups of lysine and other basic amino
acids and elution from the cell is as a result of turnover of labelled

protein and the loss of non-reutilisable labelled protein fragments
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(Ronai 1969). The rate of elution of labelled fragments into the urine
of humans is approximately 3% of the injected dose over the first 24
hours after infusion (Hersey 1971), although Sanderson (1964) has

found that 5% of 51chromate label is lost within 2.5 hours from mouse
lymph node lymphocytes in culture. However, these particular cells
do not maintain their viability well in culture even in complete media.
The reutilisation of free injected chromate is shown on table 4, although
only injected intraperitoneally and subcutaneously. Most free chromate
remains in the blood, although with the intraperitoneal injections this
may be an experimental artefact. However, the similar recoveries

in the blood after subcutaneous injection do not support this. Since
some of this 51chromate injected is in the form of free label, it is
hardly surprising that the blood would display the highest recovery.

The liver levels may be the result of trapping of labelled protein frag-

51
ments or the binding of free chromate.

As mentioned, the presence of contaminating cells in lymphocyte
suspensions is of importance with chromate labelling. In the case of

the experiments reported here, erythrocytes are the major contami-

nant and table 2 shows the localisation of labelled erythrocytes 15

minutes and 4 hours after injection. This gives an idea of the blood
content of the various organs and even if a contamination level in
lymphocyte suspensions of 1% is assumed, probably a reasonable estimate,
then none of the sampled organs would exhibit more than 0.5% of the

total injected dose as a contaminating erythrocyte recovery. In
particular, the recoveries in the spleen and lymph nodes are especially

low. However, since the same population of labelled cells is always
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used in control and experimental conditions in each experiment, then
any differences seen are probably real and not due to contaminating

cells.

An important feature of lymphocyte localisation is the recovery of
labelled cells within the liver. Many reports suggest that fead cells
accumulate in the liver (e.g. Wiig 1976), some suggest that they do
not (Bainbridge et al 1966) which is congistent with the data presented
in t#ble 3. The results show the effect of heat-killing and glutaral-
dehyde fixation on the localisation patterns of labelled thymocytes.
Heat-killing, not surprisingly, causes many cells to become trapped in
the lungs, possibly as a result of nucleic acid leakage making the
cells '"sticky'', Remaining ¢ells are usually trapped in the liver.
However, glutaraldehyde fixed cells, which are also effectively dead
but probably not so '"leaky', are not found to such a great extent in the
liver, indeed, less than normal cells although the total recovery is
less than with heat-killed cells. The problem of total recovery will
be discussed shortly, Thus, it is not clear whether dead cells do
localise in the liver and this point will again be raised in discussion of

particular results where the liver levels are increased,

Cells, once outside the blood-lymph circulation, are thought to be
unable to return to circulation (Hollingsworth & Carr 1972), This

point is reinforced by the findings shown on table 5 of the localisation

of labelled thymocytes injected intraperitoneally and subcutaneously,
From neither route do the cells return to eirculation to any great extent,

In this case, the blood levels after intraperitoneal injection are an
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artefact due to the collection technique. Injection of cells subcutan-
eously is thought to damage them which may account for the increased

blood recovery.

51
The use 0of chromate as a lymphocyte label, over the times used

in these experiments, is considered valid and the intravenous route
essential, Since the contamination of injected lymphoid cells by other
cell types was always minimal, that particular criticism can be dis-
counted, The reutilisation of SIchromate released is difficult to
evaluate and the results in table 4 provide little further insight.
However, over the time course used in most of these experiments,
routinely 4 hours, it is thought that the amount of label released which
can be reutilised is minimal, provided that the cells are adequately

washed prior to injection,

7.2 (ieneral notes on the orzans sampled

The percentage recovery of injected dose in the organs listed in
experiment: herc is often dependent on the sampling technique and
allowance must be made for the fact that not all of a particular organ
may be sampled. The notes below bring to light differences that may
be apparent. Lome workers have expressed the organ recovery as a
percentaze of the total rec(‘)very rather than as a percentage of the
injected dose, This irons out variations due to difierences in total
recovery but cai mask the efiect of localisation in organs not sampled.
Although there are cases where this method of expression is of use,

it is not used here,
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Spleen., The spleen was sampled whole after the animal was killed

by exsanguination. This technique could reduce the number of cells
in the red pulp by a flushing out following the rapid fluid loss but
examination of the spleen histologically in animals killed by exsangui-
nation and by cervical dislocation did not reveal any differences in
cellularity of the red or white pulp. About 60% of splenic lymphocytes

are thought to be of the recirculating pool (Ford 1969).

Lungs. The amount of blood remaining in the lungs after exsanguination
varied depending on the efficiercy of blood removal. The presence of
cells in the lungs also needs explanation, Following intravenous
injection of cells, the lungs are the first capillary bed to be encountered
and thus there is often a transient holdeup before cells are released, as
can be seen from the data in table 7. It has been suggested that
surface changes brought on by in vitro handling might cause a hold-up

in the lungs which will subsequently affect the availability of cells to
other organs like the lymph nodes and spleen (Bradfield & Born 1973).
Slow injection of cells intravenously is thought to help reduce lung

levels but this was not found to be altogether trus. In an early study,
Weisberger et al (1951) suggested that the lungs might act as a homeo-
stati¢c organ in maintaining blood leucocyte levels, an idea which

seems to have little support., Also of interest is the bronchial
lymphoid tissue found in the bronchial mucosa, which, although mor-
phologically similar to Peyer's patches, shows no features common

to peripheral lymphoid tissuc (Bienenstock et al 1973), The broncho-
alveolar lymphocytes are mainly T cells and may be present in response

to (or to respond to) antigen entering the respiratory tract (Danielle
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et al 1977). Whether transfused lymphocytes are held-up in the
lungs due to some interaction with bronehio-lymphoid tissue or purely
by physical constraints is not known and is of interest in the future,

especially from the point of view of immunisation by aerosols.

Liver. As was mentioned earlier, the hepatic localisation of lympho-
cytes has been thought to be due in part to dead cells, but from the
data here, this may not be entirely true. The localisation of labelled
lymphocytes in the liver depends on the lineage of the injected cell -
10-15% of injected T cells are found in the liver after 4 hours (tables
10 & 11) whereas 35% of injected B cells localise in the liver (tables
20 & 31). Clearly, the liver cells interact with some surface receptor
on B cells, as has been discussed in the introduction, with respect to
the effect of neuraminidase on transfused cells. From the data in
tables 10 & 11 (which is typical), it can be seen that the liver level of
injected cells reaches a maximum after 15 minutes (or possibly
quicker), which does not increase, and in fact decreases slightly

with time. This is not consistent with cells being removed after
dying in circulation or the immediate sequestration of dead or mori-
bund cells following infusion, since the levels are peculiar to the
particular cell type. Is there then a resident population of cells
within the liver? Chronic irradiation of the liver has no effect on
recirculating lymphocytes (Ford 1968) so if there is a population which

is resident then it is probably of a non-recirculating type.

Lymph nodes. In most of the experiments, the lymph nodes were
assayed as two different types. Peripheral nodes - inguinal, brachial

and axillary; and mesenteric nodes. In sheep, it seems that
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recirculating T cells from intestinal lymph home particularly back to

the intestine and not as well to lymph nodes and vice versa, possibly
since intestinal lymph T cells cannot cross lymph node HEVs as well

as lymph node lymph T cells (Cahill et al 1977). In the mouse,
however, there is no difference in the localisation patterns of mesenteric
or peripheral T cells unlike that found for mesenteric and peripheral

T lymphoblasts (de Freitas et al 1977). Since these two separate sets
of data indicate major differences, it is interesting to see if the local=-
isation to peripheral and mesenteric nodes is equally affected by

various treatments, As will be indicated later, this has not been

found to be true,

The mesenteric and inguinal nodes have been estimated to represent
one third and one half of the total lymph node mass by Martin (1969)
and Freitas & de Sousa (1975) respectively, In this case, the nodes
sampled in this study must represent half to three quarters of the total
lymph node mass, although none of the data shown here for lymph

node recoveries is corrected to allow for this estimation,

De Sousa (1976) states that spleen and lymph node recovery data for
the same labelled inoculum are so constant that results from different
laboratories can be pooled. This may hold true for data obtained for
a 24 hour time course, but in this study, using mice from different
sources and shorter time intervals, the spleen and lymph node
recoveries were found to be very variable. For.instance, compare
the four hour control data on tables 14, 17, 18 and 25 - the spleen to

pooled lymph node ratios are respectively 1.71, 4.38, 2.96, 3.87 and
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at 24 hours from tables 14 and 25, the ratios are 0.91 and 1,01

(it shoul’ be remembered that there are rather more lyraph nodes
sampled in this study), Ireitas & de Sousa (1976a) give the 24 hour
spleen to lymph node ratio varying between 1.06 and 2.:25 for the

CB ' mouse. Other worker . have published data which fit: between
these two values and is occasiorally lower., De sousa (1976) actually
sug et a value of 1,5 as & mcai from pooled data from fiv sources
(two -7 wwhich are from the = ne laboratory, ..z the :a .. animals),
In thi: i tance, pooling data {rom different experiment. :~ust be dooe
with ¢reat care, and only wheo an analysis of varianc » Doer nits, For
thic reason, only the data for the four hour control in tablic 14, pooled
fro 18 ari-mals, fitted the criteria and hence the remai:i. - data is
usually that nooled from several animals ir. a single experi:tent or at
least icertical repeate on conrecutive days, The source of variation
betwoen arimals from differcat suppliers is unknown, althouzh mice
fromn ouse upplier always dizplayed larger lymph rode= 2:.¢ a subsequently

greater ly noh node recovory { injected culls.

Bone ‘marrow. To sample the bone marrow, both the femurs were remov-
ed and counted whole after the removal of adherert tiszu-. Both femurs
in th. 1ou-e account for about 67, of the total active boune narrow

(Taketa ¢t al 1970) so to e:timatc the total localisation of injected lympho-
cyte. i the bone marrow, the results should be multiplic.. by 16,7,

Martin (. 767) suggests that the recovery should be 12,5 timies that

for oune fermur. This indicats  a cubstantial localisatio: of cells in

macy ¢ ¢, e,g. about 207 of the injected dose at four hours for

I eclls {tables 10 4 11), a sirnificant guantity that has oitc. been
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disregarded in some studies, The bone marrow also contains a
significant amount of blood, some 18% of the total blood volume as
estimated at 4 hours from table 2 and there is also some interchange
between the blood and bone marrow itself (Hudson & Yoffey 1966).

This may represent a normal route of recirculation of cells since some
of the T cells in the marrow have been found to be part of the recircu-
lating pool in humans (ABdou et al 1976) and lymphocytes have been
seen traversing the sinusoidal endothelium between blood vessels and

the marrow matrix in guinea pigs (Hudson & Yoffey 1966).

Blood. Blood was sampled by obtaining as much as possible from
aortic puncture at a point below the diaphragm. Knowing the volume

of blood removed and the weight of the animal before death, the actual
blood recovery of labelled cells was estimated assuming that the blood
volume of a mouse is 0.121ml per gram body weight (Kaliss & Pressman
1951). PBarth & Singla (1975) suggest removing 0.1 ml of blood and
multiplying the subsequent recovery by 24 to give an estimation of the
total recovery in the blood but this does not take into account the

weights of experimental animals which do vary, ¢ven in the same batch.
Martin (1969) suggests the blood volume to be 0.06ml per gram body
weight, Which of these estimates is the most accurate is difficult to
evaluate - the recoveries calculated by Kaliss & Pressman's and

Barth & Singla's estimates give similar results, from Martin's estimate,
the recovery is very much less, probably near a hali, GSince volumes
up to 0.7ml can be easily removed from an 18 gram mouse (the normal
weight of animals in these experiments), Martin's estimate is probably

slightly low. The blood was counted whole and not separated into

- 134 -



lymphocytes, other leucocytes and plasma. The blood was the only

organ that is expressed as a corrected total recovery in the results.

Small intestine. The whole of the small intestine, including Peyer's
patches, was assayed as one organ., Thus, the results will include
localisation in the lamina propria of the intestine as well, The reason
for not removing the Peyer's patches from the intestine was technical;
for the numbers of animals used, it would have taken toq long to

separate the parts.

Kidneys. Both kidneys were removed as a further assay of non-lymphoid
tissue., The recovery is usually of the order of 1-3%, 'Weisberger et

al (1951) and Laissue et al (1976) have suggested that kidney levels

may be explained by the accumulation of label after destruction of the
cells which may be true, exccpt that kidney levels remain very constant
with time (tables 7, 10, 11). The blood content of this particular

organ is of importance but that alone cannot explain the relatively high

recoveries,

Skin., In several experiments, a piece of skin lcm2 was assayed for
radioactivity, The recovery uever exceeded 0,059, of the injected
dose (data not included), This is in agreement with the data of Rannie
& Donald (1977) although, in their results, the migration to non-
lymphoid organs like skin and muscle never exceeded 1% of the injected

dose,

Thymus, In many of the earlier c¢cxperiments reported here, the

thymus was also assayed for radioactivity. Recovery never exceeded
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0.27% of the injected dose of labelled thymocytes as against 19 with
labelled thoracic duct lymphocytes (Rannie & ionald 1977). Kadish &
Ba:sch (:%777) have found a subpopulation of thymocytes which is able to
home bacic to the thymus after intravenous injection but e:pite this,

subscouent sampling of the thy nus was not continued.

Tail. In all experiments, the tail was assayed for radioactivity, Intra.
venous injections in mice can be slightly difficult in that the needle is

of a similar diameter to the caudal vein, If the needle punctures the
vein an’ radioactively labelle.: cells enter the tail itself, then the sub-
sequent localisation result: will be altered, If the injection is done
correctly, then thoe tail recovery never exceeds 19, and iz not usually
eve: thi: hish, Any animal :howing a tail regovery it excoss of 19

was not us¢’ as a source of - ata. This precaution appeare. to be
neccs:=ary, since it was impossible to guarantee a periect injection

each tine.

Total recovery., In all the  =z(: zshown, the total recovery of injected
eally in the organs sample: i. riven., This value deperr’: on the time
after i jection of sampling and the cell type but az a rule, the total
recovery i+ around 60% at < hours. Zven at 15 minutes, o:.ly a maxi-
murn of 807, of the injectec “o:e can be accounted for (table 10). It is
important to be able to attribute the remaining 20%. Using the data

on table 7, at 15 minutes, tali: ; into account the bonc narruw and lymph
node weightinss, the recovery iy about 90% for whole thy.nu- cells and

a similar value at 4 hours. Routinely, 80-90% of the inj:cic.i dose ¢can

be accounte:’ for, The site of the remaining 109 is difficuit to locate.
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The major organs not sampled are the brain, heart, stomach and

large intestine, although these seem to be unlikely candidates. The
excretion of unutilised label after 15 minutes is minimal since counts
in the cages used were not detected. In some experiments, using the
same cell types for both control and treated conditions, the total
recovery was seen to increase significantly, e.g. table 14. Where the
increase comes from is a mystery as is the site of the unaccounted for
10%. Further suggestions will be put forward in discussions on indivi-
dual experiments.

7.3 The effect of filtration through nylon wool on lymphocyte adhesives=
ness and localisation patterns

This work has already been published in a brief report (£vans & Davies
1977). The effect of nylon wool filtration on cell adhesiveness =
filtration through nylon wool results in a subpopulation with a greater
mutual adhesiveness than the input population (table 6). The value for
the adhesiveness of normal thymocytes conflicts with that given by
Cuntis & de Sousa (1975) but in the former case, the measurements
were made in the presence of serum which reduces adhesiveness.,

There are several possibilities for the separation of adhesive populations:

1, A more adhesive subpopulation is selected, from the entire
population, which is more readily removed from the nylon wool
column. The remaining cells are more adhesive to njlon wool
than the eluted population but have a low mutual adhesiveness,
such that the average adhesiveness of nylon wool adherent aad
non-adherent cells is the same as the entire thymocyte population
before filtration,
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2, Filtration through nylon wool makes the cells more adhesive
by some unknown mechanism; the yield of the input is only
about 50% since the remaining cells are physically trapped on

the column.

3. Filtration through the column removes some substance which

causes the cells to adhere to each other,

The second possibility seems unlikely in that the yield would be very
much more variable than has been found and the trapped cells would be
easy to dislodge which is known not to be true. This concept is also
not reconcilable with the fact that nylon wool columns separate T and
B lymphocytes from mixed cell suspensions (Greaves & Brown 1974).
As yet, there is no evidence in favour of the third suggestion, although
the; possibility cannot be ruled out. In this case, it is suggested that
the column ''selects' a population of greater mutual adhesiveness.

The constituency of the subpopulation is dependent upon the number of
c;.ells which are normally adherent to nylon wool but which, for some
reason, are physically washed off during elution. Conversely, some
cells may be trapped and not appear in the eluate when expected., The
variability of the eluate from th: column is reflected in the large
standard deviation of the data for the adhesivencss of cells in the
subpopulation (table 6) but at all times this adhesiveness was always

greater than that of the input population.

With regard to the actual adhesiveness of the cells, imagine in the
simplest instance two cell types in a mixture -« A & B, If homotypic

(specific) adhesions, i.e. A-A or B«B, are ''preferred' to heterotypic,
yp
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A-B, then the average adhesiveness value for cells in this mixture

(not distinguishing between cell types and assuming a roughly 50:50
mixture) will be low. If one cell type is removed, then the average
overall adhesiveness will be high, Thus, cells which show high
mutual adhesion show low adhesion to other cell types, a concept which
is important and will be discussed further., This very simple case
could apply to the thymocyte situation but is unlikely - more than two
cell types are probably involved. However, if there are, for instance,
four cell types, then the average overall adhesion of a mixture will be
very low, if again homotypic adhesions are preferred, but if one or two
of the cell types are removed or selectively retained by the column,

then the overall adhesiveness will be much greater.

It is interesting to note that in one of the original papers on nylon wool
filtration, Bianco et al (1970) had a much higher recovery of filtered
thymocytes than reported here and concluded that nylon wool separation
did not produce a subpopulation of thymocytes in the same way as it did

for lymph node and spleen lymphocytes.

Having found that the separate populations differ in their mutual adhesive-
ness, it was decided to see whether any variatiorns in localisation

patterns could also be:seen., Overall, during the first four hours

after injection, there is a significantly decreased localisation of cells

in most organs sampled with an accompanying increase in the blood and
kidneys (see tables 7, 8, figure 1), This suggests that the more adhesive
cells are less able to enter organs and remain in venous circulation,

but some of the other results are at least worthy of comment. It will
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be noted that the more adhesive cells localise less well in the lungs,
especially at early times when the difference in localisation compared
to normal thymocytes is very large. This result is, in some ways,
surprising, since one might =xpect the more adhesive cells to become
trapped as aggregates in the lung capillary beds and thus show an
increased ''localisation' in that organ. However, this is perhaps a
simplistic point of view since after interaction with serum proteins,
the adhesivencss of the cells will probably change (Curtis & Greaves
1665) - e.g. the difference in the adhesiveness of thymocytes measured
in medium with and without foetal calf serum, as already mentioned.
But, are the more mutually adhesive cells less adhesive to other cell
types such as endothelium? This might explain all the findings
except for the persistent increase in localisation in the kidneys. This
feature is hard to explain from the aspect of the blood content of the
organ as the localisation is still significantly raised at 24 hours and

is rather more suggestive of the binding of released radioactive label.
In the absence of autoradiographs of kidney sections, this problem
remains unsolved. Another interesting feature is the kinetics of the
localisation patterns which are easily visualised in figure 1. As was
mentioned in an earlier discussion, the constancy of the liver locali-
sation shown in figure 1 is an interesting point to note. The rate of
entry of cells of the more achesive type into the spleen, lymph nodes
and bone marrow (remembering that the corrected bone marrow results
make this even more significant) is also markedly depressed over the
first hour, and at 24 hours both cell types have localised egually well

in all organs. This suggests that one or other or both cell types have
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been modified by various interactions in vivo or some ageing process
which has rendered them similar. It would be interesting to measure
the adhesiveness of both cell types after 24 hours but this is not
practical except by incubating the separate populations in mouse serum
in vitro and then making subsequeﬁt measurements. Further analysis
of the cells which remain adherent to the nylon wool ¢column would
prove useful although the)? are so difficult to retrieve. If these cells,
which are less mutually adhesive (by definition), become trapped to

a greater extent in organs than normal celléa, then the hypothesis
suggested might have more support. However, at this time, this is

in the realms of speculation,

Obviously the most important question is what the cells in the eluted
subpopulation are. Are they a specific subpopulation of thymus cells
like the hydrocqrtisone-resistant population, which numerically is
unlikely (Blomgren & Andersson 1969), and is the fact that the yield
from the columns is about 50% significant, or as a result of physical
factors? Zucker & Helfman (1976) havé found at least four size sub-
populations in the thymus, each with different properties of drug and
radiation sensitivity. Ruuskanen (1975) has classified various thymus
subpopulations on their alkaline phosphatase (AP) activity. The
development from AP positive to AP negative cells appears to be a
maturational stage correlated with the development of peripheral T
cell characteristics. Soppi et al (1977) report that AP presentation
may be linked to homing properties. It had been suggested that the
subpopulation might be at a different '"'stage'' of the cell cycle with

respect to the whole population., Since the whole population would
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exhibit cells at all stages of the cell cycle, as the rodent thymus
produces about 5 x 10* cells /hour /mg of organ (Joel et al 1977), this
concept suggests selection for a particular stage and there is the
possibility that cells at certain stages of the ¢cell cycle might be more
mutually adhesive (C. W, Evans, personal communication), With
this in mind, the experiment reported on table 9 was carried out - the
filtration of thymocytes labelled with tritiated thymidine, The results
of this experiment do not suggest that the column is selecting on the
basis of cell cycle stage, and, although not totally conclusive, argue
against the idea. The inconstancy of the values for radioactive decay
per 10‘7 cells are rather dubious - whether they are significantly variable,
or due to counting errors when estimating the number of cells, is not
known, It would have been interesting to find out what localisation
patterns and adhesivenesses thc other subpopulations previously

mentioned displayed but this was not done,

It is still not clear what differences, other than adhesiveness and
localisation patterns, the filtered cells display. However, the tentative
conclusion to these experiments, as suggested by “vans & Davies (1977),
was that the mutual adhesiveness of cells might be an important feature
governing their localisation patterns in vivo. Reductions in mutual
adhesiveness might explain how a ¢ell can leave one organ and localise
in another., Since the rate of production of cells within the thymus is

so high, most cells must either die in situ or emigrate and die, the

rate of production being too high to suggest that all thymocytes turn

into peripheral T cells., At least some thymic migrants die in the bone

marrow (Joel et al 1977) and a transient reduction in adhesiveness could
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explain their release from the thymus. From a developmental point

of view, it is interesting to speculate on the reascn for this vast over-
production by the thymus. There are at least several criticisms to

this conclusion and to the experiment as a whole, Firstly, the problem
of the adhesiveness of the cells in vivo as already mentioned. Secondly,
is this a valid indicator system since thymocytes are not normally

found in eirculation and would be in a totally ''alien environment" ?
Thirdly, is it fair to correlate the mutual adhesiveness of cells with
their adhesiveness to other cell types? The problem of the indicator
system will be discussed further with reference to the experiments on
nylon wool produced T cells. The correlation between mutual adhesive-
ness and the adhesiveness to other cell types is arguable; it has

already been suggested that nylon wool adhesion and mutual adhesiveness
can be correlated but further work is necessary to support the hypo-
thesis in question. The work poses great problems as it is difficult

to devise an assay system which can be used to measure both para-
meters in the same way although intraexperiment comparisons are
probably as permissable as comparisons between two different assay
systems. Iither way, the particular experiments have not been

performed.

Having found such a result with thymocytes, it was then necessary to
repeat the experiments with some other cell type which could be
produced by nylon wool filtration. Thus, lymph node lymphocytes of
mixed B and T cells produce a semi-pure population of T ¢cells on
nylon wool filtration (Julius et al 1973} and these can be compared to

T cells prepared by another technique. These experiments have the
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advantage that the cells used are found in circulation for at least

some perio: of their life and are perhaps a rather more suitable
indicator system in this respect. Initially, in the experiments
reporte here, B cells were removed using anti-Ig-complement lysis
but thiz wa« found to be very unasatisfactory as the yields v.ere very
low. Instezd, eyclophosphamide, which kills all rapidly dividing cells,
wa:s us=<, T'his is one of the problems of its use since oot all T cells
arc lo: s-lived and not all B colls are rapidly dividing., It was found
that {cllowing cyclophospharni:ic treatment, the level of 7 cells in the
lymph noces was at least ©0%., *3s regards adhesivenc:s, the CPP
produced [ cells are far les: mutually adhesive than nylon wool produced
T cells, 2.5 % 1.16 t0 10.93 £ 1,07 respectively (*. 5, . Curtis,
personal communication); in the same manner as with the thymocytes,
it seeme:i that nylon wool filtratior produced more mutually adhesive
cells. Thia result cauges: problems in the interpretation of the inter-
actior: modulation factor theory which has previously bee:r: mentioned

and which will be discussec {urther,

Lfter intravenous injection of cells in order to follow localisation
patterns (sce tables 10, 11, 12; figure 2), both cell type. exhibited

time riepenient differences, In a similar study by Wiig (1:76) it is
stated that "' cells prepare¢ ' from cyclophesphamide injected animals
(spleec:: ly nohoceytes) or by nylon wool filtration of lymph no e cells
showed -imilar distribution patterns'. This was not found in this study;
on th: whole, more of the les s mutually adhesive cells remained in the
bloo- for a period up to ard including 24 houre, 2 result which contra-

dict. the thynocyte data. /lzo, the spleen localisation of CPP
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produced T cells is generally lower than the nylon wool column T

cell localisation, a fact which is also evident from Wiig's data but is
not acknowledged. Similarly, in his paper, Wiig (1976) states that
""'with the exception of a decrease in the amount of labelling found in-
the lungs, no distinct difference in distribution éatterns was found at
24 hours after cell transfer as compared to 4 hours.". In view of the
overwhelming amount of data to the contrary, presented in the results

section of this thesis, this suggestion cannot be conceded.

Thus, although this data contradicts the thymocyte data and the hypo-
thesis that the more adhesive cells remain in the blood since their
adhesion to other cells is low, it is possible that the use of cyclophos-
phamide has clouded the results. It might have been better, in retro-
spect, to have produced T cells using cyclophosphamide and filter

that population o give nylon wool filtered T cells but this might introduce
further problems of physical trapping. So, although the mutual adhesive-
nese of a cell might be a guide to its localisation and recirculation
properties in vivo, the concept coes not receive total support in this
case, It would be interesting to measure the adhesiveness of thoracic
duct lymphoeytes which recirculate but, although tried, it was found

to be too difficult to obtain such cells., At this point in time, it is not
prudent to pursue the hypothesis any further but it would seem that to
explain recirculation in terms of the adhesiveness of the cell is rather
too simple. As a cautionary note, it is pointed out that the usc of

nylon wool columns to produce pure T cell populations is not altogether

valid since the column probably selects for an adhesive subpopulation.
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7.4 The effects of large numbers of unlabelled cells on lymphocyte
localisation

Bell & Shand (1975) found that in an adoptive transfer system, infused
thoraeic duct lymphocytes recirculated poorly in comparison to recircu-
lation in a normal host. However, if a large number of unlabelled
thoracic duct lymphocytes was introduced into an irradiated host prior
to the labelled population, then the recirculation rate was found to be

the same as that for a normal recipient. There are two (or possibly

more) explanations for this resuilt:

1, The principle of cellular space. In the irradiated host, the
resident lymphocytes within lymphoid tissues will have been
destroyed leaving organs such as the spleen relatively "empty'',
It has been suggested that cells injected into these irradiated
hosts, no matter of what type, must first '"fill'' the available
tissue space produced by the irradiation treatment before normal
recirculation can occur, although this concept was not supported
by experiments creating ''cellular space' by chronic thoracic
duct drainage. However, it is possible that thoracic duct
drainage does not affect the permanently sessile population

which would be destroyed by irradiation (Bell & Shand 1975).

2. The importance of the static lymphoid cell populations. In the
absence of a resident population within the lymphoid organs,
interactions which might normally have taken piace, would not
occur and these interactions could control the antibody response
and/or recirculation., To investigate this hypothesis, the effect

of large numbers of unlabelled cells of a single lineage on the

localisation patterns of labelled marker cells was examined.
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Large numbers of unlabelled thymocytes increase the recovery of
labelled lymph node lymphocytes (LNL) in the spleen, not at the expense
of localisation in any of the other organs sampled but rather by seques-
tration of cells from some other site as is reflected in the increased
total recovery (see table 14). The source of the extra cells in the
spleen is a mystery, especially as the recovery in the liver is also
increased. The major organs not sampled in this study are the brain,
heart, stomach, large intestine, muscle and skin but it seems unlikely
that any of the excess cells could be explained by a deficient localisation
in these organs. Even the bone marrow, which could be a potential
source in terms of numbers, can be discounted. The autoradiographical
data on table 16 suggests that treatment with thymocytes causes a
transient hold-up of cells in the spleen particularly in the marginal
zone. Direct comparisons of proportions of total cells counted in
particular areas must be made with care in this case since the recovery
of labelled cells in the spleens of treated animals is always higher than
with the controls. The delineatioxi of normal mouse white pulp into
peripheral and T dependent areas is not only difficult but also rather
subjective. Although the results shown on table 16 may not be quanti-
tatively similar to other published data, direct comparisons can be
made between data within the table as the subjectivity is due to one

person.

What possible mechanisms are likely to explain this increased spleen
localisation? Once released from the spleen, the extra cells within
this organ must presumably be distributed throughout the sampled organs

or in one or other of the non-sampled organs as, by 24 hours, the
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spleen levels and the total recovery of the treated cells are not signi-
ficantly different from those of the control situation. There are two

possible explanations for this increased level in the spleen:

1. The excess thymocytes block the spleen traffic system so that
the labelled cells cannot migrate through at the normal speeci,

i.e. the effect is purely physical.

2. The thymocytes alter the interaction between the labelled cells
and other cells in the spleen, either directly or by the release

of some diffusable substance.

The first possibility is the most likely that immediately springs to mind
but there are several features that do not support it. Firstly, the
injection of large numbers of unlabelled lymph node cells has no effect
on the spleen recovery of labelled LNL. (table 14). At 4 hours, not
dissimilar numbers of thymocytes and LNL can be found in the spleen
(tables 7, 14) although admittedly in different compartments
(Goldschneider k McGregor 1968), and this argues against the concept
that the unlabelled cells block the migratory pathway so the apparent
mobility of the labelled cells is impeded. Secondly, data on table 13
shows that between 3x10 ° and 3. 5 X 107 the call number of injected
labelled thymocytes or LNL has no effect on their localisation patterns,
i.e. alarge dose of injected cells (of the same order used in the
experiments reported on table 14) does not appear to cause non-specific
trapping in the spleen. Thirdly, the different effects of excess thymo-
cytes and B cells (table 17; to be discussed later) on the localisation
patterns of other labelled lymphocyte species is not consistent with a

trapping theory.



Unlabelled thymocytes do not increase the spleen localisation of

labelle? spleen B lymphocytes (table 20), indeed, there is a tendency
that the localisation is reduced. The main effect secen on lymph node
localisation which, although low in the controls, is reduced further by
thymocyte treatment. This may be as a result of a failure of cells to
enter the node or a speeding up of passage through the node with normal
entry rates. The decreased blood levels and increased liver levels

are consistent with the concept that the decreased lymph node entry is
due to a paucity of cells in the blood caused by liver secquestration as
occurs with neuraminidase treatment of lymphocytes {(Ford et al 1976;
Freitas % de Sousa 1976a) which causes less lymphocytes being available
to the nodes rather than impaired recirculation through the nodes.
Unlabelled thymocytes have very different effects on the localisation
patterns of splees lymphocytes (not fractionated into B and T cells).
There is perhaps an increased lymph node localisation, although not
significant, and a definite decrease in liver localisation which is also
reflected in a decreases total recovery (table 19), This is very different
to the effects on separated spleen B cells and indicates that the thymo-
cytes arc not acting on one population alone but rather altering the inter-
actions between both B and 1 cells and static lymphoid populations.
‘Jnlabelled B lymphocytes, even in small amounts, have very different
effects on the localisation patterns of LNL (tables 17, 18). At 4 hours,
labelled B lymphocytes are found in significant amount: in th: spleen
(table 31), but treatment of labelled LNL with unlabellec B lymphocytes
reduces the localisation in the spleen (table 17). Strangely, this

result was not repeatable and the data on table 18 is quite different,

- 140 -



The extraordinary result iz the increase in LNL localisation in the
Iymph nodes following $reatment with B ly:‘nphocytes which was found
to a greater or lecaer extent in both experimental seriecs. This ;esult
appears to be a uniquce case in the light of recent literature surveys
(sec table 3.6 in de Sousa 1776), In all other experiments on lympho-
cyte traffic, lymph node localisation iz either recduced or remains
unaltered, Also in the experiments reported on table 17, there is a
significant increase in the localisation of labelled LNL in the bone
marrow, Considering the total bone marrow recovery, this represents
a recovery of nearly 307 as opposed to 15% in the controls. At the
same time, there is a decrcase In the recovery of labelled cells i

the blood, but this alone cannot account for the large bone marrow
difference, The effect of localisation in the bone marrow is often
underestimated., In the second experimental series withwnlabelled

B lymphocytes (table 18), there is no increasc in the bone marrow or
decrease in the blood but rather au in¢rease in the liver and total
reéovery. These differences between experimeonts are very hard to
explain, That the result: with treatmert with unlabelle:! ¢cells are not
alway:s identical is evident comparing the data o:. table: 14 and 185,
Using 51C'x' as a label, the c{icet of unlabelled thymocytes on labelled
LML is not significantly different from the controls at 24 hours, but
using EJ{I uridine, the : ifference iz still apparent at 23 hours and is
th: samw as at ¢ hours., This could be explaine. if EJ uridine
labels cells to different extoents, as in the rat (HJoward i972) but in the

mouse there is no evidence for this.
It seems that the introduction of large numbers of unlabelled cells can
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alter the localisation patterns of injected labelled cells and the alter-
ation depends on both the labelled and unlabelle’ species. This alone
argues against a physical trapping explanation; it is suggested that the
unlabelled cells alter the interactions between the labelled and other
cell types causihg disruptions in localisation (and perhaps recirculation)
patterns, For reasons which will be discussed shortly, it is further
suggested that these alterations in interaction are brought about by the

action of soluble substances released by lymphocytes.

7.5 Thymus products and thymocyte interactiof modulation factor (IMF)

The reports of different effector substances that are isolated from
lymphoid organs and lymphocytes increases in number each week.
There are factors released by non-lymphoid cells which affect lympho-
cyte blastogenesis {"dler et al 1978); substances release’ by lympho-
cytes which affect lymphocyte blastogenesis (Kasakura 1977); some
which affect immunologic regulation (Waksman & Namba 1976) but by
far the best known are the factors released from the thymus, or

thymus hormones as they have been named (see Friedman 1975),

Osoba & Miller (1963) found that, following neonatal thymectomy,

there were marked effects on the immunological maturation of the
animal which could be repaired by thymus grafts but not thymus lympho-
cytes alone. It seemed that the substance necessary might be derived
from the epithelio-reticular network comprising the skeleton of the
thymus, Later, the purification of a thymus hormone, thymosin,

was announeed by A, Goldstein & co-workers (1972), a substance of

molecular wiight around 12,200 and of 108 amino acid residues
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(Hooper et al 1975) which has been shown to be produced be the thymus
epithelial cells (Mandi & Glant 1973), Thymosin:was thought to
consist of several protein subunits, some of molecular weights as low
as 1,000 daltons. J.-F, Bach & co-workers, over the past few years,
have isolated a circulating thymus product, again from thymus epithel-
ial cells, which has a molecular weight around 900-1,000 daltons and
which disappears on ageing (Bach & Dardenne 1973, Bach et al 1972,
1975, 1977). Other thymus products that have been isolated include
thymin, renamed thymopoietin (G, Goldstein 1968, 1974, 1975).

This substanee is also produced by thymus epithelial cells and consists
of two polypeptide types with molecular weights around 7,000 daltons,
The effect of thymopoietin is to alter neuromuscular transmission
which connects it closely with the neuro-thymic disease, myasthenia
gravis, *~ third polypeptide type, isolated during the preparation of
thymopoietin (G. Goldstein 1975), has a molecular weight of 4,000-
12,000 daltons but does not affect neuromuseular transmission. It

is widely distributed in all tissues of many species and has been called
"ubiquitous immunopoietic polypeptice (UBIP)", Another small
(3,000 daltons, 30 amino acid residues) substance (THY - thymus
humoral factor) has been isolated (Trainin & Small 1970, Kook &
Trainin 1974, Yakir et al 1978) which affects T cell immunocompetence
by alterin¢ intracellular levels of e¢yelic adenosine monophosphate.
The point of mentioning these thymus products is to pave the way for

discussion on a thymue product which has been isolated by Curtis &

de Sousa (1973, 1975).

It has been found that supernatants of cultures of sponge cells from one
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particular strain type can decrease the adhesiveness of cells from
another strain type (Curtis & van de Vyver 1971). In the same way,
it was also found that supernatants of T cells could decrease the adhesive-
ness of B cells and vice versa in human, rat and mouse systems
(Curtis it de Sousa 1973, 1975). These substances have been called
"interaction modulation factors" (IMFs). [IMFs from T cells and
thymocytes appear to be functionally identical and both differ from B
cell IMF. Recently, and in this thesis, most of the work has involved
characterising thymocyte IMFs in a syngeneic system. Thymocyte
IMF was originally thought to be a protein (Curtis it de Sousa 1975)
but it now seems that it is probably a glycoprotein (Curtis et al 1978)
with the active groups being proteinaceous. The original molecular
weight determination of 9,000 daltons was made with respect to
standard globular proteins on a polyacrylamide gel-filtration column
but in the light of the new evidence that the IMF is not totally protein,

this value is probably incorrect.

Is thymocyte IMF unique among the thymus products or is it allied to
any of the other substances previously mentioned? Unfortunately, all
the assay systems are different and no comparisons have been made
but there are two major differences which suggest that thymocyte IMF

is a novel isolation:

1. The method of production. Thymosin (A. L. Goldstein), thymus
humoral factor (Trainin) and thymopoietin (G. Goldstein) are all
isolated after homogenisation of whole calf thymus followed by
various extraction processes. Thymocyte IMF is made by

culturing thymocytes (thymus lymphocytes) of high viability in
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serum-free culture for a short time. It is now certain that

thymosin, THF and thymopoietin are derived from thymic
epithelial cells (Mandi & Giant 1973, Goldstein 1975, Blankwater
et al 1978) and an antithymic reticuloepithelial cell serum has
been found to reduce the levels of a circulating thymic factor and
to increase the sensitivity to azathioprine of spleen spontaneous
rosette-forming cells (Garaci et al 1976), a test which has been
used to assay thymosin and other thymic epithelial cell products
(Bach et al 1971). A supernatant from thymocytes alone was
inactive compared to thymosin in an in vitro antibody production
system (Blankwater et al 1978), Since the contamination by
other cell types in thymocyte suspensions used in the production
of thymocyte IMF is very low, it would seem that from the produc-
tion aspect alone, thymocyte IMF is different from other thymus

products,

The biochemistry of various thymus products. As mentioned,
most of the thymus products isolated have molecular weights
between 1,000 and 12,000 daltons, although some are obviously
subunits. Dardenne et al (1974) and Bach et al (1977) have
isolated a nonapeptide serum thymic factor from epithelial cells
of molecular weight 900 daltons, which has the same functional
effects as whole thymosin on the sensitivity of spleen B celL
rosettes to azathioprine. No other thymus cell products have
been stated to be glycoproteins other than thymocyte IMF which
stains positively with periodic acid-Schiff, a glycoprotein stain,

after polyacrylamide gel-electrophoresis (A, S, G. Curtis,
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unpublished observation) whereas there is no staining with
Coomassie Brilliant Blue (personal unpublished observation),

a stain which is specific for proteins rather than glycoproteins.

There are some other thymus products reported which have similarities
to thymocyte IMF. A carbohydrate extract of 12,500 daltons produced
during the thymosin purification process has also been shown to
slightly increase the responsiveness of thymocytes to T cell mitogens,
while maintaining some of the characteristics of thymosin itself

(Burke & Ambrus 1976). Ernstrom & Norlind (1977) have isolated a
thymus factor (probably in several components of molecular weight
less than 10,000 daltons) that stimulates DNA synthesis in cultured
lymphocytes. Conversely, Kiger et al (1977) have purified a substance
which inhibits the DNA symthesis in short term cultures of mouse
thymocytes (molecular weight 10,000-50,000 daltons). Kruisbeek et
al (1977, 1978) have found that a thymic epithelial cell culture super-
natant increases the T cell mitogen responsiveness of cortisone-
sensitive thymocytes. Malyzhev (1977) has reported a "low molecular
humoral factor of the thymus" which decreases the responsiveness of
thymocytes to a T cell mitogen. In common with some of these obser-
vations, thymocyte IMF has been found to reduce the responsiveness of
lymphocytes to T cell mitogens but only when the IMF was in a semi-
pure state. Fully purified IMF (with regard to maximum de-adhesion)
had no effect on the responsiveness of lymphocytes to mitogens,
indicating that this component was probably a contaminant of early

preparations (W. Haston, unpublished observations). Also, de Somer



et al (1963) have found that a calf thymus culture extract can restore
the peripheral lymphocyte count in neonatally thymectomised mice.
Thymocyte IMF has also been found to induce a leucocytosis in mice,

(see table 23).

The present position as regards thymus products is then very confused.
It is obvious that many of the substances are one and the same but due
to the multiplicity of assay systems, they have been classified as being
novel substances. The major division is between products of thymic
epithelial cells and those of thymic lymphocytes - the majority of
thymus products so far isolated have been from whole thymus extracts
but most have been proven to be epithelial in origin. It would seem
that thymocyte IMF is lymphocytic in origin although the possibility
that some epithelial cells might contaminate the cultures cannot be
ruled out. If a contamination rate in cultures is estimated as 0.1%,
then approximately 5x10 > epithelial cells might be found in each
culture of 5x 10g cells which could explain the apparently small quan-
tities of IMF released. However, this possibility seems unlikely as
does the suggestion that IMFs are a product of dead cells. Whether
these substances are constantly produced or cleaved from the cell mem-
brane and not replaced is not clear, although there is some evidence
that in cycloheximide treated thymocyte cultures, little or no IMF is

produced (unpublished observation).

A final and most important question is whether IMFs exist naturally

in vivo or whether they are in vitro artefacts. The evidence in support
of the former is somewhat circumstantial - B and T cell IMFs are

found in normal serum (or at least something which mimics their effect),
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and the B cell IMF level is very much elevated (with respect to the T
cell IMF) in the serum of the nude mouse, which lacks mature T cells
(Curtis & de Sousa 1975). There is also some evidence that T cell
IMFs are elevated in certain human disease states, namely mycosis
fungoides and chronic lymphatic leukaemia (Curtis, unpublished obser-
vations). Thymocyte IMF is also either produced or bound by other
tissues in the body (Curtis 1978a), not unlike G. Goldstein's UBIP.

The relevance of the latter finding is hard to imagine and the serum
interpretations must be made with care in the light of the observation
that serum reduces the adhesiveness of cells anyway (Curtis & Greaves

1965).

7.6 The effects of thymocyte IMF in_yiyo

In the experiments conducted in this study, purified mouse thymocyte
IMF has been used in various different syngeneic assay systems. It
was decided to remain within the confines of a syngeneic system since
any IMF used would not be recognised as a foreign antigen. Further,
it has been found that thymocyte IMFs from strains of mice that are not
matched at the H-2D locus affect the adhesiveness of thymocytes as well
as B cells from the mismatched strain (Curtis 1978a). The IMFs used
have varied greatly in activity, probably a reflection on the purity of
the preparations (see table 21). The activity of the IMF is a measure
of its capacity to reduce the adhesiveness of B lymphocytes and does
not appear to be directly correlated with the protein content of the
preparation. In view of the recent finding that thymocyte IMF is
probably a glycoprotein, the classification of the sample by protein

content may not be of much use. T IMF 127 appeared to be about ten
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times as active as most other preparations and this can probably be
explained by an improvement in the purification techniques. Similar,

and even greater activities have been produced in subsequent batches.

Thymocyte IMF 127, because of its high de-adhesion activity, was also
tested for toxicity on LNL. This perhaps was not the best cell type to
have chosen 9ince LNL are known to lose radioactive chromate label
rapidly in culture (sanderson 1964). Despite this, there is little indi-
cation that the IMF is toxic particularly over the course of two hours.
It is, therefore,felt that the in vitro incubations with IMF of 15-30
minutes prior to most in vivo experiments does not compromise the

subsequent viability of cells.

The effect of thymocyte IMF in vivo has already been briefly mentioned.
When given intravenously in an isotonic solution, thymocyte IMF causes
a rapid leucocytosis in the blood which is evident as early as 15 minutes
after injection (data not shown). At 2 hours, the total leucocyte level
in the blood is significantly increased (table 23) and it seems from the
differential counts that no particular leucocyte type is specifically
enriched. At the same time, there is an increase in the overall ratio
of Ig positive cells in the blood and a decrease in Ig positive cells in

the spleen. This could be explained in two ways:

1. The specific trapping of blood-borne non-Ilg positive cells in the
spleen.
2. The release of Ig positive cells from the spleen into the blood.

Histological examination of the spleen after IMF treatment showed the
red pulp to be relatively depleted of lymphocytes and PM L, whilst the
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white pulp appeared normal (there was some indication that peripheral
areas of the white pulp might be depleted but not to any significant
degree). This effect was not seen in the spleens of saline injected con-
trols nor was it produced by the rapid exsanguination process of obtaining
blood. In view of these observations, it is suggested that the second
hypothesis is the more likely and the appearance of a non-specific blood
leucocytosis is consistent with the release of cells from the splenic red
pulp. A problem with determining the lineage of spleen lymphocytes is
the presence of so-called "null" cells. These cells lack detectable
amounts of surface Ig and Thy 1 antigen and thus cannot be classified as
B or T cells. Typically, a mouse spleen might be expected to contain
38% B cells, 35% T cells and 27% "null'1cells (Hudson & Hay 1976).

If only "null" cells were released from the spleen by IMF treatment,
then the apparent ratio of Ig positive to Ig negative lymphocytes would
fall (in these experiments, the percentage of Thy 1 positive cells was
not measured). This theory is not consistent with the observed rise

in the Ig positive lymphocyte level, although it is not known what effects
are occuring to the T cell population. Peripheral blood itself only
contains around 6% "null" cells so sequestration of thi3 particular cell
type cannot entirely explain the large apparent decrease in Ig positive

lymphocytes observed in the spleen.

Twenty four hours after IMF injection, the blood leucocytosis is no
longer present but the differential counts of PML to lymphocytes shows
a strange unexplained inversion. There is a possibility that the results
for the differential leucocyte counts are artefactually incorrect. The

gelatin sedimentation method for making white blood cell smears is
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probably an unreliable technique, in that leucocytes can be trapped in
the red blood cell rouleaux. However, the percentages of Ig positive
cells in the blood and spleen still remain altered in the absence of any
detectable leucocytosis. This point is also difficult to reconcile. In
all probability, any PML released would be removed from blood circu-
lation within 24 hours, their lifespan being relatively short. Thus, any
lymphocytes released might either still remain in circulation or lodge

in some other organ. The percentage of Ig positive cells counted in the
blood suggests that the released lymphocytes have remained in circu-
lation, while the blood leucocyte count suggests that released cells

have been removed from circulation. These two hypotheses are incom-
patible unless the IMF is having an additional effect on circulating
lymphocytes. For instance, thymocyte IMF, making B cells less adhes-
ive (to themselves and possibly to other cell types), may cause them to
remain in circulation rather than lodge in lymphoid and non-lymphoid
organs. Similarly, the relative depletion of B lymphocytes in the spleen
may allow T lymphocytes to become more adhesive and hence remain

in that organ. In addition, thymocyte IMF is found to have no effect on
both the cellularity and the Ig positive to Ig negative lymphocyte ratio of
peripheral lymph nodes (data not shown). What effect the IMF is having
is certainly not clear and any suggestions are pure conjecture in the
lack of any further experimental evidence. Accurate differential leuco-
cyte counts and longer time courses of the experiments might provide
additional useful data; also, the effects of a B lymphocyte IMF, when

purified, will be interesting.

Having found that injected thymocyte IMF has a profound effect on leuco-
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cyte flux within the spleen, it is of further interest to see the effect of
irjecte’ IMF on the localisation patterns of injecte:! labelled lympho-
cytes, Tables 24-I8 show the effects of various differént thymocyte
IMT preparations, used in different quantities, on the localisation
patternas of labelled LNL., IMF (22 (table 24) after one hour depresses
the localisation of LNL in the peripheral lymph nodes, but curiously not
in the mesenteric nodes. 't the same timme, there are tendencics for
the saleer and liver locali:ations to increase, although these are not
sigvificant due to the small sample numbers., Again, as with the thymo-
cyte treated LNL localisatiorn cata, there is also an apparcent increase
in total recovery. By 4 hours after injection, the increases in the
liver and spleen are sigrificant and the deerease in the peripheral nodes
still apparent. The localization in the mesenteric nodes is again
uraffectes, a point which is very hard to explain, The input population
of LNL consisted of mixe: veripheral and mesenteric no:iv lymphoeytes
and it would have been intcresting to compare the effect of IMF on
separate peripheral and mesenteric lymphoceyte populations. In the
mousc {and in the rat an’ -heep), activated [ cells (lymphoblasts) from
the me:enteric nodes localize preferentially in the lamina propria of
the small intestine, while pnoripheral T lymphoblasts l.calise in the
snlecy = a diifereace which was not found with normal unactivated
mesonteric and peripheral [ lymphocytes (de Freitas et al 1977).
Perhaps, in this case, the divergent pattern of localisation is due to B
lymphocytes but data on table 27, although using spleen B lymphoeytes
a: target cells, does vot cubstantiate this hypothesis. /lso, at 4 hours,
there is a significant drop i:: the bone marrow localizatiou and notably

no alteration in the number of cells remaining in the blooc. Again,
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as suggested before, the deficient lymph node localisation might be
explained by a decreased availability of cells due to the increased local-
isation in the spleen and liver. The lack of any difference in the blood
and mesenteric nodes makes this possibility unlikely. Note also the
increased total recovery, the source of which is again unknowan. Twenty
four hours after IMF 122 and labelled LNL injection, no significant

differences in localisation patternz are detectable.

In this experiment, 7,000 active units of thymocyte IMF were injected
compared to 20,000 active units in the experiments reported on table

23 on the blood leucocyte effects of IMF, It is important to consider the
altered localisation patterns that are observed, in the light of the effect
of injectcecd IMF, Iree injected IMI causes a release of cells from the
spleen, causing '"free space'' to be available to incoming cells., It is
possible then, that injected labelled LNL might be caused to recolonise
areas of the spleen in the presence of IMF, although the IMF itself
might c.lear these cells themselves. A“utoradiographical analysis of
injected LINL localisation in the spleen after IMF treatment (table 27,
but note that the IMF used is a different hatch and in a different quantity,
from the point of view of activity) indicates that cells do not remain in
the red pulp but may be held up in the marginal 2one and peripheral
areas of the white pulp., This does not support the suggestion that the
increased number of injected LNL localising in the spleen colonise the
area depleted by the IMF treatment, although the IMF may itself be
responsible for clearing the red pulp., s with the autoradiographs of
the spleen following thymocyte treatment, the percentag: of cells local-
ising in the particular areas is not altogether the best representation of
the situation since the overall number of cells in the spleen is increased,
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IMF treatment would appear to cause an increase in traffic speed
through the spleen. The increased localisation of LNL in the liver
following injection with IMF is again hard to explain. IMF does not
appear to greatly compromise the viability of LNL so it seems unlikely
(although not impossible) that the extra cells are dead. B cells localise
to a greater extent in the liver than T cells (e.g. tables 10, 11, 20, 29)
so it is possible that the cells localising in the liver over and above the
normal levels are B lymphocytes. Thymocyte IMF, affecting B
lymphocytes, might alter their interaction with lymphoid and non-lymphoid
cells within the liver but this point would be very hard to resolve -
analysis of the small number of lymphoid cells in the liver being

technically difficult.

The deficient peripheral lymph node localisation is easier to explain,
although the paradoxically unaffected mesenteric node localisation is not.
Thymocyte IMF causes the release of leucocytes into the blood from the
spleen while the lymph nodes are unaffected, probably as the IMF does
not actually enter the nodes. With a greater number of lymphocytes

in the blood, the ratio of labelled injected lymphocytes to host blood
lymphocytes will therefore fall after IMF treatment. In this case, the
actual number of labelled cells in the blood will be unaltered but the
number of labelled cells entering the node will decrease since there are
a greater number of unlabelled cells entering. This is not competition
but simply a case of a dilution of the number of labelled cells available.
However, having put forward a plausible explanation for the decreased
localisation, the same cannot be said for the mesenteric nodes, at least

in this experiment, but this problem is not apparent in all the experi-
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mental series and the discussion will be resumed again with respect

to the effects of other IMFs. The deficient localisation in the bone
marrow is a different matter, and a plausible explanation hard to find.
Further investigations as to the effects of IMF on the bone marrow would
be necessary but again, this finding is peculiar to the particular experi-

mental series using IMF 122.

A similar experiment was repeated using IMF 124 on labelled LNL.
Although the same weight of protein was used, the activity per unit weight
was nearly four times greater. It is thought that better and more care-
ful purification resulted in this increase in activity. The time courses
used in this particular experimental series were 2, 4 and 8 hours

(tables 25 and 26) but unfortunately, mice from two different sources
were used for the different times with the result that some of the data

is incompatible. The use of the two mouse suppliers in the one experi-
mental series was unavoidable and was due to a shortage of mice from
the normal supplier at the time of the experiments. By the time more
mice were available, stocks of IMF 124 were depleted. Even still,

the four hour control data for mice from the same source, on tables

24 and 25, are not completely compatible. The effect of IMF 124 on
labelled LNL is somewhat different to that of IMF 122; the increase

in spleen and decrease in peripheral node localisations are again apparent,
but in this case there are no alterations in the liver or bone marrow
recoveries. Instead, there is a decrease in the localisation in the lungs.
A feasible suggestion for this is that the IMF has not only affected
lymphocyte-lymphocyte adhesion but also has decreased lymphocyte
adhesion to other cell types. The hypothesis further suggests that the

lung difference is due to a higher mobility of B lymphocytes, leaving T
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lymphocytes remaining. The explanation of the apparently deficient
peripheral lymph node localisation could be the same as previously
suggested, but the differences in bone marrow and liver localisation,
between the two experiments, suggest that either the IMF action is

very transient, or it is negatively dependent on activity, or the prepar-
ations contain different active contaminants. More extensive biochemis-
try has only been performed on IMF 127, so the latter suggestion cannot
be proved. The paradoxical mesenteric lymph node localisation is

again apparent.

Also, as shown on table 25, the effect of a thymocyte conditioned medium -
i.e. an impure thymocyte IMF preparation, low in activity - on LNL
localisation was measured. It can be seen that the conditioned medium
has a similar, though less pronounced, effect as the IMF and a similar
effect to an added population of complete thymocytes (see also table 14).

Large variances in the data do not permit statistical analysis.

The effect of IMF 124 at different times on mice from another source

is shown on table 26. Although used at the same activity on the same
target cells, the results are totally different. At 2 hours after injection
of IMF and LNL, there is a significant increase in liver and decrease in
both peripheral and mesenteric lymph node localisations. These findings
are also apparent at 8 hours to a greater and lesser extent. Why this
difference should occur is difficult to understand. The increased liver
localisation in this instance does suggest that the cells are in fact dead

or dying and may be the cause of the deficient lymph node localisation.
These strange results are a good example of the problems that have been

encountered using IMFs in vivo. As previously mentioned, the effect
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of IMF 124 on the intraspleric distribution of labelled LNL was also
measured (table 27, cf table 25). The results are qualitatively similar
to those of LNL localisation with thymocyte trezatment (table 16)
possibly indicating a faster passage of cells through the spleen or alter-

natively a trapping effect in th> white pulp.

Thymnocyte IMF 126 when injected with labelled LNL again has slightly
differe: t effects to the two other IMF s previously teste::, even though

use . In =imilay assay ani orotein quantities to IMF 1.4,  Using IMF 126,
there iy a significant incr-asc in liver localisation and cecrease in
lymph ro.c and small intestice localisations after 4 hour:. No longer

is th. aonleen level elevate. an notably, the total perceitage recovery
remain . the same., The blooud level is ‘slightly depreassc:.., although not
significantly, Perhaps, i, thiz case, the explanation {ur the deficient
lymph rode localisation, thi: time in both peripheral an. mesenteric
noLes, iz that increase.d liver localisation has resulted i a reduced
number of labelled cells i the blood (although not siprdficant) and this,
couple with the increase. sunber of unlabelled lymphocytce in the

blood procuced by the IMT itself (all the IMFs iested ..i- produce a blood
leucocyto:is), causes the re.iuction in the lymph node localisation,

The recuction in the small intcstine, which is apparent to a greater or
lesser extent with all the 11175 (see table 30) is less easy to explain,

It iz not kinown whether thi: Jccrease is due to deficiernt localisation in
Peyer's patches or in the lamnira propria of the intestin.: itself, and again
it may be the result of the incr-ased localisation in the liv. r rather than

a specific effect,

The experinents so far have been concerned with the cifects of IMFs
injected with labelled cell: and thus take into account the overall effect
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of the IMF in vivo. The binding of thymocyte IMF to B cells is either
weak or transient as several washes in medium is enough to restore
the adhesiveness of the target cells (A, S, G. Curtis, personal commu-
nication). Thus, cells treated in vitro with IMF were not washed prior
to injection, unlike the enzyme experiments previously reported in
which the cells were well washed before use. However, the remaining
data on table 28 shows the effect of one wash in excess medium on the
localisation of labelled LNL, This will effectively dilute any IMF in
the injection medium to a minimal and probably sub-active level,
Bearing in mind the fact that the binding may be weak and the effect of
the IMF in vivo, the results are surprising in that they are both quan-
tatively and qualitatively similar to the results with IMF injected with
the cells, Unfortunately, the variations in spleen recoveries are so
great (for some unknown reason) that any differences may not be
apparent. These results indicate that the IMF localisation alterations
on labelled LNL are probably due to the labelled population itself as
well as gross in vivo effects and that the effects of the in vitro incubation

are possibly the more important.

The effects of injected IMF on labelled LNL localisation for the three
IMF's tested are qualitatively compared on table 30, Few features
are common to all three preparations except a tendency for decreased
localisation in the small intestine. The results indicate that some
component in the IMF preparations must be variable, either in content
or activity and thus, it is probably true that, despite the techniques
used at present, the preparations are not yet really pure enough for

accurate in vivo use,
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IMF 122 was also tested for its effect on the localisation patterns of
labelled spleen B lymphocytes. The data on table 29 shows that IMF
treatment again causes an increased localisation in the liver at both

2 and 4 hours, which is also reflected in large increases in the total
recovery. Similarly, there are significant decreases in lymph node
localisation at 4 hours, but no differences in spleen, bone marrow,
blood and small intestine localisation. This data can be compared with
that on table 20 on the effects of a large number of thymocytes on
labelled .SBL *localisatiorx except that in the latter, there is no increase
in the total recovery. The fact that excess thymocytes, as well as
IMF, can increase the liver localisation makes it unlikely that the
increased numbers of cells are dead but more likely that some form

of cell interaction has been altered.
SBL = spleen B lymphocyte

7.7 Concluding remarks and some speculations about IM¥ action

So, in the last analysis, we are left with several important questions:

1. Is the present system, used by others and in this study, to
examine recirculation a valid physiological example of the

true mechanism in vivo?

Z, What have we learned from these experiments reported in this
thesis ?
3. Can interactions between lymphoid cells really provide a feasible

mechanism for the overall patterts of lymphocyte circulation?

There have been three basic experimental approaches in the study of

recirculation:

- 168 -



(a) By measuring the kinetics of blood to lymph recirculation of

cells as initiated by the work of Gowans,

(b) The examination of the gross localisation patterns in various
organs of treated and untreated lymphocytes, as in the enzyme

treatment experiments.

(¢) Using isolated perfused lymphoid tissue like the spleen and lymph
nodes to measure the kinetics of cell passage through those

particular organs.

None of these experimental approaches can be described as truly
physiological and each has only dissected away a small part of the

whole in the hope of providing a clue to the overall mechanisms involved
in recirculation. True, we do now have more insight into some of the
selection mechanisms which act in the lymph nodes - we know how
important the spleen is in maintaining lymphocyte flux within the
recirculating pool but in our attempts to examine supposedly discrete
areas of the lymphoid system by using in vivo techniques, we have tended
to overlook the effects of the lymphoid system taken as a whole.
Recirculation is a dynamic and finely balanced process involving most
of the major organs in the body, not just an endless flow of cells from
blood to lymph and back into the blood. In the recirculation experi-
ments, only a small numﬁer of labelled cells are examined by their
appearance in the lymph - but what happens to them after they leave the
lymph? This question is often neglected. £~ major criticism of the
overall localisation studies, as in the work of Freitas & de Sousa and

the work in this study presented here, is that on every occasion we
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introduce large numbers of cells into circulation which are normally
sedentary. The vast majority of thymocytes are never destined to
even enter the bloodstream - most lymph node and splenic lymphocytes
spend a good deal of their lives as sedentary cells and we hope that
they can tell us about the mechanisms of recirculation. What we can
learn, and what appears ver* clearly in this work, is that rather than
showing us how reecirculation through the nodes occurs, they show how
important cell interactions within the whole body are in controlling the
movements of cells. To comprehend the vastly complex mechanism
of cell movements, we must take into account all the interactions which
can take place in vivo, not only with other cell types but also with
substances in the circulatory systems. When discussing the majority
of experiments designed to elucidate the mechanisms of recirculation,
we must bear in mind that few are physiological and few provide us

with data that is easy to interpret.

What questions has the work in this thesis answered and what contri-
bution to the understanding of lymphocyte circulation has been made ?

The work that has been done is broadly in three sections:

l. The influence of like-like cell adhesiveness on in vivo lymphoeyte

positioning.,

2. The effect of large numbers of unlabelled lymphocytes of a

esingle lineage on the positioning of other lymphoid cells.

3. The effect of purified thymus cell products on the positioning of

lymphocytes.
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The concept (see section 7.3) that the measurement in vitro of the
adhesiveness of a particular cell can be correlated directly to its

in vivo positioning patterns now seems rather naive. In the case of
the thymocyte subpopulation studies, it is very likely that the nylon wool
column selects for a particular subpopulation with different positioning
characteristics and that there are many other differences in the cells
than just their mutual adhesivenesses., This is substantiated by the
finding that CPP produced T cells and nylon wool column produced T
cells behave in ways which would not be predicted from an extrapolation
of the thymocyte subpopulation data. In this case, it would have been
better to have compared the localisations of CPP produced T cells

with CPP nylon wooi column filtered T cells as was mentioned earlier,
although the minimal cell yields from CPP treated animals, coupled
with a further feduction in yield from the nylon wool columns would
have made this experiment difficult. A change in the adhesiveness of
a cell is unlikely to occur as a mutually exclusive event but rather
coupled with some other change, like an alteration in the cell cycle
state. It is thus impossible to compare directly the positioning in vivo
of identical cells which only differ in their mutual adhesiveness. This
would hold true not only in the case of lymphoid cells but also with any

other cell type studied.

Large numbers of lymphocytes of a single lineage have been shown to
alter the positioning of different types of lymphoid cell in 2 way which
cannot be attributed to any physical effect of cell trapping. The primary
conclusion from these results is that the interactions between lymphoid

cell types, both sedentary and circulating, are of major importance in
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controlling the movements of lymphoeytes. That this is true is also
indicated by comparing the localisation patterns of cells of different
lineages produced in vitro from lymph nodes. The localisations of
lymph node lymphoeytes (a mixed population of approximately 65%

T cells and 35% B cells) cannot be predicted by simple proportional
comparisons using the localisations of complete single populations of
T and B cells (tables 11, 24, 31), It ha: been found that lymphocytes
release substances which can alter the interactions between other
lymphoid cell types (Curtis & de Sousa 1973, 1975) but these observations
were confined to in vitro measurements. The third section of this
work examined the possibility that these substances (IMFs) could
explain the differences in localisation patterns shown using the large

doses of single lineage cells.

As far as they have been studied, it appears that the actions of IMFs
can explain alterations in localisation patterns and certainly, in the
case of thymocyte IMF, the effects are not dissimilar from those using
large numbers of whole thymocytes, Whether the same can be said

for B cell IMF remains to be seen.

A process during recirculation, for which little explanation has yet

been put forward, is stage 3 - the sorting-out of recirculating cells
within the node into T and B dependent areas. Take, for example,

the possible routing of lymphocytes having just crossed the HEV barrier
into the node. The cells enter the node and remain together for a

while in a T dependent zone, beginning segregation 1-6 hours after
entering the node (Nieuwenhuis & Ford 1976). B cells can be stimulated

to move (chemokinesis) by thymocyte (and probably T cell) IMF
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(Curtis et al 1978) and thus would be able to move away from the T
dependent area where they previously resided. The further action
of the T IMF, reducing the adhesiveness of B lymphocytes, would
prevent moving B cells aggregating to form B cell foci within T
dependent areas, T IMF may also reduce the interactions between
B and T lymphocytes (de Sousa & Haston 1976) which would further
assist segregation. Thus, a B lymphocyte would remain motile until
it reached a B dependent :one, Here, one would have to assume that
the action of the T IMF might be decreased, perhaps by a cancellation
effect causecd with an interaction with B cell IMF, which would be
produced in large amounts in B dependent areas., The B cell would
then be in the right environment to cease moving and form a stable
adhesion with cells of the same type. Interaction with antigen might
alter the timing and pattern of B cell movement through the node, A
similar mechanism might be postulated for the movement of T cells
within a node, except that they arrive in a T dependent area on enter-
ing the node and can form an immediate adhesion with cells of a like
type. The release of recirculating cells into efferent lymph is a
difficult process for which to suggest any mechanism. Obviously,
the timing of release or route of exit of the cells is such that B cells
take much longer than T cells, which would explain the difference in

recirculation times.

In the previous paragraph, a mechanism causing segregation of B and
T cells within the lymph node was proposed in terms of interaction
modulation factors. These substances were first postulated in a theo-

retical analysis by Edelstein (1971) to explain the sorting-out of cells
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in a morphogenetic system and were thus named '"morphogens',
Curtis & van de Vyver (1971) showed the existence of such morpho-
gens which controlled coalescence of strains of a freshwater sponge,

Ephydatia fluviatilis, Morphogens have now been renamed "interaction

mddulation factors' by Curtis (1978b). The IMF theory has been put
forward as an explanation for the specific control of cell positioning

but there are several other theories that have also been suggested to
explain the formation of adhesions between cells and sorting-out.

None have ever been used to interpret data concerning lymphoeytes,

so it is worth mentioning them here to see whether any of the postulated

mechanisms might be relevant,

Perhaps the most well known of the theories of sorting-out is Steinberg's
differential adhesion hypothesis (D. ) which was first proposed some
sixteen years ago (see Steinberg 1978 for review). The erux of the
DAH, as predicted from the behaviour of immiscible liquid systems,

is that the adhesiveness displayed between like cell types will determine
their position in an aggregate formed from single cells. Working with
chick embryonic tissues of limb bud, heart and liver, Steinberg found
that limb bud sorted-out internally with respect to heart and liver and
heart sorted-out internally to liver - known as '"sphere~-within-a-sphere'
configuration. The reasons for these results were assumed to be

that adhesions between limb bud cells were greater than those between
like heart or liver cells and the intratypic adhesions were greater

than any of the intertypic adhesions, It should be pointed out that
measurements which reflect the net rate of initiation of adhesiveness

among or between cells (as in the Couette viscometer, Curtis 1969)
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might not necessarily reflect the actual energies of adhesion. Thus,
in one system, limb bud cells may be the most adhesive but may also
have the lowest aggregation rate (Steinberg 1970). The differential
adhesiveness of cell types, which is necessary to explain sorting=-out
in this hypothesis, is brought sbout through the regulation in frequency
of individual adhesive '"sites' distributed at random over the cell's

surface.

What neither the DAH nor the morphogen/IMF theories of sortiﬁg-oat
answer is the actual mechanism by which adhesions are formed and
maintained, they merely demonstrate how specificity can arise.

There are several theories on how adhesions are maintained, some
are chemical, some are purely physical, It has been known for some
time that there are species-specific aggregation-promoting factors
produced when seawater sponges are dissociated into single cells
using calecium- and magnesium-free seawater (Humphreys 1963),
These substances, aggregation factors (AF), have been partially puri-
fied and have molecular weightas of around 2 x 107 daltons consisting
primarily of 2 x 1('15 dalton subunits (Cauldwell et al 1973), It has
been suggested that glucuronic acid-like residues on the AF are recog-
nised by some component of the cell surface of dispersed cells
(Turner & Burger 1973). This component ¢can be released by osmotic
shock from the cells and has been called '"baseplate' (Weinbaum &
Burger 1973), Thus, adhesions between cells can be brought about
by interactions between AF and the cell surface bound baseplate, a

process which requires the presence of calcium and magnesium.,
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de Vyver (1971) have isolated an AF of much smaller molecular weight
than the seawater sponge factor, which not only enhances aggregation
of like strain types but inhibits the aggregation of unlike strain cell
types. Similarly, chick neural-retina tissues have been found to
release a substance which contains a tissue type-specific component
which enhances aggregate size (see Lilien et al 1978), It has been
suggested that although some of the data is compatible with the neural-
retira factor being an intercellular ligand, like the sponge AF, the
requirement for metabolic activity for cell reaggregation also implies
some catalytic role in stimulating the synthesis/action of adhesive

components (Lilien et al 1978),

Roseman (1970) has suggested that surface glycosyltransferases are
necessary mediators for adhesion and interact with oligosaccharides on
other cells to form an adhesive bond. The specificity for adhesion
would arise from enzyme specificities, Sufficient practical evidence
for surface glycosyltransferases has yet to be provided. The specific
ligand theory of Lilien et al (1978) is not incompatible with this model;
they suggest that the surface ligand exists in an inactive form and
following activation by an intracellular glygosyltransferase, the ligand
becomes free to interact and form an adhesive bond. Ieedback controls
on the rate of activation and release of the ligand could modulate the

stability of adhesions.

The mechanisms for adhesive bonds that have been mentioned so far
require the formation of chemical bridges between cells, The problem
arises that the distance between the outer surfaces of acherent cells is

about 10~-20nm in some instances, while in other cases, such as the
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""tight'' junetion, the cells are at least an order of magnitude closer

to each other. Can any molecular bridge system exist over a distance
of 10-20nm? To explain this, the electrostatic forces of attraction/
repulsion between cells needs to be considered. Curtis (1973) has
expounded the DLVO (Deryagin, Landau, Verwey & Overbeek - after
the originators of the work) theory to explain the electrostatic inter-
actions between cells. All cell surfaces are negatively charged, thus,
cells which are close together will be repelled. The repulsive force
is dependent on the reciprocal of the ionic strength of the medium and
declines exponentially with distance away from the surface. The
physical adhesion of cells needs attractive forces - London-van der
Waals' forces, which depend partly on the polarisation of net charges due
to electron fields of the molecules of the cell surface. Resolving the
various formulae of repulsion and attraction, it is found that there are
particular distances where two cells will be attracted together rather
than repulsed, These distances are consistent with tight junctions

and the 10-20nm gap previously mentioned. Between these values, cells
are repulsed but how cells are able to overcome the ernergy barrier

to form tight junctions is a further problem. Whether these physical
parameters can really be applied to a system as complex as the cell
surface is difficult to evaluate but certainly electrostatic interactions

must be important at some stage in adhesion.

Having discussed the possible mechanisms for adhesion and some
mechanisms for specificity, can the two systems be correlated into
one united concept? Steinberg (1978) considers that his DAH is

compatible with the cell ligand theory of Lilien and co-workers. He
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suggests that although there is probably more than one type of adhesive
site, one of which may be common to many cell types, differential
adhesion is still due to the number and distribution of adhesive sites
rather than direct chemical differences. The morphogen/IMF theory

has not been connected, so far, with any particular adhesive mechanism.
Unlike aggregation factors and theoretical cell ligands, IMFs, as in

the lymphocyte case, reduce the rate of aggregation and perhaps adhesive-
ness of single cells. In order for this theory to be correlated with

the ligand hypothesis, more knowledge about the biochemistry of action

of IMFs is rnecessary.

The discussion, in the last few pages, of the theories of cell adhesion
might not seem to be directly relevant to lymphoeyte eirculation.
However, having suggested the IMF theory as a suitable explanation for
sorting-out within the lymph node, it is necessary to see whether any

of the other theories can also explain the phenomenon adequately,

One problem with comparing sorting~out within the node and classical
embryonic sorting~out is that the former is a transient movement,
whereas the latter is more or less permanent. The breaking of the
adhesion of a T cell from its neighbours in a T dependent area to sub-
sequently enter the efferent lymph is difficult to explain in terms of
any of the theories previously discussed., Can the DAH explain the
movements of lymphocytes within the node? As Steinberg (1978)
himself says, the DAH is a physical hypothesis concerned with the
strengths of adhesion, while the IMI" theory (and the practical results)
are more concerned with the rate of adhesion, two separate measure-

ments that arc not necessarily conneeted. On the whole, T dependent
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areas are usually enclosed by B dependent areas (or perhaps, rather,
non-T dependent areas); in terms of the DAH, the sorting-out of T
cells could be likened to the limb bud/heart/liver situation where limb
bud, having greater strength of adhesion, sorts-out internally to heart
and liver, Only the rate of initiation of adhesions is given in the data
of Curtis & de Sousa (1975) suggesting that T and B cells are similar.
However, the aggregation rates for nylon wool produced T cells and
CPP produced T cells do not corroborate this (see section 7.3).
The IMF theory requires chemokinetically induced movements during
sorting-out but no mention is made of directed cell mopvements being
involved in the DAH., Both the DAH and IMF theories eould be used
to explain emigration from the node if some step of de-adhesion is
assumer - either a build-up of IMI of the opposite type or a chemical

change in the adhesive mechanisms.

A process which may be important for sorting-out within lymphoid
~organs is chemotaxis, the guided directional movement of ¢ells, T
cells could be attracted towards T dependent areas by chemotactic
agents which would have to be different from those released from B
dependent areas to provide the necessary specificity. Although lympho-
cytes have been shown to respond to certain chemotactic agents {(e.g.
Ward et al 1971, 1977), there is no evidence yet in favour of specific
attractants for T and B cells that can explain sorting-out. IMFs have
been found to induce chemokinesis {non-directed movement) in cells

of the opposite type (Curtis et al 1978) but it is not yet certain whether
they can induce chemotaxis as well. Chemotactic reactions of cells
within preformed organs (rather than during the formation of an organ)
are not consistent with the DAH,
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There is no clue to the actual mechanism of adhesion of lymphoeytes.
Despite repeated attempts, no AF activity has been found (yet) from
the dissociation of the thymus into single cells (Evans & Davies, un-
published observations). The specific ligand theory allows for a break-
ing-up of a stable adhesion, necessarily required for emigration from
the node. Roseman's (1970) glycosyltransferase theory also allows
for the breaking of the adhesive bond in certain conditions, which may
be correlated with the rate of supply of the substrate. s mentioned,
the specific ligand theory and the glycosyltransferase theories have
much in common, but are they compatible with the IMF theory? IMF
could block any of the enzyme activation or substrate supply require-
ments in these mechanisms but the fact that ' IMF does not affect T
cells could mean that the chemical systems of adhesion in T and B
cells are not the same, although with en:yme specificities, they might
be very similar. FEven the D“H does not rule out the possibility of

different adhesive mechanisms.

The IMF theory can thus explain the sorting-out of T and B cells within
the lymph nodes (and Peyer's patches and the spleen), at least, con-
sideration of the other theories does not disprove it. The DAH does
show features that are consistert with observations but this theory has
little experimental proof, whereas predictions from the IMF theory
are more experimentally based. Unfortunately, the in vivo sorting-
out in the node is not amenable to experimental analysis of the kind
that is necessary to provide more evidence in favour of any of the
theories put forward., Other than the IMF theory, none of the other
theories has even considered lymphoecytes (or indeed other mammalian
cells), probably due to the greater complexities of the systems involved.
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It is hoped that some of the results in this thesis have at least stimu-
lated the idea of the importance of lymphocyte adhesive interactions

in recirculation, but what of the future for intecraction modulation
factors? Perhaps the most important point to resolve is whether IMF s
are normally produced in vivo, At this time, the production of IMF's
in vivo has not been completely proved and before we can use the theory
to postulate mechanisms for recireulation, the presence of IMFs in vivo
must be confirmed, IMF -lik: aetivity has been detected in sera

which are allogeneie or xenogeneic to the assay system, although these
sera were from abnormal subjects. Detection of IMFs as defined by
the work on syngeneic mice will require sophisticated biochemieal
techniques but before this can happen, the in vitro-produced IMF's

must be thoroughly chemiec¢ally charaeterised. However, as the
results here have shown, it seems that the IMF preparations are not
yet pure enough since different preparations produce different effects.
This may have something to do with the stability of the substance,

about which little also is known, Analysis of the sera of syngeneic
athymie (nude) rats and mice may help in the search for in vivo IMF's
since these animals should not possess T derived IMF, If IMFs are
definitely found, then the suggested concepts about segregation in
lymphoid organs can be pursued; until then, the actions of extraneously

produced IMFs in vivo remain of academic interest only.
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