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Summary
CD8" T cells have evolved as one of the most motile mammalian cell types, designed
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faces of other cells. Chemoattractants and adhesion molecules direct CD8" T-cell
homing to and migration within secondary lymphoid organs, where these cells colo-
calize with antigen-presenting dendritic cells in confined tissue volumes. CD8" T-cell
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in their topology and biophysical properties from lymphoid tissue. Here, we provide
a short overview on regulation of organism-wide trafficking patterns during naive T-
cell recirculation and their switch to non-lymphoid tissue homing during activation.
The migratory lifestyle of CD8" T cells is regulated by their actomyosin cytoskeleton,
which translates chemical signals from surface receptors into mechanical work. We
explore how properties of the actomyosin cytoskeleton and its regulators affect
CD8" T cell function in lymphoid and non-lymphoid tissue, combining recent findings
in the field of cell migration and actin network regulation with tissue anatomy. Finally,
we hypothesize that under certain conditions, intrinsic regulation of actomyosin dy-

namics may render NLT CD8" T-cell populations less dependent on input from extrin-
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1 | PART 1.IN VIVO CD8" T CELL
ACTIVATION AND EXPANSION INVOLVES
ORGANISM-WIDE TRAFFICKING PATTERNS

by innate immune cells to inform them on the presence and nature
of the threat. The characteristics of the PAMP signaling and other
cues induce adaptive immune reactions, which take into account
pathogen size, and therefore its susceptibility to phagocytosis, the

The adaptive immune system faces the formidable challenge to re- intra-vs extracellular location as well as the anatomical site of patho-

spond to a highly diverse variety of pathogenic organisms that have
breached epithelial barriers or pose a potential danger. Signature
molecular patterns derived from pathogens bind to cognate
pathogen-associated molecular pattern (PAMP) receptors expressed

gen entry (eg, gut vs skin). Based on this information, the ensuing
adaptive immune responses can be classified into four types.t Type
Il immune responses are triggered by extracellular, multicellular or-
ganisms such as helminths, which are too large to be phagocytosed.
Type lll immune responses are triggered by extracellular bacteria and
fungi, once they have breached epithelial barriers such as the epi-

dermal layer of skin. Type IV immune responses are elicited against
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extracellular pathogens before these have breached body barriers,
such as against gut microbiota. Here, we focus on Type | immune re-
sponses, which are specifically directed against intracellular patho-
gens. These include some bacteria and parasites, such as Listeria
monocytogenes and plasmodium, respectively, which have evolved
to thrive inside host cells. Yet, the most common trigger for Type |
immune responses are viral infections, which may affect any nucle-
ated cell anywhere in the body including hematopoietic and stro-
mal cell types. In recent years, it has emerged that cancerogeneous
cells are also eliminated in this kind of immune response, which is
exploited in checkpoint inhibitor therapies. Type | immunity involves
IFNy-secreting Th1 CD4" T cells, inflammatory “M1” macrophages,
lgG-producing B cells, NK cells, and cytotoxic CD8* T cells. CD8*
T cells recognize cognate class | peptide-major histocompatibility
complexes (pMHC) presented on the surface of antigen-presenting
cells (APC) during priming and on infected or cancerogeneous cells in
target organs. This is because class | pMHC reflect the intracellular
proteome including pathogen-derived non-self peptides or peptides
from neoantigen proteins produced by mutations of the genome.
Once engaged by the recognition of cognate class | pMHC, effec-
tor CD8" T cells (Tegp) induce apoptosis of target cells. Thus, Type |
immune responses uniquely involve the directed killing of host cells
to reduce or eliminate viral reservoirs. To accomplish this feat, naive
CD8" T cells have to identify rare APC, usually dendritic cells (DCs),
to become activated and generate large numbers of cytotoxic CD8*
Tere during clonal expansion. Once released into the circulation,
cD8* Teee perform a “search and destroy” mission directed against
their own host cells. After contraction, memory CD8" T cells con-
tinuously patrol lymphoid and non-lymphoid tissues (NLT) for rapid
recall responses.

The process of target cell elimination has been extensively
studied in simplified in vitro systems. In sum, effector CD8" T cells
directly bind to the target cell expressing cognate pMHC to direc-
tionally deliver the content of their cytotoxic granules including per-
forin and granzyme B. Pores in the target cell membrane created
by perforin and other molecules allow granzyme-triggered caspase
activation, which in turn sparks a cell-autonomous apoptotic pro-
gram.? The close juxtaposition of target cell and CD8" T cell ensures
high-precision, selective killing through apoptosis and subsequent
elimination of cellular and viral particles by macrophages. This pro-
cess also avoids excessive inflammation associated with pyroptosis
or necrosis. Recent work has identified actomyosin cytoskeleton-
mediated force as an important mechanism to potentiate cytotoxic
T-cell activity. Thus, once a target cell is identified, retrograde F-
actin flow at the immunological synapse (IS) enhances the pore-
forming activity of perforin.3 Furthermore, cortical actin network
reorganization at the IS facilitates centrosome repositioning and
granule polarization required for targeted delivery of the cytotoxic
cargo to the target cell.* Taken together, the “destroy” part mediated
by CD8* Teee cells is well characterized on a cellular and molecular
level, including biophysical force generation‘S'7

What about the “search” part? Numerous studies have uncov-
ered the remarkable adaptability of CD8" T cells to disseminate into

non-lymphoid organs during an immune response, leading immu-
nologists to take their tissue infiltration capacity as a given. Yet, it
is now recognized that CD8" T cells may be excluded from tissues.
Truncated presence of CD8" T cells and other leukocytes in solid
tumors strongly correlates with a poor prognosis for successful
checkpoint inhibitor therapy.®° These observations have rekindled
interest in how cytotoxic T cells find their target cell inside complex
microenvironments in vivo. pMHC molecules are transmembrane
proteins anchored on the cell surface and therefore require direct
close juxtaposition of membranes to trigger a signal in responsive T
cells. As a search strategy, CD8" T cells have developed a migratory
lifestyle based on tunable control of their actomyosin cytoskeleton
dynamics.'*2 Thus, in contrast to, for example, stationary antibody-
secreting plasma cells, CD8" T cells continuously undergo vigorous
cell shape changes and cell body displacement to probe their en-
vironment and interrogate the surfaces of other cells for cognate
pMHC. Chemoattractant receptors and integrins are essential
factors to recruit blood-borne CD8"* T-cell populations into target
tissues. In addition, they play important roles in positioning CD8"
T cells close to APCs or into specific microenvironments. The bio-
chemical signals triggered by chemoattractant receptors, integrins,
and the TCR itself are transformed within cells into mechanical work
through the activity of the actomyosin cytoskeleton. This enables
CD8" T cells to exert forces on neighboring cells and extracellular
matrix (ECM) for cytotoxicity and migration. Since any nucleated cell
can become infected, CD8" T cells have acquired the ability to infil-
trate and inspect highly diverse tissue environments, which differ in
topography, adhesion molecules, rigidity, and confinement.'® Yet,
in contrast to the “destroy” part, the regulation of actomyosin cyto-
skeleton for successful “search” is less comprehensively understood.
In this review, we will present a short overview over CD8"* T-cell
trafficking patterns before and after encountering cognate pMHC,
highlighting their scanning behavior in lymphoid organs and their
switch to NLT trafficking in response to external cues from chemo-
attractants and adhesion molecules. With this setting as the physio-
logical background, we will outline some basic principles of how the
dynamic actomyosin cytoskeleton network influences the efficacy
of CD8" T-cell scanning, combining recent findings in cell biology
with features of tissue anatomy. Finally, we will explore the hypoth-
esis that some CD8" T cells may perform environmental scanning
without external cues from chemoattractants and adhesion mole-
cules, pending on the balance of actin regulators and its network
architecture, for autonomous homeostatic surveillance of NLT.

1.1 | CD8" T-cell recirculation and pMHC search in
lymphoid organs

Activation of CD8" T cells takes place in organized secondary lym-
phoid organs (SLO), such as lymph nodes (LN) and spleen. Although
this task appears at first daunting given the low frequency of pMHC-
specific T cells before clonal expansion (approximately 1 in 10°¢
CD8* T cells') and the large surface of the host organism, CD8"
T cells are remarkably efficient in their search for rare cognate
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FIGURE 1 Regulation of T-cell trafficking in lymphoid tissues. Snapshots from intravital 2PM image sequence showing T cells (green)

in the parenchyme of a mouse popliteal LN. (i-iii) High magnification snapshots with graphical reconstruction and cell dynamics. (i) Top.
Paracortex with feeding arteriole. The FRC network is shown in gray. Bottom. Actomyosin dynamics in motile T cells. Polarized T cells
generate Arp2/3-mediated branched F-actin networks at the leading edge, which leads to protrusions and, more importantly, generate a
rearward cortical F-actin flow (indicated by black arrows). Through engagement with cytoplasmic tails of integrins and other transmembrane
molecules, retrograde flow generates low-adhesive friction with the substrate for forward cell displacement. At the trailing edge, or uropod,
F-actin cables are contracted through activity of non-muscle Myosin IlA. This helps to propel the nucleus as the biggest organelle through
small pores. Arp2/3 activity is modulated by chemokine receptor signaling and requires Rac1/2 and Cdc42 activity. The most important Rac
GEF for motility in T cells is DOCK2. Actomyosin contractility requires Rho-ROCK-mediated phosphorylation of the regulatory light chain
of Myosin IlA and is facilitated by release of the Rho activator ArhGEF1 from depolymerizing microtubules. A RhoGAP, Myo%b, reduces
Rho-GTP levels at the leading edge. (ii) Top. HEV with emigrating T cell. The FRC network is shown in gray. Bottom. Inside-out signaling
(blue arrows) by CCR7 activation leads to rapid induction of an extended LFA-1 conformation on blood-borne T cells. Shear forces exerted
by blood flow induce a high-affinity LFA-1 conformation, which in turn activates outside-in cytoskeletal rearrangement for crawling (blue
arrows). (iii) Top. Medullary lymphatic vessel (LV). Bottom. A shallow S1P gradient is required to promote T-cell egress through DOCK2-
dependent F-actin-filled protrusion formation. Scale bar overview, 50 pm and inserts, 20 pm
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pMHC-presenting cells. In fact, there is a broad participation of vir-
tually all available clones during adaptive immune responses.!>¢
Circulating naive CD62L" CCR7" CD44'% T cells are selectively re-
cruited from the blood circulation into LN via high endothelial ven-
ules (HEV). Through the sequential activities of CD62L (L-selectin),
CCR7 and LFA-1, which bind to their endothelial counterligands
peripheral node addressin (PNAd), the homeostatic chemokines
CCL19/CCL21, and ICAM-1/-2, respectively, T cells engage in a mul-
tistep sequence of selectin-mediated rolling and integrin-dependent
arrest.) In brief, constitutive CD62L activity permits T-cell attach-
ment to sulfated and sialylated sugar residues O-linked to the protein
backbone of PNAd components. The resulting fast on-rate binding
with short half-lives results in a rolling movement along the HEV
surface, which presents heparan sulfate-bound CCL19 and CCL21'8
(Figure 1). CCL19 and CCL21 bind to CCR7 expressed on rolling T
cells, which leads to LFA-1 activation for firm adhesion. The abrupt
arrest through CCR7 “inside-out” signaling involves instantaneous
transformation of the bent LFA-1 conformation found on blood-
borne cells into an extended conformation for binding to ICAM mol-
ecules copresented on the HEV surface.'? This process is mediated
by the small GTPase Rapl and is supported by mechanical shear
forces exerted by continuous blood flow.?° Active, ligand-engaged
LFA-1 not only firmly arrests rolling cells but also triggers F-actin
polymerization through “outside-in” signaling. This leads to T-cell
flattening and crawling along the high endothelial cell surface. T-cell
crawling requires ICAM-1 on the HEV surface, whereas ICAM-2 or
VCAM-1 play no discernible role in this process.?* LFA-1-ICAM-1-
dependent T-cell crawling is reminiscent of the mesenchymal mode
of cell motility, where integrin-triggered adhesion and F-actin for-
mation permits cell body translocation along a 2D surface.?? During
crawling, T cells actively probe the endothelial cytoskeleton for per-
missive sites for transendothelial migration (TEM).23 As a final step,
T cells transmigrate through or in between HEV, which is facilitated
by nuclear lobe protrusions.24

The observation that T cells are able to move away from an excess
of luminal CCL21 is puzzling and the underlying molecular mecha-
nism is not completely understood to date. It has been proposed that
apical chemokine-mediated TEM is mediated by shear flow, in a pro-
cess called chemorheotaxis.?*2% Indeed, chemorheotaxis is readily
recapitulated for T cells in in vitro flow chambers. When CCL21 is
added on top of an endothelial cell layer, naive T cells rapidly trans-
migrate below the endothelial cell layer under flow.?” In this setting,
lack of shear flow impairs transmigration. Mechanistically, one con-
ceivable scenario is that shear stress-extended integrins assemble
intracellular activators of the small GTPase Cdc42. This in turn may
lead to filopodia and podosome formation at the interface between
crawling lymphocytes and the underlying endothelial surface to ini-
tiate TEM.

Alternatively, T cells crawling on endothelium have been shown
to form protrusions that tap into intracellular pools of prestored
chemokine inside vesicles within endothelial cells to promote trans-
migration.?® Furthermore, high endothelial cells themselves may
contribute to T-cell transmigration by acting as a shuttle to deliver

their cargo pending on the “crowdedness” of the surrounding inter-
stitium.?? According to this model, endothelial cells sense the density
of the LN interstitium and act as gatekeepers to maintain constant
lymphocyte numbers inside the lymphoid tissue volume. One caveat
to this proposal is that the LN volume itself is likely to change rapidly
and frequently upon expansion or contraction of the surrounding
tissue. Finally, an immobilized chemokine gradient around the HEV
may contribute to the directed entry of lymphocytes across the HEV
barrier.%® This may further explain how transmigrated T cells are able
to cross the endothelial basement membrane (BM) consisting of col-
lagen IV (Col IV), laminins, and other ECM components.

Once inside lymphoid tissue, T cells rapidly polarize and move
along CCL21- and ICAM-1-expressing fibroblastic reticular cells
(FRCs) of the T-cell zone.®' FRCs form a sponge-like loose 3D net-
work that serves as a robust structural scaffold for T-cell surveillance
of lymphoid tissue. FRC wrap themselves around secreted ECM
fibers consisting of collagen | (Col 1), Col IV, ERTR7, and laminins,
which form the FRC conduit system for small molecule transport.*?
Intravital twophoton microscopy (2PM) imaging of the LN microen-
vironment in live, anesthetized mice has uncovered that migrating T
cells adapt a polarized ameboid cell shape and follow a random FRC-
guided motility pattern with high basal speeds of 12-15 pm/min, that
is, more than one cell diameter per minute®® (Minor differences in
cell speeds between distinct laboratories may be in part due to tech-
nical considerations such as sampling frequency®¥). Thus, within the
technical limitations of 2PM imaging, there is no discernable cluster-
dependent motility or directed migration on a population level.” It
is, therefore, common to observe fast migrating T cells moving in
opposite directions within the same field of view, occasionally even
crossing paths. In addition to speed and directionality, a useful pa-
rameter to quantify T-cell motility is the motility coefficient (MC),
expressed in pmz/min. In physical terms, the MC corresponds to
the 3D diffusion coefficient of a gas particle randomly moving in
Brownian motion. In LNs, the MC of T cells can exceed 70 pm?/min,
indicating a high ability to scan lymphoid tissue.

Fibroblastic reticular cells fulfill at least four functions for naive
T-cell migration, survival and activation: First, these cells act as guid-
ance cue for highly motile T cells by producing the promigratory
chemokines CCL19 and CCL21, as well as ICAM-1. Of note, CCR7
ligands are not the only promigratory factor inside lymphoid tissue
for T cells. Autotaxin-generated lysophosphatidic acid (LPA) stimu-
lates T-cell motility by activating cell contractility.>43® Second, FRCs
secrete IL-7, which together with CCL19 and CCL21 acts as survival-
promoting cytokine.?’ Third, DCs use the FRC network as structural
scaffold for DC attachment and scanning by T cells.*° Finally, FRCs
control immune responses through the release of prostaglandin E2,
nitric oxide, and other mediators.*!

The average dwell time of a T-cell population in a given mouse
LN is approximately 6-8 hours and is determined by the balance of
the egress-promoting sphingosine-1-phosphate receptor 1 (S1P1)
and the retention-promoting CCR7.%? Since S1P levels within lym-
phoid tissue are low in contrast to blood and lymph, recirculating T
cells gradually increase S1P1 surface levels from very low levels right
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after entry into LN until reaching levels to become responsive to S1P
in efferent lymphatic vessels. This returns cells via downstream LN
and the thoracic duct into the blood circulation to ensure constant
turnover of the TCR repertoire.43 A detailed 2PM analysis of acti-
vated WT and $1P17 effector T cells in reactive LN uncovered that
both populations probed efferent lymphatic vessels but only WT
T cells were able to cross into the lymphatic volume for egress.**
This observation suggests that a shallow S1P gradient suffices to
promote lymphocyte migration across the lymphatic vessel and its
underlying BM (Figure 1). These data also lend support to the notion
that despite vivid interstitial migration, T cells require local chemoat-
tractants to cross dense tissue barriers such as BM in shear flow-free
environments, a phenomenon explained by intrinsic F-actin network
properties (see below).

Naive T-cell motility within lymphoid tissue has evolved to bal-
ance two opposing aims: On the one hand, T cells need to scan a
large number of APC before their S1P1 surface levels start to pro-
mote egress via efferent lymphatic vessels.*> On the other hand, T
cells must be able to dwell long enough on individual DCs to inte-
grate sufficient signals for activation. Recent work has confirmed
that high intrinsic motility allows T cells to find rare DCs within large
tissue volumes.*6™*8 Yet, it also allows cells to detach from DCs pre-
senting low amounts of cognate pMHC or low-affinity pMHC during
the sampling phase of T-cell activation.*’ This is in line with pioneer-
ing work by Dustin and colleagues suggesting competitive roles be-
tween T-cell motility vs activation.’® Nonetheless, T cells can arrest
eventually for prolonged periods (h) even on “suboptimal” DCs once
they have accumulated enough signals through short contacts.>! To
ensure prolonged LN dwell time under these circumstances, surface
upregulation of CD69 has evolved to bind S1P1 in cis and induces its
internalization. CD69 upregulation is induced both by specific TCR
signaling on cognate T cells and, transiently and to lower surface
levels, by type | IFN on all T cells.”? Furthermore, T-cell activation
leads to a transient loss in general migratory capacity of these cells,
which is not well understood on a molecular level. This low motility
presumably contributes to keep activated T cells trapped inside lym-

phoid tissue for full signal integration.”>>*

1.2 | CD8* T-cell activation and signal integration
within lymphoid organs

Productive CD8" T cell-DC interactions leading to expansion and ef-
fector differentiation require pMHC class | (signal 1) and costimula-
tory molecules CD80 and CD86 (signal 2) on DCs, while cytokines
such as IL-2 and I1L-12 provide signal 3. CD8" T cells linearly integrate
the input of these three signals to adapt their expansion according
to the stimulatory strength.>® On the other hand, early TCR signaling
events such as ERK phosphorylation are often characterized by a
digital, all or nothing response.>® How can T cells adapt the level of
input signal for an adequate response when initial signaling events
are rather binary? One answer derives from intravital observation of
CD8" T-cell interactions with DCs presenting identical amounts of
signal 2 and signal 3 but loaded with altered peptide ligands (APLs)

to grade signal 1 strength. In this experimental setting, early T cell-
DC interaction dynamics are essentially identical, with an immedi-
ate arrest of CD8" T cells irrespective of functional potency of the
APL used for stimulation. Such a behavior correlates well with a
digital behavior of early TCR signaling. In contrast, the total dura-
tion of these interactions was determined by the functional affin-
ity of the peptide. Thus, CD8" T cells detached from low potency
cognate pMHC-presenting DCs earlier than from medium-or high
potency-presenting DCs and constituted an early-wave CD8" Teee
population.®” The affinity-dependent kinetics of T-cell detachment
from DCs is therefore emerging as a mechanism to tune the extent
of the signal integration in an analog manner while maintaining early
binary responses.

T-cell detachment from DCs occurs efficiently in the lymphoid
tissue microenvironment.”® How this process unfolds under physi-
ological conditions is currently unclear, also because T-cell detach-
ment from APCs is difficult to reproduce in vitro. However, early
evidence suggests that chemokines may be involved in this pro-
cess.>® A recent study by Bousso and colleagues has uncovered that
once T cells had disengaged from DCs, they become temporarily un-
responsive to additional pMHC on DCs in part owing to defective
Ca-signaling responses.59 This appears particularly relevant for low-
affinity-primed T cells, whereas high-affinity-primed CD8" T cells re-
tain a longer window for additional signal integration by DCs. Whole
LN reconstructions after light sheet fluorescent microscopy imaging
have uncovered that recently primed CD8" T cells upregulate the
inflammatory chemokine receptor CXCR3 to accumulate at inter-
follicular regions of LN, where incoming DCs enter lymphoid tissue.
There, these cells engage in productive secondary encounters for
prolonged activation before becoming late-wave CD8* Teee POpUla-
tions.>” CXCR3-dependent relocalization to IRFs is also observed in
central memory CD8" T cells (Tcpm): both in steady-state and shortly
after viral infections. This process ensures a rapid encounter with
incoming DCs and virus-capturing macrophages.®%¢* In sum, chemo-
kines regulate both encounter with DCs at distinct locations within
lymphoid tissues and perhaps also their detachment from these cells

as prerequisite for egress.

1.3 | CD8" T, infiltration into NLTs

Following their activation in LN and spleen, CD8" Tere undergo a
switch from a SLO-targeted to a non-lymphoid tissue (NLT) traffick-
ing pattern. This is important since infected cells are often localized
at epithelial barrier tissues with restricted access for naive T cells.
Thus, starting as early as 36-48 hours postpriming and peaking be-
tween 3 and 7 days postinfection, CD8" T, enter the blood circula-
tion and invade multiple organs. Accordingly, T-cell activation leads
to areprogramming of chemoattractant receptor surface levels, such
as de novo expression of inflammatory chemokine receptors CXCR3,
CCR4, CCR9, and CCR10, as well as increased levels of the hyaluro-
nan receptor CD44 and the integrins LFA-1 and VLA-4.%% In parallel,
T-cell activation leads to the expression of glycotransferases includ-
ing enzymes for core2-O-glycan synthesis and fucosyltransferases
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IV and VII, which modify P-selectin glycoprotein ligand-1 (PSGL-1) to
present ligands for endothelial selectins.®®¢* In sum, these changes
promote the recruitment of CD8" Tepe into infected or injured or-
gans. The anatomical location of the SLO where naive T cells first see
their Ag and become activated determines the imprinting of their
homing capacity toward mucosal vs skin-associated tissues. Thus,
vitamin A derivatives from nutrient uptake imprint CCR9 and a4p7-
mediated gut-homing capacity on T cells activated in gut-draining
Peyer's patches and mesenteric LN. In turn, vitamin D derivatives
induced by sunlight lead to selectin ligand synthesis and CCR10
expression, which imprint skin-homing capacities in activated T
cells.5>¢¢

Complementary to changes in CD8" Teee homing molecules, tis-
sue inflammation promotes increased adhesiveness of postcapillary
venules through surface expression of P- and E-selectin, inflamma-
tory chemokines such as the CXCR3 ligands CXCL9 and CXCL10,
and the integrin ligands ICAM-1/VCAM-1, and MAdCAM-1 in muco-
sal tissues.®? This is mediated by the local release of IL-1 and TNFa«
by tissue macrophages that act as sentinels through their PAMP re-
ceptors. In addition to recruitment to inflamed organs, CD8* T cells
often accumulate in NLT irrespective of the presence of antigen or
obvious inflammation in these organs. Such non-specific CD8" T
accumulation likely depends on the levels of systemically circulating
IL-1 and TNF« that increase adhesion receptors and chemokines on
all postcapillary EC surfaces.®” In addition, skin and mucosal tissues,
which are constantly exposed to microbiota or microbiota-derived
molecules, display constitutive adhesiveness of their postcapillary
venules. As example, dermal postcapillary venules express E-selectin
on their surface, which permits baseline adhesion of rolling leuko-
cytes in the absence of overt inflammation.® In sum, homing of
blood-borne T, and T is critically dependent on adhesion mole-
cules and chemoattractant receptors that respond to organ-specific
complementary receptors on endothelial cell surfaces, in a manner
akin to a combinatorial area code.®’

Once accumulated in their target organ, the presence of cognate
Ag boosts CD8" Tere Numbers at sites of infection and contributes
to their long-term retention.”’® In skin viral infections, CD8" Teee use
CXCR3 to accumulate at viral foci that release the ligands CXCL9
and CXCL10.7*72 In contrast to the directed migration of neutro-

phils to sites of tissue injury or bacterial deposition,”®”*

epidermal
CD8" T cells achieve this by a subtle modulation of their migration
angle distribution toward the source of CXCR3 ligands.”? Similarly,
CXCR3 facilitates dermal CD8"* Teee migration to the epidermis.”
In adjuvant-inflamed skin cells, the av integrin contributes to tissue
scanning of dermal effector CD4" T cells.”® Thus, chemokines and
integrins regulate the migration of T, in acutely inflamed tissue, at

least in some settings.

1.4 | Dynamic tissue surveillance by memory CD8"
T cells

After the clearance of a viral infection, most CD8" Teee die through
apoptosis in the contraction phase. The remaining memory cells are

classified into several subsets. Central memory CD8" T cells (TCM)
continue to patrol secondary lymphoid organs similar to naive T
cells. As outlined above, these cells preferentially localize or become
rapidly recruited after infection to interfollicular regions, where Ag
is first transported to by incoming migratory DCs. A recent study
has uncovered that T, efficiently infiltrate NLT without the need to
become first activated in LNs or spleen.”” This function was mostly
attributed to another memory CD8" T-cell subset, the effector mem-
ory T cells (Tg,,). Originally, Tg,, had been defined in human blood
samples as CD45RO" memory T cells with low CCR7 and CDé2L
levels.”®CD62L" CCR7™ CD44"8" CD8" Ty, are also readily identifi-
able in mice. Yet, their precise function during recall responses is
incompletely understood, and CD8* Tem May actually comprise a
variety of distinct subpopulations. In this context, recent work has
identified three types of effector/memory CD8" T cells, which are
characterized by varying degrees of CX3CR1 expression. CX3CR1*
CD8* T cells appear around day 6 postviral infection and can be di-
vided into CX3CR1™ and CX3CR1"&" subsets. Only the CX3CR1™
population was effectual in peripheral tissue surveillance.”’ The pre-
cise function of CX3CR1 and its ligand CX3CL1 is not clear, since the
absence of this receptor does not prevent the formation of the three
effector/memory T-cell subsets.”®

A recently described memory CD8" T-cell subset derives from
tissue-infiltrating KLRG-1'"" CD8* Teer Instructed by tissue-specific
cues, such as TGF-p and IL-15 in skin, these cells become resident
in the target tissue after pathogen clearance and hence are called
tissue-resident memory T cells (Tg,,). Many Tg,, upregulate CD69
and CD103 in epithelial-rich tissue.®%8% In contrast to other memory
T cell subsets, Ty, do not enter blood or lymph in large numbers, but
remain inside their tissue of residence as a self-maintaining popula-
tion for prolonged periods of time. While T, were first described in
skin following local viral infections, they have now been uncovered
in virtually all organs, including gut, salivary glands, liver, lung, geni-
tourinary tract, central nervous system, and SLO.8485 Their function
is best understood in skin and the genitourinary tract. Following a
re-exposure to the original pathogen-derived pMHC, T, rapidly se-
crete IFNy and other cytokines. This in turn activates tissue macro-
phages and other cells of the innate immune system and provokes a
tissue-wide alert status.818% Thus, the presence of T, in barrier tis-
sue locally reverses the paradigm that innate immunity precedes the
onset of adaptive immune reactions. A second consequence is the
rapid recruitment of circulating memory T cells to contain expanding
microbes.®? Furthermore, CD8* T cells with a Trm Phenotype have
been identified in tumor tissue and their presence strongly cor-
relates with a good prognosis.gé

Given their infiltration into a wide range of distinct tissues, CD8"
Trm constitute an ideal tool to address how cells from the same
starting pool of naive T cells adapt to specific microenvironments.
Intravital imaging of distinct Tg,, populations in epidermis, liver, and
genitourinary tracts has provided evidence of a continuous scanning
behavior, even in the absence of replicating pathogens.87'90 This re-
flects their dependence on recognizing membrane-bound pMHC in
order to fulfill their function of host cell surveillance. However, T,
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speeds and MC as a proxy for scanning efficacy differ vastly within
different tissues, which may reflect physical constraints of their mi-
croenvironments. In the epidermis consisting of tightly packed layers
of keratinocytes, Tg,, speeds become as low as 1-2 pm/min, which
restrains their dissemination away from the site of initial recruit-
ment.?”88 In the connective tissue of dermis, Ty,, speeds increase
to 6-8 pm/min.”* How do motile Trm achieve their long residence
time in tissue containing blood and lymphatic vessels without being
flushed away or migrate out of the tissue? A key step in establish-
ing tissue residency is the downregulation of the transcription factor
KLF2, which promotes expression of S1P1 and CCR7.72 Accordingly,
forced expression of S1P1 counteracts the establishment of long-
term resident CD8"* T-cell populations. Therefore, unresponsiveness
to S1P and potentially CCL21 secreted by lymphatic vessels helps to
maintain T, within tissue. In skin epidermis, T, typically localize
close to the dermal-epidermal junction both in mouse and human tis-
sue sections.”® Their retention in this part of the basal keratinocyte
layer may be imposed by local chemoattractants or specific adhesive
interaction to prevent them from exiting the epidermis by the con-
stant renewal of upper layers from proliferating basal keratinocytes.
In support of this, CD103 («E integrin) binds E-Cadherin on epithelial
cells and contributes to local T, retention but does not influence mi-
gration speeds in epidermis.”” Along the same line, increased LFA-1
levels are required for long-term retention of sinusoid-patrolling
Tam in liver.?® Taken together, regulation of adhesiveness to the sur-
rounding epithelium and low surface levels of receptors for egress-

promoting chemoattractants contribute to T, tissue residency.

2 | PART 2. REGULATION OF CD8"
T-CELL MOTILITY BY THE ACTOMYOSIN
CYTOSKELETON

Integrins and chemoattractant receptors trigger intracellular signal-
ing pathways that lead to changes in shape and dynamic behavior.
Eukaryotic cells typically express four types of protein families that
determine their shape and biophysical properties: the microtubu-
lar network, intermediate filaments, septins and the actomyosin
network. Each of these scaffolds plays important roles for CD8"
T-cell function. Thus, microtubules in effector CD8" T cells deliver
cytotoxic granules to target cells.? Furthermore, depletion of the
microtubular network increases active Rho-GTP levels, which in
turn induces contraction and protrusion retraction.”* The role for
intermediate filaments such as vimentin in CD8" T cells is not well
studied, although these filaments contribute to the rigidity of cir-
culating Iymphocytes.95 Septins consist of 13 members, which form
hetero-oligomeric complexes and higher order structures such as
rings.96 In CD8" T cells, septins are required for persistent motility
and proliferation.”””® Here, we focus on the actomyosin cytoskel-
eton, arguably the most critical network to convert biochemical sig-
nals into mechanical work for CD8" T-cell shape and displacement.
F-actin is composed of polymerized G-actin monomers. While the
addition of G-actin monomers to pre-existing barbed F-actin ends

occurs rapidly, the initial polymerization of individual G-actin be-
yond a dimer/trimer requires nucleation factors.”® Prominent nu-
cleation factors of CD8" T cells are the heptameric Arp2/3 complex
and the formins mDial and mDia2. The Arp2/3 complex becomes
activated by Cdc42-GTP and Racl/Rac2-GTP via the nucleation-
promoting factors WASP and SCAR/WAVE, respectively, to cre-
ate new F-actin filaments on preformed F-actin filaments in a 70°
angle. Thus, Arp2/3-mediated nucleation creates a branched F-actin
network and is preferentially generated at the leading edge of mi-
grating CD8" T cells to form pseudopods (Figure 1). Pseudopods
are evolutionary conserved actin-filled protrusions characteristic of
ameboid cell motility and require both WASP and SCAR/WAVE.1%°
In high-resolution microscopy, pseudopods actually appear as inter-
leaved microlammelipodia.’®* The precise actin network architec-
ture is determined by F-actin-binding proteins. ENA/VASP proteins
protect barbed ends from capping protein and thus contribute to
filament elongation. Similarly, the actin nucleation factor mDia pro-
tects growing actin filaments, whereas cofilin destabilizes existing
filaments to promote actin turnover.°? The Arp2/3 inhibitor Arpin
and coronin also limit Arp2/3-mediated F-actin network expan-
sion.103195 Thus, branched F-actin networks are highly dynamic with
constant filament turnover.

In contrast to Arp2/3, the nucleation factors mDial/2, also
known as formins, mediate actin nucleation to create linear F-actin
filaments. Upon phosphorylation of the regulatory myosin light
chain (MLC), non-muscle Myosin Il assembles into bipolar filaments
that enable linear F-actin filaments to move in an antiparallel man-
ner, leading to contraction.'%¢ Myosin-mediated contractility of the
cortical F-actin network in resting cells results in the spherical cell
shape observed in the absence of extracellular polarity-inducing
agents. Upon induction of polarity (eg, by addition of chemokines),
pMLC accumulates at the trailing edge of migrating cells, where it
mediates uropod contractility (Figure 1). Contractility serves several
critical functions. It is required to detach the trailing edge containing
LFA-1 and other adhesion molecules such as CD44 away from sites
of adhesion.!®” In addition, uropod forces are required to push the
nucleus through narrow pores in vitro and in vivo. Thus, inhibition
of uropod contractility using the Myosin Il inhibitor blebbistatin or
the ROCK inhibitor Y27632 leads to a phenotype where the leading
edge still migrates toward a chemotactic source, whereas the nu-
cleus becomes physically stuck.’°® Uropod contractility also leads
to an anterograde flow of cytoplasm. Depending on the anchorage
of the leading edge cortical actomyosin cytoskeleton to the plasma
membrane, the resulting hydrostatic pressure may lead the detach-
ment of the plasma membrane from the underlying cytoskeleton.109
This leads to the formation of membrane blebs, which are rapidly re-
filled with F-actin.''° Bleb formation has been reported for a variety
of cell types in vivo, such as during zebrafish gastrulation. There, bleb
formation contributes to successful steering of cell migration.!*%!12
Blebs do not appear to play a role during trafficking of naive T cells
inside lymphoid tissue, where F-actin-filled pseudopod protrusions
are predominant.113 Bleb formation may in turn constitute one of the
migration strategies acquired by CD8* T cells in NLT. Yet, it remains
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unclear whether CD8" T cells in NLT are able to develop sufficient
contractility required for bleb formation. This is experimentally chal-
lenging to address, since blebs constitute transient structures diffi-
cult to resolve by intravital imaging.

The branched F-actin network is constantly remodeled by
factors such as glial maturation factor (GMF). GMF disassembles
Arp2/3-containing branched junctions without severing actin fil-
aments, which may render these filaments amenable to Myosin IlI-
mediated contraction at the uropod. Accordingly, GMF isoforms are
highly expressed in CD8" T cells throughout all stages of immune
responses (www.immgen.org). Finally, Myosin Il activity contributes

(B) Proposed cellular

to disassembly of actin filaments for cell-scale actin treadmilling.*'*
From these properties, unexpected features can emerge such as the
universal coupling of cell speed and the straightness of movement:
the faster cells migrate, the higher is their directionality persistence.
High migratory speed stabilizes cell directionality by transporting
intracellular polarity cues, such as Myosin Il, to the trailing edge
through fast rearward F-actin flow.!*®

An intrinsic key feature of F-actin polymerization was recently
uncovered by high-resolution imaging of branched F-actin angle

116

distribution at the leading edge.””® With increasing membrane

load, which may correlate with encountering a dense barrier during

Epidermis (Epithelium)

Basement membrane
Dermis (Connective tissue)
CCL27

e CXCL9
CXCL10

perception of resistance

Basement membrane

FIGURE 2 Role of chemokines in barrier crossing and perception of resistance by T cells in non-lymphoid tissue. A, As an example, CD8"
Teee Migration in skin is pictured. In order for dermal cDs* Teee to accumulate in the epidermis, they have to cross the basement membrane
(BM) separating dermis from epidermis. In the absence of attraction by chemokines released from keratinocytes, the leading-edge F-actin
dynamics are wired to form leading edge protrusions away from dense barriers such as the ECM of a BM. This is in part because fast-growing
F-actin filaments accumulate preferentially where the plasma membrane experiences less resistance. When stimulated by chemokines,
chemokine receptors on CD8" Tere lead to local pikes of protrusive F-actin activity to insert pseudopods through permissive gaps of the

BM ECM mesh. The nucleus likely acts as a ruler to avoid nuclear rupture, which would occur when cells try to pass through non-permissive
gaps. B, Proposed perception of resistance to generate F-actin protrusions as indicated by arrows from a migratory T-cell perspective
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migration, leading edge F-actin branching angles became broader
with shorter fragments. In contrast, where membrane load was
decreased, expanding actin filaments growing perpendicular to
the plasma membrane outran filaments growing at steeper angles.
When reaching the plasma membrane, fast perpendicular filaments
become protected from capping proteins by factors such as VASP/
ENA and formins.'*® This leads to faster membrane protrusion
speeds and, by force coupling, efficient cell body translocation. This
model provides an explanation for the remarkable mechanosensi-
tivity displayed by leukocytes during their migration through 3D
collagen matrices, where these cells choose the path of least resis-

tance!’ (

Figure 2).

Pseudopod protrusion speeds alone do not determine the path
of tissue-infiltrating T cells. Rather, the nucleus as the biggest or-
ganelle is likely to play a central role for T-cell decision taking on
which path to follow in geometrically complex environments. Thus,
it has emerged in recent years that nuclear deformability deter-
mines the physical limitations of cell migration. The stiffness of the
nuclear envelope is determined by the expression of the structural
proteins lamin A and lamin C.X*® In leukocytes, their expression is
low, indicating a relatively soft nuclear envelope in line with their
motile lifestyle.*? When cancer cells are forced through narrow
pores in microchannel systems, their nuclear membrane may
rupture, leading to the recruitment of the ESCRT repair mecha-

nism.120,121

It is conceivable that similar mechanisms maintain T-
cell nuclear integrity intact during prolonged tissue surveillance,
in particular in tight epithelial environments. Maintaining nuclear
integrity also imposes a physical limit to T-cell migration in the ab-
sence of proteolytic degradation of the ECM. For T-cell blasts, the
minimum pore size is around 4 umz, which correlates to a circle
with a diameter of approximately 2.5 pm.122 Taken together, lead-
ing edge F-actin dynamics and nuclear restriction are important

parameters for path finding in complex environment. How is cell

(A)

body displacement accomplished by dynamic F-actin remodeling

and contraction?

2.1 | F-actin network dynamics and T-cell motility

Mesenchymal cell migration (eg, fibroblast migration) is achieved by
F-actin protrusions at the lamellipodium to push the membrane for-
ward, followed by new integrin-mediated focal adhesions and trailing
edge contraction.'?>1?* |n this migration mode, elevated substrate
adhesiveness actually stalls migration speeds owing to the necessity
to detach focal adhesions. Similarly, T-cell blasts placed on a 2D sur-
face (which has been the experimental standard over the last dec-
ades) require integrins, typically LFA-1, and an immobilized integrin
ligand, such as ICAM-1, on the surface for cell displacement.125 This
is because integrins are required for cell attachment on the surface
in 2D systems, as well as for outside-in signaling to the actomyosin
cytoskeleton and for force transmission from retrograde F-actin flow
(Figure 1). Such a motility mode may partially reflect physiological T-
cell migration on endothelial surfaces under flow, although in the lat-
ter case shear forces contribute to integrin activation.?°

In contrast, ameboid motility in 3D environments does not in-
volve strong substrate anchoring. In general, there are four modes
of focal adhesion-free migration: (a) swimming migration in blebbing
cells, (b) cell substrate intercalation by insertion of protrusions into
preformed or deformable gaps of the environment, (c) chimneying
by exerting force to ECM or adjacent cells perpendicular to the di-
rection of migration in order to keep the cell body in place, and (d),
flow-friction-driven force transmission by retrograde cortical actin
flow.'?® Recent work has shown that the latter mode is used by
naive T cells for migration under in vitro and in vivo confinement.
When these T cells are placed under confinement, for example, by
squeezing these cells between a coated plate and an agarose layer,
on ICAM-1 coated plates in the presence of CCL19 or CCL21, these

(8)

© CcCL2 & Myosin lIA #fl Bent/extended LFA-1
m CCR7 @ MTOC soe [CAM-1
seees Fogetin ~— Microtubules

FIGURE 3 Models of extrinsic vs intrinsic regulation of cell motility. A, Naive CD8" T cells (T\) under confinement are immotile unless
a chemokine is provided to induce polarization and rearward F-actin flow. Integrin ligands promote cell body translocation through weak
interactions, without inducing adhesion. B, CD8" Terr, and Ty canin principle tune their intrinsic F-actin treadmilling and/or contractility
independent of extrinsic cues for spontaneous motility. The precise contribution of intrinsic regulation during CD8"-mediated immune

surveillance remains unknown
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cells show remarkable high migration speeds reminiscent of values
observed in lymphoid tissue (Figures 1 and 3A). Under these condi-
tions, LFA-1 becomes dispensable for cell attachment since cells are
physically forced into contact with the environment. High-resolution
imaging of F-actin dynamics in confined T cells exposed to CCR7
ligands show constant F-actin polymerization at their leading edge.
Many newly formed F-actin filaments are rapidly pushed toward the
back of the cell, presumably owing to deformation resistance of the
leading edge plasma membrane. This results in fast F-actin retro-
grade flow tuned by the strength of chemokine receptor signaling.
The speed of the rearward F-actin flow determines the morphol-
ogy of the cell, with high flow speeds corresponding to elongated
shapes.}'® In the reductionist under agarose setting, LFA-1 trans-
mits weak frictional interactions to the substrate but does not it-
self contribute to outside-in F-actin polymerization. Thus, LFA-1
becomes engaged by retrograde F-actin flow to weakly interact with
its ligand ICAM-1.22” Through this clutch function, rearward F-actin
flow slows down and becomes transformed into forward movement,
which is tuned by ICAM-1 density. In contrast to the mesenchymal
mode of motility, high substrate adhesiveness does not induce lym-
phocyte arrest because no focal adhesions are formed.

In vivo morphometric analysis of CCR7”", LFA-1”" and double-
deficient T cells migrating on the FRC network of lymphoid tissue
have confirmed key aspects of the proposed model, such as cell
elongation in the absence of LFA-1 and cell shortening in the ab-
sence of CCR7. In addition, while absence of either molecule re-
sulted in a speed decrease, double-deficient T cells showed a more
pronounced loss of cell body translocation. These data clearly
demonstrate a complementary input by both modules for cell trans-
location in interstitium, in contrast to their sequential engagement
during extravasation.*® In sum, the mode of motility in naive T cells
within lymphoid tissue is consistent with a cortical actin flow model

proposed by Bray and White!?®

and permits a continuous sliding
mode of T cells while limiting their adhesive interactions with the
surrounding environment. One of the implications of this model is
that selective LFA-1 engagement may be restricted to encounters
with cognate pMHC-presenting DCs, as has been suggested by in
vitro studies of the IS and the reduced interaction time of CD8" T
cells with ICAM-1-deficient DCs in vivo.'2%130 Yet, arecent study has
challenged the concept that LFA-1-ICAM-1 interactions are required
for T-cell arrest on pMHC-presenting DCs during the first hours of
their encounters.’®! Thus, the precise role of LFA-1 during T-cell ac-
tivation in vivo and IS formation is still not well understood.

2.2 | Regulators of the actomyosin cytoskeleton in
CD8" T cells

Biochemical information triggered by chemokines and other me-
diators is transformed by leukocytes into mechanical work through
the activity of the actomyosin cytoskeleton. Which factors in turn
orchestrate the actomyosin network assembly and disassembly? As
in all eukaryotic cells, members of the small GTPase family, RhoA,
Rac and Cdc42, play central roles in T cells. These proteins cycle
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between GDP-bound inactive states and GTP-loaded active states,
in which these molecules interact with downstream effector mole-
cules. Racl and Rac2, both of which are expressed in leukocytes, ac-
tivate Arp2/3 complexes via SCAR/WAVE complexes. Lack of either
Racl or Rac2 only partially reduces speeds of naive T cells within
lymphoid tissue, suggesting largely overlapping functions of these
isoforms for optimal chemokine-triggered F-actin generation.!®?
Accordingly, in lymphoid tissue of plt/plt mice lacking the promigra-
tory factors CCL19 and CCL21, T-cell speeds decrease to a similar
level between WT T cells and T cells lacking either Racl or Rac2.
This suggests that under suboptimal migration conditions, one Rac
isoform suffices to transmit signals for cell motility. In contrast, lack
of both Rac1 and Rac2 precipitates a strong loss in T-cell motility.!%?

As outlined above, Cdc42 uses WASP complexes for Arp2/3 ac-
tivation. Detailed FRET-based reporter activity measurements have
uncovered that while both Rac and Cdc42 activity localizes to the
leading edge of migrating leukocytes, local Cdc42 signals precede
Rac activation before cell turning.**® Finally, in contrast to fibroblasts
and other mesenchymal cells, Rho activity is restricted to the trail-
ing edge and mediates uropod contractility via ROCK-mediated MLC
phosphorylation (Figure 1). In resting cells, such as in lymphocytes
freshly isolated from blood, levels of active, GTP-loaded Rac1/2 and
Cdc42 are low. RhoA-ROCK-Myosin Il activity is also low but likely
to be present, indicated by the spherical shape of cells under these
conditions (most cells adapt a spherical shape in suspension owing to

their intrinsic cortical actomyosin cytoskeleton contractility).

2.3 | GEFs and GAPs are critical regulators of
actomyosin dynamics

After stimulation with chemoattractants, CD8" T cells acquire a po-
larized shape with a leading edge and a trailing edge, and separated
activities of small GTPases. Small GTPases themselves are activated
by enzymes, which help to load GTP in place of GDP into the bind-
ing pocket to activate small GTPases, so called guanine exchange
factors (GEFs). The approximately 80 GEFs identified in mouse and
human genome do so by stabilizing the nucleotide-free form of small
GTPases, which then allows the replacement of GDP by the more
abundant GTP. There are several families of GEFs with distinct ac-
tive domains.'®* The largest subgroup of GEFs are the Dbl homology
(DH)-containing proteins including Vav, which is well characterized
forits role during TCR signaling. Yet, the involvement of Vav proteins
in primary CD8" T-cell motility is minor.®> Another member, Tiam1,
participates in CXCL12-induced T-cell migration through Rac activa-
tion but its role in CCR7-mediated migration and in vivo trafficking
has not been investigated in depth.136

A second family is constituted by dedicator of cytokinesis
(DOCK) proteins. DOCK family members express the DOCK homol-
ogy region (DHR) 2 as catalytically active domain. While DOCK1 is
expressed in most non-hematopoietic cell types, DOCK2 is a hema-
topoietically expressed Rac1/Rac2 GEF. Genetic deletion of DOCK2
results in strongly diminished F-actin polymerization after chemok-
ine stimulation and leads to a phenocopy of Rac1 and Rac2-deficient
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T cells, that is, virtually abolished mobility of T cells in lymphoid
tissue.132187138 DOCK2 is therefore the main Rac1/Rac2 GEF im-
plicated in chemokine-induced Arp2/3 activation in T cells. DOCK2
also leads to Rac activation downstream the S1P1, which delays
egress of DOCK2-deficient T cells from lymphoid tissue.**®
Intravital imaging of DOCK2-deficient T cells in lymphoid tissue
has identified two roles accomplished by DOCK2-Rac-axis during
immune responses. First, as predicted by modeling, lack of motility
strongly reduces the likelihood of DOCK2™”™ T cell encounters with
rare DCs distributed throughout lymphoid tissue. Second, DOCK2-
driven motility is required to allow T cells to find and cluster around
rare “optimal” DC, that is, DCs with high levels of cognate pMHC.
DOCK2 does so by promoting T-cell detachment from DCs with low
levels of cognate pMHC.#’ This supports the notion that high inter-
stitial motility of T cells has not only evolved to search for antigen
but serves also to limit T-cell activation: only signals, which induce
a strong stop signal, or which are repeatedly encountered over the
course of several hours, are licensed to give rise to T-cell activation.
Thus, chemokines regulate T-cell responses not only by guiding to
APC but additionally by maintaining high basal motility as quality
control for the strength of the activatory signal.
DOCK2 also regulates F-actin dynamics at the IS of activated
T cells.®®? There, the lipid-binding DHR1 domain of DOCK2 binds
phosphoinositide-3,4,5-phosphate (PIP3) of the peripheral supramo-
lecular activation cluster to drive centripetal F-actin polymerization.
This leads to the transportation of TCR to the central supramolecular
activation cluster and exerts forces that may help the TCR differen-
tiate between low- and high-affinity ligands.>'*° As a consequence,
Arp2/3-dependent F-actin polymerization at the IS is strongly re-
duced in DOCK2-deficient T cells. This correlates with defective T-cell
activation, despite the fact that most downstream signaling events
except Rac activation remain intact.}4* Finally, DOCK2 functions in
T-cell activation beyond facilitating DC encounter and direct TCR sig-
naling. The homeostatic chemokine CCL21 acts as a costimulatory
molecule during naive T-cell activation, which is in most part medi-
ated by Rac-driven ERK activation.'*? The importance of DOCK?2 for
the functioning of the immune system is reflected in the early-onset
severe immunodeficiency in humans lacking DOCK2 expression.!*
DOCKS8 is a Cdc42 GEF and allows DCs to navigate geometrically
complex environments.}** CD8" T cells lacking DOCK8 show com-
parable expansion during an adaptive immune response, but their
memory populations contract rapidly.**>**¢ Human CD8" T cells with
decreased or absent DOCKS8 expression owing to genetic mutations
undergo cell death in collagen matrix owing to disintegration of cell
shape, a process termed cytothripsis.147 In line with disturbed T-cell
trafficking, inhibition of DOCK8-Cdc42-mediated migration amelio-
rated the disease course in a mouse model of multiple sclerosis.**®
ArhGEF1 (also known as p115GEF or Isc) is a Rho GEF highly
expressed in naive and activated T cells. In its absence, Rho-GTP
loading and migration are severely impaired in response to chemoat-
tractants.*? In polarized T cell lines, ArhGEF1 is sequestered by the
microtubule network at the trailing edge. Microtubule disassembly
results in the release of this factor, leading to activation of Rho. This
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in turn triggers ROCK-dependent MLC phosphorylation and uropod
contractility? (Figure 1). In addition to the examples given above, T
cells express more than 20 GEFs, and their expression patterns often
change during activation (www.immgen.org). Yet, the roles of most
members of the DOCK and Dbl families for the in vivo function of
CD8" T cells remain largely unknown to date.

Activated small GTPases cleave GTP to GDP to return to the
resting state, but do so with relatively slow kinetics. GTPase-
activating proteins (GAPs) bind to the active, GTP-bound forms of
Rho, Rac, and Cdc42. GAP binding catalyzes the intrinsic GTPase
activity to convert small GTPases to the GDP-bound, inactive form.
Similar to GEFs, there are more than 60 GAPs found in mouse and
human genome, thus outnumbering the number of small GTPases.
The catalytic domain is conserved between GAPs, pointing to a
common evolutionary origin. Similar to GEFs, CD8" T cells express
more than 20 identified GAP members (www.immgen.org), and the
physiological function of most of these factors is unknown to date.
Of note, in an unbiased genetic screen to identify factors facilitating
intratumoral CD8" T-cell accumulation in a mouse model of mela-
noma, the authors identified the Rho GAP ArhGAP5 as an inhibitor
of CD8" Tere infiltration.*>° Yet, the mechanism of action has thus far
not been described, and may conceivably involve changes in T-cell
activation as well as altered ability to respond to chemoattractants.

Local suppression of small GTPase activity by GAPs serves a
similar function as local activation, namely to compartmentalize
pools of active Rac/Cdc42 and Rho to the leading and trailing edge
of polarized cells, respectively. As an example, Myosin IXB (Myo9b)
is an F-actin-binding cytoskeletal motor protein with a RhoGAP ac-

tivity as “cargo,”*®!

which accumulates at the leading edge of polar-
ized macrophages and DCs.**? In these cell types, Myo9b deficiency
leads to increased steady-state Rho-GTP levels and a contracted cell
phenotype that resulted in impaired migration in vitro and in vivo.
Absence of Myo9%b in T cells also resulted in increased steady-state
Rho-GTP levels, reduced in vitro migration toward homeostatic
chemokines and lower LN homing in vivo.”* Despite these defects,
Myo9b™~ CD8* T cells showed similar clonal expansion and effec-
tor differentiation in spleen and LN as their WT counterparts during
DC- or virus-triggered inflammation. In contrast, Myo9b™" effector
CD8" T cells failed to efficiently seed NLTs and to protect hosts
from skin infection. This phenotype correlated with a strongly re-
duced ability to cross dense ECM barriers in vitro.”* Taken together,
Myo9%b-dependent repression of Rho activity at the leading edge
has evolved to enable effector T cells to negotiate tissue barriers,
in particular those formed perpendicular to their migration path.
Specifically, T-cell seeding of non-lymphoid epithelial tissues that
are separated by a dense BM from underlying connective tissue is
critically dependent on carefully balanced Rho activity and for the
establishment of protective CD8* Tam populations.”* These findings
also highlight the impact of tissue architecture and properties on T-
cell infiltration and surveillance (Figure 2).

The Rho regulator Famé5b is highly expressed in naive T cells,
where it contributes to the maintenance of low steady-state Rho-GTP
levels akin to Myo%b. Yet, in contrast to Myo%9b, Famé5b does not



//doc.rero.ch

http

specifically accumulate at the leading edge of polarized T cells but is
uniformly distributed along the plasma membrane.}*® There, Famé65b
sequesters Rho and prevents its GTP-loading. Upon chemokine-
triggered Ser/Thr phosphorylation, Famé5b transiently detaches
from the plasma membrane to permit Rho-GTP formation.>® A sa-
lient feature of CD8" T cells is their decrease in expression levels of
Fam65b.5>* This suggests that low Famé5b levels in Trm May lead to
permanently increased Rho-GTP levels, and thus increased contrac-
tility of their cortical actomyosin cytoskeleton. This may reflect an
adaptation to more dense microenvironments of NLT as compared to
the loose fibroblastic scaffold found in SLO. Despite these few exam-
ples, the role for most of the GAPs during global positioning through

integrin regulation and migration control remain unaddressed to date.

2.4 | Beyond GEF and GAPs: additional regulators of
T-cell motility

Along with recent discoveries on GEF and GAP function for T-
cell immune surveillance, a number of unexpected regulators of
chemokine-triggered T-cell motility have emerged in recent years.
While it is beyond the scope of this review to provide a compre-
hensive overview, we present a few notable examples. Studies on
the actin-binding protein myosin 1G (Myo1lg) have uncovered a link
between T-cell motility patterns and activation phenotype. Myolg
accumulates at sites adjacent to sites where the T-cell plasma mem-
brane encounters obstacles, and contributes to the formation of a
new F-actin protrusion next to such obstacles.’>® This confers to T
cells the ability to meander and efficiently scan their surrounding en-
vironment. In turn, Myolg-deficient T cells display a more directional
motility inside lymphoid tissue as compared to WT T cells. 2PM im-
aging showed that the decreased meandering ability shortened the
average duration of individual T cell-DC contacts. This decrease in
contact time was compensated when DCs were abundant within
lymphoid tissue, since CD8" T cells remained able to integrate suffi-
cient information for full activation. In contrast, under conditions of
low DC frequency, this aberrant behavior resulted in impaired T-cell
activation.’®® This observation provides further evidence that the
migratory behavior of T cells is finely tuned to balance efficient tis-
sue scanning with sufficient signal integration for activation.

The Ser/Thr kinase WNK1 is best known for its role in regulating
salt homeostasis in kidney. Unexpectedly, in T cells, WNK1 acts as a
negative regulator of LFA-1 activity while positively regulating che-
motaxis via the kinases OXSR1 and STK39 and the ion transporter
SLC12A2. Thus, lack of WNK1 in primary T cells resulted in an hy-
peradhesive, hypomotile phenotype with a strongly decreased abil-
ity to inspect large tissue volumes.t>®

Regulators of the “large” GTPases, that is, the Gai subunits of
GPCRs, in particular RGS1, regulate T-cell migration in vivo.'®’
These proteins do so by accelerating the intrinsic GTPase activity
of GTP-bound Gai to fine-tune responsiveness to chemotactic sig-
nals. In contrast to Famé65b, RGS1 is specifically upregulated in Tp,,.
While its in vivo function remains incompletely understood, RGS1
may help to suppress signaling by tissue egress-promoting factors,
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in particular S1P or in case of epidermis, CCL21. Thus, lack of RGS1
may contribute to facilitate long-term tissue residency in these cell
populations by regulating responsiveness to chemoattractants, in
addition to decreased S1P1 and CCR7 levels.

2.5 | CD8" T-cell membrane properties and
exertion of forces

In recent years, it has become increasingly clear that regulation of
the F-actin network affects the biophysical properties of T-cell mem-
branes. One important readout is the plasma membrane tension,
which is related to the force needed to deform a membrane. Owing
to the task of CD8" T cells to interact with DCs and scan the surfaces
of other cells, control of membrane tension is critical. Membrane
tension is influenced by three components: first, “in-plane” tension
describes the tension between lipids of the membrane bilayer and
is influenced in part by osmotic pressure. It is generally assumed
that local rises of in-plane tension become distributed within mil-
liseconds throughout the plasma membrane.r*®*>? However, this
has been put into question by a recent study.**° Second, membrane-
to-cortex attachment (MCA), or membrane-cytoskeleton adhesion,
describes the anchorage of the cortical actomyosin cytoskeleton
through adaptors for transmembrane proteins such as phosphoryl-
ated Ezrin/radixin/moesin (pERM) or protein binding lipids such as
PIP2 of the inner leaflet of the plasma membrane. MCA, therefore,
increases membrane tension. During T-cell activation via TCR signal-
ing, pERM levels rapidly decrease, allowing for a relaxation of the
MCA in T cells. This in turn facilitates attachment to DCs and may
partially compensate for LFA-1-ICAM-1 adhesion during early inter-
actions.'®! In support of this, regulation of stiffness is one of the
factors that controls T cell engagement with APC.%? Third, cortical
tension describes the tension of the actin cortex below the plasma
membrane, which depends on myosin activity, the length of actin
filaments and their nanoarchitecture.’®® Together, these factors
regulate the deformability of cells and the force needed to induce
cell shape change. Compared to most stromal cells, leukocytes are
soft and deformable cells. The Young's modulus quantifies the re-
sistance of an object to being deformed when a force is applied to
it and ranges from more than 10 kPa in fibroblasts to approximately
0.1 kPa in CD8" T cells.’®* Regulation of cell deformability is tightly
regulated and is likely a key feature for CD8" T-cell infiltration and
scanning of diverse tissues. Nonetheless, there is to date scarce in-
formation to date how the regulation of the F-actin cytoskeleton
influences the biophysical properties and surveillance ability of dis-

tinct T-cell subsets in lymphoid and non-lymphoid tissues.

3 | PART 3. EXTRINSIC AND INTRINSIC
REGULATION OF CD8" T-CELL
POSITIONING IN NLT

A major challenge is to translate findings from reductionist in
vitro systems to physiological settings in vivo. What are the
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contributions of leading-edge F-actin production, cortex contrac-
tility, chemokine signaling, and integrin adhesion to CD8* T cell
immune surveillance in lymphoid and non-lymphoid microenvi-
ronments? 2PM intravital imaging of CD8" T cells within lymphoid
and non-lymphoid organs has uncovered distinct motility param-
eters including speeds or directionality. SLO support the highest
migratory speeds of 12-15 pm/min, whereas in dermis and other
connective tissues speeds decrease to approximately 5-8 pum/
min. In the epidermis, speeds drop to less than 2 pm/min, with the
cell shape changing from ameboid in LN and connective tissue to
convoluted, dendrite-rich shapes in the epidermal layer. Although
it has not yet been formally shown, the shape changes and speeds
displayed by CD8"* T cells are likely imprinted by architectural
constraints of their microenvironments, including the intercellu-
lar adhesiveness of their components by tight junctions, and the
availability of paths of low resistance.’® A second, non-exclusive
option is that biochemical factors of the environment such as
availability of metabolites, chemoattractants, and adhesion mol-
ecules imprint the motility behavior of CD8" T cells in NLTs. Yet,
it is well established that leukocytes are able to migrate in the
absence of surface integrin or the integrin-cytoskeletal linker
talin.’°® In cell lines, low friction within microchannels suffices
to generate sufficient force for cell motility.X*> Similarly, “chim-
neying” between channel walls has been described as mechanism
for cell translocation, in a process reminiscent of mountaineers
climbing between juxtaposed rock walls.*®® An advantage of non-
specific guidance is that it would permit unrestricted spread of
patrolling memory CD8" T cells to environments with different
adhesive landscapes.

In NLT, there is strong evidence that chemoattractants are im-
portant factors governing CD8" Tepr accumulation at inflammation
hotspots. As outlined above, CXCR3 ligands have emerged as at-
tractants for CD8" T cells to viral foci during skin reinfection or to-
ward tumors.”72167 Similarly, epidermal T, require Gai signaling
for their dendrite shape and motility.'*® Furthermore, NLT chemo-
attractants play a critical role to recruit cells across tissue barri-
ers, in particular BM oriented perpendicular to the migration path.
BM consists of collagen IV, laminins, and the cross-linking proteins
nidogen and perlecans.l‘l’(”’170 For diapedesis in postcapillary ve-
nules, it has already been shown that neutrophils prefer areas
with low density of ECM deposition for transmigration.}”* Along
the same line, the BM components laminins a4 and o5 differen-
tially affect the transmigration capacity of effector T cells.”?173
Similarly, the epidermis with the tightly packed layers of kerati-
nocytes as example of an epithelial tissue is separated from the
underlying dermis by a dense BM. Thus, KLRG-1"*" effector CD8"
T cells entering dermal vessels during skin inflammation move to-
ward the epidermis only when attracted by CXCR3 ligands and
other chemoattractants.”> Chemoattraction is necessary because
the leukocytes would otherwise not cross the BM separating der-
mis from epidermis owing to the dynamic properties of the cortical
actin network to move away from obstacles. Thus, local chemok-
ine receptor activation at the interface with the BM and the T-cell
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membrane overrides the intrinsic property of F-actin networks to
induce a turn (Figure 2).

Yet, in vitro activated T cells are able to show motility within
collagen matrices in the absence of chemokine addition.!?” It is
therefore conceivable that NLT CD8" T cells intrinsically regulate
the threshold for actomyosin-driven polarization, F-actin tread-
milling and contractility in a given microenvironment for spon-
taneous motility independent of extrinsic factors. In fact, there is
evidence that CD8" T cells do so as part of the surveillance strategy
of their target organs. Thus, naive CD8* T cells move on the stro-
mal backbone of SLO by CCL21-triggered F-actin polymerization

at the leading edge,1%2138

whereas uropod contractility plays only
a minor role for lymphoid tissue scanning.?’ This is compatible with
the lack of immotile obstacles in this organ—although it is tightly
packed with lymphocytes, all cells remain highly mobile and move
on a loose sponge-like scaffold. In contrast, Tg,, migrating in lung or
epidermis become increasingly susceptible to inhibition of uropod
contractility, either owing to tissue constraints or because contrac-
tility becomes increased in these cells.*®174 In support of this, we
have observed that Tg,, populations isolated from exocrine glands
display high steady-state pMLC levels, indicative of a hypercontrac-
tile phenotype. This correlated with confinement-induced sponta-
neous Tg,, motility in the absence of chemoattractant signaling or
specific adhesion (NR and JVS, unpublished observations). Recent
reports have confirmed that low adhesiveness under mild confine-
ment induces spontaneous ameboid motility via cortical contractil-
ity, even in adherent mesenchymal cell lines'7>176 (Figure 3). Such
a migration mode permits to bypass the necessity for continuous
expression of inflammatory chemokines after clearance of infection,
which may otherwise lead to continuous leukocyte influx and exac-
erbated inflammation. Instead, this mode would allow CD8* Tem to
remain responsive to inflammatory chemokines that are locally se-
creted at sites of pathogen re-emergence. Yet, to which extent NLT
CD8" T cells engage in an intrinsically driven, chemoattractant- and
adhesion-free motility mode that adapts to the topography of the
microenvironment has not been comprehensively explored in vivo.

4 | CONCLUDING REMARKS

CD8" T cells have evolved to scan the surfaces of other cells in
virtually any tissue of vertebrates, which makes these cells a use-
ful tool to study adaptation to distinct microenvironments. In re-
cent years, many new and exciting concepts were proposed in the
field of cell migration using sophisticated in vitro systems. A major
challenge is to translate these findings to the physiological envi-
ronments where T cells naturally move. While chemoattractants
and adhesion molecules play central roles for T-cell recruitment
from blood and toward activated cell clusters, basic biophysical
properties of the F-actin network, membrane properties such as
MCA and local contractility may favor spontaneous motility under
certain circumstances. Thus, one option is that throughout their
life span from naive to effector and memory CD8" T cell, these
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cells dynamically regulate the intrinsic threshold for dynamic
F-actomyosin network remodeling. This could be achieved either
by increasing F-actin treadmilling, regulating levels of actin net-
work cross-linkers, or by adapting local or global membrane ten-
sion including Myosin II-mediated contractility. In such a scenario,
chemokines may act less to trigger scanning per se but rather to
direct this migration to a target area.

The mechanosensing actomyosin network of moving CD8" T
cells is tuned to sense the local topography to explore possible
migration paths, in particular with regard to the size restriction
imposed by the nucleus. A fertile field for future research is, there-
fore, the regulation of the nuclear-cytoskeletal linkage in CD8*
T-cell subsets during adaptive immune responses.'”” Yet, a con-
founding factor for in vivo analysis is that there is still very limited
information available on the biophysical properties of many adult
mouse organs. A recent study has employed super-resolution
shadow imaging to assess the extracellular space of brain pa-
renchyma.’® This promising approach may be applicable more
broadly to other NLT, especially in combination with treatments
to strain the tissue such as increasing osmotic stress or physical
perturbations.

Finally, the applicability of adoptive T-cell therapy for cancer im-
munotherapy opens a window of opportunity to selectively interfere
with regulators of the actomyosin cytoskeleton, at least in preclin-
ical rodent models. How could one improve the autonomous infil-
tration properties of transferred CD8" T cells? T cells avoid dense
ECM barriers, presumably to avoid nuclear rupture.179 This restricts
their potential to infiltrate solid tumors, which are often surrounded
by BM or other barriers, in the absence of a chemokine gradient.
By increasing the tolerance to elastic deformation, even at the ex-
pense of nuclear integrity, CD8" T cells may be designed to become
autonomous infiltrators across BM surrounding solid tumors. While
this induces a non-physiological behavior of T cells, cellular integrity
is less important in transferred cell populations since cotransferred,
untreated cytotoxic T cells may profit from the breach-inducing ac-
tivity of “infiltrators.” Yet, such translational aspects of modulation
of cell motility still require experimental exploration. In sum, there
is still a lot to explore on how CD8" T cells integrate external and

internal regulators to “search” in order to “destroy.”

ACKNOWLEDGEMENTS

The Stein laboratory is supported by Swiss National Foundation
grants CRSII5_170969, 31003A_172994 and Swiss Cancer League
KFS-3524-08-2014.

CONFLICT OF INTEREST

The authors report no financial or personal conflicts of interest.

ORCID

Jens V. Stein https://orcid.org/0000-0002-8199-9586

14

REFERENCES

1.

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

Eberl G. Immunity by equilibrium. Nat Rev Immunol. 2016;16(8):
524-532.

Dieckmann NM, Frazer GL, Asano Y, Stinchcombe JC, Griffiths
GM. The cytotoxic T lymphocyte immune synapse at a glance. J
Cell Sci. 2016;129(15):2881-2886.

Basu R, Whitlock BM, Husson J, et al. Cytotoxic T cells use mechani-
cal force to potentiate target cell killing. Cell. 2016;165(1):100-110.
Ritter AT, Asano Y, Stinchcombe JC, et al. Actin depletion initiates
events leading to granule secretion at the immunological synapse.
Immunity. 2015;42(5):864-876.

Hu KH, Butte MJ. T cell activation requires force generation. J Cell
Biol. 2016;213(5):535-542.

Rossy J, Laufer JM, Legler DF. Role of mechanotransduction and
tension in T cell function. Front Immunol. 2018;9:2638.

Hivroz C, Saitakis M. Biophysical aspects of T lymphocyte activa-
tion at the immune synapse. Front Immunol. 2016;7:46.

Galon J, Costes A, Sanchez-Cabo F, et al. Type, density, and loca-
tion of immune cells within human colorectal tumors predict clini-
cal outcome. Science. 2006;313(5795):1960-1964.

Peranzoni E, Lemoine J, Vimeux L, et al. Macrophages impede
CD8 T cells from reaching tumor cells and limit the efficacy of
anti-PD-1 treatment. Proc Natl Acad Sci USA. 2018;115(17):E4041
-E4050.

Galon J, Angell HK, Bedognetti D, Marincola FM. The continuum
of cancer immunosurveillance: prognostic, predictive, and mecha-
nistic signatures. Immunity. 2013;39(1):11-26.

Krummel MF, Macara I. Maintenance and modulation of T cell po-
larity. Nat Immunol. 2006;7(11):1143-1149.

Renkawitz J, Sixt M. Mechanisms of force generation and force
transmission during interstitial leukocyte migration. EMBO Rep.
2010;11(10):744-750.

Charras G, Sahai E. Physical influences of the extracellular environ-
ment on cell migration. Nat Rev Mol Cell Biol. 2014;15(12):813-824.
van Helvert S, Storm C, Friedl P. Mechanoreciprocity in cell migra-
tion. Nat Cell Biol. 2018;20(1):8-20.

Tscharke DC, Croft NP, Doherty PC, La Gruta NL. Sizing up the
key determinants of the CD8(+) T cell response. Nat Rev Immunol.
2015;15(11):705-716.

. van Heijst JW, Gerlach C, Swart E, et al. Recruitment of antigen-

specific CD8+ T cells in response to infection is markedly efficient.
Science. 2009;325(5945):1265-1269.

von Andrian UH, Mempel TR. Homing and cellular traffic in lymph
nodes. Nat Rev Immunol. 2003;3(11):867-878.

Bao X, Moseman EA, Saito H, et al. Endothelial heparan sul-
fate controls chemokine presentation in recruitment of
lymphocytes and dendritic cells to lymph nodes. Immunity.
2010;33(5):817-829.

Shamri R, Grabovsky V, Gauguet JM, et al. Lymphocyte arrest re-
quires instantaneous induction of an extended LFA-1 conforma-
tion mediated by endothelium-bound chemokines. Nat Immunol.
2005;6(5):497-506.

Alon R, Dustin ML. Force as a facilitator of integrin conformational
changes during leukocyte arrest on blood vessels and antigen-
presenting cells. Immunity. 2007;26(1):17-27.

Boscacci RT, Pfeiffer F, Gollmer K, et al. Comprehensive analysis
of lymph node stroma-expressed Ig superfamily members reveals
redundant and nonredundant roles for ICAM-1, ICAM-2, and
VCAM-1 in lymphocyte homing. Blood. 2010;116(6):915-925.
Petrie RJ, Doyle AD, Yamada KM. Random versus direc-
tionally persistent cell migration. Nat Rev Mol Cell Biol.
2009;10(8):538-549.

Shulman Z, Shinder V, Klein E, et al. Lymphocyte crawling and
transendothelial migration require chemokine triggering of high-
affinity LFA-1 integrin. Immunity. 2009;30(3):384-396.



//doc.rero.ch

http

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Barzilai S, Yadav SK, Morrell S, et al. Leukocytes breach endothe-
lial barriers by insertion of nuclear lobes and disassembly of endo-
thelial actin filaments. Cell Rep. 2017;18(3):685-699.

Cinamon G, Shinder V, Alon R. Shear forces promote lymphocyte
migration across vascular endothelium bearing apical chemokines.
Nat Immunol. 2001;2(6):515-522.

Shimonaka M, Katagiri K, Nakayama T, et al. Rapl translates
chemokine signals to integrin activation, cell polarization, and
motility across vascular endothelium under flow. J Cell Biol.
2003;161(2):417-427.

Soriano SF, Hons M, Schumann K, et al. In vivo analysis of uro-
pod function during physiological T cell trafficking. J Immunol.
2011;187(5):2356-2364.

Shulman Z, Cohen SJ, Roediger B, et al. Transendothelial migra-
tion of lymphocytes mediated by intraendothelial vesicle stores
rather than by extracellular chemokine depots. Nat Immunol.
2011;13(1):67-76.

Mionnet C, Sanos SL, Mondor |, et al. High endothelial venules as
traffic control points maintaining lymphocyte population homeo-
stasis in lymph nodes. Blood. 2011;118(23):6115-6122.

Miyasaka M, Tanaka T. Lymphocyte trafficking across high
endothelial venules: dogmas and enigmas. Nat Rev Immunol.
2004;4(5):360-370.

Bajenoff M, Egen JG, Koo LY, et al. Stromal cell networks regu-
late lymphocyte entry, migration, and territoriality in lymph nodes.
Immunity. 2006;25(6):989-1001.

Sixt M, Kanazawa N, Selg M, et al. The conduit system transports
soluble antigens from the afferent lymph to resident dendritic cells
in the T cell area of the lymph node. Immunity. 2005;22(1):19-29.
Miller MJ, Wei SH, Cahalan MD, Parker |. Autonomous T cell traf-
ficking examined in vivo with intravital two-photon microscopy.
Proc Natl Acad Sci USA. 2003;100(5):2604-2609.

Beltman JB, Maree AF, de Boer RJ. Analysing immune cell migra-
tion. Nat Rev Immunol. 2009;9(11):789-798.

Textor J, Peixoto A, Henrickson SE, Sinn M, von Andrian UH,
Westermann J. Defining the quantitative limits of intravi-
tal two-photon lymphocyte tracking. Proc Natl Acad Sci USA.
2011;108(30):12401-12406.

Kanda H, Newton R, Klein R, Morita Y, Gunn MD, Rosen SD.
Autotaxin, an ectoenzyme that produces lysophosphatidic acid,
promotes the entry of lymphocytes into secondary lymphoid or-
gans. Nat Immunol. 2008;9(4):415-423.

Takeda A, Kobayashi D, Aoi K, et al. Fibroblastic reticular cell-
derived lysophosphatidic acid regulates confined intranodal T-cell
motility. Elife. 2016;5:e10561.

Knowlden SA, Capece T, Popovic M, et al. Regulation of T
cell motility in vitro and in vivo by LPA and LPA2. PLoS ONE.
2014;9(7):e101655.

Link A, Vogt TK, Favre S, et al. Fibroblastic reticular cells in lymph
nodes regulate the homeostasis of naive T cells. Nat Immunol.
2007;8(11):1255-1265.

Katakai T, Habiro K, Kinashi T. Dendritic cells regulate high-speed
interstitial T cell migration in the lymph node via LFA-1/ICAM-1. J
Immunol. 2013;191(3):1188-1199.

Siegert S, Luther SA. Positive and negative regulation of T cell re-
sponses by fibroblastic reticular cells within paracortical regions of
lymph nodes. Front Immunol. 2012;3:285.

Baeyens A, Fang V, Chen C, Schwab SR. Exit strategies: S1P signal-
ing and T cell migration. Trends Immunol. 2015;36(12):778-787.
Forster R, Braun A, Worbs T. Lymph node homing of T cells
and dendritic cells via afferent lymphatics. Trends Immunol.
2012;33(6):271-280.

Benechet AP, Menon M, Xu D, et al. T cell-intrinsic S1PR1 regulates
endogenous effector T-cell egress dynamics from lymph nodes
during infection. Proc Natl Acad Sci USA. 2016;113(8):2182-2187.

15

45.

46.

47.

48.

49.

50.

51.

52.

583.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Schwab SR, Cyster JG. Finding a way out: lymphocyte egress from
lymphoid organs. Nat Immunol. 2007;8(12):1295-1301.

Moreau HD, Bousso P. Visualizing how T cells collect activation
signals in vivo. Curr Opin Immunol. 2014;26:56-62.

Miller MJ, Hejazi AS, Wei SH, Cahalan MD, Parker I. T cell reper-
toire scanning is promoted by dynamic dendritic cell behavior and
random T cell motility in the lymph node. Proc Natl Acad Sci USA.
2004;101(4):998-1003.

Bajenoff M, Egen JG, Qi H, Huang AY, Castellino F, Germain RN.
Highways, byways and breadcrumbs: directing lymphocyte traffic
in the lymph node. Trends Immunol. 2007;28(8):346-352.
Ackerknecht M, Gollmer K, Germann P, et al. Antigen availability
and DOCK2-driven motility govern CD4(+) T cell interactions with
dendritic cells in vivo. J Immunol. 2017;199(2):520-530.

Bromley SK, Peterson DA, Gunn MD, Dustin ML. Cutting edge:
hierarchy of chemokine receptor and TCR signals regulating T cell
migration and proliferation. J Immunol. 2000;165(1):15-19.
Henrickson SE, von Andrian UH. Single-cell dynamics of T-cell
priming. Curr Opin Immunol. 2007;19(3):249-258.

Shiow LR, Rosen DB, Brdickova N, et al. CD69 acts downstream of
interferon-alpha/beta to inhibit SIP1 and lymphocyte egress from
lymphoid organs. Nature. 2006;440(7083):540-544.

Ackerknecht M, Hauser MA, Legler DF, Stein JV. In vivo TCR signal-
ing in CD4(+) T cells imprints a cell-intrinsic, transient low-motility
pattern independent of chemokine receptor expression levels, or
microtubular network, integrin, and protein kinase C activity. Front
Immunol. 2015;6:297.

Mayya V, Dustin ML. What scales the T cell response? Trends
Immunol. 2016;37(8):513-522.

Marchingo JM, Kan A, Sutherland RM, et al. Antigen affinity, co-
stimulation, and cytokine inputs sum linearly to amplify T cell ex-
pansion. Science. 2014;346(6213):1123-1127.

Tkach KE, Barik D, Voisinne G, et al. T cells translate individual,
quantal activation into collective, analog cytokine responses via
time-integrated feedbacks. Elife. 2014;3:e01944.

Ozga AJ, Moalli F, Abe J, et al. pMHC affinity controls du-
ration of CD8+ T cell-DC interactions and imprints tim-
ing of effector differentiation versus expansion. J Exp Med.
2016;213(12):2811-2829.

Au-Yeung BB, Zikherman J, Mueller JL, et al. A sharp T-cell antigen
receptor signaling threshold for T-cell proliferation. Proc Natl Acad
Sci USA. 2014;111(35):E3679-E3688.

Bohineust A, Garcia Z, Beuneu H, Lemaitre F, Bousso P.
Termination of T cell priming relies on a phase of unresponsive-
ness promoting disengagement from APCs and T cell division. J
Exp Med. 2018;215(5):1481-1492.

Sung JH, Zhang H, Moseman EA, et al. Chemokine guidance of
central memory T cells is critical for antiviral recall responses in
lymph nodes. Cell. 2012;150(6):1249-1263.

Groom JR, Richmond J, Murooka TT, et al. CXCR3 chemok-
ine receptor-ligand interactions in the lymph node optimize
CD4+ T helper 1 cell differentiation. Immunity. 2012;37(6):
1091-1103.

von Andrian UH, Mackay CR. T-cell function and migration. Two
sides of the same coin. N Engl J Med. 2000;343(14):1020-1034.
Smithson G, Rogers CE, Smith PL, et al. Fuc-Tvii is required for
T helper 1 and T cytotoxic 1 lymphocyte selectin ligand expres-
sion and recruitment in inflammation, and together with fuc-
tiv regulates naive T cell trafficking to lymph nodes. J Exp Med.
2001;194(5):601-614.

NolzJC,HartyJT.IL-15regulates memory CD8+ T cell O-glycan syn-
thesis and affects trafficking. J Clin Invest. 2014;124(3):1013-1026.
Mora JR, von Andrian UH. T-cell homing specificity and plas-
ticity: new concepts and future challenges. Trends Immunol.
2006;27(5):235-243.



//doc.rero.ch

http

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Sigmundsdottir H, Butcher EC. Environmental cues, dendritic cells
and the programming of tissue-selective lymphocyte trafficking.
Nat Immunol. 2008;9(9):981-987.

Kadoki M, Patil A, Thaiss CC, et al. Organism-level analysis of
vaccination reveals networks of protection across tissues. Cell.
2017;171(2):398-413.e321.

Weninger W, Ulfman LH, Cheng G, et al. Specialized contributions
by «(1,3)-fucosyltransferase-1V and FucT-VII during leukocyte roll-
ing in dermal microvessels. Immunity. 2000;12(6):665-676.
Springer TA. Traffic signals for lymphocyte recirculation and leuko-
cyte emigration: the multistep paradigm. Cell. 1994,76(2):301-314.
Khan TN, Mooster JL, Kilgore AM, Osborn JF, Nolz JC. Local anti-
gen in nonlymphoid tissue promotes resident memory CD8+ T cell
formation during viral infection. J Exp Med. 2016;213(6):951-966.
Hickman HD, Reynoso GV, Ngudiankama BF, et al. CXCR3 chemo-
kine receptor enables local CD8(+) T cell migration for the destruc-
tion of virus-infected cells. Immunity. 2015;42(3):524-537.

Ariotti S, Beltman JB, Borsje R, et al. Subtle CXCR3-dependent
chemotaxis of CTLs within infected tissue allows efficient target
localization. J Immunol. 2015;195(11):5285-5295.

Lammermann T, Germain RN. The multiple faces of leukocyte in-
terstitial migration. Semin Immunopathol. 2014;36(2):227-251.
Weninger W, Biro M, Jain R. Leukocyte migration in the in-
terstitial space of non-lymphoid organs. Nat Rev Immunol.
2014;14(4):232-246.

Mackay LK, Rahimpour A, Ma JZ, et al. The developmental path-
way for CD103(+)CD8+ tissue-resident memory T cells of skin. Nat
Immunol. 2013;14(12):1294-1301.

Overstreet MG, Gaylo A, Angermann BR, et al. Inflammation-
induced interstitial migration of effector CD4(+) T cells is depen-
dent on integrin alphaV. Nat Immunol. 2013;14(9):949-958.
Osborn JF, Mooster JL, Hobbs SJ, et al. Enzymatic synthesis of
core 2 O-glycans governs the tissue-trafficking potential of mem-
ory CD8(+) T cells. Sci Immunol. 2017;2(16).

Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Two subsets
of memory T lymphocytes with distinct homing potentials and ef-
fector functions. Nature. 1999;401(6754):708-712.

Gerlach C, Moseman EA, Loughhead SM, et al. The chemokine
receptor CX3CR1 defines three antigen-experienced CD8 T cell
subsets with distinct roles in immune surveillance and homeosta-
sis. Immunity. 2016;45(6):1270-1284.

lijima N, Iwasaki A. Tissue instruction for migration and retention
of TRM cells. Trends Immunol. 2015;36(9):556-564.

Schenkel JM, Fraser KA, Beura LK, Pauken KE, Vezys V,
Masopust D. T cell memory. Resident memory CD8 T cells trig-
ger protective innate and adaptive immune responses. Science.
2014;346(6205):98-101.

Stary G, Olive A, Radovic-Moreno AF, et al. A mucosal vaccine
against Chlamydia trachomatis generates two waves of protective
memory T cells. Science. 2015;348(6241):aaa8205.

Ariotti S, Hogenbirk MA, Dijkgraaf FE, et al. Skin-resident mem-
ory CD8(+) T cells trigger a state of tissue-wide pathogen alert.
Science. 2014;346(6205):101-105.

Mueller SN, Mackay LK. Tissue-resident memory T cells: local spe-
cialists in immune defence. Nat Rev Immunol. 2016;16(2):79-89.
Gebhardt T, Palendira U, Tscharke DC, Bedoui S. Tissue-resident
memory T cells in tissue homeostasis, persistent infection, and
cancer surveillance. Immunol Rev. 2018;283(1):54-76.

Corgnac S, Boutet M, Kfoury M, Naltet C, Mami-Chouaib F. The
emerging role of CD8(+) tissue resident memory T (TRM) cells
in antitumor immunity: a unique functional contribution of the
CD103 integrin. Front Immunol. 2018;9:1904.

Zaid A, Mackay LK, Rahimpour A, et al. Persistence of skin-resident
memory T cells within an epidermal niche. Proc Natl Acad Sci USA.
2014;111(14):5307-5312.

16

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Ariotti S, Beltman JB, Chodaczek G, et al. Tissue-resident mem-
ory CD8+ T cells continuously patrol skin epithelia to quickly
recognize local antigen. Proc Natl Acad Sci USA. 2012;109(48):
19739-19744.

Beura LK, Mitchell JS, Thompson EA, et al. Intravital mucosal im-
aging of CD8(+) resident memory T cells shows tissue-autonomous
recall responses that amplify secondary memory. Nat Immunol.
2018;19(2):173-182.

McNamara HA, Cai Y, Wagle MV, et al. Up-regulation of LFA-1
allows liver-resident memory T cells to patrol and remain in the
hepatic sinusoids. Sci Immunol. 2017;2(9).

Moalli F, Ficht X, Germann P, et al. The Rho regulator Myosin IXb
enables nonlymphoid tissue seeding of protective CD8(+) T cells. J
Exp Med. 2018;215(7):1869-1890.

Skon CN, Lee JY, Anderson KG, Masopust D, Hogquist KA,
Jameson SC. Transcriptional downregulation of S1pr1 is required
for the establishment of resident memory CD8+ T cells. Nat
Immunol. 2013;14(12):1285-1293.

Mueller SN, Gebhardt T, Carbone FR, Heath WR. Memory T
cell subsets, migration patterns, and tissue residence. Annu Rev
Immunol. 2013;31:137-161.

Takesono A, Heasman SJ, Wojciak-Stothard B, Garg R, Ridley AJ.
Microtubules regulate migratory polarity through Rho/ROCK sig-
naling in T cells. PLoS ONE. 2010;5(1):e8774.

Brown MJ, Hallam JA, Colucci-Guyon E, Shaw S. Rigidity of circu-
lating lymphocytes is primarily conferred by vimentin intermediate
filaments. J Immunol. 2001;166(11):6640-6646.

Mostowy S, Cossart P. Septins: the fourth component of the cyto-
skeleton. Nat Rev Mol Cell Biol. 2012;13(3):183-194.

Mujal AM, Gilden JK, Gerard A, Kinoshita M, Krummel MF. A septin
requirement differentiates autonomous and contact-facilitated T
cell proliferation. Nat Immunol. 2016;17(3):315-322.

Tooley AJ, Gilden J, Jacobelli J, et al. Amoeboid T lymphocytes re-
quire the septin cytoskeleton for cortical integrity and persistent
motility. Nat Cell Biol. 2009;11(1):17-26.

Goley ED, Welch MD. The ARP2/3 complex: an actin nucleator
comes of age. Nat Rev Mol Cell Biol. 2006;7(10):713-726.
Fritz-Laylin LK, Lord SJ, Mullins RD. WASP and SCAR are evolu-
tionarily conserved in actin-filled pseudopod-based motility. J Cell
Biol. 2017;216(6):1673-1688.

Fritz-Laylin LK, Riel-Mehan M, Chen BC, et al. Actin-based protru-
sions of migrating neutrophils are intrinsically lamellar and facili-
tate direction changes. Elife. 2017;6.

Krause M, Gautreau A. Steering cell migration: lamellipodium dy-
namics and the regulation of directional persistence. Nat Rev Mol
Cell Biol. 2014;15(9):577-590.

Foger N, Rangell L, Danilenko DM, Chan AC. Requirement for
coronin 1 in T lymphocyte trafficking and cellular homeostasis.
Science. 2006;313(5788):839-842.

Shiow LR, Roadcap DW, Paris K, et al. The actin regulator coro-
nin 1A is mutant in a thymic egress-deficient mouse strain and in
a patient with severe combined immunodeficiency. Nat Immunol.
2008;9(11):1307-1315.

Dang |, Gorelik R, Sousa-Blin C, et al.
ling to the Arp2/3 complex steers cell
2013;503(7475):281-284.
Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz AR. Non-
muscle myosin Il takes centre stage in cell adhesion and migration.
Nat Rev Mol Cell Biol. 2009;10(11):778-790.

Morin NA, Oakes PW, Hyun YM, et al. Nonmuscle myosin heavy
chain IIA mediates integrin LFA-1 de-adhesion during T lympho-
cyte migration. J Exp Med. 2008;205(1):195-205.

Lammermann T, Bader BL, Monkley SJ, et al. Rapid leukocyte mi-
gration by integrin-independent flowing and squeezing. Nature.
2008;453(7191):51-55.

Inhibitory signal-
migration. Nature.



//doc.rero.ch

http

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Tinevez JY, Schulze U, Salbreux G, Roensch J, Joanny JF, Paluch
E. Role of cortical tension in bleb growth. Proc Natl Acad Sci USA.
2009;106(44):18581-18586.

Paluch EK, Raz E. The role and regulation of blebs in cell migration.
Curr Opin Cell Biol. 2013;25(5):582-590.

Diz-Munoz A, Krieg M, Bergert M, et al. Control of directed cell
migration in vivo by membrane-to-cortex attachment. PLoS Biol.
2010;8(11):e1000544.

Diz-Munoz A, Romanczuk P, Yu W, et al. Steering cell migration by
alternating blebs and actin-rich protrusions. BMC Biol. 2016;14:74.
Hons M, Kopf A, Hauschild R, et al. Chemokines and integrins in-
dependently tune actin flow and substrate friction during intran-
odal migration of T cells. Nat Immunol. 2018;19(6):606-616.
Wilson CA, Tsuchida MA, Allen GM, et al. Myosin Il contributes to
cell-scale actin network treadmilling through network disassem-
bly. Nature. 2010;465(7296):373-377.

Maiuri P, Rupprecht JF, Wieser S, et al. Actin flows mediate a
universal coupling between cell speed and cell persistence. Cell.
2015;161(2):374-386.

Mueller J, Szep G, Nemethova M, et al. Load adaptation of lamelli-
podial actin networks. Cell. 2017;171(1):188-200.e116.

Wolf K, Muller R, Borgmann S, Brocker EB, Friedl P. Amoeboid
shape change and contact guidance: T-lymphocyte crawling
through fibrillar collagen is independent of matrix remodeling by
MMPs and other proteases. Blood. 2003;102(9):3262-3269.

Friedl P, Wolf K, Lammerding J. Nuclear mechanics during cell mi-
gration. Curr Opin Cell Biol. 2011;23(1):55-64.

Olins AL, Zwerger M, Herrmann H, et al. The human granulocyte
nucleus: unusual nuclear envelope and heterochromatin composi-
tion. Eur J Cell Biol. 2008;87(5):279-290.

Denais CM, Gilbert RM, Isermann P, et al. Nuclear enve-
lope rupture and repair during cancer cell migration. Science.
2016;352(6283):353-358.

Raab M, Gentili M, de Belly H, et al. ESCRT IlI repairs nuclear en-
velope ruptures during cell migration to limit DNA damage and cell
death. Science. 2016;352(6283):359-362.

Wolf K, Te Lindert M, Krause M, et al. Physical limits of cell migra-
tion: control by ECM space and nuclear deformation and tuning by
proteolysis and traction force. J Cell Biol. 2013;201(7):1069-1084.
Mitchison TJ, Cramer LP. Actin-based cell motility and cell locomo-
tion. Cell. 1996;84(3):371-379.

Friedl P, Wolf K. Plasticity of cell migration: a multiscale tuning
model. J Cell Biol. 2010;188(1):11-19.

Smith A, Stanley P, Jones K, Svensson L, McDowall A, Hogg N. The
role of the integrin LFA-1 in T-lymphocyte migration. Immunol Rev.
2007;218:135-146.

Paluch EK, Aspalter IM, Sixt M. Focal adhesion-independent cell
migration. Annu Rev Cell Dev Biol. 2016;32:469-490.

Nordenfelt P, Elliott HL, Springer TA. Coordinated integrin ac-
tivation by actin-dependent force during T-cell migration. Nat
Commun. 2016;7:13119.

Bray D, White JG. Cortical flow in animal cells. Science.
1988;239(4842):883-888.

Scholer A, Hugues S, Boissonnas A, Fetler L, Amigorena S.
Intercellular adhesion molecule-1-dependent stable interactions
between T cells and dendritic cells determine CD8+ T cell memory.
Immunity. 2008;28(2):258-270.

Dustin ML, Tseng SY, Varma R, Campi G. T cell-dendritic cell immu-
nological synapses. Curr Opin Immunol. 2006;18(4):512-516.
Feigelson SW, Solomon A, Biram A, et al. ICAMs are not obligatory
for functional immune synapses between naive CD4 T cells and
lymph node DCs. Cell Rep. 2018;22(4):849-859.

Faroudi M, Hons M, Zachacz A, et al. Critical roles for Rac
GTPases in T-cell migration to and within lymph nodes. Blood.
2010;116(25):5536-5547.

17

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Yang HW, Collins SR, Meyer T. Locally excitable Cdc42 signals
steer cells during chemotaxis. Nat Cell Biol. 2016;18(2):191-201.
Tybulewicz VL, Henderson RB. Rho family GTPases and their reg-
ulators in lymphocytes. Nat Rev Immunol. 2009;9(9):630-644.
Vicente-Manzanares M, Cruz-Adalia A, Martin-Cofreces NB, et al.
Control of lymphocyte shape and the chemotactic response by the
GTP exchange factor Vav. Blood. 2005;105(8):3026-3034.

Gerard A, Mertens AE, van der Kammen RA, Collard JG. The Par
polarity complex regulates Rap1- and chemokine-induced T cell
polarization. J Cell Biol. 2007;176(6):863-875.

Fukui Y, Hashimoto O, Sanui T, et al. Haematopoietic cell-specific
CDM family protein DOCK2 is essential for lymphocyte migration.
Nature. 2001;412(6849):826-831.

Nombela-ArrietaC,Mempel TR,Soriano SF,etal. Acentralrolefor
DOCK2 during interstitial lymphocyte motility and sphingosine-
1-phosphate-mediated egress. J Exp Med. 2007;204(3):
497-510.

Le Floc'h A, Tanaka Y, Bantilan NS, et al. Annular PIP3 accumula-
tion controls actin architecture and modulates cytotoxicity at the
immunological synapse. J Exp Med. 2013;210(12):2721-2737.
Depoil D, Dustin ML. Force and affinity in ligand discrimination by
the TCR. Trends Immunol. 2014;35(12):597-603.

Sanui T, Inayoshi A, Noda M, et al. DOCK?2 is essential for antigen-
induced translocation of TCR and lipid rafts, but not PKC-theta
and LFA-1, in T cells. Immunity. 2003;19(1):119-129.

Gollmer K, Asperti-Boursin F, Tanaka Y, et al. CCL21 mediates
CD4+ T-cell costimulation via a DOCK2/Rac-dependent pathway.
Blood. 2009;114(3):580-588.

Dobbs K, Dominguez Conde C, Zhang SY, et al. Inherited DOCK2
Deficiency in Patients with Early-Onset Invasive Infections. N Engl
J Med. 2015;372(25):2409-2422.

Harada Y, Tanaka Y, Terasawa M, et al. DOCKS8 is a Cdc42 activa-
tor critical for interstitial dendritic cell migration during immune
responses. Blood. 2012;119(19):4451-4461.

Lambe T, Crawford G, Johnson AL, et al. DOCKS8 is essential for
T-cell survival and the maintenance of CD8+ T-cell memory. Eur J
Immunol. 2011;41(12):3423-3435.

Randall KL, Chan SS, Ma CS, et al. DOCKS8 deficiency impairs
CD8 T cell survival and function in humans and mice. J Exp Med.
2011;208(11):2305-2320.

Zhang Q, Dove CG, Hor JL, et al. DOCKS8 regulates lympho-
cyte shape integrity for skin antiviral immunity. J Exp Med.
2014;211(13):2549-2566.

Xu X, Han L, Zhao G, et al. LRCH1 interferes with DOCK8-Cdc42-
induced T cell migration and ameliorates experimental autoim-
mune encephalomyelitis. J Exp Med. 2017;214(1):209-226.
Girkontaite I, Missy K, Sakk V, et al. Lsc is required for marginal
zone B cells, regulation of lymphocyte motility and immune re-
sponses. Nat Immunol. 2001;2(9):855-862.

Zhou P, Shaffer DR, Alvarez Arias DA, et al. In vivo discovery of
immunotherapy targets in the tumour microenvironment. Nature.
2014;506(7486):52-57.

van den Boom F, Dussmann H, Uhlenbrock K, Abouhamed M,
Bahler M. The Myosin IXb motor activity targets the myosin IXb
RhoGAP domain as cargo to sites of actin polymerization. Mol Biol
Cell. 2007;18(4):1507-1518.

Hanley PJ, Xu Y, Kronlage M, et al. Motorized RhoGAP myosin IXb
(Myo9b) controls cell shape and motility. Proc Natl Acad Sci USA.
2010;107(27):12145-12150.

Megrelis L, El Ghoul E, Moalli F, et al. Famé65b phosphorylation re-
lieves tonic RhoA inhibition during T cell migration. Front Immunol.
2018;9:2001.

Mackay LK, Minnich M, Kragten NA, et al. Hobit and Blimp1 in-
struct a universal transcriptional program of tissue residency in
lymphocytes. Science. 2016;352(6284):459-463.



//doc.rero.ch

http

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Gerard A, Patino-Lopez G, Beemiller P, et al. Detection of rare
antigen-presenting cells through T cell-intrinsic meandering motil-
ity, mediated by Myo1lg. Cell. 2014;158(3):492-505.

Kochl R, Thelen F, Vanes L, et al. WNK1 kinase balances
T cell adhesion versus migration in vivo. Nat Immunol.
2016;17(9):1075-1083.

Gibbons DL, Abeler-Dorner L, Raine T, et al. Cutting edge: regula-
tor of G protein signaling-1 selectively regulates gut T cell traffick-
ing and colitic potential. J Immunol. 2011;187(5):2067-2071.
Diz-Munoz A, Fletcher DA, Weiner OD. Use the force: membrane
tension as an organizer of cell shape and motility. Trends Cell Biol.
2013;23(2):47-53.

Gauthier NC, Masters TA, Sheetz MP. Mechanical feedback
between membrane tension and dynamics. Trends Cell Biol.
2012;22(10):527-535.

Shi Z, Graber ZT, Baumgart T, Stone HA, Cohen AE. Cell mem-
branes resist flow. Cell. 2018;175(7):1769-1779.e1713.

Faure S, Salazar-Fontana LI, Semichon M, et al. ERM proteins reg-
ulate cytoskeleton relaxation promoting T cell-APC conjugation.
Nat Immunol. 2004;5(3):272-279.

Thauland TJ, Hu KH, Bruce MA, Butte MJ. Cytoskeletal adaptiv-
ity regulates T cell receptor signaling. Sci Signal. 2017;10(469).
Koenderink GH, Paluch EK. Architecture shapes contractility in
actomyosin networks. Curr Opin Cell Biol. 2018;50:79-85.

Bufi N, Saitakis M, Dogniaux S, et al. Human primary immune cells
exhibit distinct mechanical properties that are modified by inflam-
mation. Biophys J. 2015;108(9):2181-2190.

Bergert M, Erzberger A, Desai RA, et al. Force transmis-
sion during adhesion-independent migration. Nat Cell Biol.
2015;17(4):524-529.

Hawkins RJ, Piel M, Faure-Andre G, et al. Pushing off the walls:
a mechanism of cell motility in confinement. Phys Rev Lett.
2009;102(5):058103.

Mikucki ME, Fisher DT, Matsuzaki J, et al. Non-redundant require-
ment for CXCR3 signalling during tumoricidal T-cell trafficking
across tumour vascular checkpoints. Nat Commun. 2015;6:7458.
Zaid A, Hor JL, Christo SN, et al. Chemokine receptor-dependent
control of skin tissue-resident memory T cell formation. J Immunol.
2017;199(7):2451-2459.

Kalluri R. Basement membranes: structure, assembly and role in
tumour angiogenesis. Nat Rev Cancer. 2003;3(6):422-433.

18

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Rowe RG, Weiss SJ. Breaching the basement membrane: who,
when and how? Trends Cell Biol. 2008;18(11):560-574.

Wang S, Voisin MB, Larbi KY, et al. Venular basement mem-
branes contain specific matrix protein low expression regions
that act as exit points for emigrating neutrophils. J Exp Med.
2006;203(6):1519-1532.

Sorokin L. The impact of the extracellular matrix on inflammation.
Nat Rev Immunol. 2010;10(10):712-723.

Warren KJ, lwami D, Harris DG, Bromberg JS, Burrell BE.
Laminins affect T cell trafficking and allograft fate. J Clin Invest.
2014;124(5):2204-2218.

Mrass P, Oruganti SR, Fricke GM, et al. ROCK regulates the inter-
mittent mode of interstitial T cell migration in inflamed lungs. Nat
Commun. 2017;8(1):1010.

Ruprecht V, Wieser S, Callan-Jones A, et al. Cortical contractility
triggers a stochastic switch to fast amoeboid cell motility. Cell.
2015;160(4):673-685.

Liu YJ, Le Berre M, Lautenschlaeger F, et al. Confinement and low
adhesion induce fast amoeboid migration of slow mesenchymal
cells. Cell. 2015;160(4):659-672.

Stewart RM, Zubek AE, Rosowski KA, Schreiner SM, Horsley
V, King MC. Nuclear-cytoskeletal linkages facilitate cross talk
between the nucleus and intercellular adhesions. J Cell Biol.
2015;209(3):403-418.

Tonnesen J, Inavalli V, Nagerl UV. Super-resolution
aging of the extracellular space in living brain tissue. Cell.
2018;172(5):1108-1121.e1115.

Salmon H, Franciszkiewicz K, Damotte D, et al. Matrix architecture
defines the preferential localization and migration of T cells into the
stroma of human lung tumors. J Clin Invest. 2012;122(3):899-910.

im-



