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Immune cell migration in inflammation: 
present and future therapeutic targets
Andrew D Luster1, Ronen Alon2 & Ulrich H von Andrian3

The burgeoning field of leukocyte trafficking has created new and exciting opportunities in the clinic. Trafficking 

signals are being defined that finely control the movement of distinct subsets of immune cells into and out of specific 

tissues. Because the accumulation of leukocytes in tissues contributes to a wide variety of diseases, these ‘molecular 

codes’ have provided new targets for inhibiting tissue-specific inflammation, which have been confirmed in the clinic. 

However, immune cell migration is also critically important for the delivery of protective immune responses to tissues. 

Thus, the challenge for the future will be to identify the trafficking molecules that will most specifically inhibit the key 

subsets of cells that drive disease processes without affecting the migration and function of leukocytes required for 

protective immunity.

The past three decades have witnessed an explosion of knowledge in 

immunology, which is being increasingly ‘translated’ into new thera-

pies for seemingly unrelated human pathologies caused by excessive or 

misdirected inflammatory responses. Although such diseases can affect 

any part of the body, almost all inflammatory conditions are restricted 

to particular target organs or tissue components1–3. Examples include 

(among many others) inflammatory diseases affecting the skin (psoriasis 

and eczema), intestine (Crohn disease and ulcerative colitis) or central 

nervous system (multiple sclerosis and Alzheimer disease); rheumatoid 

arthritis; asthma; arteriosclerosis; and juvenile diabetes. This focused 

pathology indicates a critical function for specific tissue infiltration 

by distinct effector leukocytes in inflammatory disease pathogenesis. 

Thus, inhibition of blood-borne effector cell recruitment should pro-

vide a means for effective and selective anti-inflammatory therapy1–3. 

Extensive preclinical studies provide strong support for this idea, and 

clinical developments have indicated that pharmacological inhibitors 

of leukocyte migration can be highly effective in certain autoimmune 

conditions.

This review summarizes the understanding of leukocyte trafficking 

with particular emphasis on the following questions: What leukocyte 

subsets are linked to inflammatory diseases? How and where are they 

generated and how do they induce disease? What molecular tools do 

they deploy to migrate to target tissues? How do trafficking molecules 

regulate effector cell recruitment in vessels and during subsequent trans-

endothelial and interstitial migration? Which trafficking molecules are 

promising targets for safe and effective drug inhibition? Which migra-

tion-directed drugs might be effective in which disease(s) and why? 

What are the risks and benefits of antimigration therapy?

The main cellular participants

‘Newly minted’ leukocytes that enter the blood from the bone marrow 

(innate immune cells and B cells) or thymus (naive T cells) express 

characteristic trafficking molecule patterns that enable and restrict their 

migration to certain regions. In general, innate immune cells respond 

to inflammation-induced traffic cues, whereas naive lymphocytes are 

poorly responsive to inflammatory signals but migrate efficiently to sec-

ondary lymphoid tissues. All leukocytes can respond to activation signals 

by altering the composition, expression and/or functional activity of 

their trafficking molecules. However, whereas these changes are relatively 

uniform in most innate immune cells, the migratory patterns acquired 

by activated B cells and T cells are diverse and depend on the quality, 

strength and context of the antigenic stimulus. After being activated, 

different effector leukocyte subsets must localize together in affected 

tissues to communicate through short-range cytokines and/or direct 

cell-cell contact. Antimigration therapy interferes with the pathological 

gathering of these effector cells. Some diseases can be treated by blocking 

one essential traffic signal for the recruitment of a pathogenic subset(s), 

whereas others involve mixed subsets that can use different traffic signals 

to accumulate in the same target tissue, thus necessitating combination 

therapy for maximal benefit.

Granulocytes, which include neutrophils, eosinophils and basophils, 

are innate immune cells that contain specialized granules to provide the 

first line of immune defense. Neutrophils are the most abundant blood-

borne leukocytes in healthy humans. These short-lived cells accumulate 
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within hours at sites of acute inflammation. Neutrophils express abun-

dant adhesion molecules for rapid binding to inflammation-induced 

counter-receptors on activated endothelial cells, and their chemoat-

tractant receptors sense the release of tissue ‘distress signals’ and patho-

gen-derived or pathogen-induced molecules. Neutrophils are essential 

for combating bacterial and fungal infections, but their activation also 

releases cytototoxic mediators, causing tissue damage. Neutrophils 

are often prominent components of T helper type 1 (TH1)–associated 

inflammatory infiltrates. In contrast, the less abundant eosinophil is 

typically found in TH2 lesions, including sites of parasitic infections and 

allergic inflammation. Eosinophils express distinct trafficking molecules, 

particularly receptors for certain chemokines that are selectively induced 

by TH2 cytokines.

Monocytes, unlike granulocytes, are long lived and can differenti-

ate to become tissue-resident macrophages or dendritic cells (DCs). 

Monocytoid cells have been linked to many inflammatory diseases, par-

ticularly arteriosclerosis, in which monocytes accumulate in atheroscle-

rotic plaques and turn into lipid-laden foam cells. However, monocytes 

also provide essential beneficial effects, such as during wound heal-

ing and to combat or contain chronic bacterial infections. Monocytes 

express a broad range of adhesion molecules 

and chemoattractant receptors; different sub-

sets can be distinguished in mice based on their 

trafficking molecules and differential precursor 

potential for tissue-resident leukocytes.

DCs are rare in peripheral blood but are 

abundant in lymphoid and certain nonlym-

phoid tissues. Several subsets exist in mice and 

humans with distinct immunological activities, 

tissue distribution and migratory properties. 

This includes conventional myeloid DCs and 

plasmacytoid DCs, the main interferon-α-

producing DC subset4. DCs are the quintessen-

tial ‘professional’ antigen-presenting cells5 and 

are critical for priming CD4+ and CD8+ T cells 

against exogenous cell-associated antigens6. 

They collect and process antigenic material 

and, in response to maturation signals, migrate 

to lymphoid tissues to trigger T cell activation. 

Drugs that interfere with DC maturation or 

migration may be useful for blocking immune 

responses to neoantigens, whereas deliberate 

boosting of DC migration could aid vaccine 

development.

Mast cells are the prototypical tissue-

resident sentinels. Bone marrow–derived mast 

cell precursors take up residence in peripheral 

tissues, often in close contact with arterioles 

and venules. Inflammatory signals such as tis-

sue damage, infections or crosslinked immu-

noglobulin E induce mast cell degranulation 

and release of cytokines, chemokines and 

‘secretagogues’, which enhance venular perme-

ability and leukocyte recruitment. Although it 

is uncertain whether inhibitors of mast cell 

trafficking would have therapeutic benefits, 

suppression of mast cell activation or function 

can indirectly interfere with mast cell–induced 

recruitment of other inflammatory cells.

Lymphocytes provide antigen-specific 

acquired immunity and immunological mem-

ory and include many subsets of T cells and B cells with distinct traf-

ficking patterns. Although naive T cell and B cell trafficking is restricted 

mainly to lymphoid tissues, effector and memory lymphocytes adapt 

their migratory ‘preferences’ to match their immunological function. So 

far, activation-induced changes in effector cell migration have been best 

explored in T cells7, but similar rules also apply to antibody-secreting

B cells8. The trafficking properties of activated T cells are influenced 

by several factors. Compared with naive T cells, antigen-experienced 

T cells travel more efficiently to inflamed tissues because they upreg-

ulate adhesion molecules and chemoattractant receptors for inflam-

mation-induced ligands9,10. However, there are important additional 

distinctions between different memory T cell subsets. First, antigen-

experienced T cells can be subcategorized as central memory cells, which 

keep recirculating through all lymphoid tissues, and effector memory 

cells, which lack one or more prerequisite receptors for recirculation11. 

Second, antigen challenge in different lymphoid organs, such as mucosa-

associated lymphoid organs or skin-draining lymph nodes, generates 

preferentially gut- or skin-seeking effector cells, respectively12. Tissue-

specific ‘imprinting’ also occurs during the induction of central nervous 

system–tropic effector cells in cervical lymph nodes13. Third, effector 

Figure 1  Common trafficking molecules in the multistep adhesion cascade. Top, four adhesion steps 

that leukocytes must undergo to accumulate in a blood vessel. Below, predominant leukocyte-expressed 

trafficking molecules that participate in each step (middle) and their endothelial counter-receptors 

(bottom). Arrows indicate interactions of individual molecules with one or more binding partners. 

Leukocytes in the blood stream tether to endothelial cell ligands and roll slowly downstream. Tethering 

is mediated mainly by leukocyte receptors on tips of surface microvilli (L-selectin, PSGL-1 and α4 

integrins). L- and P-selectin are particularly efficient tethering molecules. L-selectin recognizes 

sulfated sialyl-Lewis X (sLeX)–like sugars (peripheral node addressin (PNAd)) in high endothelial 

venules and other ligands on inflamed endothelial cells (not shown) as well as PSGL-1 on adherent 

leukocytes (broken arrows). E-selectin can also interact with PSGL-1 and other sialyl-Lewis X–bearing 

glycoconjugates, commonly called ‘CLA’. E-selectin and the α4 integrins can stabilize rolling mediated 

by L- and P-selectin and reduce rolling velocities. When a GPCR on a rolling cell becomes engaged 

by a specific chemoattractant (often a chemokine), the activating signal is transmitted intracellularly 

to induce rapid activation of β2 and/or α4 integrins, which assume extended conformations and bind 

tightly to endothelial immunoglobulin superfamily members. Prolonged ligation of L-selectin or ligands 

for E- and P-selectin can act in synergy with or even substitute for GPCR signals to activate β2 integrins 

in some settings. Mac-1, myeloid cell–associated marker (CD11b or αM); PAF, platelet-activating factor. 
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cell trafficking is influenced by cytokines that polarize TH1 and TH2 

responses14,15. Notably, these distinctions are not absolute. For example, 

tissue-specific memory cells can also express lymph node–homing recep-

tors16, and effector cells can revert to a central memory phenotype17. 

Similarly, polarizing cytokines can modulate the magnitude of traffic 

molecule expression on activated T cells but cannot override tissue-

specific ‘imprinting’ signals provided by DCs from different lymphoid 

tissues12.

There are additional lymphocyte subsets, such as natural killer cells, 

natural killer T cells and regulatory T cells, that are also important in 

host responses to infection and in regulating inflammation and disease. 

Regulatory T cells share trafficking molecules with other leukocytes, so 

inhibitors may inadvertently target both effector and regulatory subsets, 

with unforeseen consequences for disease pathology and susceptibility to 

infection. This must be kept in mind and monitored as new antiadhesion 

therapies enter the clinic.

The molecular participants: defining the targets

Adhesion molecules belong mainly to one of three prominent fami-

lies, with some exceptions (Fig. 1). The selectins comprise a three-

member family of highly conserved C-type lectins (Supplementary 

Table 1 online), which bind sialyl-Lewis X–like carbohydrate ligands 

presented by sialomucin-like surface molecules such as P-selectin 

glycoprotein ligand 1 (PSGL-1)18. Selectin-mediated adhesion bonds are 

characterized by high ‘on rates’ and ‘off rates’ and last only a few seconds 

or less. L-selectin is expressed on most circulating leukocytes and is the 

key receptor that initiates leukocyte capture events in high endothelial 

venules in secondary lymphoid tissues and at peripheral sites of injury 

and inflammation, which inducibly express specific sulfated and fucosyl-

ated sialoglycoproteins19. With few exceptions, P- and E-selectin are 

inducibly expressed in both acutely and chronically stimulated endo-

thelial beds and are important determinants for neutrophil, monocyte, 

natural killer cell, eosinophil and effector T cell and B cell recruitment in 

most inflammatory processes18. L-selectin on circulating leukocytes can 

also bind leukocyte ligands, particularly PSGL-1, and this interaction can 

enhance the capturing of leukocytes by intravascular adherent leuko-

cytes20. Selectin ligand function depends on complex post-translational 

modifications of scaffold proteins by glycosyl- and sulfotransferases, 

several of which are inducible and/or expressed in specialized leukocyte 

and endothelial cell subsets. The adhesive activities of both selectins and 

their ligands can be also regulated by their topographical distribution 

and associations with the actin cytoskeleton and also by shedding21.

Integrins constitute a family of two dozen heterodimers whose ligand-

binding activity can be rapidly regulated by conformational changes as 

well as by transcriptional induction and redistribution from intracel-

lular pools22. The most relevant integrins for leukocyte migration are 

members of the β2 subfamily, especially LFA-1 (CD11a-CD18 or αLβ2), 

and the two α4 integrins, α4β1 (VLA-4) and α4β7. Integrins of the β1 

subfamily, especially VLA-1, VLA-2, VLA-4, VLA-5 and VLA-6, have 

been linked to leukocyte crossing of the basement membrane underly-

ing blood vessels and to interstitial migration on extracellular matrix 

(ECM) as well as to leukocyte migration across or retention on inflamed 

stromal and epithelial cells (Supplementary Table 2 online). Integrins 

bind certain ECM molecules as well as cell surface receptors belonging to 

the immunoglobulin ‘superfamily’, such as the intercellular cell adhesion 

molecules (ICAMs), which are binding partners for β2 integrins; vascu-

lar cell adhesion molecule 1 (VCAM-1), the main ligand for α4β1; and 

mucosal addressin cell adhesion molecule 1 (MAdCAM-1), the main 

ligand for α4β7. Both the integrins and their binding partners are likely 

targets for anti-inflammatory drugs, and several inhibitors have already 

been used in the clinic (discussed below).

Chemoattractants, particularly the chemokine system and the lipid-

based chemoattractants and their many G protein–coupled receptors 

(GPCRs), are by far the most diverse group of trafficking molecules1,23 

(Supplementary Table 3 online). They trigger intravascular leukocyte 

adhesion to endothelial cells and also provide essential guidance for 

interstitial leukocyte migration and positioning in both inflamed and 

noninflamed tissues. Their molecular diversity and selective action on 

distinct leukocyte subsets as well as their restricted temporal and spatial 

patterns of expression provide a key mechanism for ‘fine-tuning’ cellular 

immune responses. Given the many checkpoints a leukocyte must navi-

gate through to cross tissue barriers, it can be predicted that only specific 

combinations of chemoattractants will promote productive recruitment 

of a leukocyte into a target tissue. Inhibitors of both the GPCR binding 

sites of specific chemoattracts as well as of their presentation in endo-

thelial and stromal compartments24, especially when combined with 

new antiadhesive drugs, should yield specific migration-attenuating 

therapies in diverse inflammatory settings. Animal studies have indeed 

indicated that pharmacological inhibitors of chemoattractant pathways 

can exert potent and specific anti-inflammatory activity, and clinical

trials are underway to test their efficacy in particular human diseases.

The multistep adhesion cascade: the paradigm

Many in vivo and in vitro studies have established that leukocytes circu-

lating in the blood are recruited to lymphoid organs and to peripheral 

sites of injury, infection and inflammation by a series of overlapping 

sequential steps mediated by selectins and integrins25,26 (Fig. 2). As each 

step is conditional for the next, multiple molecular ‘choices’ at each step 

provide a large combinatorial diversity. This not only generates high 

specificity but also provides a multitude of specific therapeutic targets. 

With the exception of T cell and B cell blasts, which express highly adhe-

sive integrins27, all circulating leukocytes maintain their integrins in 

mostly inactive states and must undergo in situ modulation to develop 

high avidity for their specific endothelial ligands to establish firm shear-

resistant adhesion on target endothelial sites22. This notable transition 

requires the freely flowing leukocyte at the target site, to undergo a 

reversible capture step mediated mainly by weak selectin-carbohydrate 

interactions that give rise to leukocyte rolling18. Rolling adhesions can 

last from seconds to minutes, depending on the type of leukocyte and 

the target endothelial bed28. Ιntegrins can also mediate rolling interac-

tions, which often stabilize L-selectin-mediated capture and rolling29. In 

addition, endothelium-expressed oxidases such as VAP-1 may contribute 

to stabilization of rolling and subsequent integrin-mediated sticking 

through modifications of endothelial and leukocyte ligands30. Given 

those findings, it is becoming increasingly evident that highly specific 

combinations of these receptors determine both the number and dura-

tion of endothelial contacts21 and thereby control the degree of subse-

quent activation of integrin-dependent sticking.

Lymphocyte and myeloid cell arrest in venules requires in situ activa-

tion of at least one of the four main integrins: VLA-4, α4β7, Mac-1 and 

LFA-1 (Supplementary Table 2 online). The molecular basis of integ-

rin activation underlying leukocyte stoppage (sticking and arrest) on 

target endothelial sites is beginning to unfold31. Overlapping and addi-

tive proadhesive properties of these integrins depend on their specific 

cytoskeletal and transmembrane associations with cytoskeletal adaptor 

molecules32 as well as membrane effectors, such as tetraspanins, CD47, 

CD98 and CD44 (ref. 33). These effectors regulate both conformational 

switches of the integrin heterodimers and their ability to microcluster 

and anchor to the actin cytoskeleton22,34. Given their restricted expres-

sion and function in different subsets of leukocytes, ‘bispecific’ mono-

clonal antibodies directed to one of these integrin partners and to its 

integrin counterpart may function in a cell type–restricted way, much 
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more selectively than the ‘monospecific’ integrin-blocking monoclonal 

antibodies or drug antagonists35.

New structural and functional data strongly suggest that integrins are 

bidirectionally activated by both cytoplasmic rearrangements of their 

subunit tails and the binding of their own extracellular ligands36. In 

vivo and in vitro data in T cells have indicated that integrin activation 

by endothelium-presented chemokines occurs within a fraction of a 

second34. Abrupt arrest has also been reported in vitro in neutrophils, 

monocytes and natural killer cells37,38. Only specific combinations of 

chemokines and GPCRs can activate integrin-dependent arrest under 

shear flow39, a process that indicates involvement of in most cases Gi 

protein signaling to two key GTPases, RhoA and Rap-1 (refs. 31,40). 

Rolling allows the leukocyte to sort the endothelial target for proper 

arrays of endothelial chemoattractants and integrin ligands. Neutrophils 

and effector lymphocytes have been also suggested to use prolonged 

selectin-mediated rolling interactions to activate their integrins41–43. 

Once arrested, leukocytes can use their integrins to bind blood-borne 

leukocytes and platelets. Platelet activation may facilitate subsequent 

leukocyte extravasation through localized deposition of platelet derived 

enzymes, cytokines and chemoattractants44.

Crossing vascular and tissue barriers

Vascular endothelium forms a nonthrombotic, nonadhesive barrier 

between the blood and tissue that is impermeable to macromolecules45. 

Inflamed endothelial beds undergo diverse and heterogenous changes in 

permeability to blood constituents and adhesiveness to leukocytes and 

platelets. Inflamed vascular cells must ‘program’ leukocytes to cross them 

with minimal and transient barrier disruption. The leukocyte GTPases 

Rap-1 and RhoA coordinate this process46. These GTPases use mul-

tiple activators (guanine exchange factors) and ‘downstream’ effectors, 

some of which are enriched in specific hematopoietic cells. Different 

inflammatory signals may use specific combinations of these effectors 

in distinct subsets of cells31,47, increasing the likelihood of designing 

leukocyte-type specific inhibitors to these GTPases effective in attenu-

ating diapedesis. Rac family GTPases, focal adhesion kinases, and spe-

cific protein kinase C and phosphatidylinositol-3-OH kinase (PI(3)K) 

isoforms also promote leukocyte motility over and across endothelial 

barriers48. PI(3)Kγ directs the directional migration of granulocytes, 

macrophages and DCs and controls mast cell function in various inflam-

matory conditions. The idea that this and other PI(3)K isoforms such 

as PI(3)Kδ have different trafficking functions in distinct immune cell 

subsets emphasizes that this family of kinases is a potential target in a 

variety of inflammatory conditions49.

Two routes of leukocyte diapedesis have been noted so far both in 

vivo and in vitro: a paracellular route that dominates most extravasation 

processes, and a transcellular route reported in vivo for neutrophils and 

subsets of activated effector T cells50. Both routes demonstrate a proac-

tive function for both apical and junctional endothelial ICAM-1 and 

VCAM-1, whose expression is differentially increased at specific sites 

of inflammation51,52. Diapedesis in distinct inflammatory settings also 

indicates sequential occupancy by the migrating leukocytes of constitu-

tively expressed junctional endothelial ligands such as PECAM-1, CD99 

and JAMs53,54 (Supplementary Table 4 online). Paracellular (junctional) 

diapedesis depends on the localized and temporal loss of junctional 

assemblies and adherens junctions stabilized by transmembrane homo-

philic proteins, mainly VE-cadherin and specific cytoskeletal linkers such 

as β-catenins. In some endothelial beds, such as in the brain and in large 

arteries, complex assemblies called tight junctions maintain additional 

barriers for leukocyte diapedesis45. Activation of Rho family GTPases 

and modulation of phosphorylation states of various junctional proteins 

Figure 2  Key migration steps of immune 

cells at sites of inflammation. Inflammation 

due to tissue damage or infection induces 

the release of cytokines (not shown) and 

inflammatory chemoattractants (red 

arrowheads) from distressed stromal cells and 

‘professional’ sentinels, such as mast cells and 

macrophages (not shown). The inflammatory 

signals induce upregulation of endothelial 

selectins and immunoglobulin ‘superfamily’ 

members, particularly ICAM-1 and/or VCAM-1. 

Chemoattractants, particularly chemokines, 

are produced by or translocated across venular 

endothelial cells (red arrow) and are displayed in 

the lumen to rolling leukocytes. Those leukocytes 

that express the appropriate set of trafficking 

molecules undergo a multistep adhesion cascade 

(steps 1–3) and then polarize and move by 

diapedesis across the venular wall (steps 4 and 

5). Diapedesis involves transient disassembly of 

endothelial junctions and penetration through 

the underlying basement membrane (step 6). 

Once in the extravascular (interstitial) space, the 

migrating cell uses different integrins to gain 

‘footholds’ on collagen fibers and other ECM 

molecules, such as laminin and fibronectin, and 

on inflammation-induced ICAM-1 on the surface 

of parenchymal cells (step 7). The migrating 

cell receives guidance cues from distinct sets of chemoattractants, particularly chemokines, which may be immobilized on glycosaminoglycans (GAG) that 

‘decorate’ many ECM molecules and stromal cells. Inflammatory signals also induce tissue-resident DCs to undergo maturation. Once DCs process material 

from damaged tissues and invading pathogens, they upregulate CCR7, which allows them to enter draining lymph vessels that express the CCR7 ligand 

CCL21 (and CCL19). In lymph nodes (LN), these antigen-loaded mature DCs activate naive T cells and expand pools of effector lymphocytes, which enter 

the blood and migrate back to the site of inflammation. T cells in tissue also use this CCR7-dependent route to migrate from peripheral sites to draining 

lymph nodes through afferent lymphatics.
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have been linked to paracellular diapedesis; however, these networks 

maintain blood vessel integrity and would be difficult to target. The 

use of specific combinations of these endothelial-leukocyte counter-

receptor pairs (Supplementary Table 4 online) varies in different 

diapedesis processes. Both the type of leukocyte and endothelial bed 

as well as the type and magnitude of the inflammatory stimulus alter 

the contribution of these counter-receptors to leukocyte diapedesis, 

suggesting that some of these receptors may be targets for therapeu-

tic inhibition. For example, blockade of PECAM-1 function in several 

in vivo models attenuates the emigration of specific leukocyte subsets 

(Supplementary Table 4 online).

Basement membranes and the interstitial ECM of stromal cells are 

sequentially penetrated by migrating leukocytes transversing endo-

thelial barriers. An emerging theme suggests that engagement of neu-

trophil PECAM-1 by endothelial PECAM-1 results in upregulation 

of α6β1, the main laminin receptor on these leukocytes55. PECAM-1 

engagement can also potentially activate Rap-1 GTPase on transmi-

grating leukocytes, resulting in increased avidity of specific β1 and 

β2 integrin receptors for ECM constituents56 necessary for leukocyte 

motility through the basal lamina57. Both α6β1 and the collagen-

binding integrins VLA-1 and VLA-2 are also essential for interstitial 

locomotion and retention of leukocyte subsets in different inflamed 

nonlymphoid tissues58. It is noteworthy that basement membranes 

and interstitial ECM are biochemically distinct and vary in com-

position in lymphoid organs and different tissue types59. A notable 

example of how basal lamina composition determines extravasation 

profiles is the finding that leukocytes cross blood vessel basement 

membranes containing laminin type 8 but not those containing type 

10 (ref. 60).

The interstitial extracellular matrices are subject to constant remodel-

ing during the inflammatory response, which is associated with increased 

production of fibronectin, tenascin, fibrillar collagen and distinct sulfated 

proteoglycans. Distinct types of inflammatory cells may differentially use 

their membrane-bound and secreted proteases as well as glycosamino-

glycan-degrading enzymes to remodel and penetrate ECM barriers, espe-

cially while migrating through the tightly interwoven basal lamina61,62. 

Particular proteases are upregulated shortly after transendothelial 

migration63, potentially contributing to basement membrane crossing. 

Localized proteolysis by migrating leukocytes can also expose cryptic 

ECM ligands for myeloid cell integrins such as αMβ2 and αxβ2 (ref. 64), 

modulate chemokine-binding specificity23 and release ECM-stored che-

mokines and inflammatory cytokines involved in leukocyte locomotion 

and retention65. Although they represent likely targets61,66, the apparent 

ubiquity and redundancy of proteases and glycosaminoglycan-degrading 

enzymes in these processes raises doubts about their utility as targets for 

therapeutic intervention. It is also noteworthy that lymphocytes, mono-

cytes and probably other leukocyte subsets can navigate in an ameboid 

way through interstitial ECM independently of protease activities67.

Traffic molecules as anti-inflammatory drug targets

The validity of the multistep paradigm was appreciated with the realiza-

tion that patients with leukocyte adhesion deficiency syndrome have 

impaired leukocyte migration into tissues, resulting in recurrent bac-

terial and fungal infections and a peripheral leukocytosis because of 

defects at different steps in the multistep paradigm of leukocyte traf-

ficking, including deficient expression of β2 integrins or fucosylated 

selectin ligands or an impaired ability to activate leukocyte integrins after 

chemokine stimulation68. Thus, ‘experiments of nature’ have provided 

a b c d

Figure 3  Specific ‘combination codes’ used by leukocytes in inflammatory diseases. Characteristic TH2 (a,b) and TH1 (c,d) tissue-restricted pathologies. 

Atopic dermatitis (a) and asthma (b) are mediated by TH2 cells. A comparison of the trafficking molecules that participate in TH2 cell recruitment into 

the skin (a) and the lung (b) shows the tissue- and context-specific nature of the leukocyte recruitment process. Skin-specific homing receptors such 

as CLA and CCR10 participate in the trafficking of TH2 cells to the skin but not to the lung, whereas inflammation-specific homing receptors, such as 

CCR4 and CCR8, seem to be involved in the trafficking of TH2 cells to sites of TH2 inflammation regardless of the inflammatory site. This is also true for 

the eosinophil, which uses CCR3 and VLA-4 at most sites of allergic inflammation. Likewise, a comparison of the trafficking molecules that participate 

in TH1 cell recruitment into the brain in multiple sclerosis (c) and the small intestine in Crohn disease (d) also shows the tissue- and context-specific 

nature of leukocyte trafficking. Gut-specific homing receptors such as α4β7 and CCR9 participate in the trafficking of TH1 cells to the small intestine 

but not to the brain, whereas inflammation-specific homing receptors such as CXCR3 and CCR5 seem to be involved in the trafficking of TH1 cells to 

sites of TH1 inflammation regardless of the inflammatory site. This is also true for the monocyte, which uses CCR2 at most sites of TH1 inflammation. In 

atopic dermatitis, CCL27 is expressed mainly by keratinocytes attracting CCR10+ TH2 cells into the epidermis. Many inflammatory chemokines have been 

detected in experimental allergic encephalomyelitis, an animal model resembling multiple sclerosis (MS). However, despite the plethora of inflammation-

induced changes, the constitutively expressed VCAM-1 (which is further upregulated in multiple sclerosis) and its receptor, VLA-4, have proven to be of 

particular importance for effector cell recruitment to the brain. LC, leukocyte; PGD2 prostaglandin D2; MC, monocyte; PMN, polymporphonuclear cell; IEL, 

intraepithelial lymphocyte. 
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‘proof of principle’ in humans that trafficking molecules involved in 

distinct steps of the multistep trafficking paradigm contribute in unique 

ways to leukocyte trafficking in vivo. Natalizumab, a monoclonal anti-

body to the α4 integrin chain that blocks the binding of α4β1 (VLA-

4) to VCAM-1 on brain-infiltrating TH1 cells and binding of α4β7 to 

MadCAM-1 on gut-infiltrating TH1 cells, has been used successfully 

for the treatment of multiple sclerosis and Crohn disease. This clinical 

success has established the ‘proof of principle’ that specifically interfer-

ing with leukocyte trafficking into tissue is an effective new therapeutic 

strategy. However, the specific infectious disease complications that led 

to the withdrawal of this promising therapy emphasize the need for 

greater understanding of the components of host defense mediated by 

specific leukocyte subsets and specific trafficking molecules as well as a 

need for more precise and specific inhibitors of leukocyte subset traf-

ficking. In this section, we will review the specific types of inflamma-

tory processes and comment on how distinct anatomic compartments

influence the trafficking molecules involved in a given disease process 

(Fig. 3 and Table 1). Finally, we will emphasize promising molecular 

targets that mediate these processes and then deal with the issue of how 

it may be possible to avoid infectious complications when inhibiting 

leukocyte entry into tissue.

The host response to acute infection or injury consists of an exuberant 

neutrophilic inflammatory response. As is often the case in inflamma-

tion, this is a ‘double-edge sword’, and this robust protective response 

can also be deleterious to host tissue. The host response to many acute 

tissue insults such as ischemia followed by reperfusion induces a 

neutrophil-rich inflammatory response that contributes substantially 

to tissue injury. Ischemia-reperfusion injury is thought to contribute 

to many important pathological conditions, including acute myocar-

dial infarction, stroke, shock and acute respiratory distress syndrome. 

Therapies aimed at blocking neutrophil influx into tissue are being eval-

uated as likely new strategies for these important disorders. Preclinical 

Table 1  Trafficking molecules involved in inflammatory disease processes

Disease Key effector cell Proposed leukocyte receptors for endothelial traffic signals

L-selectin, ligand GPCR Integrina

Acute inflammation

Myocardial infarction Neutrophil PSGL-1 CXCR1, CXCR2, PAFR, BLT1 LFA-1, Mac-1

Stroke Neutrophil L-selectin, PSGL-1 CXCR1, CXCR2, PAFR, BLT1 LFA-1, Mac-1

Ischemia-reperfusion Neutrophil PSGL-1 CXCR1, CXCR2, PAFR, BLT1 LFA-1, Mac-1

TH1

Atherosclerosis Monocyte PSGL-1 CCR1, CCR2, BLT1, CXCR2, 

CX3CR1

VLA-4

TH1 PSGL-1 CXCR3, CCR5 VLA-4

Multiple sclerosis TH1 PSGL-1 (?) CXCR3, CXCR6 VLA-4, LFA-1

Monocyte PSGL-1 (?) CCR2, CCR1 VLA-4, LFA-1

Rheumatoid arthritis Monocyte PSGL-1 CCR1, CCR2 VLA-1, VLA-2, VLA-4, LFA-1

TH1 PSGL-1 CXCR3, CXCR6 VLA-1, VLA-2, VLA-4, LFA-1

Neutrophil L-selectin, PSGL-1 CXCR2, BLT1 LFA-1b

Psoriasis Skin-homing TH1 CLA CCR4, CCR10, CXCR3 VLA-4c, LFA-1

Crohn disease Gut-homing TH1 PSGL-1 CCR9, CXCR3 α4β7, LFA-1

Type I diabetes TH1 PSGL-1 (?) CCR4, CCR5 VLA-4, LFA-1

CD8 L-selectin (?), PSGL-1 (?) CXCR3 VLA-4, LFA-1

Allograft rejection CD8 PSGL-1 CXCR3, CX3CR1, BLT1 VLA-4, LFA-1

B cell L-selectin, PSGL-1 CXCR5, CXCR4 VLA-4, LFA-1

Hepatitis CD8 PSGL-1 CXCR3, CCR5, CXCR6 VLA-4

Lupus TH1 None CXCR6 VLA-4d 

Plasmacytoid DC L-selectin, CLA CCR7, CXCR3, ChemR23 LFA-1, Mac-1

B cell CLA (?) CXCR5, CXCR4 LFA-1

TH2

Asthma TH2 PSGL-1 CCR4, CCR8, BLT1 LFA-1

Eosinophils PSGL-1 CCR3, PAFR, BLT1 VLA-4, LFA-1

Mast cells PSGL-1 CCR2, CCR3, BLT1 VLA-4, LFA-1

Atopic dermatitis Skin-homing TH2 CLA CCR4, CCR10 VLA-4, LFA-1

aVarious β1 integrins have been linked in different ways in basal lamina and interstitial migration of distinct cell types and inflammatory settings. bIn some settings, Mac-1 has been linked to 

transmigration. cCD44 can act in concert with VLA-4 in particular models of leukocyte arrest33. dTH2 cells require VAP-1 to traffic to inflamed liver. 
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studies in animal models of ischemia-reperfusion disorders have dem-

onstrated considerable protection against reperfusion injury with block-

ade of neutrophil selectins, integrins or chemokine receptors2. However, 

clinical trials designed to evaluate the efficacy of inhibiting neutrophil 

trafficking for ischemia-reperfusion injury have so far been disappoint-

ing. For example, trials testing the efficacy of blocking β2 integrins in the 

setting of acute myocardial infarction, stroke or traumatic shock have 

not shown any clinical benefit, and an antibody to ICAM-1, the main 

counter-receptor for CD18 on endothelial cells, even had a negative 

effect on strokes in a phase II trial3. The reason for the disparity between 

the preclinical and clinical data is not entirely clear but may relate to the 

timing or efficacy of inhibition in the human trials. Preclinical studies 

using blockade of the chief neutrophil chemokine receptors CXCR1 

and CXCR2 have also shown efficacy in inhibiting neutrophil influx and 

tissue damage in models of ischemia-reperfusion injury and are being 

evaluated in the clinic69–71.

TH1 inflammation is characterized by tissue infiltration of interferon-

γ-secreting CD4+ and CD8+ effector T cells and activated macrophages. 

This type of cell-mediated inflammatory response is thought to have 

an important pathophysiological function in a multitude of prominent 

human diseases, including type 1 diabetes mellitus, Crohn disease, mul-

tiple sclerosis, rheumatoid arthritis, atherosclerosis, psoriasis and solid-

organ allograft rejection (Fig. 3). Interfering with trafficking molecules 

on TH1 cells and/or activated macrophages would have the advantage of 

potentially being beneficial in many of the disorders mentioned above. 

In fact, inhibition of αL intergrin (CD11a), which together with CD18 

forms the LFA-1 complex, has shown promise in the clinic, with the use 

of Odulimomab for graft-versus-host disease and transplant rejection 

and Efaluzimab for psoriasis2. Furthermore, Natalizumab is very effi-

cacious in Crohn disease72 and multiple sclerosis73. However, blocking 

all α4-mediated leukocyte trafficking leads to an increased susceptibil-

ity to infection. In this case, a small percentage of patients treated with 

Natalizumab developed progressive multifocal leukoencephalophathy 

(PML), a deadly opportunistic central nervous system infection caused by 

reactivation of a clinically latent JC polyomavirus infection. The occur-

rence of PML in this setting was totally unexpected, as it almost invari-

ably occurs in the setting of profound impaired cell-mediated immunity 

in patients with AIDS, leukemia or organ transplantation. Therefore, 

Natalizumab therapy is clearly a ‘double-edged sword’. Inhibiting T cell 

entry into the brain halts the entry of encephalogenic CD4+ T cells and 

the ensuing autoimmune destruction of the myelin sheath. However, 

inhibiting the entry of another subset of T cells, most likely a subset of 

CD8+ T cells, leads to reactivation of JC virus. Many issues remain, such 

as why the JC virus, which lays dormant in 50–80% of the population, 

was reactivated in less than 1% of patients treated with Natalizumab. 

Furthermore, why did this therapy lead to PML and not other central 

nervous system opportunistic infections, such as toxoplasmosis?

A greater understanding of the specific T cell subsets that are patho-

genic in a given disease and a deeper understanding of the specific infec-

tious diseases held in check by this subset will lead to more effective and 

better tolerated therapies. Better tools must be developed to specifically 

inhibit the trafficking of defined subsets of disease-causing cells. This 

may be possible with therapies aimed at inhibiting organ-specific traf-

ficking molecules. For example, specifically blocking α4β7–MadCAM 

interaction and not α4β1–VCAM-1 interaction should inhibit the entry 

of T cells into the gut while not affecting T cell entry into the central 

nervous system. In fact, a ‘humanized’ monoclonal antibody that blocks 

the α4β7 heterodimer but not the individual components is effective for 

the treatment of ulcerative colitis74.

Alternatively, organ and immune subset-specific combinatorial

therapies should be defined, which will combine partial blockage of 

selectins, chemokine receptors and integrin members, each contributing 

to the overall trafficking of the key inflammatory subset underlying the 

pathology of the particular disease. For example, two individual drugs 

that selectively inhibit the rolling and arrest step by 75% each may not 

be very effective in blocking inflammatory disease when given alone. 

However, a combination of the two drugs would be expected to reduce 

effector cell influx by about 94%.

Thus, therapies aimed at blocking the chemokine system, when com-

bined with partial selectin- and integrin-blocking therapy, may afford 

the needed specificity and efficacy. For example, the CCL25-CCR9 inter-

action is believed to be important in guiding the entry of T cells into the 

small intestine75 and therefore represents a likely target for inflammatory 

bowel disease. Likewise, CLA–E-selectin interaction and CCL28-CCR10 

and CCL17-CCR4 or CCL22-CCR4 interactions are important in T cell 

entry into the skin76 and therefore represent likely combinatorial targets 

for inflammation of the skin, such as psoriasis and atopic dermatitis. 

In addition, in some chronic inflammatory diseases such as rheuma-

toid arthritis, ecotopic lymphoid neoorganogenesis occurs locally (in 

the synovium) and is postulated to contribute to the perpetuation and 

intensity of smoldering local inflammation. Lymphotoxin-induced 

expression of CXCL13 and CCL21, as well as VCAM-1 and ICAM-1, is 

important in this process and may represent new therapeutic targets for 

attenuating local inflammation through the dissolution of these ectopic 

lymphoid aggregates77,78.

The activated macrophage is also important in many important 

TH1-mediated disease processes, such as multiple sclerosis, rheuma-

toid arthritis and atherosclerosis. Thus, modulating the trafficking pat-

terns of macrophages may also attenuate inflammation in these chronic 

inflammatory diseases. Macrophage subsets are less well defined than T 

cell subsets, although studies have identified a CCR2hiCX3CR1lo inflam-

matory subset and a CCR2loCX3CR1hi homeostatic subset79,80. Of note, 

preclinical studies in models of atherosclerosis81, multiple sclerosis82 

and rheumatoid arthritis83 have shown that blocking CCR2 is effective 

in attenuating disease. Therapies aimed at blocking the interaction of 

CCR2 with its ligands are being evaluated in the clinic. As for T cells, 

combinatorial therapeutic approaches using antibodies to chemokines, 

integrins and selectins should be considered. 

Allergic inflammation is characterized by the tissue infiltration of 

TH2 cells, eosinophils and mast cells secreting interleukins 4, 5 and 13. 

This type of immune response is thought to have evolved to defend the 

host against parasitic infections. Increasing evidence suggests that this 

response also underlies the pathological immune response in several 

allergic diseases that are now epidemic in developed countries, such 

as asthma, food allergies and atopic dermatitis (Fig. 3). As parasitic 

infections have essentially been eradicated in developed countries, 

inhibiting the trafficking of TH2 cells, eosinophils and mast cells into 

tissues should be very safe. The challenge, then, is to identify the specific 

adhesive and signaling molecules that control the trafficking of these 

immune cells. The chemokine receptor CCR3 was initially thought to be 

such a molecule; however, subsequent studies have shown that although 

it is expressed on all eosinophils it is only present on a minority of TH2 

cells. CCR3-deficient mice have a profound defect in eosinophil migra-

tion, but TH2 cell trafficking seems to be intact and CCR3-deficient 

mice can mount a tissue-specific allergic response84,85. Thus, CCR3 

blockade is a viable approach for blocking eosinophil trafficking but 

not TH2 cell trafficking. TH2 cell trafficking is under the control of 

chemoattractant receptors86 and transcription factor STAT6–inducible 

genes87. Thus TH1 cells ‘preferentially’ use CXCR3, CXCR6 and CCR5, 

whereas TH2 cells ‘preferentially’ use CCR4, CCR8 and the lipid pros-

taglandin D2 chemoattractant receptor CRTH2 (ref. 88). It remains to 

be determined, however, if inhibition of these or other combinations 
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of chemoattractant receptors specifically expressed on TH1 versus TH2 

cells can selectively inhibit the trafficking of either T cell type, either 

on its own or in combination with integrin-blocking therapy. Further 

complexity is added to the system, as certain important GPCRs such 

as BLT1, the receptor for the potent lipid chemoattractant leukotriene 

B4, are expressed and are functional on effector T cells, including TH1 

and TH2 cells and CD8+ T cells89,90. Another complexity of the system 

is the differential use of chemoattractants at different microanatomic 

sites in a pathological lesion. For example, in the asthmatic lung, BLT1 

is important in attracting TH2 cells from the interstitium into the air-

way89, whereas in Crohn disease, CCL20 is highly expressed by follicle-

associated epithelium well situated to recruit CCR6+ TH1 cells into the 

mantle zone of gut-associated lymphoid follicles91,92.

Future directions

Although it is now apparent that inhibiting leukocyte trafficking is 

a very effective strategy for treating a host of inflammatory diseases, 

other checkpoints in leukocyte trafficking can be potential targets. 

For example, T cell exit from lymphoid tissue requires sphingosine 

1-phosphate and its GPCR SIP1 (ref. 93), whereas exit from peripheral 

tissue requires CCR7 (refs. 94,95). Pharmacological inhibition of this 

pathway with drugs such as FTY720 traps T cells in lymph nodes and 

primary organs, leading to peripheral T cell depletion96,97. FTY720 

and other S1P1 antagonists are being evaluated as new immunosup-

pressants for organ transplantation. Other examples include targeting 

proteases secreted by leukocytes, which facilitate leukocyte movement 

through basement membrane and the ECM in tissue, and targeting 

signaling molecules that link GPCR activation to changes in integ-

rin affinity and to directed cell migration. However, the challenge 

for the future is to identify the key leukocyte subset that initiates a 

given disease and to identify the trafficking molecule(s) that will most 

specifically inhibit that subset of cells while leaving most leukocytes 

unaffected to avoid untoward infectious complications. An unavoid-

able consequence of inhibiting leukocyte trafficking will be that the 

host is left more susceptible to certain infections. It is clear, then, that 

better understanding of the consequences of inhibiting the trafficking 

of specific leukocyte subsets is needed, and patients must be screened 

for latent infections and/or provided with prophylaxis against the rel-

evant potential pathogens before therapy is initiated. The goal, then, 

is to minimize infectious risk by identifying the trafficking molecules 

whose inhibition will result in the narrowest range of cellular inhibi-

tion while still allowing the therapy to be efficacious. Furthermore, 

regional delivery of this inhibition (such as the lung, joint or gut) 

and precise targeting of pathogenic leukocyte subsets will minimize 

systemic immunodeficiency and improve the therapeutic ‘window’ 

of treatments aimed at dampening the inflammatory response by 

inhibiting leukocyte trafficking.

Note: Supplementary information is available on the Nature Immunology website.
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