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 Learning objectives

• Principles of leukocyte-endothelium interactions

• the leukocyte recruitment cascade

• adhesion molecules: classes, structures, involvement in 
recruitment

• Diseases caused by defects in adhesion molecules

• Adhesion molecules as drug targets

• Methods of imaging leukocyte adhesion (as a marker of 
inflammation)



Early work Cardinal signs observed by Celsus (200 AD)



Early work Substances can move through vascular walls

“It is possible that chemical 
agents seep into 
interendothelial junctions and 
thereby attract pavemented 
leukocytes, but there is, as 
yet, no evidence for this 
concept.”

Arnold, 1870’s

target cell being activated. Specifically, direct evidence is provided
to show that neutrophil activation can lead to transmigration via
mechanisms that are independent of ICAM-2, JAM-A, and PE-
CAM-1. Furthermore, in reactions involving these molecules,
considered to be triggered through activation of ECs, ICAM-2,
JAM-A, and PECAM-1 act at distinct but sequential steps in
supporting neutrophil migration through venular walls in vivo.
Collectively, the findings indicate that the adhesion molecules
ICAM-2, JAM-A, and PECAM-1 can support neutrophil emigra-
tion through venular walls in a highly organized and regulated
manner after local EC activation, suggesting that they may play a
critical role in mediating physiologic leukocyte infiltration as part
of the host’s immune response. On the other hand, strong activation
of leukocytes, as might occur under pathologic scenarios where
high levels of leukocyte priming/stimulatory molecules (eg, TNF-!,
chemokines) may be generated, could possibly lead to an emigra-
tion response that bypasses the need for key EC junctional
molecules.

There is mounting evidence demonstrating that the EC mol-
ecules ICAM-2, JAM-A, and PECAM-1 support neutrophil trans-
migration in vivo in a stimulus-dependent manner (Table 1). The
field was rendered more complex when Schenkel et al reported that
the functional role of PECAM-1 in leukocyte transmigration was
dependent on the genetic background of the mouse strain used,
specifically that the commonly used C57BL6 strain was abnormal
in its lack of PECAM-1 dependency in certain models.21,24 As these
findings have critical implications to understanding the role of
PECAM-1 in leukocyte transmigration, we felt it important to
address this phenomenon in the widely used cremaster muscle
model where we have previously used the C57BL/6 mice and
found a clear stimulus-dependent role for PECAM-1 in neutrophil
transmigration. In this context, blockade of PECAM-1, ICAM-2, or

JAM-A inhibited neutrophil transmigration as elicited by IL-1",
but not TNF-!, in several mouse strains. The results show that the
ability of these molecules to mediate leukocyte transmigration by
certain stimuli is not globally governed by the mouse strain used,
although in some inflammatory models (eg, thioglycollate peritoni-
tis model), the genetic background of the experimental animal may
play a more decisive role.21 How this is achieved is currently
unclear but may be related to local factors, such as profile of
resident inflammatory cells, their portfolio of stored/generated
mediators, and/or phenotype of ECs in different vascular beds of
different mouse strains.

We next investigated the mechanism associated with the
stimulus-dependent roles of ICAM-2, JAM-A, and PECAM-1.
Based on the available data, the hypothesis under investigation
was that stimuli that activate ECs (eg, IL-1") recruit adhesion
pathways involving ICAM-2, JAM-A, and PECAM-1, whereas
stimuli that can directly activate neutrophils (eg, TNF-!, FMLP,
and LTB4) appear to bypass the need for such molecules.8,14,15 To
address this, we took advantage of the ability of TNF-! to
directly stimulate both ECs and neutrophils and, using TNFR-
deficient mice and a cell transfer technique, investigated the
functional roles of ICAM-2, JAM-A, and PECAM-1 under
experimental conditions where leukocytes lacked TNF-! recep-
tors. In initial studies, we investigated the relative roles of
leukocyte and tissue (considered to be largely accounted for by
the endothelium) TNFRs in TNF-!–induced leukocyte re-
sponses. The results indicated an absolute requirement for tissue
TNFRs in TNF-!–induced neutrophil firm adhesion and a
selective role for neutrophil TNF-! receptors in neutrophil
transmigration. The former is in line with comprehensive works
showing that EC TNF-! receptors play a critical role in
mediating TNF-!–induced enhanced expression of EC adhesion/

Figure 5. ICAM-2 exhibits both a luminal and EC junctional expression profile in venules in vivo. (A) Unstimulated cremaster muscle tissues from WT mice were
immunostained for ICAM-2 and analyzed as detailed in “Immunofluorescence labeling and analysis of cremaster muscle tissues by confocal microscopy.” The specificity of
binding of the anti-ICAM-2 mAb was confirmed in tissue samples obtained from ICAM-2–deficient mice in which the tissues were double stained for ICAM-2 and !–smooth
muscle actin, the latter assisting in the identification of venules. (B) Unstimulated cremaster muscle tissues from WT mice were immunostained for JAM-A and PECAM-1 as
detailed in “Immunofluorescence labeling and analysis of cremaster muscle tissues by confocal microscopy.” Samples were observed using a Zeiss LSM 5 PASCAL confocal
laser-scanning microscope and analyzed using IMARIS software. Images are representative of 2 half-vessels per mouse, from 4 mice.
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! xation and staining protocol and also in frozen tissue sec-
tions as opposed to paraformaldehyde (PF)-! xed samples 
(unpublished data), collectively indicating that the observed 
tissue staining pro! les were not the result of nonspeci! c re-
lease of leukocyte proteases during the ! xation procedure. 

Because laminin 10 and collagen IV are major compo-
nents of venular BMs, these molecules were chosen for 
 further characterization of their LE regions and role in neu-
trophil transmigration.

Characterization of LE regions
Detailed analysis of 127 random sites, as identi! ed by the ob-
server, in seven di" erent tissue samples, revealed that >95% 
of LE sites expressed a # uorescence intensity (pixels/unit area) 

Figure 4. Association of neutrophils in IL-1!–stimulated tissues 
with endothelial cell junctions, LE sites in the laminin 10 network, 
and gaps between pericytes. (A) IL-1β–stimulated mouse cremasteric 
tissues (50 ng/mouse injected intrascrotally, 4-h time point) were immuno-
stained for the endothelial cell (EC) marker CD31 (red) and neutrophil 
marker MRP-14 (white). Three-dimensional images of semi-vessels of 
interest were captured and association of neutrophils with different EC 
junctions (i.e., found at tricellular or bicellular junctions) or the EC body 
was quanti! ed. The graph shows the percentage of neutrophils at differ-
ent positions relative to EC junctions. A representative " uorescence mi-
crograph is shown in which examples of positions of neutrophils at tri-EC 
junctions, bi-EC junctions, and EC body are indicated by “(1),” “(2),” and 
“(3),” respectively. The corresponding bars on the graph are labeled with 
the same numbering scheme. For these studies, a total of 108 the percent-

Figure 5. In IL-1!–stimulated tissues, neutrophils migrate through 
laminin 10 LE sites and gaps between pericytes. IL-1β–stimulated 
mouse cremasteric tissues (50 ng/mouse injected intrascrotally, 4-h reac-
tion) were immunostained for laminin 10 (LN-α5 chain), α-SMA (pericyte 
marker), and CD11b (leukocyte marker) and analyzed by confocal micros-
copy. The images on the left are from a midline optical section of a three-
dimensional image of a whole venule along its longitudinal axis. The 
images on the right were obtained by cutting a cross section of the venule 
along the indicated yellow line. These representative images clearly indi-
cate colocalization of a laminin 10 LE site, a pericyte gap, and a transmi-
grating leukocyte (all indicated by yellow arrows). Bar, 10 μm.

age of neutrophils within different distance ranges from their closest LN-α5 
LE sites (top) and gaps between pericytes (bottom). (C) Images show represen-
tative " uorescent micrographs of venules (semi-vessels) in IL-1β–stimulated 
tissues triple stained for laminin 10 (LN-α5 chain), α-SMA, and MRP-14. 
Selected regions of laminin LE sites are shown by arrows. Results are from 
four to ! ve vessel segments/tissue (n = 6 cremaster muscles). Bar, 10 μm.
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Early work The birth of leukocyte-endothelium interactions (L/ECIs)

“Inflammation is the 
expression and consequence 
of a molecular alteration in 
the vessel walls.  By it, 
adhesion between the vessel 
wall and the blood is 
increased.”

Julius Cohnheim, 1982



Leukocyte recruitment Measuring inflammation by intravital microscopy



Leukocyte recruitment Measuring inflammation by intravital microscopy

2) Rolling velocity

3) Adherence

4) Emigration

1) Cell flux



Adhesion molecules Overview



Adhesion molecules Selectin-mediated rolling
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Adhesion molecules Selectin-mediated rolling
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McEver & Zhu, Annu Rev Cell 
Dev Biol 26 (2010)



Adhesion molecules Adhesion: integrins and Ig superfamily
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Adhesion molecules Adhesion: integrin signalling pathway (inside-out signalling)
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Abram & Lowell (2009)
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Adhesion molecules Adhesion and crawling: integrins and Ig superfamily
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Barreiro & Sanchez-Madrid (2009)



Adhesion molecules Emigration: interactions within endothelial junctions
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Adhesion molecules Emigration: interactions within endothelial junctions

LFA-1―JAM-A

PECAM-1―PECAM-1

CD-99―CD-99

PECAM-1―JAM

Mac-1―JAM-C

Woodfin et al. (2009)
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Leukocyte recruitment Summary



Adhesion molecules Summary

Selectins Mucin-like Integrins IgSF

L-selectin 
(CD62L)

GlyCAM-1 α4β1 (VLA-4) ICAM-1,-2,-3

P-selectin 
(CD62P)

CD34 α6β1 (VLA-6) VCAM-1

E-selectin 
(CD62E)

PSGL-1 αLβ2 (LFA-1) LFA-2, -3 

MAdCAM-1 αMβ2 (Mac-1) MAdCAM-1

JAMs

PECAM-1 
(CD31)



Human genetic defects causing diseaseAdhesion molecules

Syndrome Phenotype Defect

LADI
severe, recurrent infections; 
delayed wound healing; no pus 
formation

β2 integrin causing 
diminished expression of 
CD18 on leukocytes (firm 
adhesion)

LADII

recurrent infections in early life; 
decreased chemotaxis; motor 
retardation; short stature; facial 
stigmata; Bombay blood group 
phenotype

defective fucose metabolism 
causing absence of SLex 
(leukocyte rolling)

LADIII
LADI + severe bleeding 
tendency

mutation in kindlin 3 causing 
general activation defects in all 
β integrins

Glanzmann’s thrombasthenia
bleeding tendency of varying 
degrees

mutated αIIbβ3 integrin on 
platelets, which are unable to 
aggregate

Wiskott-Aldrich syndrome
raised pathogen susceptibility; 
eczema; small platelets; 
thrombocytopaenia

mutations in WASp mean 
monocytes cannot form 
podosomes and have limited 
phagocytotic capabilities



Drug delivery via adhesion moleculesCAMs as drug targets

Selectin antagonists Integrin antagonists

Antibodies
•Efalizumab (αIβ2) - psoriasis
•Natalizumab (α4 chain) - MS, Crohn’s 
disease

Peptide mimetics
•Cilengitide (αvβ3) - glioblastoma (via 
angiogenisis)
•Eptifibatide (αIIβ3) - anti-platelets

Non-peptide inhibitors
•Tirofiban (αIIβ3) - platelet aggregation
•Valategrast (α4β1) - asthma

Small molecule inhibitors
•Bimosiamose (pan-selectin) - allo-/
xenograft rejection, asthma, COPD, 
psoriasis

Carbohydrate-based
•GMI-1070 (pan-selectin) - SCD crisis

Peptides/recombinant proteins
•YSPSL (rPSGL-1) - renal I/R

PHASE 2

APPROVED

APPROVED

APPROVED

APPROVED

WITHDRAWN

PHASE 3
PHASE 2

PHASE 2



Different modalitiesImaging inflammation

Optical

Ultrasound

Optical

MRI

PET

Scintigraphy



Imaging inflammation Intravital microscopy
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Intravital microscopyImaging inflammation

McDonald et al. (2010)

Neutrophil migration towards a focal 
necrotic lesion in the liver

Intravascular routes of neutrophil 
chemotaxis



Imaging inflammation Activated optical probes

ProSense 680

• An inducible fluorescent 
imaging probe

• Used in arthritis and cancer 
models

• Shows local density of pro-
inflammatory cell infiltrates

cathepsin B

Korideck & Peterson (2009)



Imaging inflammation Radiopharmaceuticals - scintigraphy

tag
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Imaging inflammation Radiopharmaceuticals/scintigraphy/PET
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Imaging inflammation Radiopharmaceuticals - scintigraphy

tag

vector

mAb
mAb fragment
cytokine
small peptide

99mTc
123I
111In

111In-biotin



Imaging inflammation Radiopharmaceuticals - PET
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Imaging inflammation Radiopharmaceuticals - PET

tag

vector

FDG

18F

Infected pancreatic pseudocysts



Imaging inflammation Radiopharmaceuticals - PET

tag

vector

FDG

18F

Large vessel vasculitis



Imaging inflammation Radiopharmaceuticals - PET

tag

vector

FDG

18F

Rheumatoid arthritis



Imaging inflammation MRI

iron oxide nanoparticles
(5-10nm)

•ultrasmall superparamagnetic iron 
oxide (USPIO)

•cross-linked iron oxide (CLIO)
•superparamagnetic iron oxide 
(SPIO) coated with eg. dextran, 
starch, albumin, silicon

magnetofluorescent 
nanoparticles (MFNPs)

(0.4-1.6μm)

polymer
microsphere

magnetite 
core

fluorescent 
label

gadolinium complexes

MRI contrast agents



Imaging inflammation MRI

Reproducibility between animal models and human patients
MSEAE (mouse)

Ischaemic strokePhotochemically-induced thrombosis (rat)



 Learning objectives

• L/EC interactions are mediated by a variety of adhesion molecules

• rolling - selectins

• adhesion - integrins and IgSF

• emigration - integrins and IgSF (with some cadherin involvement)

• Genetic mutations in adhesion molecules are the cause of several diseases

• LADI, II, III

• Glanzmann’s thrombasthenia

• Wiskott-Aldrich syndrome

• Emerging novel therapies

• Targeting adhesion molecules

• Adhesion molecules as drug delivery agents

• Imaging leukocyte adhesion: advantages and disadvantages of different 
modalities

• Optical imaging - intravital microscopy, activated optical probes

• Radiopharmaceuticals - scintigraphy, PET

• MRI - contrast agents
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