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SUMMARY: T cells are involved in the pathogenesis of many diseases. To exert a pathological effect, T cells enter the tissues.
We show that the determination of their entry site requires isolation of the respective T cell population, injection into genetically
un-manipulated animals, and identification of the cells in vivo at various time points after injection. We indicate variables
influencing in vivo migration experiments artificially, and outline how resulting problems can be either avoided or taken into
account. Reviewing experiments performed according to the outlined criteria reveals two types of migration patterns for T cell
subsets in vivo: 1) Naïve and memory T cells enter lymphoid and non-lymphoid organs in comparable numbers, but selectively
accumulate in lymphoid tissues over time, 2) Effector T cells, too, enter lymphoid and non-lymphoid organs in comparable
numbers. However, most of them die within 24 hours. Depending on the presence of cytokines, chemokines and extracellular
matrix compounds they are able to survive, thereby preferentially accumulating in their target tissues. This information might help
to understand the role of migration in the pathogenesis of T cell mediated diseases. (Lab Invest 2003, 83:459–469).

T cells are involved in the pathogenesis of many
diseases that can affect almost all organ sys-

tems (Fig. 1). Although other cells such as macro-
phages and B cells in combination with genetic and
acquired factors influence these illnesses, T cells play
a dominant role (Mackay, 2000). For example, in
inflammatory bowel disease, T helper cells are re-
quired for the disease to develop (Elson et al, 1998;
Strober et al, 1998). In addition, T cells from patients
with Crohn’s disease show hyperreactivity toward
autologous intestinal flora (Duchmann et al, 1995).
Depletion of T helper cells, as during progression of
coincident HIV infection, can lead to remission of
Crohn’s disease (Pospai et al, 1998).
To exert a pathologic effect, T cells leave the blood

and enter the tissues. During this process, T cells have
to adhere to and then transmigrate through the vas-
cular endothelium of the target organ. The molecular
mechanisms that regulate this step are therefore of
considerable clinical interest. It is known that the
adhesion of T cells to endothelium is a multistep
process (Butcher, 1991). Often molecules of the se-

lectin family reduce the high speed of the free-flowing
T cells in the blood and mediate loose attachment to
the endothelium (Campbell and Butcher, 2000; Drillen-
burg and Pals, 2000). Then chemokines activate mol-
ecules of the integrin family on T cells. The activated
integrins mediate firm adhesion to the endothelium,
and the interaction of T-cell integrins with endothelial
molecules of the Ig superfamily leads to the subse-
quent migration of T cells into the tissue.
Although the general principle of this interaction

seems to apply to all sites where T cells leave the
circulation, the molecules that mediate adhesion at
local sites vary for the different T-cell subsets and for
the different types of endothelium (Campbell and
Butcher, 2000; Drillenburg and Pals, 2000). Therefore,
it was postulated that by sequential interaction of a
variety of adhesion molecules and chemokine recep-
tors, T-cell subsets would be targeted specifically to
certain organs, very much like the “area code” ensures
that a telephone call reaches the correct recipient
(Springer, 1994). On the basis of this model, the target
organ of blood T cells is often inferred by comparing
adhesion molecule and chemokine expression on
blood T cells with in situ distribution of their ligands on
blood vessel endothelium. However, it is now clear
that the situation in vivo is even more complex. For
example, it has recently been shown that chemokines
have a dual role during entry. On the one hand, they
mediate firm adhesion of T cells to the endothelium of
blood vessels, thereby facilitating T-cell entry. On the
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other hand, they can interfere with rolling, thereby
preventing T-cell entry (Grabovsky et al, 2002). In
addition, in vivo the function of adhesion molecules
can be strongly influenced by alterations in blood flow
(Finger et al, 1996; Ohtsuka et al, 1993), acid base
balance, anemia (Melder et al, 2000), nitric oxide
production (Hokari et al, 1998), fever (Wang et al,
1998), acute phase proteins (Xu et al, 1995), and drugs
(Diaz-Gonzalez and Sanchez-Madrid, 1998; Termeer
et al, 1998).

This demonstrates that the delineation of T-cell
migration routes in vivo cannot be deduced from
expression analysis of adhesion molecules and che-
mokine receptors. Instead, it requires injection and
identification of the respective T-cell population in
vivo. In this article, we outline the most important
factors that artificially influence the outcome of in vivo
migration experiments and indicate how they can be
avoided or, if not possible, can be taken into account.
In addition, the traffic of naïve, effector, and memory T
cells is outlined on the basis of reviewing in vivo
migration experiments that meet the outlined criteria.
This information might help those who are new in the
field to design and conduct in vivo migration experi-
ments successfully. Furthermore, it allows readers
who are interested in the field to identify both strong
and weak parts of in vivo migration experiments. This
is important for the interpretation of migration data
and the subsequent conclusion regarding the role of
migration in the pathogenesis of T-cell–mediated
diseases.

Important Considerations When Studying
T-Cell Migration In Vivo

General principles that critically determine the quality
of experiments investigating the migration of T cells in

vivo are outlined (summarized in Table 1). Problems
that complicate in vivo migration experiments cannot
always be avoided, but they should be recognized and
taken into account in the design and interpretation of
experiments (Hall, 1985). For more details, the reader
is referred to additional literature in the field (Ford,
1983; Hamann and Rebstock, 1993; Pabst et al, 1993).

Source

In most migration studies, T cells are isolated from cell
suspensions prepared from splenic and lymph node
tissue and are injected intravenously. Lymphoid tis-
sues contain lymphocyte populations that are sessile
and never leave the node (eg, many B cells within the
germinal center). It is not known whether they also
contain sessile T-cell populations. During migration
through lymphoid tissues, which lasts approximately
24 hours (Westermann et al, 2001a), T and B cells
temporarily either up- or down-regulate the expres-
sion of adhesion molecules (Luettig et al, 2001; Mi-
licevic et al, 2001), and they absorb surface molecules
from other cell types (Flugel et al, 2001; Hwang et al,
2000). These changes are reversed before leaving the
tissue. Thus, it is very likely that cell suspensions
prepared from lymphoid tissues contain T cells that
would not leave the organ at that time point. They are
forced into the blood, although they are not yet
prepared. This suggests that such T cells do not show
a normal migration pattern. Indeed, when in sheep the

Figure 1.
Examples of diseases with known or suspected T-cell involvement and their
prevalence. Indicated are affected organs, name of disease, and the respective
prevalence. The data are from Mackay (2000), Holdsworth et al (1999), and
Robert and Kupper (1999) and references summarized therein.

Table 1. Important Issues in the Design of Experiments
Studying the Migration of T Cells In Vivo

Source Use T cells from blood and lymph
because these cells are the only
population usually available for migrating
into organs.

Label Control for toxicity by determining
recovery (more than 80% of the injected
cells), lymph node entry, and liver
localization (less than 20% of the
injected cells).

Site of injection Intravenous injection facilitates accurate
quantification of the cells available for
immigration.

Recipient Use genetically unmanipulated animals,
and investigate 6 to 8 animals per time
point to account for the variability of in
vivo migration experiments.

Analysis Study several organs and time points,
and determine background levels.

Interpretation Relate the number of T cells found in
the animal to the number of injected T
cells, and be aware that T cells, in
contrast to granulocytes, not only enter
but also exit a given tissue, and not only
die but also proliferate within a given
tissue. Thus, the number of T cells
within a tissue depends on many
factors.
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migration properties of T cells obtained from cell
suspensions of mesenteric lymph nodes were com-
pared with that of T cells spontaneously leaving the
mesenteric lymph nodes (T cells obtained from the
efferent lymph), remarkable differences were ob-
served (Reynolds et al, 1982). Consequently, when-
ever possible, spontaneously migrating T cells should
be used for migration experiments, which can be
obtained from blood and lymph only. Nevertheless,
recent experiments indicate that lymphocytes from
blood and lymph also differ in their migration proper-
ties (Young et al, 1997), which should be considered in
the experimental design.

Label

Numerous cell-labeling techniques have been devel-
oped to trace T cells in vivo, including radioisotopes
(51Cr) (Fossum et al, 1983b), fluorochromes (FITC),
bromodeoxyuridine (Pabst et al, 1993), and green
fluorescent protein-engineered T cells (Flügel et al,
1999). All of these techniques are hampered by pos-
sible side effects, which can be minimized by using,
for example, the appropriate dosage (Rolstad and
Toogood, 1978). Some of the outlined problems could
be avoided by the use of congenic animal strains. The
genetic difference between donor and recipient allows
an easy identification of the injected T cells both by
flow cytometry (Bell and Sparshott, 1990) and by
immunohistochemistry (Westermann et al, 1996) with-
out previous labeling (green fluorescent protein-
engineered T cells are much more difficult to demon-
strate by immunohistochemistry). In addition, the
congenic “label” is not diluted after multiple cell divi-
sions. However, even under these conditions, the
migratory properties of lymphocytes can be damaged
by inappropriate in vitro handling (Ford et al, 1984).
Therefore, it is necessary to control these adverse
effects, which can be done by monitoring three pa-
rameters: (a) recovery: a total recovery between 80%
and 90% of the injected T cells shows that the cells
have been handled appropriately during the labeling
procedure (Westermann et al, 1994); a lower recovery
indicates that the cells have been damaged during in
vitro handling, (b) lymph node entry: because only
intact T cells are able to enter lymph nodes via high
endothelial venules, the presence of T cells within
lymph nodes shows that they are not damaged (ap-
proximately 5% of the injected cells are usually found
in mesenteric lymph nodes 24 hours after injection
[Smith and Ford, 1983]), (c) liver localization: damaged
T cells are preferentially found in the liver, and more
than 20% of the injected cells found in the liver at any
time point after injection usually indicate severe cell
damage (Smith and Ford, 1983).

These values are representative for migration exper-
iments using naïve and memory T cells. Because
approximately 70% of injected effector T cells physi-
ologically die within 24 hours (summarized in Wester-
mann et al, 2001a), a low recovery rate, few cells in
lymph nodes, and high numbers in the liver are normal
for this T-cell subset. Thus, analysis of recovery and of

the number of injected cells in lymph nodes and liver
should be included in migration studies to estimate the
influence of the labeling and handling procedure on
the migration of T cells.

Injection

For investigating the systemic distribution of migrating
T cells, they should be injected intravenously. Intrave-
nous injection is the only way to know exactly how
many injected cells are reaching the circulation and
are therefore available for entering the various organs.
Intraperitoneal application of T cells complicates the
experiment (Flugel et al, 2001): T cells first have to
leave the peritoneal cavity into the blood and lymph
before they are distributed to the various tissues. It is
difficult to determine how many T cells are really
reaching the blood. This number varies from animal to
animal, significantly complicating the analysis. Simi-
larly, retro-orbital application of labeled cells has the
disadvantage of not allowing the researcher to know
how many of the injected cells are reaching the
circulation (Williams and Butcher, 1997). For a long
time, it was assumed that the high numbers of lym-
phocytes in the lung early after intravenous injection
represent a passive retention of damaged cells in the
first capillary bed. By injecting labeled lymphocytes
intra-arterially, it was shown that the labeled lympho-
cytes accumulated early after injection in the lung, too,
although this time the lung was the second capillary
bed that the labeled lymphocytes had to pass (Binns
et al, 1981). This clearly shows that the high number of
lymphocytes in the lung immediately after injection
represents an active process that retains living cells.

As a rule, it can be stated that few labeled cells
should be injected in a small volume over a long time.
By simultaneously injecting a small number of labeled
lymphocytes together with a variable number of unla-
beled lymphocytes, it has been shown that the distri-
bution of labeled lymphocytes is not altered, although
up to 109 lymphocytes are co-injected (Heslop and
Hardy, 1971). In our experience, satisfactory results
are obtained by injecting approximately 5 � 107 T cells
in 2 ml of saline over 2 minutes intravenously into a
200-g rat.

Recipient

T-cell migration has often been investigated in vivo
using genetically manipulated mice that lack an adhe-
sion molecule or chemokine receptor. However, in
knockout mutants, the absence of the molecule in
question may not be the only difference affecting
T-cell migration in vivo compared with wild-type ani-
mals. For example, in a recent study that investigated
the migration of T cells lacking the chemokine recep-
tor CCR7, T-cell entry into the lymph nodes was
reduced (Forster et al, 1999). The conclusion was that
CCR7 is important for lymph node entry. However,
compared with wild-type animals, the T cells used for
the migration studies not only lacked CCR7 but also
showed a significantly reduced number of L-selectin–
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positive T cells (wild-type 95% compared with knock-
out 65% [Forster et al, 1999]). Therefore, it is unclear
whether the cause of the reduced T-cell entry into the
lymph nodes is the missing chemokine receptor, re-
duced L-selectin expression, or a third unknown fac-
tor. Moreover, T cells take twice as long to migrate
through the T-cell area of a lymph node possessing a
reduced number of endogenous T cells when com-
pared with migration through a normal node (Fossum
et al, 1983b; Stekel et al, 1997). T-cell survival also
depends on the number of endogenous T cells (Pilling
et al, 2000). Although the cellularity of lymphoid tis-
sues is often altered in mutant mice (eg, Chaplin and
Fu, 1998), this change in cellular composition is sel-
dom taken into account in the interpretation of T-cell
migration studies. Such changes in mutant animals
may be the reason that in some situations a blocking
antibody directed against an adhesion molecule and
the genetic lack of the same molecule have different
consequences for the traffic of leukocytes (Doerschuk
et al, 1996).

Thus, it is necessary to confirm the results obtained
in genetically manipulated animals (eg, absence of
CCR7) by following the fate of injected T cells (eg,
either CCR7 high or CCR7 low) in unmanipulated
recipients to define their functional role during migra-
tion in vivo. In our experience, six to eight recipient
animals should be analyzed per time point to account
for the variability that is normal for in vivo migration
experiments.

Analysis

Several Organs. T cells continuously enter lymphoid
and nonlymphoid organs (summarized in Westermann
et al, 2001a). Therefore, observing only the organ of
interest might lead to wrong conclusions. For exam-
ple, in a recent study, the distribution of naïve lympho-
cytes was compared with a population enriched for
lymphocytes specific for a certain antigen (Finke and
Acha-Orbea, 2001). It was found that the antigen-
specific population localized three times more fre-
quent in the tissue presenting the respective antigen
than naïve lymphocytes. This could have led to the
conclusion of preferential migration induced by the
antigen. However, the authors also presented the data
of 10 other organs showing that the antigen-specific
lymphocytes migrated into them in higher numbers
(up to 20 times) than into the tissue presenting the
antigen (Finke and Acha-Orbea, 2001). Thus, analysis
of several organs helps in the appreciation of the
biologic meaning of lymphocyte localization in the
organ of interest.

Several Time Points. T cells are able to enter and
exit tissues many times. This is in contrast to
granulocytes, which enter a tissue only once and
then die. Thus, an accumulation of T cells in a given
tissue can be due to an increased entry, a reduced
exit, or both. For differentiating from among these
possibilities, several time points after injection of
labeled cells must be studied. A convenient time
point to study entry into tissues is 30 minutes after

injection. At this time, the T cells have had enough
time to adjust themselves in the recipient and to
enter the tissues (Ager, 1994; Fossum et al, 1983a).
However, the time elapsed after injection is too
short to allow significant exit from most tissues. The
rate of exit is more difficult to determine. A direct
approach is to cannulate efferent lymphatic vessels
(Hall and Morris, 1965). This procedure is not always
feasible because of the small size of lymphatic
vessels in many species and because T cells leave
many organs not only via the efferent lymphatic
vessels but also via the venous circulation. An
indirect approach to analyze the exit phase is the
determination of the organ distribution of labeled T
cells 2 hours and 24 hours after injection. These
time points account for the fact that T cells leave
some organs fast (eg, the lungs) and some organs
slowly (eg, lymph nodes). By comparing these two
time points with the entry phase (0.5 hours after
injection), it is possible to infer exit kinetics. In
addition, to improve the analysis further, two more
time points should be included. Approximately 48 to
96 hours after injection, the labeled T cells have
equilibrated with the endogenous population, and it
is possible to determine their distribution in a
steady-state situation (Westermann et al, 2001a).

Background Values. After injection of labeled T cells,
the label may detach from the cell. The maximal level
of such background activity can be estimated, for
example, by labeling lymphocytes radioactively, killing
them, and then injecting them. For the radioactive
isotope 51Cr, the background activity differs in the
various organs and can range between 0.5% and 3%
of the injected dosage (Finke and Acha-Orbea, 2001).
Thus, when using 51Cr-labeled lymphocytes, it is dif-
ficult to design experiments in which differences be-
tween 0.5% and 3% of the injected dosage can be
taken as significant for two groups (Austrup et al,
1997). This problem could be avoided when investi-
gating the migration of T cells by quantitative immu-
nohistochemistry. Here it is possible to detect as few
as 1 labeled T cell in 100,000 endogenous cells
(Westermann et al, 1996). Injected cells are identified
using a microscope, thereby allowing the differentia-
tion between living and dead cells, but this technique
is time consuming and it is difficult to determine the
absolute number of injected cells contained by the
whole organ. With new techniques (eg, two-photon
imaging [Miller et al, 2002]), it is possible to follow the
traffic of labeled lymphocytes real time within the
intact organ (eg, lymph node). However, one should
bear in mind that for such examination, blood flow,
lymph flow, and innervation are disrupted, and oxygen
has to be supplied artificially, factors that might se-
verely affect the observed migration patterns (Stoll et
al, 2002; von Andrian, 2002). Quantitative immunohis-
tochemistry performed at several time points after
injection lacks these disadvantages; however, with
this technique, it is not possible to follow single T cells
over time.
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Interpretation

The interpretation of the results obtained in experi-
ments that investigate the migration of T cells in vivo is
influenced by many factors. Here, only two issues that
tend to be overlooked in many studies are raised.

Data Presentation. Many studies have investigated
whether two T-cell populations differ in their migration
pattern. Thus, two populations are radioactively la-
beled and injected, and the radioactivity in various
organs is determined. In many studies, the radioactiv-
ity is given as “percentage of recovered radioactivity.”
Here, the values for the two populations can be
compared only when the total recovery for each
population is almost identical. A direct comparison of
the two T-cell populations is possible when the radio-
activity is indicated as “percentage of injected radio-
activity” because it also accounts for cell death that
might occur after injection. The importance of this
point is underlined by the following example. Naïve T
cells are thought to migrate preferentially through
lymphoid tissues. During activation, it is assumed that
effector T cells alter their migration properties dramat-
ically and now migrate through preferentially nonlym-
phoid tissues. This view seems to be confirmed when
the distribution of the two populations is analyzed 24
hours after injection. Naïve T cells prevail in lymph
nodes and spleen, whereas in all other organs, more
effector T cells are found (Fig. 2A). However, the data
are presented as “percentage of recovered radioac-
tivity.” It has long been known that approximately 70%
of the effector cells die within 24 hours (summarized in
Westermann et al, 2001a). If this is taken into account
and the same data are given as “percentage of in-
jected radioactivity,” then a completely different pic-
ture arises (Fig. 2B). Now naïve T cells prevail in 7 of 11
organs, including many nonlymphoid organs. Further-
more, effector T cells are found in lymphoid and
nonlymphoid organs in approximately comparable
numbers. Specifically, when indicated as “percentage
of recovered radioactivity,” it seems that effector T
cells localize approximately three times more effi-
ciently into the bone marrow as compared with naïve
T cells (Fig. 2A, red arrow). However, choosing the
appropriate presentation, it becomes obvious that
naïve T cells migrate into the bone marrow in higher
numbers than effector T cells (Fig. 2B, green arrow).
Thus, for the biologic relevant interpretation of those
data, not only their distribution but also their survival in
vivo have to be considered. Therefore, the data should
be presented as “percentage of injected radioactivity.”

Biologic Implication of “Small Percentages”. One
day after injection of naïve T cells, approximately 40%
of the injected T cells are found in lymph nodes,
whereas only approximately 0.004% are found in the
brain, the other organs ranging between these two
extremes (Fig. 2B). This localization pattern has been
confirmed by many groups (Smith and Ford, 1983) not
only for naïve T cells but also for helper and cytotoxic
T cells (Bell et al, 1995), memory T cells (Bell et al,
1995), and B cells (Fossum et al, 1983a, 1983b). Often
the 0.004% of the injected naïve T cells found in the

Figure 2.
Migration of naïve and effector T cells in vivo: Impact of data presentation.
Radioactively labeled naïve and effector T cells are injected intravenously and
analyzed 1 day later. A, If the data are presented as “percentage of recovered
radioactivity,” then naïve T cells (blue bars) prevail in lymph nodes and spleen,
whereas in all other organs, effector T cells (green bars) are more numerous.
For example, approximately three times more effector T cells are found in the
bone marrow compared with naïve T cells (red arrow). B, If the same data are
presented as “percentage of injected radioactivity,” then naïve T cells (blue
bars) are predominant in 7 of 11 organs, including many nonlymphoid organs.
Furthermore, naïve T cells migrate into the bone marrow in higher numbers
than effector T cells (green arrow). Rat thoracic duct lymphocytes (consisting
mainly of T cells) were labeled either with 51Cr (resting T cells) or with 125I
(activated T cells) and injected into the rat tail vein. One day later, the recipient
was thoroughly perfused to remove contaminating blood in the various organs
and the radioactivity of the different tissues was determined and expressed as
indicated (data derived from Rannie and Donald (1977) and from Hamann et
al (2000) for the small intestine).
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brain is considered to be background activity rather
than meaning that naïve T cells enter the brain for
physiologic reasons. However, recent animal experi-
ments using different techniques also demonstrate
that not only activated but also naïve T cells are able to
enter the brain (Krakowski and Owens, 2000). More-
over, with the use of immunohistochemistry, T cells
have been identified in brain parenchyma of healthy,
untreated mice with an intact blood-brain barrier
(Raivich et al, 1998). Even the low percentage of
labeled T cells found after injection in the rat brain
might be of biologic significance. Assuming that after
injection a percentage of labeled T cells comparable to
that found in animal experiments are found in the
human brain would mean that approximately 20 mil-
lion T cells pass through the brain each day (0.004%
of 5 � 1011 T cells leaving the blood each day to enter
the tissues). Given a frequency of T cells specific for a
certain antigen of approximately 1 in 5000 T cells
(Kearney et al, 1994; Merkenschlager et al, 1988), even
the brain might be “surveyed” by sufficient T cells to
allow the recognition of each available antigen speci-
ficity more than 4000 times per day. Additional studies
are necessary to analyze in more detail the extent to
which the different regions within a single organ are
included in the migration pathways of the different
T-cell subsets. To our knowledge, no study has un-
equivocally demonstrated the complete absence of
naïve T cells from any organ. Thus, with the exception
of tissues such as cartilage, cornea, and lens (normally
not supplied by blood at all), all organs are continu-
ously transmigrated by naïve T cells. As a result of the
huge number of T cells leaving the blood each day into
the tissues, small percentages found in the tissues
after injection indicate surprisingly high numbers of
transmigrating T cells.

Identification of Molecules Regulating T-Cell
Migration

Analysis of in vitro cell adhesion assays and of in vivo
expression of adhesion molecules and chemokine
receptors has been instrumental for the identification
of molecules involved in the regulation of T-cell traffic.
The following sections outline important characteris-
tics of both approaches, which are helpful for the
interpretation of the data obtained by these
techniques.

In Vitro Cell Adhesion Assay

Most in vitro adhesion assays measure only adhesion.
It is known, however, that normally no more than 30%
of the adherent cells migrate through the endothelium
(Fig. 3, left panel [Bjerknes et al, 1986]). Thus, the
usual type of in vitro adhesion assay, as well as
intravital microscopy, cannot be assumed to provide
information on whether an adherent cell migrates into
the tissue (Walter et al, 1995; Warnock et al, 2000).
Even an in vitro assay in which transmigration is also
measured does not fully reflect the in vivo situation as
shown by the following two examples:

(A) When T cells do not express the respective
adhesion molecule, they will not adhere and therefore
not migrate through the endothelium. Despite the
same basic situation in vivo (absence of the adhesion
molecule for the relevant ligand), adhesion to and
migration through the endothelium may be possible
because already adherent platelets (Diacovo et al,
1996), lymphocytes (Jutila and Kurk, 1996), and neu-
trophils (Bargatze et al, 1994) function as “bridging
molecules” and facilitate adhesion and thereby
transmigration.

(B) It is widely assumed that effector T cells poorly
enter lymph nodes because L-selectin, which is nec-
essary for lymph node entry, is down-regulated during
activation of these cells (Dailey, 1998). However, when
activated lymphocytes are directly infused into the
artery supplying the lymph node, they migrate into the
tissue in numbers comparable to those of resting
lymphocytes (Sedgley and Ford, 1976). Thus, a re-
duced availability (eg, as a result of retention in the
lung; Fig. 3, right panel) and not decreased L-selectin
expression is a likely cause for the poor entry of
activated T cells into lymph nodes.

Figure 3.
Presence of adequate adhesion molecule: Differences for T-cell adhesion in
vitro and in vivo. In vitro (left): T cells expressing the adequate adhesion
molecule bind to the endothelial cells in vitro and are able to transmigrate. In
vivo (right): Although T cells express the adequate adhesion molecules, they
might not be able to adhere to the endothelium and to transmigrate because
they are prevented from reaching the appropriate vascular bed. One possible
reason is that T cells are retained in the lung.
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In Vivo Analysis of the Expression of Adhesion Molecules
and Chemokine Receptors

Often the analysis of in vivo expression data leads to
conclusions that are in contrast to that of in vivo
migration experiments (summarized in Westermann et
al, 2001b). Although the molecular mechanisms that
mediate these unexpected results still await clarifica-
tion, several principal arguments may help to explain
them:

(A) The demonstration of T cells within a tissue
expressing an adhesion molecule that has been
shown in vitro to bind to the locally expressed ligand is
often taken as evidence to infer a functional role of that
molecule during entry. However, it is known that
adhesion molecules can be up-regulated on T cells
after migration into the tissue (Pitzalis et al, 1996;
Seiter et al, 1998). This process may be induced by
factors that are characteristic of the respective micro-
environment (Dailey, 1998; Shibahara et al, 2000).
Therefore, analysis of adhesion molecule and ligand
expression only does not allow differentiating between
two scenarios: Are T cells within a certain tissue
because they express certain adhesion molecules, or
do T cells express certain adhesion molecules be-
cause they are within a certain tissue (“hen and egg
problem”)? In addition, the presence of well-
developed tight junctions between endothelial cells is
often taken as evidence that lymphocytes are pre-
vented from transmigration. However, there are now
indications that in vivo leukocytes mainly use the
transcellular rather than the paracellular route (sum-
marized in Kvietys and Sandig, 2001), showing that
the presence of tight junctions as such cannot be
taken to conclude an impeded migration.

(B) In vivo, most adhesion molecules bind not only
to one but to several ligands. For example, L-selectin
binds not only to ligands expressed by the endothe-
lium of peripheral lymph nodes but also to ligands
expressed by the endothelium of Peyer’s patches
(Berlin et al, 1995) and inflamed skin (Tang et al, 1997).
Similarly, the integrin �4�7 mediates binding not only
to MAdCAM-1 expressed by gut endothelium but also
to vascular cell adhesion molecule-1 expressed by
peripheral lymph node endothelium (Berlin-Rufenach
et al, 1999). From analysis of the expression pattern
only, it is not possible to decide which organ will be
entered by the T cells in vivo.

(C) It is difficult to decide what a high and low
expression of an adhesion molecule means in func-
tional terms in vivo. For example, in children who are
born with a complete absence of CD18 (leukocyte
adhesion deficiency), leukocyte entry into the tissues
is severely impaired, and these children experience
severe infections and many die very early. However,
children who have a CD18 expression of as low as 2%
of the normal value show a much milder clinical course
(Etzioni et al, 1999). Similarly, even 5% of the normal
expression restores L-selectin function considerably
(von Andrian et al, 1995). Furthermore, integrins and
CD44 both occur in active and inactive conformations
(Hourihan et al, 1993; Toyama-Sorimachi et al, 1993).

Most antibodies used to identify these molecules do
not differentiate between functional and nonfunctional
forms of adhesion molecules. Thus, expression levels
determined by such antibodies do not correlate with
the ability to adhere to endothelium.

These examples clearly show that the results of
both approaches (ie, in vitro adhesion assay and in
vivo expression analysis) need confirmation regarding
their proposed function in vivo.

Migration Routs of Naïve, Effector, and
Memory T Cells In Vivo

Investigating the migration of labeled T-cell subsets in
vivo has revealed two principally different distribution
patterns (Fig. 4). (A) Naïve T cells enter lymphoid and
nonlymphoid organs in comparable numbers. They
have a long life span and are able to complete many
rounds of migration. As a result of their long transit
time through lymphoid tissues (eg, lymph nodes ap-
proximately 24 hours), they accumulate in these tis-
sues over time (Westermann et al, 1994). (B) After
activation in lymphoid organs, the generated effector
T cells are short-lived and their survival depends on
cytokines, chemokines, and extracellular matrix com-
pounds experienced during activation (Bode et al,
2001). From the site of generation, effector T cells are
homogeneously distributed into lymphoid and non-
lymphoid organs (Fig. 4). Depending on the milieu they
face in these tissues (eg, absence or presence of
characteristic cytokines, chemokines, and extracellu-
lar matrix compounds), effector T cells either die or
survive. Because the milieus of the drainage area and
the draining lymph node are comparable, this mech-
anism provides a way to target effector T cells selec-
tively into the drainage area of the lymph node in
which they were generated (ie, the region through the
pathogen is invading the organism) (Bode et al, 2001).
Comparably, the selective accumulation of T-cell pre-
cursors in the thymus, of T cell lymphomas in the skin,
and of tumor metastasis in specific organs is probably
due to selective survival and proliferation in the appro-
priate microenvironment rather than to selective entry
into these sites. We have indications that freshly
generated memory T cells are distributed like effector
T cells (Bode et al, 2002). In contrast, mature memory
T cells show a migration pattern that is comparable to
that of naïve T cells (Westermann et al, 2001a).

Conclusion

Investigating the migration of labeled lymphocytes in
vivo is essential for defining T-cell traffic routes.
Organ-specific entry has been proposed for several
T-cell populations (for naïve and memory T cells
(Mackay et al, 1990); for central memory and effector
memory T cells (Sallusto et al, 1999); for skin- and
gut-seeking T cells [Campbell and Butcher, 2000]);
however, the in vivo migration experiments have either
failed to demonstrate organ-specific entry or are still
missing (summarized in Westermann et al, 2001b).
Instead, in vivo migration studies have revealed organ-
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specific survival of T cells during their effector stage.
Identifying the molecules that govern T-cell distribu-
tion in vivo will allow their modification to enhance
desired immune responses and to diminish unwanted
ones.
“The difficulties introduced by such phenomena

[which complicate the design of in vivo migration exper-
iments] cannot always be avoided but they can be
recognized and taken into account in both the design
and interpretation of experiments. Like the bunkers in a
golf course they contribute a good deal to the fun; they
are a challenge to the participants, and a source of
endless amusement to the informed observer.”
—Joe Hall (Hall, 1985)
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