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Lymphocyte Homing and 
Homeosta 

Eugene C. Butcher and Louis J. Picker 

The integration and control of systemic immune responses depends on the regulated 
trafficking of lymphocytes. This lymphocyte "homing" process disperses the immuno- 
logic repertoire, directs lymphocyte subsets to the specialized microenvironments that 
control their differentiation and regulate their survival, and targets immune effector cells 
to sites of antigenic or microbial invasion. Recent advances reveal that the exquisite 
specificity of lymphocyte homing is determined by combinatorial "decision processes" 
involving multistep sequential engagement of adhesion and signaling receptors. These 
homing-related interactions are seamlessly integrated into the overall interaction of the 
lymphocyte with its environment and participate directly in the control of lymphocyte 
function, life-span, and population dynamics. In this article a review of the molecular basis 
of lymphocyte homing is presented, and mechanisms by which homing physiology reg- 
ulates the homeostasis of immunologic resources are proposed. 

T h e  immune system faces daunting chal- 
lenges in its rniss~on of protecting the body 
from microbial invasion. From a large hut 
finite number of antigen-receptor-defined 
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lymphocyte clones, it must establish and 
maintam a diverse, nonautoimm~une popu- 
lation of mature lymphocytes and endow 
them with the capability to respond to for- 
eign antigen wherever it rnay enter the 
hody. It must control the interplay between 
B cells, T cells, specialized accessory cell 
populations, and antigen so as to efficiently 
initiate primary cellular and humoral irn- 
mune responses. It must integrate immune 
responses throughout the boiiy, whde at the 
same tlme targeting and permitting special- 
ization of immune response moiialities in 
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different regions of the hody such as the 
alimentary tract, the lung, and the,skin. 
Finally, the lrnlnune system must use effi- 
cient mechanisms of homeostasis to provide 
for long-lasting but ~nalleable immunity 
over time and to prevent the o~,erexpansion 
or iiepletion of specialized lyrnphocyte sub- 
sets. T o  accomplish these iiiverse tasks, e m -  
lution has created a iiispersed system of 
highly specialized immune rnicroenviron- 
rnents that control the differentiation and 
homeostasis of mature lymphocytes and 
then linked these microenvironments to- 
gether with each other and with the effector 
sites of the hoiiy through an elaborate system 
of lymphocyte hoin~ng and recirculation. 

Our purpose in this review is to describe 
recent molecular and conceptual aiivances 
in our uniierstanding of lymphocyte recir- 
culation and homing; to emphasize the im- 
portance of targeted lymphocyte migration 
in the integration, regulation, and special- 
ization of immune responses; and to explore 
emerging concepts of the role of recircula- 
tion and microen~,ironmental homing in 
immune homeostasis. 

Lymphocyte Recirculation and 
Homing from the Blood 

Most mature lymphocytes recirculate con- 
tinuously, going from hlood to tissue and 
back to blood again as often as one to two 
times per day ( I  ) .  Recirculation is not ran- 
dom, but rather is targeted by active mech- 
anisms of lymphocyte-eniiothelial cell rec- 
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ognltlon (2 )  that, along wlth the subsequent 
dlapedes~s of the lymphocytes across the vas- 
cular mall, dlrect 11 mphocyte homlng from 
the blood (3-5) Thls process of extra1 asa- 
tlon IS a crltlcal regulatory p a n t  In the 
Immune slstern, controlling the access of 
specialized 1ymphoc)te subsets to particular 
tissues and thus mfluenclng the nature of 
local Immune and mflammatory responses 
Its spec1f1clty depends on developmental, 
tlssue- and mflammat~on-speclflc speclal~za- 
tlon of vascular phenot~pes and on develop- 
mental and microenvironmental regulation 
of lymphocyte homing and chernoattractant 
receptors (3-7). 

Perhaps the most sign~ficant dichotomy 
in lymphocyte trafficking concerns the dlf- 
ferential distribution of nai've T7ersus mem- 
ory/effector populations (Fig. 1 ) (3 ,  5,  8 ,  9).  
In general, nai've lymphocytes are pro- 
grammed to recirculate through seconiiary 
lymphoid tissues (lymph nodes, Peyer's 
patches, tonsils, and spleen). These organs 
collect antigen from epithelial surf, aces, so- 
matic tissues, and blood and present it to 
nai've B and T cells in the context of spe- 
cialized lvmahoid microenvironments that , L 

can drive their antigen-induced differentia- 
tion whlle at the same time culling autore- 
acti17e cells. Most memory and effector lym- 
phocytes probably traffic through lymphoid 
organs as well, but unllke nai've cells, they 
can also access and recirculate through ex- 
traljrnphold Immune effector sltes (for ex- 
ample, intestinal lamina propria, pulmonary 
interstitium, inflamed skin, and jolnts). 

Moreover, whereas the homlng hehavior of 
n a ~ v e  cells is relat~r.ely homogenous within 
a class [for example B cell versus T cell (3 ,  
8)] ,  the homing behavior of memory and 
effector lymphocytes is extremely heteroge- 
neous, with distinct subsets displaying re- 
stricted, often tissue-selective patterns of 
recirculation (3 ,  5, 8, 9) .  Tissue-selective 
homing targets memory cells and immuno- 
blasts to sites ahere  they are most likely to 
encounter (or reencounter) their specific 
antigen or are best aiiapteii to function, anii 
permits the segregation and specialization 
of immune responses in different regions of 
the boiiy (for example, rnucosal versus non- 
mucosal tissues). One example of such tis- 
sue-selective homing of "siten-spec~alized 
effector cells is the targeted migration of 
plasmablasts expressing immunoglobulin A 
(IgA) to rnucosal surfaces of the hody [re- 
~rieaeii in (3)].  

Implicit in the differential trafficking 
of nai've and memory cells is the concept 
that homing behavior, like other specific 
lymphocyte functions, can be repeatedly 
regulated iiuring the life-span of the lym- 
phocyte, particularly iiuring antigen-in- 
duced differentiation processes such as the 
nai've to memory/effector transition ( 3 ,  
10) (hut perhaps also, in certain instances, 
without such activation). Uniier the influ- 
ence of local microen~~ironments  support- 
ing antigen-~nduced activation, respond- 
ing lymphocyte populations may increase 
or decrease expression of existing homing 
receptors (for example, L-selectin and 

a4P7 Integrln, see Table 1 )  or up-regulate 
new homlng receptors (for example, the 
skln-hom~ng receptor) (1 1-13) These re- 
spondlng 1vmphoc)te populdtlons mav 
also be able to alter the functional status 
or actl\ a t ~ b ~ l l t v  of actl\ atlon-deneniient 
adheslon molecules such as the various 

lntegrlns (1 1 ,  13) Homlng receptor regu- 
latlon durlng rnemory/effector T cell dlf- 
ferent~atlon 1s analoeous to (and temao- 
rally concornltant with) that of effector 
cytokine production [for example, Inter- 
feron y ,  ~nterleukin-2 (IL-2), IL-4, and 
the T helper cell type 1 (T, , l )  versus TH2 
subsets], ~n \ ,o l~ , lng  lmmunoregulatory cy- 
toklnes as \\ell as the nature of antlgenlc 
and c~st1mulator) s~gnals (10) .  

Molecular Regulation of 
Lymphocyte Extravasation 

E~,olution has confronted the physical chal- 
lenge of high intravascular shear forces [up 
to -30 Jynes/cm2 in postcapillary venules 
mediating lymphocyte extravasation (14)] 
anii the requirement for targeted leukocyte 
trafficking by making extravasation a mul- 
tistep process in which initial interaction 
under flow conditions and subsequent sta- 
bilization of binding can be mediated hy 
independent, specialized adhesion pathways 
(1 5-1 8 ) .  The recruitment process has been 
separated into four successive steps: ( i )  pri- 
mary adhesion, which is transient and re- 
r~ersible in seconds; (ii) rapid (seconds) 
lymphocyte "activation"; (iii) activation- 

Fig. 1. Na'ive lymphocytes Lymphoid tissues 
home to specific mlcroen- 
vironments within second- primaw pEzKq I Bone marrow and thymus] 
ary lymphold tissues and 
recirculate through these 
sites until they either die or 1 

Naive B cells 
1 

Nalve T cells 
encounter ther specific an- 
t~gen. Unl~ke na'lve cells. Recirculation to all 1 Selection into recirculating pool 
memory and effector T 2" lymphoid tissues 
(and probably B) cells can 
effic~ently extravasate In Peripheral lymph nodes, Peyer's patch, tons~l, spleen 

tertary (extralympho~d) ~ n -  Secondary Pr~mary follicle/mantle zone / IT zone (paracortex, PALS) 

flammatory sites. w~th sub- 
sets displaying targeted Naite to memory/effector transition 
traffckng through, for ex- 
ample, inflamed skn, ntes- Germ~nal center zone (paracortex, PALS) 1 Tissue-selective subsets 

t~nal mucosa, pulmonary 7 3 
tissues, and jo~nts. Anti- 
gen-act~vated B cells may 
home to spec~alized envl- 7 '% Effector B cells Memory or effector T cells 
ronments in the outer T 4 (plasma cell precursors) 

zone dur~ng primary re- Tissue-selective 
sponses, or may colon~ze subsets / 1 \ 
germinal center sites of hy- I Bone marrow Mucosa? Other sltes Tissue-selective subsets 

permutation, affinity matu- Te'iaw 
ration, and memory cell dif- 
ferentiat~on Less abun- 
dant, specialized lympho- 
cyte subsets include y6 T cells in the mouse. and subsets of gut ntraepithelial (not Ilustrated). The extralymphoid effector s~tes of select~ve homing Include 
leukocytes, that may be targeted drectly from their orgin n the thymus or (at least) skin, lung, intestnal lamina proprla, and synovum PALS, periarte- 
bone marrow to reproductve, cutaneous, ntestnal. or other tertiary tissues r~olar lymphoid sheath; Ag. antgen. 
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dependent "arrest" that is stable under 
shear forces but potentially reversible over 
minutes; and (iv) diapedesis (Fig. 2). Lym- 
phocyte recruitment is thus controlled by 
an algorithm in\,olving a series of "yes" 
(continue to the next step) or "no" (return 
to the hlood) decisions. Hotning can be 
regulated at any or all of the decision 
points, and the implications of this for corn- 
binatorial diversity, specificity, and mecha- 
nistic resiliency in leukocyte trafficking 
have been discussed in detail (15). Table 1 
lists some key molecular players identified 
to date, each involved in their own distinct, 
if overlapping, settings of physiologic lym- 
phocyte homing. The molecular biology of 
these molecules has been reviewed in the 
context of leukocyte trafficking ( 17-2 1 ). 

Here, we \vill focus on recent advances in 
our molecular understanding of lymphocyte 
extravasation, especially on unifying func- 
tional features that detertnine the snecial- 
ized roles of adhesion and signaling receptors 
in the ~nultistep process, and on the ability 
of these receptors to cooperate physiologl- 
cally to create specific ho~nmg p a t h ~ r a ~ s .  

In the first step (Fig. 2, steps l a  and l b ) ,  
constitutively functional lymphocyte recep- 
tors interact with their reg~~lateii  vascular 
ligands under high flow conditions. This 
primary adhesion can involve separable 
contact formation ("tether~ng") \vith loose 
rolling of the lymphocyte along the vessel 
wall, and molecularly distinct mechanisms 
for slowing the rollmg velocity (17, 22, 23). 
In other situations, it can involve a tran- 

Table 1. Adhesion molecules involved in lymphocyte-endothellal recognition. Abbreviations: CHO 
carbohydrate; PNAd, peripheral lymph node addressin; MAdCAM, mucosal addressln cell adhesion 
molecule HEV, hlgh endothellal venule; CLA, cutaneous lymphocyte-assocated antigen; PSGL, P- 
selectn glycoprotein Ilgand; VCAM, vascular cell adhesion molecule, LFA, leukocyte function antyen, 
ICAM. lntracellular adheslon molecule. HCAM, hyaluronate-binding cell adheson molecule. and VAP, 
vascular adhesion proten. Prlmary adhesion nvolves steps 1 a and 1 b of Fig. 2 and secondary adhesion 
IS step 3. 

Lymphocyie homng Predominant 
Role 117 

multistep 
receptor endothellal cell ligands exiravasatlon 

Primary homing pathways 

Selectin-CHO 
L-selectin (CD62L) PNAd (includes CD34, l o  adhesion Na'ive lymphocyte homlng 

other proteln cores) to lymph nodes; 
lymphocyte homing to 
peripheral > mucosal 
sites of severe chronic 
inflammaton (5, 70) 

1 " (step 1 a Na'ive lymphocyte homng 
only) to Peyer's patches (22) 

CLA 

o-Lnked glycans 
and sulfate 
probably 
associated wlth 
PSGL-I 

Integrin-lg family 
a,P, 

MAdCAM-1 
(HEV-selective 
sulfated CHO 
modflcatlon of mucln 
domain) 

E-selectln 

MAdCAM-1 (mucosal 
addressln) 

VCAM-I 

mLPi (LFA-I) ICAM-1 , -2, Tothers 
Other 

CD44 (HCAM) Hyaluronate 

? VAP-I 

1 " adheslon Memory T cell homlng to 
skin (70) 

1 " adheson ? (28) 

1 " and 2" Nalve lymphocyte homlng 
adheslon to Peyer's patch and 

appendix, memory 
lymphocyte homlng to 
nonpulmonary mucosal 
sltes (22, 29) 

l o  and 2" Memory lymphocyte (blast) 
adhes~on homng to many 

extra-ntestnal 
nflammatory stes ( 7  7) 

2" adheslon Widespread involvement 

lo adhesion ? Homing of activated . 
lymphocytes (blasts) to 
inflammatory sltes (37) 

lo adheson ? Unknown subset homing 
to (?inflamed) HEV In 
human, lymph nodes, 
ionsls. and sites of 
nflammat~on (30) 

sient, immediate arrest ~vithout discernible 
rolling (22. 23). This primary adhesion 
slo\vs the transit of lymphocytes, thus allow- 
ing sufficient time for the Ivmnhocvte to , 
sailple the vessel for soluble or endoihelial 
surface proadhesi\,e factors. The remarkable 
specialization of primary ho~ning receptors 
is illustrated by L-selectin, a C-type lectin 
with an affinity for sulfated, fi~cosvlated car- 
hohydrate detLrminants displayed by spe- 
cializeil postcapillary venules, especially the 
high endothelial venules (HEV) in lymph 
nodes where these carbohydrate ligands are 
presented by a nutnber of glycoproteins 
composing the peripheral lymph node ad- 
dressin (PNAd) (24). Strikingly, L-selectin 
1s highly concentrated on the tips of lym- 
phocyte microvilli (the sites of initial cell- 
cell contact under flow), a feature it shares 
with other tethering receptors (for example, 
the a4 integrins and probably PSGL-1) and 
\vhich d r a m a t ~ c a l l ~  enhances the efficiency 
of receptor engagement under physiologic 
shear forces (25). In fact, efticient interac- 
tion through L-selectin actually appears to 
require cell motion (26). Finally, reversibil- 
ity of L-selectin interaction is further en- 
sured hr  a nroteolvtic mechanism that ran- , L 

iillp cleaves L-selectin near the cell metn- 
bralie upon cross-linking (27) ,  so that even 
if multivalent L-selectin interactions should 
nlediate arrest, cells \vould he spontaneously 
released in the absence of reinforcing mech- " 

anisms. Thus, the topographic and molecu- 
lar specialization of L-selectin simulta- 
neously permits efficient interactions of 
blood lymphocytes under flov.8 conditions, 
pel-ents inappropriate interactions during 
vascular stasis, and ensures the reversihility 
of primary ailhesion in the absence of sub- 
sequent events in the multistep process. 

Suhsets of lymphocytes can also attach 
and roll on vascular E- and P-selectins; on 
VCAbf-1 and blAdCAM-1, Ig family vas- 
cular ligands for the microvillo~~s-associated 
ho~ning receptors a4P1 and and prob- 
ahlv on vascular adhesion protein-1 (VAP- 
1) (17, 18, 23. 28-30). Long-term (more 
than 6 hours) activated lymphocytes can 
also roll on endothelial hyaluronate hy 
means of CD44 (3 1 ) .  Interestingly, physio- 
logic studies confirm that a, integr~ns, un- 
like the selectins, can narticipate in both 
primary and secondary lymphocyte interac- 
tions with endothelium (22, 29). Character- 
istically, a4 integrins also mediate much 
sloiver rolling than L-selectin, an important 
disti~lction as in some situations they (or 
other ~nolecules) can be required as a 
"bridge" to slo~v selectin-initiated rolling suf- 
ficientlv for eneagement of activation-de- - - 
penden; adhesion mechanisms (see belo\v). 

Although in situ studies demonstrate in- 
volvement of an "activation" sten in the 
l y ~ n ~ l i o c ~ t e  extravasation process (Fig. 2,  
step 2 ) ,  the physiologic "triggers" for this 
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activation remain to be defined for lyinpho- 
cvtes. Inteerin activation can occur durine " 
in situ lymphocyte-endothelial interactions 
as rapidly as 1 to 3 s after contact, and it is 
clear that (at least in the cases examined so 
far) triggering of integrin-dependent arrest 
involves pertussis toxin-sensitive Goc, pro- 
tein-linked receptors (32), presumably of 
the seven-transmembrane or serpentine 
chemoattractant family. These receptors, 
when expressed at high levels [for example 
on neutronhils, but also on chemoattractant 
receptor-transfected lv~nphocytes (33)], can 
trigger integrin adhesion to vascular ligands 
in seconds through an intracellular signal- 
mg pathway involving the small guanosine 
triphosphate (GTP)-b~nding protein Rho 
(33, 34); moreover, such integrin activa- 
tion reverses spontaneously In minutes, 
which would allow cells arrested in vivo to 
revert to rolling in the ahsence of signals 
leading to diapedesis. Initial exciteinent 
about the involvement of the chelnokine 
family of chemoattractants in step 2 has 
been dampened bu the findine that most 

u 

resting lymphocj tes express o n l ~  low levels 
of known chemoklne receptors (7, 35) and 
appear incapahle of sufficiently robust 
proadhesive responses to these agents to 
account for r a ~ i d  intravascular arrest (7. 
36). As yet undiscovered chemokine or oth- 
er serpentine receptors may be involved, 
although participation of other receptor 
classes cannot be excluded. Importantly, 
step 2 activation signals may not he required 
for arrest of circulating immunoblasts ex- 
pressing preactivated integrins (22). 

To  date only the heterodimeric inte- 
grins, including the a, integrins a$, and 
oc,P7 and the P L  integrins LFA-1 (aL&) 
and MAC-1 ( o c , P , ) ,  have been implicated 
in the third step,. activation-dependent sta- 
ble arrest (Fig. 2). Interestingly, unlike the 
a4 integrins, p2  integrins are found on the 
planar cell body of leukocytes and are large- 
ly excluded from micro\,illi (37). This ex- 
clusion from sites of first cell contact may 
explain in part the inability of P L  integrins, 
even when preactivated, to initiate lympho- 
cyte adhesion under flo~v. In the presence of 
appropriate haptotactic or chemoattractant 
signals, activation-dependent stable arrest is 
follo~ved bv dianedesis, the final sten in 
extravasation. The same P L  and oc4 inte- 
grins involved in lymphocyte arrest on en- 
dothelium can also narticinate in transen- 
dothelial migration, probably in conjunc- 
tion with other adhesion receptors (17). 

Recent physiologic studies have con- 
firmed the ~nvolvement of multimolec~~lar 
cascades in Ivm~hocvte-endothelial recooni- , L 

tion and illustrate how, with relatively Yfew 
adhesive interactions, these cascades can 
yield tissue-specific homing. For example, in 
situ studies of exteriorized mouse intestines 
(22, 29) have provided a paradigm for how 

naive lymphocytes can he targeted to sec- 
ondary ly~nphoid tissues (Peyer's patches), 
whde memoryleffector cells hut not naive 
cells are targeted to specific extralymphoid 
effector sites (intestmal lamina propria). 
The unique phenotypes of Peyer's patch 
HEV (L-selectin ligandl", bfAdCAb1-l"', 
ICAM-1+, and 1CAbl-2+) and, correspond- 
ingly, of naive lymphocytes (L-selectin+, 
a,~~'"-""'~, and LFA-1+) conspire to n~ake  
molecular cooperation essential for success- 
ful extravasation in this tissue: Efficient ar- 
rest of naive cells requires the sequential 
engagement of L-selectin to initiate contact, 
a,P, to slo\v rolling, and LFA-1 in conjunc- 
tion with a4Pi to lnedlate act~vation-depen- 
dent arrest. L-selectin dominates contact 
initiation because naive lymphocytes display 
only relatively lo\v levels and activity of 
a4P7 O n  the other hand, L-selectin rolling 
on Peyer's patch HEV (which express only 
low levels of L-selectin ligand) is too loose 
to allow direct engagement of LFA-1, thus 
necessitating "bridging" invol\,ement of 
oc,U,. The additional reauirement for LFA-1 

7' i 

for arrest may also reflect the low levels of 
a4P7 on naive cells. a, integrins are not 
required for naive lytnphocyte homing to 
peripheral ly~nph nodes (\vhose HEV lack 
MAdCAM-I) ,  and in this site an alterna- 
tive (unknown) bridging molecule may be 
involved, or hecause peripheral lymph node 
HEV display uniquely high levels of L-se- 
lectin ligands, L-selectin-mediated rolling 
may be slow enough to all on^ direct conver- 
sion to LFA-1-mediated arrest. Important- 
ly, a4P7 levels on naive cells are insufficient 
to promote their direct binding to the 
blAdCAM-1 +, L-selectin ligand- venules 
in the intestinal lamina propria (an extra- 
lymphoid "effector" site) (29). These mech- 
anisms thus ensure that naive lymphocytes 
have access to both mucosal and peripheral 
secondary lytnphoid tissues but not to tnu- 
cosal effector sites. O n  the other hand, 

a 4 ~ 7 " '  cells (a  model of ~nucosal memory 
ljmphocjtes and immunoblasts) can effec- 
tively interact with these lamina propria 
venules using a4P7 alone (29). Thus, by 
varying the expression of highly specialized 
homing receptors and their endothelial 
counterreceptors, and by allowing their se- 
quential cooperation in variations on the 
multistep theme, the immune system can 
construct many specific homing pathways 
using relati\,elv fev.8 distinct molecular com- 
ponents (see also Fig. 3). 

Molecular Regulation of 
Microenvironmental Homing 

Once recruited into tissues, lymphocytes 
disnerse into s~ecialized tnlcroenvironmen- 
tal domains. Examples include the B cell 
follicles and T cell zones of secondary lym- 
phoid tissues and initial localization of an- 
tigen-reactive B cells to the outer T zone in 
~ r i m a r v  i~nlnune resr,onses and to the ~vell- 
jelineated germinalLcenters during memory 
cell formation (38) (Fig. 1 ) .  Lymphocyte 
subsets tend to segregate into discrete areas 
in extralymphoid tissues and sites of inflam- 
mation as well. In a general sense, however. - 
lllicroenviron~l~ents need not be geograph- 
ically discrete; they can also be more dis- 
persed, comprising scattered specialized 
stromal elements involved in lymphocyte 
homing and homeostasis. Just as tnecha- 
nisms of tissue-selective trafficking permit 
segregation and specialization of ilnmune 
resnonses at the svstemic level, inicroenvi- 
ronmental homing pertnits specialization of 
local stroinal and accessory commnents 
(for example, the antigen-presenting follic- 
ular dendritic cells of B cell follicles and 
interdigitatino cells of T cell zones) into u " 
domains capable of supporting the complex 
cellular interactions required for inlinune 
responses. 

The molecular basis of microenviron- 

-4000 umls free velocity 

"A 1 to 20 s 
Minutes 

+ --C 
-40 umls -. 

Initiation Rolling Activation Activation- 
of contact through dependent arrest 
through G protein-linked (reversible over Diapedesis 

microvillous receptors minutes) (-10 mi,,) 
receptors 

Fig. 2. The multistep model of lymphocyte-endotheia cell recogntlon and recruitment of lymphocytes 
from the blood. The potential requirement for four sequential ndependently regulated receptor-ligand 
lnteractlons allows combinatoral determinaton of the specificity of lymphocyte homing (15), implying that 
the specificity of the overall process can greatly exceed that of its component steps. The mean velocities 
of free-flowlng (noninteracting) and rolling lymphocytes from in situ microscopic observations of ympho- 
cytes in Peyer's patch HEV are given (22); these values may dlffer in other vascular beds. G protein, 
heterotrimeric GTP-binding protein. 
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mental homing relnains largely unexplored, 
but a number of conceptual and molecular 
themes deserve emphasis. First, holning 
within tissues, like recruitment from the 
blood, 11n1st be colnbinatorially determined 
by overlapping regulatory, adhesion, and 
migratory events (39). Each rnicroenviron- 
mental dolnain would be characterized bv a 

kines and their lymphocyte receptors are 
induced or modulated during inflammation, 
rendering them strong candidates for regu- 
lating altered lymphocyte targeting during 
immune and intlalnmatory responses. Che- 
lnokines can also bind and be presented 
differentially by various glycosarninoglycans, 
suggesting that haptotactic responses to sub- 
strate or cell-bound chelnokines may be as or 
more important than classic chemotaxis in 
directing lnigratlon (45). 

Finally, whereas antigen receptors play 
no direct role in the selectivity of lvmnho- 

Homing and Immune 
Homeostasis 

It is axlolnatic that the holneostasis of ma- 
ture lymphocyte populations must ~nvolve 
competltlon. Although dlsplaylng some 
variability with recent immmlne activity and 
some decline in progenitor production with 
age, the major populations of circulating B 
and T cells, especially rnelnory cells, are 
maintained withln a limited normal range of 

unique, organized display of adhesive 'li- 
g a d s  and regulatory factors-both within 
the dolnaln itself and leading to it from the 
ruicrovasculat~~re-such that lrrnphocyte 
lnigration can be targeted by sequential 
cheinotactic or haptotactic and contact 
guidance mechanisms. 

Second, as in the extravasation nrocess. 

u 

cell numbers and frequency durnlg adult l ~ f e  
(48-50). Thus, na'ive B and T cells emigrat- 
ing from the bone Inarrow and thymus must cyte extravasation fro111 blood ' (3 ,  46): an- 

tigen is critically inlportant in regulating 
lnicroenvironlnental homing Dronerties of 

compete with existing naive cells for entry 
into the recirculatmg lrlnphocyte pool. Sim- 
ilarly, as the memory cells responsible for 
iinmunity are limited in overall number, it 
follows that cells mediating ~inmunity to a 

adhesion regulation is fundamental to the 
control of ruicroellvirollme~~tal l ~ o m ~ n g .  In 
some instances, microenvironments nlay up- 

" L  L 

lymphocytes. For example, antigen-speclflc 
T cells are lnitlally cleared from the reclrcu- 
lating lylnphocyte pool after antlgen adm~n-  

regulate new lymphocyte adhesive elements 
such as the transforlning growth factor-pl 
(TGF-p1)-inducible acP7 integrin, which 
targets lymphocytes to intraepithelial sltes 
by binding to E-cadherin (40). In other 

istration (46), and migrating antigen-specif- 
ic nlasrnablasts and lneinorv T cells become 

prior antigen must compete for existence 
with nlemorv cells arising in resnonse to new 

lodally enriched through ' retention (and 
probably also preferential proliferation) at 
sites of antigen deposition [reviewed in (3)]. 
The retention of antigen-reactive cells is 
due, at least in part, to activation of inteerin 

antigens. HAW would s ~ k h  colipetition oc- 
cur? Recent studies support the concept that 
cotnnetitive homille to microenvironme~ltal " 
niches is a critical control mechanism of 
lrlnphocyte homeostasis. 

In this model, coinpetition for access to 
specialized microenvironments, and thus for 
the trophic or regulatory factors they pro- 
vide, determines the balance between cell 
survival, expansion, differentiation, and 
death (Fig. 4). The microenvironmental fac- 
tors required for survival are likely unique for 
each type of lylnphocyte and are provided in 
limited quantity in particular microenviron- 
mental "niches" that will also vary for each 
lymphocyte type (such as B versus T cells, 
memory versus n a k e  cells, and CD4+ versus 

instances co~~st i tut~vely expressed adheslon 
molecules ( ~ n c l u d ~ n g  lnanv of those associ- 
ated w t h  extravasakn) ;nay be involved; 
for example, a+ and PL integrins mediate 
activated B cell binding to antigen-present- 
ing follicular dendritic cells in germinal cen- 
ters (41). Importantly, the adhesive f~unction 
of lymphocyte integrins (and other adhesion 
receptors such as CD44) can be regulated 
over the time frame of lymphocyte crawling 
in tissues by signaling through many cell 
surface receptors including not only che- 
ruoattractant receptors but also adhesion 
receptors themselves and an array of Ig 
familv members includine the T and B cell 

- 
adhesion through the engagement of anti- 
gen-receptor and costinlulatory pathways, 
and indeed. such integrin activation has u 

been dlrectly delnonstrated for T cells un- 
dergolng the nai've to melnory/effector tran- 
sitions in secondary lymphoid tissues in vivo 
(13). Specific antigen can also redirect mi- 
croenvironlnental holning within tissues. 
For example, antigen-specific CD4+ T cells 
have been noted to translocate from para- 
cortical T zones to B cell follicles upon 
antigen stimulation (47). 

antigen receptors and tlliir associated co- 
stimmtlatory lnolecules (21 , 42). Indeed, 
cells must continuously integrate pro-ad- 
hesive and potentially anti-adhesive sig- 
nals fro111 diverse cell surface recentors 

Fig. 3. Known or hypoth- 
esized adhesion-decision End,"~~lelial Counterreceptor on lymphocytes 

cascades conferring spe- 
clflcity of lymphocyte 
homing in different sites. 
As indicated, the homing 
receptor phenotype of na- 
'be lymphocytes allows 
them access to lymph 
nodes and Peyer's patch- 
es, but not to infammato- 
ry extralymphoid tissues. 
In contrast, distinctive 
subsets of memory/effec- 
tor cells express pheno- 
types that allow their tar- 
geted access to skin, am- 
ina ~ r o ~ r i a .  and potential- 

Lymphocytes 

that may be engaged coordinately in com- 
plex in vivo environments. T h e  GTP-  
hinding protein RhoA may an essen- 

Target adhesion 
molecule 

-- 

Peyer,s MAdCAM C H O ~  

patch 
MAdCAM-1~ - 

ICAM's 1 

activation 
Contact+Rolling + Arrest+Diapedesis 

Na'ive B or T 
cells 

tial role in this process, acting as an intra- 
cellular control polnt in signaling from Na'ive B or T 

cells lymph 
77 1 

node CAMS 1 chemoattractant and other receptors to 
lymphocyte integrlns (35). 

Several classes of soluble factors and thelr 
Gut-homing 

blasts or 
memory cells 

Lamina M A ~ C A M - ~  1 - 
propria I C A M ' S ~  1 

receptors have been implicated in the regu- 
lation of lylnphocyte locomotion, including E-selectin! - 

Skin VCAM-1 ~ 
ICAM's 1 

Skin-homing 
memory cells a varlety of cytokines and groivth factors 

[IL-2, IL-10, TGF-PI, hepatocyte growth 
factor, and vasoactive intestinal nentide Y other sites 'such as Nonmucosal Inflamed 1 7  - 

joints. Quantitative as well memory cells CNS, heart, "CAM-, - I .  
as qualitative regulation of or blasts other sites? 1 
receptors is critical to 

L L 

(43)l. However, because of their diversity, 
widespread tissue expression, and chemotac- 
tic specificity for f~~nctionally distinct lym- 
phocyte subsets, the chemokines (and other 
chemoattractants that mav act throueh 110- 

specificity control. The overlap of bars emphasizes overlapping functions in pariicuar settings, and the 
vertcal wldth of bars (and font sizes) indicate the relative expression level and functional importance of 
each component in the cascade, whch may of course be variable. Activating signals are unknown, and 
may not be requlred for arrest of immunoblasts expressing preactivated ~ntegrins. Questionable (or 
potentially variable) involvement of unidentified pathways IS ndlcated by question marks. It should be 
mentioned that tissue-selective cascades can be altered both developmentally and as a function of 
severe local inflammation, which can lead to more promscuous lymphocyte recrutment (10). 

- 
mologous serpenti~le receptors) have re- 
ce~ved particular attention. h4ore than 30 
chelnokines and five chelnokine receptors 
have been identified (7,  44). Many chemo- 
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CD8- cells). These protective niches are 
both finite in number and limited in overall 
capacity to provide viability support. When 
supportive niches are overcrolvded, compe- 
tition for access is increased, and cell death 
will occur until a balance between cell num- 
ber and supportwe factors 1s agaln ach~eved 
Conversel), mhen a n ~ c h e  1s empt), the 
avallahle surv~val factors would support the 
v~ablllt\ of most or all cells re-seedlng the 
locale untll the n ~ c h e  1s repopulated and 
competition is resumed. In addition to tro- 
phic cytokines, molecules involved in micro- 
envlronmental homlng are themselves prlme 
candidates as survlval regulatory factors; for 
example, engagement of integrins (for in- 
stance, during germinal center cell interac- 
tions with VCAM-1 on follicular dendritic 
cells) can deliver potent apvptosis-inhibiting 
signals ( 2  1 , 41 ). The molecular control of 
this balance between lymphocyte expansion 
and death is a topic of intense investigation. 
As examples, the role of Fas, Fas-ligand, 
CTLA-4, and IL-2 receptor a in braking 
lyrnphoid expansion and of BCL-2 in pro- 
tecting against cell death has been graphi- 
cally illustrated in knock-out or mutant mice 
functionallv lacking these molecules. ivhich - 
show syndromes of progressive lymphoid tis- 
sue hyperplasia or atrophy, respectively (51 ). 

Systemic as well as tnicroenvironmental 
homing mechanisms play a critical role in 
this process. First, the continuous exchange 
of lymphocytes between their particular mi- 
croenvironments and the recirculating lym- 
phocyte pool provides the "stirring" mech- 
anism by which the overall repertoire of a 
given lymphocyte subset is repeatedly ex- 
posed to the culling effect of niche compe- 
tition. Such mixing facilitates a survival of 
the fittest, or more aptly, a survival of the 
rnost appropriate clones out of the overall 

repertoire. Systemic recirculation through 
secondary lymphoid organs may he critical 
for the deletion or tolerance of naive B and 
T cells reactive against regional or tissue- 
specific self-antigens. Moreover, just as seg- 
regation into distinct microen\~ironmental 
domains prevents inappropriate competi- 
tion between unrelated lymphocyte subsets 
(for example, T versus B cells), the tissue 
selectivity of lymphocyte recirculation pre- 
vents inappropriate competition between 
memory cells specific for tissue-restricted 
antigens, targeting them to regions of the 
body (for example, mucosa or skin) most 
likely to retain or reexperience their respec- 
tive antigens and thus to provide optimal 
microenvironmental support. 

A n  important implication of this model 
is that homeostasis is not determined solely 
by the characteristics of individual cells, but 
also by the total number and diversity of 
competing cells. In extreme situations, the 
lack of cornpetition may not only facilitate 
extended survival of lymphocytes but may 
even unveil a (normally suppressed) poten- 
tial for expansion. For example, nai've T 
cells are thought to be a relatively stable, 
nonproliferating population in adult mice 
and humans (48-50). However, in alym- 
phocytic or T cell-deficient mice with no 
cornpetition for supportive niches, adop- 
tively transferred mature nai've and memory 
T cells display a surprising capacity for re- 
population of the recirculating pool [re- 
viewed in (48, 50)].  Such expansion is like- 
ly driven by nonantigenic as well as anti- 
genic stimuli. Consistent with the complex 
role of the microen\~ironment in this pro- 
cess, the extent of expansion and repopula- 
tion is characteristically different in differ- 
ent hosts (normal, severe cornbined immu- 
nodeficiency disease (SCID), nu/nu, or "B" 

Fig. 4. Schernat~c sum- 
mary of the proposed role Blood @ Reclrcdating 
of recirculation and micro- I I lymphocyte pool 0 
envlronmenta homng n I 1 \ 
ymphocyte homeos~asls 00000~040000000000000000000000000400000  

I; thls mbdel, competitive 
homng to specialized ml- 
croenvironments deter- 
mines access to suppori- 
ive trophc and regulatory 
factors, and thus the ba -  
ance between cell sur- 
vval. dlfferentiaton, and 
death. Lymphocyte re- 
circulaton (although not 
Itself competitive at the 
level of extravasation) 

Lymphoid 
tissue 1 

Exchanging oo '00' 

New homing 
program 

ensures that competit~on Death by mental domalr 
for shared mlcroenvlron- exclusion 

mental nlches, and thus (culling) 

competitive culng. can act on the entire immune repertoire of a gven lymphocyte subset. Although not 
considered here, the model would also encompass competition for nonsupportive mcroenvironments 
nvolved n actlve killlng of targeted lymphocytes (in wh~ch case excluded lymphocytes would have a 
survival advantage). 

mice) (50). Moreover, lymphocyte subsets 
interact in influencing each other's ho- u 

rneostasis in such models (50), emphasizing 
that lymphocytes can themselves contrib- 
ute to horneostatic environments. For ex- 
ample, CL18 cells can reduce the expansion 
of CD4 cells in nude recipients [reviewed in 
(50)], and B cells dramatically enhance the 
longevity of CD4 memory T cells (52). 

Altered competitive situations may he 
irnportant clinically as well. After conven- 
tional bone marrow transplantation where 
the thymus is hypofunctional because of age 
or other factors, donor mature T cells 
nresent in the bone marrow inoculurn can 
repopulate the recipient recirculating pool 
(53). During the expansion of lymphoid 
cells in essentially empty lymphoid micro- 
environments, the competition for support- 
ive niches would be relaxed, potentially 
alloivine survival and differentiation of self- 
reactlve 1)mphocytes that mould normally 
be deleted or rendered anerglc Such a 
mechan~sm may be a contrlbutlng factor In 
the development of the auto~mmune-llke 
slndrome of chronlc "graft versus host" dls- u 

ease after bone marroiv transplantation (54). 
Inefficient comnetitive culline may also - 
help explain the paradoxical development 
of autoimmunity in patients with relative 
deficiencies of circulating B or T cells (55). 

A variety of other well-described immu- 
nolog~c phenomena can also be ~nterpreted 
In l ~ g h t  of these concepts The Importance 
of antlgen to the sur\n~al  and functlon of 
adopt~\.el\  transferred memory cells ma\ be 
due to the competltl\.e advantage antlgen 
pro\. Ides In competltlon u lth Irrelevant 
memorl cells for mlcroen\ Ironmental sun- 
port. lddeed, the controlreray over wheth'er 
antlgen persistence IS requlred for the m a n -  
tenance of ~mmunologlc memory (8,  48) 
ma\ reflect a \. ar~able comaetltl\7e en\ Iron- 
meAt for the mernory cell; in different ex- 
perimental models; in some systems, persis- 
tent antlgen ma) be required to gl\e the 
atudled mernory populat~on a competltlLe 
ad~antage ,  whereas In other s\atems auch 
cornpetltlon may be leas stringent, o b ~  lat- 
Ing the need for such help That antlgen 
can provide a colnpetltl\7e advantage for 
Iymphoc\ te sun 11 al 1s clearly, demonstrated 
b) the select~on of cells w ~ t h  h ~ g h - a f f ~ n ~ t y  
antlgen receptor5 during. the de~elopment  
of B and T cell memory (48) Ant~gen ,  
houelrer, does not aluals pr(>\.de a prosur- 
~ n a l  ad~antage  In circumstances of pro- 
f ~ u n d  antlgenlc st~mulatlon, auch a5 ma) 
occur ~ l t h  superantlgens or some ~ l r a l  In- 
fect~oni ,  there can be a complete depletion 
of responding T cells [ re~lewed In (8 ,  48)] 
Although "overatlmulat~on" has been pos- 
tulated as a mechanlsrn of T cell delet~on In 
these settings, t h ~ a  phencjmenon rnlght also 
reflect nlche overcro~vdlnrr. the almulta- n, 

neous activation of large numbers of cells by 
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stri3ng <timuli, ~vit11 eacli cell justlinq tor rlie 
same ~liclie,   nay o ~ . e ~ . \ v h e l ~ ~ l  the al?ilit\ o t  
e l  i.11 the cli?prcq?ri,ite rnicr~~environillellts to 
pri)viiii. 1-i,ibil~ty .;upport. Taken tojiether. 
these coniiJeration.; \vol~l~l  preilict tliat 111 

the  "Dar~vinian" ,trutlgle for m~croenviriin- 
lnelltal support, the lc)ni,.cvity ot antigen- 
'pc'cltic meilioiy rr.;pouse;. n-~)ul,l 1-e 1-,ii-i- 
,ihle, ilepen~linq on the intenqity anil Llir-er- 
>it\- ot .ui>ie,l~~ent imnnlne stimuli. 5 ~ 1 c h  
factor. as tlie rel,iti\-e atfinitv of antigen 
receptor> tor fore~qn versu.; se l t - ,~nt~gen,  cy- 
toklnr synthe~is  and response patterns, and 
reci rc~~lat ion 1-eliav~or l~kely combine to ile- 
rernlllie the in.erall c ~ x ~ ~ ~ e t i t i r - e n r s s  i ~ t  a ' 
gi\-en cell L)r long-term snrv11-al. 

T h e  ~nterplay l-et\\.een competitive 
niclie homing, microenviron~lie~iti~l S L I ~  

p ~ ) r t .  and alitlprll is n.ell ~llu.;trateJ by rr-  
cent stuilles o t  ni11r.e B cells 111 transgenic 
m~>dr l s  (55. 56). Pre\.ious in\.et~gati>r,  liail 
e.tah11she~l that tlie bone m,irro\v exports 
more nalr-e B cell. tlian cL1n he al>sorbi.d 111 

the lier~pliery, and that there must lie a 
mecll,i~lism fin restr~cting the entry ot  ne\\-- 
1y i.roiiuce,l B cell.: into the long-lir-eL1. 
recirc~ilat~nji  R cell pool (57). 'X'hen Ilomo- 
qene i i~~s  lien eyq lysoryme (HEL)-specific I3 
cells ,ire trans&rreil ~ n t o  norni,il rec~pients.  
they home to ioll~cle> and 1o11l the reclrcLi- 
l ~ t i n g  B cell pool. In rec~pients expreosin~ 
tl-anspen~c HEL as a " p ~ e u J n - a ~ i t o ; i ~ ~ t i g e ~ ~ , "  
hen-el-er. HEL-s13ecitic B cells ,Ire com13et- 
1tively escl~l~le i l  fro111 tollicles~ iicc~l1ll~ll<it- 
in? ~n tlic a ~ l r r o ~ l n d ~ n c  nLlter T :one n-here 
they ~iniieri,.i> ; ~ p o p t i ~ ~ s .  E x c l ~ ~ i i o n  is 
tho~lyht  ti> represent c o m p e t ~ t ~ o n  n.it11 the 
resiclent pL>lycln~i,il B cell p i ~ p u l ~ t i o n  for 
fi3llicular homing, i~eca~ise  ~v11i.n all R cell5 
are HEL-sl-rcitic ( ln  clo~ible HEL Ig-HEL 
tran.senlc.\, thei s,iccesst~~llv enter fol l~cle ,~  
nnil the recirculatlnq lymphocr-re yo01 as 
phenot;-pically naive cells, in spite a t  i o n -  

selective m~cri>environment in the outer T 
:c3ne may also pla\. .I role in tlicse models. 
.\ltliough the mechanism of ci>ml~etition 1.; 

~ ~ ~ i k n o w n ,  Cvstrr er ( I / .  (55) c o n i l ~ i ~ l e d  that 
the preience nt  a~ l to , in t~gen  p ~ ~ t i  6 cells at a 
competitive Ji.;,~Llvantiijie \\-it11 respect to 
binning i1ltc-i the s ~ ~ p p c > r t ~ v e  niche i)t 6 cell 
i'i~llicles anii ~~ l t ima te lv  re,~ults ln their clim- 
 nation. T h r e  stuilies illustrate the tun~la-  
mental par t~cipat~i ln  {-it' h o r n i l l  nlccha- 
nibms in n ~ c h c  comperitii)n ,ind >uppilrr ,I 
c r i t i ~ ~ i l  rc)le tor t h c ~ e  processes 111 e l lm~nat-  
ing i~~itoreactivitv ,111~1 ihaPini: the B cell 
repertoire. Parallel s t ~ ~ i l i e i  ill T cell recel~t~3r 
tl.ansgcnic sy,~tcms may enal3le Jet'lnition ot  
ci>mretltl\.e hominc rnr-ironrncnts for the 
hinlleostasii i>f T cell suiliets. 

Conclusion 

In till.; i l i s co~~rw,  11-e 11,~~-e e m p h , i ~ ~ : e ~ l  re- 
cent concel:tu,il i i i l \  ances 111 lympllc~cyte 
horn~ng  and liomec3itaii.;. ~nclu~l in , r  ( i )  
cc>~~~l>l l i~~tc>rldI  c o ~ l ~ t r ~ c t ~ o l l  o t  cpecific liom- 
1115 pntl~\v,i~-s, ( i i)  l~icllrection,il "cro.;i-t,ilkn 
bet\\-een I\-mpllocyte ,inil micrnen~iron-  
merit 1e:iiling to contlnunus ailj~~qrrnent c3t 
migratory lxliavior, anil ( i i ~ )  the  r o l e  ot  
cinnl7et~i\-e n ~ c h e  ho11iln~ in contrc3111ng 
lymplioc> te l ~ ~ m e ~ ~ s t t a i ~  sand sliap~ng the  
~rnmnne repertoire. Further ivork is req~11reJ 
to te;t these mode1.s critically, to ~111ra\-e1 
the mi7lecular anii c e l l ~ i l ~ r  l~,~si.; tor these 
complex p l ~ ~ s o l o j i i c  proce,se.;, anil to apply 
tlii.; ullilerstallcli~lg t ~ )  ~mmuni> log~c  J~sease. 
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