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basement membrane. The present review aims to provide a 

brief summary of novel additions to the classical adhesion 

cascade within the vascular lumen and then to discuss the 

emergence of a second adhesion cascade for neutrophils 

within venular walls, the latter illustrating the intricacies and 

complexities of neutrophil transmigration. 

 Copyright © 2013 S. Karger AG, Basel 

 Introduction 

 Blood neutrophils are relatively short-lived cells (<6 
days) and are the most abundant leucocyte population in 
human blood (40–60%). Nearly 10 11  of these cells are gen-
erated in the bone marrow and released into the blood 
circulation every day. In contrast to other components of 
the innate immune system, such as macrophages, den-
dritic cells and mast cells that reside in extravascular tis-
sues, neutrophils have to undergo an elaborate and com-
plex response of migrating out of the vascular lumen, 
most notably in post-capillary venules, in order to exert 
their host-defence actions in tissues. In this context, neu-
trophils are the first leucocytes to arrive at sites of infec-
tion or tissue injury where they exhibit numerous effector 
functions such as killing and phagocytosis of invading 
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 Abstract 

 Recruitment of neutrophils from the blood circulation to 

sites of infection or injury is a key innate immune response 

against invading pathogens and tissue injury. However, if in-

appropriately triggered, excessive and/or prolonged, this 

host defence response can also lead to severe pathological 

disorders. The migration of all leucocytes out of the vascula-

ture is classically described by the leucocyte adhesion cas-

cade that depicts a well-characterised sequence of cellular 

and molecular events within the vascular lumen. Recent 

findings have now illustrated that beyond the vascular lu-

men, the breaching of the venular wall can also involve an 

analogous cascade of adhesive events. For neutrophils this 

involves a tightly regulated and sequential series of respons-

es within venular walls, initiating with adhesive steps that 

guide neutrophils through endothelial cells lining the venu-

lar wall, followed by responses that mediate and regulate 

their migration through the pericyte sheath and the venular 
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pathogens. Furthermore, neutrophils have been shown to 
generate pro-inflammatory cytokines and chemokines 
for the recruitment of other leucocytes and contribute to 
the development of Th1 inflammatory responses via the 
generation of IFNγ. Hence, in addition to an immediate 
role, neutrophils have also been implicated in numerous 
adaptive immune responses, suggesting a broader role for 
these cells than classically considered. The ability of neu-
trophils to generate a wide array of cytotoxic molecules 
(e.g. proteases and reactive oxygen metabolites) means 
that excessive recruitment of activated neutrophils can 
also cause damage to the host and contribute to the devel-
opment of inflammatory disorders. As a result, neutro-
phils have been implicated in the pathogenesis of both 
acute (e.g. myocardial infarction and stroke) and chronic 
(e.g. rheumatoid arthritis, atherosclerosis, vasculitis and 
asthma) inflammatory conditions  [1] .

  Since the first applications of microscopy to visualise 
the migration of leucocytes out of blood vessels more than 
150 years ago, the mode and mechanisms of this response 
have fascinated inflammation and immunology research-
ers. In the modern era of science, advancements in high-
resolution in vivo imaging techniques, as applied to the 
study of genetically modified animals, have considerably 
enhanced our understanding of how leucocytes migrate 
into tissues. It is now well known that neutrophil move-
ment out of blood vessels involves a complex cascade of 
cellular and molecular responses ( fig. 1 ) that initiates with 
selectin-mediated tethering and rolling of leucocytes along 
the luminal side of the endothelium adjacent to the site of 
infection/injury followed by chemokine-induced integrin-
mediated firm adhesion and luminal crawling of leuco-
cytes  [2] . Subsequently, neutrophils are required to mi-
grate through venular walls, a response prerequisite to 
their emigration into the extravascular space and move-
ment towards the core of the inflammatory insult  [3] . 
Whilst the total duration of luminal neutrophil-vessel wall 
interactions can be very rapid (e.g. about 5–10 min or less), 
neutrophil migration through venular walls can take sig-
nificantly longer (e.g. about 20–45 min or more) with 
much of this delay being accounted for by post-endotheli-
al cell (EC) events. This stage of leucocyte trafficking has 
largely been neglected due to the difficulties associated 
with the isolation of pure primary pericytes and hence the 
in vitro reconstitution of a complete venular wall construct 
incorporating ECs, pericytes and a physiologically relevant 
vascular basement membrane (BM) structure generated by 
both of these cells. Recent studies have however begun to 
shed light on post-EC neutrophil responses within venular 
walls, addressing the mode, dynamics and mechanisms of 

neutrophil interactions with pericytes and identifying spe-
cific exit sites within the venular BM that are targeted by 
transmigrating neutrophils. The present article provides a 
brief overview of luminal neutrophil-venular wall interac-
tions, highlighting some novel concepts, followed by a 
more detailed review of key cellular and molecular events 
during neutrophil migration through venular walls.

  From Capture to Sites of Transendothelial Cell 

Migration 

 Neutrophil recruitment at sites of infection or sterile 
injury is initiated by the release of pathogen-associated 
molecular patterns from invading micro-organisms or 
damage-associated molecular patterns derived from 
damaged and/or dead cells, respectively  [4] . These danger 
molecular signals are recognised locally by tissue-resident 
innate immune cells such as resident macrophages, den-
dritic cells, fibroblasts and ECs that express surface and/
or intracellular pattern recognition receptors. These in-
clude Toll-like receptors, C-type lectin receptors, NOD-
like receptors and RIG-I-like receptors  [5] , activation of 
which can lead to the generation and secretion of cyto-
kines (e.g. IL-6, IL-1β and TNF), chemokines (e.g. 
CXCL1/2) and other neutrophil chemo-attractants (e.g. 
LTB 4  and platelet-activating factor), promoting leucocyte 
migration and the inflammatory response  [6] .

  Cytokines in particular have a profound effect on the 
physiology of ECs, inducing the expression of adhesion 
molecules and the presentation of chemokines on the lu-
minal surface of ECs. Among the first adhesion molecules 
expressed on stimulated ECs are the selectins, P- and E-
selectin, that can be expressed within minutes or hours, 
respectively. These molecules that are largely localised to 
the luminal surface of ECs, bind to heavily  o -glycosylated 
carbohydrate ligands, such as P-selectin glycoprotein li-
gand (PSGL)-1, CD44 and E-selectin ligand-1 present on 
the surface of free-flowing neutrophils, supporting neu-
trophil tethering and rolling  [7] . A recent addition to our 
understanding of how neutrophils can maintain a rolling 
contact with venular walls at high shear stress is the iden-
tification of novel cellular structures termed ‘slings’  [8] . In 
an elegant study, Sundd et al.  [8]  demonstrated that upon 
high shear stress, to aid their slowing down, neutrophils 
extend long membrane extensions at the front of the cell. 
These structures (slings) wrap around neutrophils like a 
lasso and through discontinuous expression of PSGL-1 
provide intermittent sticky patches along the sling that 
serve to provide a unique adhesive substrate for rolling 
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neutrophils. Slings appear to occur when a neutrophil 
membrane tether, in the form of an EC-bound anchor left 
at the back of the rolling neutrophil, swings round to the 
front of the cell and reattaches to ECs. The slings accumu-
late over time and as such strengthen and stabilise the 
slowing down of neutrophils on the endothelium. Inter-
estingly, these structures are also enriched in the neutro-

phil integrin lymphocyte function-associated antigen 
(LFA)-1 (α L β 2 ), which can interact with its ligand ICAM-
2 expressed largely on the neutrophil cell surface in  trans . 
Stabilised rolling can develop into slow rolling via activa-
tion of LFA-1 through the binding of E-selectin to neutro-
phil PSGL-1 in an Src kinase spleen tyrosine kinase (Syk)-
mediated manner  [9] . This allows LFA-1 to interact with 

  Fig. 1.  The neutrophil adhesion cascade. The diagram depicts a 
simplified illustration of the neutrophil adhesion cascade that me-
diates migration of neutrophils from the vascular lumen to the 
extravascular tissue. The distinct steps are indicated by numbers 
(1–9) and the key associated molecular pathways are listed with the 
molecules named on the left-hand side being neutrophil-expressed 
and on the right-hand side being expressed by the vessel wall (i.e. 
ECs, pericytes or venular BM).  *  The ligand of neutrophil-ex-
pressed L-selectin is neutrophil-derived PSGL-1 (i.e. neutrophil 
rolling on adherent neutrophils or EC-bound neutrophil parti-
cles). The initial step is (1) the capture and rolling of neutrophils 
on activated ECs followed by (2) slow rolling (largely mediated via 
selectin signalling) and (3) firm adhesion to ECs through strong 
adhesive contacts between leucocytes and ECs mediated through 
activation of neutrophil integrins by chemo-attractants such as 
chemokines. These interactions induce intracellular signals within 
the neutrophils that are responsible for cytoskeletal rearrange-

ments and polarisation of the cell. This leads to (4) luminal motil-
ity (or luminal crawling) along the endothelium until they reach 
their site of (5) TEM. Neutrophils can cross the endothelium by 
either (5a) transcellular or (5b) transjunctional routes (the latter 
being more prevalent). This step involves complex interactions in-
volving numerous EC junctional molecules. Once through the en-
dothelium, neutrophils exhibit (6) abluminal crawling along peri-
cyte processes. At this step, neutrophils will also be interacting 
with the venular BM, most probably via integrin-mediated mech-
anisms. Neutrophils eventually breach the pericyte layer (7) by mi-
grating through gaps between adjacent cells and (8) regions of low 
matrix protein deposition (LERs) in the BM. To finally migrate 
into the interstitial tissue, neutrophils need to detach from the ves-
sel wall (9), a response that is illustrated through the formation of 
an elongated uropod that must be detached before neutrophils can 
initiate their movement towards the inflammatory foci. 
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its EC ligand ICAM-1, an interaction that supports slow 
rolling of neutrophils along the endothelium  [10] . By this 
stage, neutrophil-EC contact is greatly enhanced and neu-
trophils are better enabled to screen the surface of the en-
dothelium for activating molecules. This allows neutro-
phils to detect soluble chemo-attractants, such as chemo-
kines generated at sites of tissue damage or infection, that 
may be immobilised on the surface of the endothelium via 
glycosaminoglycans  [11] . Of interest, it has been proposed 
that newly generated chemokines may be expressed on the 
luminal side of venular ECs through transcytosis from the 
abluminal side via the Duffy antigen receptor for chemo-
kines  [12] . Detection of chemokines and other lipid (e.g. 
LTB 4  and platelet-activating factor) or protein (e.g. C5a 
and LL37) chemo-attractants induce intracellular signals 
via the activation of G-protein-coupled receptors on neu-
trophils. These signals lead to full arrest of neutrophils on 
the endothelium by cytoskeletal rearrangement and acti-
vation of integrins such as LFA-1. The cascade of molecu-
lar events that regulate the transition from neutrophil roll-
ing to firm arrest has been extensively studied and is well 
documented in the literature  [13] . In addition to the criti-
cal role of β 2  integrins, the β 1  integrin very-late antigen 
(VLA)-4 (α 4 β 1 ) has also been implicated in neutrophil 
firm attachment. Whilst VLA-4 is significantly expressed 
on the surface of resting murine neutrophils  [14] , its ex-
pression on human neutrophils is negligible but can be 
up-regulated following stimulation. As a result, it has been 
suggested that under certain conditions, neutrophils may 
adhere independently of β 2  integrins and employ VLA-4 
for firm attachment to ECs  [15] . 

  One of the major effects of firm adhesion is a rapid 
change in neutrophil morphology characterised by rear-
rangement of the actin cytoskeleton, flattening and polari-
sation of the cell with an invasive lamellipodium at the 
leading edge and a uropod at the rear. This polarisation is 
the consequence of both haptotactic gradients of chemo-
attractants activating their cognate receptors (e.g. chemo-
kines activating G-protein-coupled receptors) as well as 
following the interaction of neutrophil and EC adhesion 
molecules. Collectively, these events induce distinct signal-
ling pathways that lead to F-actin polymerisation at the 
front and actin-myosin contraction and retraction of the 
plasma membrane at the back of the neutrophil. This sup-
ports neutrophil crawling along the luminal surface of the 
endothelium, and significant progress has been made in 
elucidating the details of associated intracellular pathways 
 [16] . Neutrophil crawling is now well accepted as a distinct 
and major cellular component of the leucocyte adhesion 
cascade. Indeed, advances in real-time imaging of neutro-

phil-EC interactions in vivo have shown that after firm ad-
hesion, neutrophils can exhibit significant luminal crawl-
ing in a MAC-1 (α M β 2 )/ICAM-1-dependent manner, cov-
ering distances of up to 60 μm (for  ∼ 6–10 min), before 
finding their preferred site of transendothelial cell migra-
tion (TEM)  [17] . The transition between LFA-1-depen-
dent firm arrest and MAC-1-dependent crawling is not 
fully understood, but there is evidence for the involvement 
of LFA-1-mediated outside-in signalling and subsequent 
intracellular activation of Vav-1 protein  [18] , a guanine ex-
change factor previously shown to be involved in MAC-1 
activation  [19] . Interestingly, Phillipson et al.  [18]  also 
found that neutrophil luminal crawling can occur indepen-
dently of blood flow direction. Indeed, neutrophil luminal 
motility largely occurs perpendicularly to the direction of 
the blood stream, a response that may support a more ef-
ficient integrin-mediated neutrophil attachment under 
conditions of flow. This perpendicular crawling was absent 
in Vav-1–/– neutrophils suggesting that shear stress-mech-
anosensing receptors may contribute to the observed Vav-
1- and MAC-1-dependent crawling. It is hypothesized that 
once the neutrophils have reached an EC junction, hapto-
tactic gradients of surface-bound chemokines/chemo-at-
tractants and adhesion molecules expressed at the intercel-
lular junctions of ECs take over the mechanotactic signals 
and collectively guide neutrophils into and through EC 
junctions, as detailed below. 

  Neutrophil Transmigration: The Emergence of a 

Distinct Adhesive Cascade 

 To exit the vascular lumen, neutrophils need to breach 
the venular wall, a step in leucocyte trafficking that can 
take >20–45 min. The dynamics of this response is the 
first indication that neutrophil migration through venu-
lar walls involves multiple interactions with different 
components of this structure, namely the endothelium, 
pericytes and their associated BM ( fig. 2 ). Analogous to 
the luminal adhesive interactions detailed above, emerg-
ing data demonstrate that neutrophil transmigration 
similarly occurs via a series of adhesive interactions, as 
described below. 

  Neutrophil TEM 

 The first step in neutrophil transmigration is breach-
ing of the EC barrier. To achieve this, neutrophils can 
penetrate ECs via two routes: through junctions between 
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  Fig. 2.  Neutrophil transmigration through venular walls.  a  Simpli-
fied illustration of the sequential migration of neutrophils through 
different cells/structures of the venular wall: ECs, pericytes and the 
vascular BM within which pericytes are embedded.  b  To breach 
venular walls, neutrophils first need to migrate through ECs. This 
is a fast process ( ∼ 5 min) that can involve multiple adhesive inter-
actions. The process involves the formation of a pore within EC 
junctions (transjunctional route, the principal route: neutrophil 
TEM) or the body of ECs (transcellular route). TEM is also associ-
ated with phenotypic changes and polarisation of neutrophils. The 
images are 3D reconstructed images of TNF-stimulated cremas-
teric venules from  LysM-eGFP-ki  mice exhibiting fluorescent neu-
trophils (green) that also have fluorescently labelled ECs using an 
anti-PECAM-1 mAb (blue). Extravasation was observed by live 
confocal microscopy and only one time point of the TEM process 
is shown. In both panels, the vessel is viewed from the luminal side 
with (left panel) or without (right panel) the neutrophil being vis-
ible to highlight the transjunctional pore (circle).  c  Once through 
the EC barrier, neutrophils exhibit sub-endothelial crawling along 
pericyte processes. Images in the insert are from live confocal ob-
servations of a venule in a TNF-stimulated cremaster muscle of a 
genetically modified mouse exhibiting both endogenous fluores-

cent neutrophils (LysM eGFP, green) and pericytes (αSMA-
cherry-RFP, red) and in vivo labelling of EC junctions using an 
anti-PECAM-1 mAb (blue). The 2 panels are 3D reconstructed 
images viewed for the extravascular space showing the distance of 
neutrophil migration along pericyte processes (arrow).  d  Sub-en-
dothelial motility enables neutrophils to seek specific permissive 
sites within the pericyte layer (i.e. gaps between adjacent cells) and 
the venular BM (LERs) as exit points within the vessel wall. These 
events commonly involve the formation of multiple protrusions 
directed toward the extravascular space, and the remodelling of 
LERs. The top images show cross sections of a TNF-inflamed ven-
ule immunostained for BM (laminin, grey) and neutrophils 
(MRP14, green) as observed by confocal microscopy. Only a small 
percentage of pericyte gaps and LERs are used by migrating neu-
trophils, resulting in the existence of ‘hot spots’ that support trans-
migration of multiple neutrophils. As neutrophils exit the vessel, 
an elongated uropod is often noted attached to the venular wall 
(bottom image, cross section showing neutrophils in green, peri-
cytes in red and EC-PECAM-1 in blue), a cellular structure that 
requires retraction before neutrophils can fully enter the intersti-
tial space. Bar = 10 μm. 
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adjacent ECs (i.e. transjunctional or paracellular migra-
tion) or through the body of the endothelium (i.e. trans-
cellular migration). Both modes of neutrophil TEM have 
been extensively studied and reviewed in the literature  [3, 
20, 21] . Overall, the current evidence from both in vitro 
and in vivo studies indicates that junctional migration is 
the most prominent mode of breaching the endothelium, 
i.e.  ∼ 70–90%. This was clearly illustrated in the murine 
cremaster muscle microcirculation, as observed and 
quantified using an advanced confocal intravital micros-
copy platform, where paracellular TEM was found to ac-
count for  ∼ 90% of all observed neutrophil TEM events 
induced by multiple inflammatory stimuli  [22] . Compel-
ling evidence for the importance of EC junctions in neu-
trophil TEM was also obtained in an innovative series of 
studies by Schulte et al.  [23]  using a novel genetic ap-
proach. Briefly, through genetic insertion of a vascular 
endothelial (VE)-cadherin-α-catenin fusion complex (re-
placing endogenous VE cadherin), a novel mouse strain 
was generated in which the blood vessels were resistant to 
permeability-inducing factors  [23] . The use of this ap-
proach for stabilisation of EC junctions also suppressed 
leucocyte (neutrophil and lymphocyte) infiltration in 
several models of inflammation, providing an elegant 
means of obtaining supportive data for a key role for EC 
junctions in leucocyte trafficking  [16, 20] . VE cadherin, 
which under basal conditions associates in a homophilic 
manner with VE cadherin expressed on adjacent ECs, 
also associates in  cis  with the transmembrane VE protein 
tyrosine phosphatase and α-catenin (via β-catenin). Us-
ing yet another novel genetic approach, Vestweber  [20] 
 and others  [24]  have also acquired in vivo evidence to 
show that the dissociation of VE cadherin and protein 
tyrosine phosphatase is necessary for opening of EC junc-
tions during neutrophil trafficking. It is thus proposed 
that the VE-cadherin-catenin-VE-protein tyrosine phos-
phatase complex acts as a key gate keeper of endothelial 
junctions, and its destabilisation during inflammation in-
duced by neutrophil adhesion and clustering of ICAM-1 
and VCAM-1 on the luminal surface of the endothelium 
 [24, 25]  is an essential step in the migration of neutrophils 
through this junctional barrier. Whilst the above recent 
studies provide conclusive evidence for the importance of 
junctional migration, it remains possible that the fre-
quency of transcellular TEM is governed by the vascular 
bed and/or the nature and phase of the inflammatory re-
action. Of interest, it has been suggested that the route of 
neutrophil TEM through dermal microvascular ECs is 
dependent on the levels of endothelial caveolin-1, the 
protein responsible for the induction of the membrane 

domains (caveolae). Briefly, caveolin-1 expression was 
found to favour transcellular TEM while down-regula-
tion of caveolin-1 promoted neutrophil paracellular TEM 
 [26] , suggesting that EC expression of caveolin-1 may be 
a key factor in determining the route of neutrophil TEM. 

  Transendothelial and transjunctional (paracellular) 
migration of neutrophils exhibits common features such 
as the use of a number of adhesion molecules that are en-
riched at EC junctions but also detected within EC intra-
cellular structures  [21] . These include platelet EC adhe-
sion molecule-1 (PECAM-1), members of the junctional 
adhesion molecule (JAM) family, ICAM-2, CD99, CD99L2 
and EC-selective adhesion molecules. These molecules 
contribute to maintaining the integrity of junctions be-
tween adjacent ECs, and largely through interactions with 
their counter receptors on the surface of neutrophils play 
an active role in mediating leucocyte transmigration. A 
number of these molecules appear to support different 
stages of neutrophil transmigration and also to mediate 
this response in a stimulus-specific manner  [3, 21] . Fur-
thermore, there is increasing evidence for the regulation 
of expression of EC adhesion molecules by inflammatory 
stimuli both in a temporal and spatial manner. For exam-
ple, the binding of neutrophils to and clustering of ICAM-
1 on the luminal surface of ECs can induce the activa-
tion of intracellular signalling pathways (via Scr kinase 
and eNOS pathways) in ECs leading to an increase in
PECAM-1 phosphorylation and up-regulation of its ex-
pression  [27] . This EC up-regulation of surface PECAM-1 
is linked with the mobilisation of the molecule from intra-
cellular structures close to EC junctions termed the lateral 
border recycling compartment  [28] . Other junctional 
molecules that are regulated during inflammation include 
JAM-A and JAM-C  [29, 30] . These adhesion molecules 
have also been detected in intracellular structures, with 
JAM-A being found in the lateral border recycling com-
partment in vitro  [31]  and JAM-C being localised to small 
cytoplasmic vesicles ( ∼ 60 nm in diameter) in vivo  [30] . At 
EC junctions, these molecules are within tight junctions 
were they form homophilic (JAM-A-JAM-A and JAM-C-
JAM-C) or heterophilic (JAM-C-JAM-B) interactions, 
and the disruption of these interactions can lead to the re-
distribution of the molecules to the apical surface of ECs. 
Such a response could potentially impact the stabilisation, 
integrity or barrier function of EC junctions, for which 
there is some evidence  [32] . Relocalisation of JAM-A and 
JAM-C to the apical surface of ECs could also play a role 
in promoting the luminal adhesion of neutrophils and in 
providing a haptotactic gradient of these adhesion mole-
cules from the apical side of ECs to the junctions. In sup-
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port of this, blockade of JAM-A suppresses neutrophil 
penetration of EC junctions, possibly via blocking the in-
teraction of luminally expressed EC JAM-A with its neu-
trophil ligand LFA-1  [33] . JAM-A expressed on neutro-
phils also contributes to leucocyte trafficking in that it me-
diates polarisation and migration of neutrophils both in 
vitro in response to chemotactic gradients and in vivo dur-
ing interstitial migration in inflamed tissues  [34] . Mecha-
nistically, JAM-A-null neutrophils exhibit impaired inter-
nalisation and recycling of β 1  integrins and fail to activate 
the small GTPase RAP-1 involved in cytoskeletal rear-
rangement and cell polarisation. Whether a similar mech-
anism contributes to JAM-A-dependent neutrophil polar-
isation and migration through EC junctions in vivo is at 
present unknown. Interestingly, EC JAM-C has recently 
been demonstrated to play a critical role in polarised lumi-
nal to abluminal neutrophil TEM. Through the applica-
tion of confocal intravital microscopy to the analysis of 
neutrophil-EC interactions in inflamed mouse cremaster-
ic venules, we have reported on the occurrence of a num-
ber of novel modes of neutrophil TEM  [22] . Specifically, 
we noted that inflammatory conditions that resulted in 
reduced expression of EC JAM-C (e.g. ischaemia-reperfu-
sion injury), or following genetic deletion or pharmaco-
logical blockade of EC JAM-C, neutrophils exhibited dis-
rupted modes of junctional motility characterised by ab-
luminal to luminal movement  [22] . The transparency of 
zebrafish embryos also offers an excellent model for track-
ing of myeloid cells, and within this system there is also 
evidence for unexpected neutrophil motility, i.e. migra-
tion of neutrophils from inflamed tissues back into the 
vascular lumen  [35] . It should be noted, however, that the 
zebrafish immune system is very different from the mam-
malian system, and hence the associated mechanisms and 
functional implications of specific EC adhesion molecules 
in neutrophil migration are unknown. Interestingly, in vi-
tro studies have shown that reverse TEM neutrophils show 
a distinct phenotype (e.g. are ICAM-1 high  and show an en-
hanced pro-inflammatory state)  [36]  and in mice subject-
ed to hind-limb ischaemia-reperfusion injury, the pres-
ence of ICAM-1 high  neutrophils in the pulmonary vascu-
lature correlated with lung inflammation  [22] . These 
findings have led us to suggest that abluminal to luminal 
migration of neutrophils, as caused by loss of EC junc-
tional JAM-C, leads to return of an activated subset of neu-
trophils back into the circulation that can in turn contrib-
ute to spreading a localised inflammatory response to sec-
ondary organs  [22] . This novel paradigm for dissemination 
of systemic inflammation is currently under investigation 
in the context of other inflammatory conditions.

  Pericytes: An Additional Cellular Player in the 

Regulation of Neutrophil Transmigration 

 Once through the endothelium, neutrophils encoun-
ter the second cellular component of venular walls, peri-
cytes, mural cells that are typically embedded within the 
vascular BM. Pericytes are elongated cells that are ubiq-
uitously expressed in microvessels, but their expression 
profile and phenotype can vary considerably in different 
types of microvessels, tissues and species  [37] . Indeed, the 
lack of a single unifying pericyte marker has significantly 
slowed down investigations into the functions of these 
cells in vitro and in vivo. Nonetheless, there is consider-
able evidence to suggest a role for these contractile cells 
in cardiovascular homeostasis and disease  [37] . In the 
context of inflammation, numerous in vitro studies have 
shown that like ECs, pericytes can express key adhesion 
molecules, most notably under inflammatory conditions 
( table 1 ). For example, VCAM-1 was found on pericytes 
in human rheumatoid synovial tissue and human brain of 
patients with inflammatory neuropathology, and ICAM-
1 was detected in skin samples from patients with bullous 
pemphigoid  [38, 39] . Pericytes isolated from the blood-
brain barrier up-regulated both ICAM-1 and VCAM-1 in 
response to TNF stimulation, and supported T-cell adhe-
sion in a VLA-4-VCAM-1-dependent manner  [40] . More 
recently, Maier and Pober  [41]  reported that human pla-
cental pericytes did not express VCAM-1 or E-selectin, 
but did express ICAM-1, which could be further induced 
following stimulation of the cells by the cytokines IFNγ 
and TNF. 

  Very few studies have addressed the role of pericytes 
in neutrophil transmigration. Through analysis of whole 
mounted inflamed murine cremaster muscles, we ob-
served that neutrophils breach venular walls by migrat-
ing through gaps between adjacent pericytes, sites that 
also expressed a lower deposition of BM constituents (see 
following section)  [42, 43] . More recently, we have pro-
vided the first direct evidence for neutrophil-pericyte in-
teractions at sites of inflammation in real time in vivo, 
demonstrating that this interaction plays a key role in 
facilitating neutrophil transmigration through venular 
walls  [44] . Specifically, through the use of genetically 
modified mice exhibiting RFPcherry pericytes and 
smooth muscle cells (under the control of the αSMA pro-
moter) and enhanced green fluorescent protein (eGFP) 
myeloid cells ( LysM-eGFP-ki  mice), neutrophil-pericyte 
interactions in post-capillary venules were observed and 
analysed in the mouse cremaster muscle microcircula-
tion in real time in 3D by confocal intravital microscopy 
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 [44] . In TNF-stimulated tissues, we observed that after 
TEM neutrophils crawled along pericyte processes for 
 ∼ 20 min at a speed of  ∼ 3 μm/min, thus covering a total 
distance of  ∼ 60 μm in a meandering manner (this is 
equivalent to  ∼ 20 μm total displacement from the site of 
TEM and to the point of breaching the pericyte sheath). 
In agreement with the findings of human placental peri-
cytes in vitro, cremasteric venular pericytes expressed 
low levels of ICAM-1 that was up-regulated in TNF-
stimulated tissues. Furthermore, neutrophil abluminal 
crawling was mediated by ICAM-1 and also the β 2  inte-
grins Mac-1 and to a lower extent LFA-1. Although the 
majority of the pericyte-EC interface is separated by the 
BM, the two cells are in close vicinity of each other and 
indeed do make contact at discrete points  [37] . Because 

of this, at present, it is unclear what the relative contribu-
tions of EC and pericyte ICAM-1 are in the noted ICAM-
1-mediated sub-EC crawling. Having said that, our find-
ings showed that the path of neutrophil crawling within 
post-capillary venular walls was almost totally governed 
by the shape and anatomy of pericytes and their process-
es, strongly suggesting that pericytes provide adhesive 
tracks for abluminal neutrophil crawling. The potential 
role of other adhesion pathways, e.g. involving ICAM-2 
and VCAM-1, in this process requires investigations, but 
our current data indicate that ICAM-2 is not expressed 
to a notable level on mouse cremaster muscle venular 
pericytes and that VCAM-1 is not induced within the 
acute reactions (4-hour TNF stimulation) we have stud-
ied. Following abluminal motility, neutrophils migrate 

Table 1.  Expression and function of adhesion molecules on pericytes

Pericyte origin Stimulus Adhesion molecule(s)
expressed

Functional role References

In vitro
Bovine retinal
capillary pericytes

N/D glycosaminoglycan 
(heparin sulfate, 
hyaluronic acid)

N/D Stramm et al. [54],
1987

Bovine retinal pericytes glucose ICAM-1 N/D Kowluru et al. [55],
2010

Mouse brain
microvascular pericytes

IFNγ N/A antigen-specific activation 
of Th1 cells

Fabry et al. [56],
1993

Rat brain microvessel
pericytes

TNF, IFNγ ICAM-1, VCAM-1 antigen-specific activation 
of splenocytes

Balabanov et al. [57],
1999

Human blood-brain-
barrier pericytes

TNF, IFNγ ICAM-1, VCAM-1 adhesion of T cells Verbeek et al. [40],
1995

Human glomerular
pericytes

LTB4, C5a ICAM-1 adhesion of
monocytes

Brady et al. [58],
1992

Human placental
pericytes

TNF ICAM-1 anergy of T cells Maier and Pober [41],
2011

In vivo
Human MS brain
biopsy sections

N/A VCAM-1 N/D Verbeek et al. [40],
1995

Human RA synovium
biopsy sections

N/A VCAM-1 N/D Kriegsmann et al. [39],
1995

Human bullous pemphigoid
dermal biopsy sections

N/A ICAM-1, VCAM-1,
E-selectin

N/D Dahlman-Ghozlan et al. 
[59], 2004

Mouse cremaster muscle TNF ICAM-1 adhesion and crawling
of neutrophils

Proebstl et al. [44],
2012

 N/A = Not applicable; N/D = not done; MS = multiple sclerosis; RA = rheumatoid arthritis.
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through specific gaps between adjacent pericytes, and no 
transcellular migration through the body of pericytes 
was noted. This is in contrast to a previous electron-mi-
croscopic study that reported on significant neutrophil 
transcellular migration through pericytes in a model of 
guinea pig dermal inflammation  [45] , supporting again 
the concept that the route and mode of neutrophil trans-
migration can vary in different vasculature beds and/or 
inflammatory conditions. Interestingly, real-time analy-
sis of inflamed tissues indicated that <10% of pericyte 
gaps were used by transmigrating neutrophils  [44] . The 
factors that determine which pericyte gaps are employed 
by emigrating neutrophils is at present unclear and may 
be ascertained by physically (e.g. size) and/or biochemi-
cally (e.g. existence of guidance molecules) desirable re-
gions and indeed multiple determinants may be involved. 
For instance, we have found that in cytokine (TNF and 
IL-1β)-stimulated tissues pericyte gaps are enlarged in a 
time-dependent manner and that neutrophils avoid both 
the very small (<8-μm 2  area) and the very large (>50-μm 2  
area) gaps between adjacent pericytes  [44] . Furthermore, 
we have identified a small subset of pericytes enriched 
with ICAM-1 and the keratinocyte-derived chemokine 
at their borders which we hypothesise may guide neutro-
phils to exit sites within the pericyte sheath, analogous to 
ICAM-1-enriched EC junctions previously associated 
with preferential sites of neutrophil TEM  [46] . The func-
tional implications of pericyte gap enlargement during 
inflammation are at present unclear, but one can specu-
late multiple roles. For example, this phenomenon could 
(i) facilitate leucocyte transmigration by reducing the 
barrier function of the pericyte layer; (ii) contribute to an 
increase in diffusion of chemotactic proteins and lipids 
from the inflamed tissue into the vasculature to attract 
neutrophils and other leucocytes, and (iii) affect the in-
tegrity and hence barrier function of the vascular BM. 
Interestingly, within the acute cytokine-driven models 
we employed, we noted the existence of clear ‘hot spots’ 
in the pericyte layer in that  ∼ 70% of the gaps used by 
neutrophils supported more than 2 transmigration 
events  [44] . In addition, neutrophils that followed other 
neutrophils to exit sites showed reduced meandering and 
shorter abluminal crawling distances, resulting in an in-
creased speed in exiting the pericyte layer. These obser-
vations suggest that the leading neutrophil might delin-
eate the route taken by other leucocytes and thus facili-
tate the migration of the followers. The mechanism by 
which this occurs is at present not fully understood but 
may involve the release of chemo-attractants by the lead-
ing neutrophils  [16, 47]  and/or protease cleavage of BM 

components into peptide fragments with chemotactic 
activities  [48] , a response that could also simply pave the 
way within the vascular BM.

  Neutrophil Breaching of the Venular BM and Beyond 

 The venular BM is composed of a thin extracellular 
matrix protein structure containing tightly organised 
networks of laminins (mainly isoforms –411 and –511) 
and collagen type IV that are interconnected by molecu-
lar interactions involving nidogens and perlecan glyco-
proteins  [49] . Generated by both ECs and pericytes, this 
structure encapsulates pericytes and contributes to the 
barrier function of venular walls both for macromole-
cules and for emigrating leucocytes. Investigations into 
mechanisms through which neutrophils breach this com-
ponent of venular walls is fraught due to difficulties in 
creating physiologically relevant in vitro models of venu-
lar BMs (e.g. generated by both ECs and pericytes) and in 
fact rendered confusing due to the frequent employment 
of inadequate models such as Matrigel. As a result, more 
convincing data have stemmed from the use of in vivo 
models. For example, blocking experiments and/or the 
use of genetically modified mice have indicated roles for 
the β 1  integrin laminin receptors VLA-6 (α 6 β 1 ) and VLA-
3 (α 3 β 1 ) in neutrophil migration through the venular BM 
 [3, 50] . A significant addition to this aspect of leucocyte 
trafficking was our observation that the BM of post-cap-
illary venules is a heterogeneous structure, expressing key 
components such as laminins and collagen IV in a non-
uniform manner  [42, 43] . Structurally, this manifests into 
the existence of regions in the BM with low deposition of 
matrix protein, i.e. sites that we have termed low expres-
sion regions (LERs). The localisation and size of these re-
gions is completely in line with gaps between adjacent 
pericytes, suggesting that pericytes play a key role in the 
generation of BM components. Importantly, in a multi-
tude of inflammatory reactions (as induced by chemotac-
tic molecules, cytokines and pathological insults) and tis-
sues, LERs and their associated pericyte gaps were used 
by transmigrating neutrophils as exit points and were 
transiently remodelled (i.e. enlarged) during this process 
 [42] . Interestingly, neutrophils appear to seek these per-
missive regions via extension of small protrusions  [51] . 
Indeed live imaging of transmigrating neutrophils showed 
that whilst lead neutrophils can exhibit oscillatory move-
ments associated with the formation of multiple protru-
sions into the venular BM before exiting the vessel wall, 
subsequent neutrophils can get to and breach the same 
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exit point more quickly. These observations suggest that 
BM LERs used for penetrating the vascular BM may be 
modified by first-line emigrating neutrophils in a way 
that renders them more permissive to other leucocytes
as the inflammatory response develops. The precise 
mechanism(s) involved in LER remodelling remains un-
clear, but we do know that it occurs in a strictly neutro-
phil-dependent manner  [43, 51] . The obvious possibili-
ties are proteolytic cleavage of BM components  [48]  and/
or subtle disassembly and physical carriage of neutrophil-
bound BM components, most notably non-covalently ex-
pressed components such as laminin, by emigrating neu-
trophils  [43] . Regarding the former, despite many inves-
tigations, the role of neutrophil proteases in venular BM 
penetration and remodelling remains a contentious issue 
and there exist numerous conflicting results  [3, 43, 49] . 
Other hypotheses presented in the context of neutrophil 
migration through the venular BM include models relat-
ed to the physical properties of the BM. For example, it 
has been suggested that the tightly organised network of 
covalently linked collagen type IV oligomers could be 
subjected to reversible disassembly either by tractional 
forces of cells penetrating the BM or by the activity of 
isomerase enzymes  [3, 49] . Another hypothesis suggests 
that BM LERs contain subunits of laminins with lower 
capacity for cross-linking with collagen type IV mole-
cules (e.g. the short α 4  chain of laminin –411), a phenom-
enon that would facilitate easier dissociation of the lam-
inin/collagen IV networks during cell migration. Al-
though attractive, there currently exists no direct evidence 
for these possibilities, and how neutrophils breach and 
remodel the venular BM requires further investigations.

  The final step in leucocyte transmigration involves de-
tachment of neutrophils from the venular wall. Intravital 
microscopists have long observed that this can involve 
the formation of long and thin leucocyte tails that eventu-
ally detach as the cell migrates into the interstitial tissue. 
A recent study has addressed the molecular basis of this 
uropod formation  [50] . Using a knock-in mouse express-
ing the β 2  integrin subunit (CD18) fused to monomeric 
cherry fluorescent protein, the authors could track the 
distribution of endogenous CD18 during neutrophil 
transmigration within cremasteric venules in real time in 
vivo by multi-photon intravital microscopy. Briefly, it is 
reported that the elongated uropod occurs as a conse-
quence of LFA-1-dependent attachment of neutrophil 
tails to the abluminal side of blood vessel walls  [50] . The 
exact ligand(s) and structure (EC, pericyte and/or BM) of 
the vessel wall implicated in this attachment is unclear, 
but detachment of the uropod is speculated to be associ-

ated with modulation of LFA-1 deactivation and ap-
peared to be associated with deposition of CD18+ mic-
roparticles at the vessel wall. Once in the extravascular 
space, neutrophils are directed to the core of the inflam-
matory response through detection of guidance tracks 
created by chemokine gradients, adhesive structures and 
cellular scaffolds (e.g. fibroblasts)  [52] . In addition, a re-
cent study reported a role for a subset of pericytes (NG2+), 
largely expressed in the walls of capillaries and arterioles, 
as regulators of neutrophil interstitial migration. Specifi-
cally, through their expression of ICAM-1 and the che-
mokine MIF, NG2+ pericytes were found to provide pro-
migratory signals to interstitial neutrophils, rendering 
them more efficient in moving towards inflammatory 
foci  [53] . The interaction of interstitial neutrophils with 
NG2+ capillary pericytes also enhanced immune cell ac-
tivation and survival of neutrophils. Collectively, these 
studies highlight the importance of understanding the 
molecular basis and consequences of neutrophil-vessel 
wall interactions both during breaching of venular walls 
and beyond. 

  Concluding Remarks 

 Despite the fact that neutrophil transmigration is a key 
immune response and is also intimately associated with 
the pathogenesis of numerous inflammatory disorders, 
many cellular and molecular aspects of this response re-
main unclear. However, sustained advancements in in 
vivo imaging techniques and the development of novel 
biomolecular tracers/tools have ensured continued prog-
ress in our understanding of the intricacies of this re-
sponse. A significant step is the fact that more researchers 
are investigating mechanisms of this complex process be-
yond the endothelium, addressing neutrophil interac-
tions with pericytes and the vascular BM, stages in the 
transmigration field that were largely neglected for many 
years. Despite this, there remain many unanswered ques-
tions regarding the mechanisms and dynamics of neutro-
phil interactions with different components of the venu-
lar wall and how interactions with one component pre-
pare/prime the cell for the next phase. Most notably, a 
significant challenge for the future will be elucidating 
how the cellular responses and molecular pathways uti-
lised under physiological inflammatory conditions are 
disrupted in response to pathological insults, an objective 
that will be critical in the design and identification of nov-
el anti-inflammatory therapeutic strategies.
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