Leukocyte Homing and Inflammation

Cliff Lowell, MD-PhD HSW1201 clifford.lowell@ucsf.edu

* How do cells migrate from blood into tissue?
- the four step model
- role of selectins, chemokines and integrins

 What controls recruitment of appropriate cell
types (neutrophils, monocytes, lymphocytes)
to the site of inflammation?

- How do cells exit from tissue into circulation?
* Are homing defects involved in human disease?



The science of leukocyte homing is all
about movies!
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The science of leukocyte homing is all
about movies!

 Intravital imaging of the cremaster muscle

Warmed bicarbonate-buffered salt
solution perfusion inlet

Warmed plate

Warmed bicarbonate-buffered
salt solution perfusion outlet

Rius and Sanz, Methods Mol Biol, 1339:357 (2015)



The science of leukocyte homing is all
about movies!

 Rolling chamber based methods - can control substrate
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The science of leukocyte homing is all
about movies!
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The science of leukocyte homing is all
about movies!

« Two photon imaging - deeper tissue penetration
reduced phototoxicity

Jablonski Energy Diagram

Two simultaneous lower energy photons can combine and have the same effect as
one higher energy photon
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The science of leukocyte homing is all
about movies!

» Dermal DCs
responding to
skin injury

- CD11c-GFP,
collagen
stained blue,
blood vessels
are red

Tal et al, JEM, 208:2141 (2011)



Two major forms of leukocyte
migration

» Lymphocyte homing

+ Inflammation (recruitment)



Lymphocyte homing and recirculation
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Lymphocyte Homing

» constitutive trafficking of naive T and B
lymphocytes to secondary lymphoid organs
* in lymph nodes, Peyer’ s patches, tonsil this
requires active migration across blood
vessels

- entry into secondary lymphoid organs is
highly selective for lymphocytes

+ egress from lymphoid organs involves
distinct molecular mechanisms from entry




Inflammation

- involves local release of cytokines and
chemokines by tissue cells in response to
pathogen products or damage

- cytokines cause increase in vascular
permeability leading to local swelling,
increased entry of antibody, complement, etc.

+ cytokines cause increased expression of
adhesion molecules on vascular endothelium
and these work together with chemokines to
recruit cells - neutrophils, monocytes, NK
cells and, later, effector lymphocytes



Multi-step model of leukocyte
transmigration
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Multi-step model of leukocyte
transmigration
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Selectins are calcium-dependent (C-type)
lectins (carbohydrate binding proteins)

* L-selectin - entry to LNs, PPs
- on lymphocytes (neutrophils)

- binds specialized sulfated mucins ( ‘peripheral node addressins’ or PNAd)
made by high endothelial venules (HEV)

* P-selectin - early role in entry to site of inflammation
- in Weibel-Palade bodies in endothelial cells and a-granules of platelets
- tfranslocates to membrane in response to thrombin, histamine, C5a, etc

- binds PSGL-1, a tyrosine sulfated mucin present on neutrophils, some
effector T cells

+ E-selectin - delayed role in entry to site of inflammation

- cytokine inducible on endothelial cells (especially cutaneous)

- binds carbohydrate ligand (sialyl-LeX) on neutrophil and effector T cell
glycoproteins /glycolipids



Selectins and ligands
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Selectins recognize sulfated carbohydrate
structures on their ligands
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Lymphocytes traverse high endothelial venules
(HEVs) to enter lymph nodes

Follicle or B zone

HEV
T cell area (paracortex]

LN section stained with:
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In peripheral tissues, leukocytes bind at post-
capillary venules, low hydrodynamic pressure
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Key property of selectins is fast
binding kinetics
* The rapid kon and koff of selectin-carbohydrate ligand

interaction allows flowing leukocytes to tether and roll
along endothelial cells under shear flow

* Rolling slows down flowing leukocytes and places them in
proximity to endothelial cells where chemokines are
transported and expressed

+ Some circumstances, integrins (VLA-4) can mediate
rolling to further slow down the lymphocytes

+ Selectins may also have signaling function



Leukocyte rolling depends on P-selectin -
PSGL1 interactions

wild-type PSGL1-deficient

- both movies are of cremaster muscle venules within 30 minutes of
surgery (selectins induced by inflammatory trauma)

PSGL-1 = P-selectin glycoprotein ligand-1
Yang et al, JEM, 190:1769 (2000)



Multi-step model of leukocyte
transmigration
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Chemokines

« >40, structurally related basic proteins of ~10kD
« Four families: C, CC, CXC, CX3C

‘ chemokine

S-S 7 TM-receptor (GPCRs)

NH2

Lymphoid chemokines - help direct the homeostatic trafficking of cells
into and through peripheral lymphoid tissues (e.g. CCR7-CCL21 and CCL19;
CXCR5-CXCL13)

Inflammatory chemokines - help recruit cells to sites of inflammation
(e.g. CXCR2 / IL-8; CCR2 / MCP1; CCR5 / MIPla)



Neutrophil migration/polarization in
response to IL-8 is amazingly fast

» Signaling involves rapid calcium flux

Scott Simon Lab - UC Davis



Neutrophil migration/polarization in
response to IL-8 is amazingly fast

wwwi EreeScienceliecturesicom

+ complex signaling and cell biology to allow such rapid
responses -- front end versus back end



Differential signaling in neutrophils allows
them to sense chemokine gradients

* Neutrophils are polarized following
chemokine stimulation
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Differential signaling in neutrophils allows
them to sense chemokine gradients

* Polarity increases with increasing signal strength, so as
cells move up the chemokine gradient, they become more
polarized (feed-forward signaling response)

* Front edge is pushed forward by actin polymerization
+ Receptor de-sensitization stops the signal
+ GPCRs are evenly distributed over cell surface

* Polarization is the neutrophil "compass”



Chemokine hierarchy

* Why so many chemokines?

* Strength of signal
determines directionality

+ Allows fine tuning of
response as well as when to
arrest

Phillipson and Kubes, Nat Med, 17:1381 (2011)

Formyl
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Cell moves to fMLP




Chemokine hierarchy
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Chemokine signaling pathways
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Chemokine responses are always bell
shaped curves - high doses block
migration

121 p<0.01
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CCLS (nM)

Patel et al, Nat Commun, 6:6614 (2015)



Chemokine signaling pathways
receptor desensitization
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Lymphocyte adhesion to HEV depends on
chemokines

normal lymph node CCL21/CCL19-deficient lymph node

T-GFP Cells
in PLN-HEV of

T-GFP Cells
in PLN-HEV of

a Wildtype
Mouse

a PLT/PLT
Mouse

Stein et al, JEM, 191:61 (2000)



Chemokines and chemoattractants

» Chemokines produced by both inflammed endothelium as
well as resident macrophages

* Inflammation is enhanced by production of chemokines by
inflammatory cells (neutrophils, inflammatory monocytes)

» Chemokines often localized to endothelium by interaction
with proteoglycans on cell surface

+ Chemoattractants (fMLF, LTB4) vs chemokines (size and

composition)



Multi-step model of leukocyte
transmigration
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The integrin family of receptors

dimers of a and B chains
- expressed onall nucleated
cells (RBCs lack) S, U

classify based on B chain MR (D @
most bind ECM matrix & \\ // /)
proteins (collagen, 2% m/_—\/—————\ulo
fibronectin, etc); some have ) ,Q -~ @)

transmembrane receptors - &
present on other cells

bi-directional signaling
properties
involved in cell adhesion

Cox et al, Nat Rev Drug Discov, 9:804 (2010)



Integrins involved in leukocyte
attachment to endothelium

Integrin Ligands

aMp2 ICAM-1, ICAM-2 (ICAM-3)
(CD11b/CD18, Mac1)

ol p2 ICAM-1, ICAM-2 (ICAM-3)
(CD11a/CD18, LFA1)

o4 VCAM-1, MADCAM-1, FN
odp7 MAdJCAM-1, VCAM-1, FN

« ICAMI1 and VCAMI are constitutively expressed on lymph node
HEV and are upregulated on inflammed endothelium

* MAdCAM-1 is expressed by HEV in mucosal lymphoid tissues



Bi-directional signaling for integrins:
inside-out vs outside-in
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Integrin inside-out signaling leading to
activation and high affinity binding
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Lowell, Encyclopedia Immunobiology, 3:72 (2016)



Integrin inside-out signaling leading to
activation and high affinity binding
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Integrin outside-in signaling promotes cell

activation
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A Inside-out signaling

Another view of inside
out versus outside in === 1{
intfegrin signaling ...
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Activated integrins on lateral sides of
migrating leukocytes

+ Allows lamellopodia to activated infegring
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Activated integrins on lateral sides of
migrating leukocytes

Smith et al, JCB 170:141 (2005)



Multi-step model of leukocyte

transmigration
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Intravascular crawling

* Migration of cells to
junctional regions between
endothelium for easy exit
from vasculature

- Dependent on Mac-1
Integrin

» Slower speed than rolling

+ Often against flow!

210 min

Woodfin et al, Nat Immunol, 12:761 (2011)



Intravascular crawling

Phillipson et al, JEM, 12:2569 (2006)



Multi-step model of leukocyte

Transmigration
Slow Trans-
Rolling Rolling Arrest Crawling \migration
. : . . JAM
o .@ Selectins Integrins C;Z‘r?’?;;l:lirr‘;s Integrins Pg g 335/\

Phagocytosis “g paTee, migration
ROS % Y 26

Degranulation A ,
Opsonin (IgGN

Mayadas, Cullere and Lowell, Ann Rev Pathology, 9:181 (2014) Complement? )



Transendothelial migration

Transendothelial migration
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* When leukocytes crawl to the junction between
endothelial cells > pass through

 Paracellular route most common, transcellular route also
observed

* Migration out of the vasculature without leakage!

Noursharg et al, Nat Rev Mol Cell Biol, 11:366 (2010)



Transendothelial migration

» Integrins for crawling
and transendothelial
migration

- Additional molecules
involved: junctional
adhesion molecules
(JAMs) and PECAM-1
(CD31)

- Signaling occurs into
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Transcellular exit from vasculature

©  Transmigratory Cup Formation

* |CAM-1/VCAM-1-
enriched endothelial
projections form a

transmigratory cup.
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Podosome-like Protrusions

@ Trans-cellular Pore Formation

At

Carman, Front Bioscience, 14:5066 (2009)

invasive podosome
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progressively
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T Cells Exit HEVs in Limited Locations

1 cells exiting HEV via lucent areas that appear to be gaps in the FRC sheath (“exit ramps”).

- parenchyma

_ , green is labeling all non-hematopoietic cells
Bajenoff et al., Immunity 2006 (stromal cells, endothelium etc)



Multi-step model of leukocyte
transmigration
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Interstitial migration to infection/injury
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Neutrophil swarming during injury
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Lammermann et al, Nature, 498:375 (2013)



Neutrophil swarming during infection
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Peters et al, Science, 321:970 (2008)



Inflammatory cell recruitment

* Driven mainly by chemokines/chemoattractant
gradients (LTB4)

* Requires integrins

* Leads to amplification of inflammation by
additional chemokine production



Not all neutrophil inflammation is bad
Neutrophils in tissue repair
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Neutrophils enter border of the injury
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Wang et al, Science, 358:111 (2017)



Neutrophils eat away at damaged vessels

Wang et al, Science, 358:111 (2017)



Neutrophils open up damaged vessels in
protease dependent fashion

WT Cat S/~

neutrophils = green neutrophils = blue
Wang et al, Science, 358:111 (2017)



Leukocyte Adhesion Deficiency Syndromes

« LADI > absence of 32 integrin
presents early in life (delayed separation of
umbilical cord). Infections without pus.
Rolling but not adhesion or migration.

* LADIT - absence of fucose transferase
failure to form sialyl-Lewis-X on selectin
ligands. No rolling. Rare.

« LADIIT - absence of kindlin-3

lack of integrin activation, even though
expression is normal. Rare.



Leukocyte Adhesion Deficiency Syndromes

« Other types of integrin or leukocyte migration
defects:

Glanzmann's thrombasthenia > oIIb or 3
mutations. Present with bleeding.

Wiskott-Aldrich syndrome > WASp protein
mutations. Poor actin cytoskeletal
rearrangment, lots of immune defects.

Leukocyte hyperadhesion syndrome



How do cells exit from lymphoid organs?

)

receptor (S1PR1) for
S1P

 Egress involves migrating
to' S1P that is high in
blood/lymph /and low in
the tissue

—




Sphingosine 1-phosphate (S1P)

\/\/\/\/\./\/\/\:)\/0\Po3H2
OH
Sph kinases Ethanolamine
Sphingosine < > > +
Lipid phosphatases S1Plyase  Hexadecanal

N
VAR R

S1PR1 S1IPR2 S1PR3 S1PR4 S1PR5
(Edgl)

Abundant in plasma (~1uM) and lymph (~0.1uM)
Made intracellulary by all cell types during sphingolipid degradation
but only secreted by some cell types

Ligand for a family of G-protein coupled receptors (S1PR1-5)
S1P receptors have roles in blood vessel and heart development



Multi-step model of T cell egress

e S1P is abundant in
blood and lymph

RBC major source of
blood S1P

Lymphatic endothelial
cells are source of lymph
S1P

e Extracellular S1P is
kept low inside lymphoid
tissue

« S1IPR1 is a point of
egress control
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Innate immune stimuli cause a generalized lymph
node egress shutdown

Infection
Lymph (e.g. dsRNA)
Node l
_6h 12 h
IFNo/B

Non-specific @ g :

Ag-specific ® @ « Antigen activated T cells downregulate S1PR1
Lymphocytes mRNA and are retained
« Retention may help ensure appropriate clonal
expansion and receipt of instruction signals
before exiting



Translational Impact of Homing
Research

a4p1 blocking antibody (Natalizumab/Tysabri®) in use for
treatment of Multiple Sclerosis and Crohn’ s disease

a4p7 blocking antibody (Vedolizumab/Entyvio®) approved May
2014 for ulcerative colitis and Crohn’s disease

CCR9 antagonist in phase lll trial for Crohn’ s disease

FTY720 (Fingolimod) first oral treatment for relapsing/remitting
multiple sclerosis; in trial for ulcerative colitis

Inhibitors of prostaglandin and leukotriene synthesis have
multiple anti-inflammatory effects, including antagonizing cell
recruitment

CXCR4 antagonists used to mobilize HSC from bone marrow

Led to advanced understanding of causes of Leukocyte
Adhesion Deficiency (LAD)



The whole thing together




Tissue selective chemokine and adhesion molecule
expression in the organization of the immune system

« Homing specificity
provided by the
selectin/
chemokine/integrin
code or combination

« Same for
recruitment to
inflammatory sites

Kunkel and Butcher, Immunity, 16:1 (2002)
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