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Editorial on the Research Topic

Immune Cell Migration in Health and Disease

Migration of immune cells is essential to virtually every step of their surveillance function (1–6). In
this Research Topic, we gather reviews and original research articles that emphasize the wide variety
of both physiological and pathological contexts in which immune cell migration is either favored or
impeded and exemplify the latest mechanistic insights in immune cell migration.

The surveillance function of immune cells requires both long-range patrolling throughout the
body and local scanning of cells and molecular cues in tissues. For long-distance displacement,
immune cells take advantage of the systemic blood and lymphatic circulation. Importantly, in the
circulation, immune cells are also ensuring vessels integrity but how they detect anomalies and
restore homeostasis remains poorly understood. In this Research Topic, Moreno-Cañadas et al.
propose that intravascular crawling monocytes are switching from random migration to Levy-like
motility upon detection of damaged endothelium. This motility mode alternates between fast &
directed and slow & random migration phases, which enhances local patrolling. Interestingly, this
type of motility has been previously reported as an optimal search strategy for T cells in infected
brains (7). Adaptation of migratory behavior to local context in both health and disease is a
common feature of immune cells. Tomas et al. review how the trafficking of monocytes and
macrophages in arteries is altered during atherosclerosis as well as their contribution to return to
homeostasis, highlighting the dual role of macrophages in both establishment and regression of the
plaque. The role of immune cell circulation and adhesion to damaged vessels in disease onset is also
illustrated in this topic by Morikis et al., who review the implication of neutrophils in vaso-occlusive
crisis in sickle cell disease. Uncovering the molecular mechanisms linking immune cell migration
and disease onset can help foster new therapeutic strategies, as suggested by these two reviews.

Exiting the systemic circulation requires immune cells to first detect exit signals, then adhere, roll
and transmigrate from the circulation to the tissue interstitium (8). These processes are known to
depend on integrin activation and conformational changes, but how integrin activation is fine-tuned
remains to be fully understood (9, 10). Bromberger et al. investigate the role of the Rap1 and Riam
pathways, converging to Talin1, on b2 integrin‐mediated rolling, adhesion and emigration of
leukocytes. After transmigration, immune cells crawl under the endothelium before diving into the
interstitial tissue. Arts et al. focus on this poorly-investigated step of immune cell migration and
show that focal adhesions are avoided by neutrophils, hence determining their path underneath
the epithelium.
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Cues to exit the circulation and enter the interstitium are not
only delivered by the vessels but also by the tissue calling for help.
SenGupta et al. here review the secretome of cancer cells and its
importance in triggering neutrophil invasion. Understanding
how this secretome is generated and how neutrophils integrate
the different cues to migrate could open new therapeutic options.
Once in the tissue, the environment could drastically impact
immune cell migration and function. This is particularly the case
in tumors, where the stroma negatively modulates dendritic cell
migration hence dampening T cell antitumoral activities, as
reviewed by Gupta et al.

As evidenced in this topic, immune cells are facing highly
distinct environments during their migratory journey throughout
the organism. Yet a common denominator emerges, from
hematopoiesis in primary lymphoid organs, to homing and local
patrolling in secondary lymphoid organs and peripheral tissues.
The extracellular cues of the tissue environment are finely
integrated by immune cells through the actin cytoskeleton that
controls their migration patterns. Kamnev et al. review how the
study of immune actinopathies has contributed to our
understanding of immune cell migration at the organism, tissue,
cellular and molecular levels, highlighting the central role of the
actin cytoskeleton and its regulators. The actin-related protein
Arp2/3 complex is implicated in the coordination of migration
and environment sensing inmany different immune cell types (11–
16). Investigating neutrophils from immunodeficiency patients
with mutations in the Arp2/3 subunit ARPC1B, Kempers et al.
here provide evidence for a differential role of ARPC1B in
transmigration under flow shear stress and during interstitial
human neutrophil migration. But actin is not the only important
player, and the fine regulation of immune cell migration also lies in
its interplay with the microtubule network. In this topic, Fazil et al.
report the role of Glycogen synthase kinase 3b in T cell motility
through interactions with the cytoskeletal regulator CRMP2.

Another important question addressed in this Research Topic
is how very diverse extracellular cues are integrated by immune
cells to turn on their cytoskeleton? Harcha et al. propose the
pannexin channels as central sensors for both physical and
chemical signals during inflammation. Having common
receptors for distinct cues and converging signaling pathways
could facilitate integration of information by immune cells.

Reviews and original articles in this Research Topic illustrate
how advances in imaging microscopy over the last 20 years have
shed light on the complex behavior of immune cells in vivo and
contributed to our better understanding of molecular
mechanisms underlying immune cell migration. Yet, a lot
remains to be investigated and new models are a never-ending
Frontiers in Immunology | www.frontiersin.org 26
demand. First, primary immune cells present some limitations
for mechanistic studies, as they may not survive well in vitro, or
may not be amenable for genetic engineering. Uetz-von Allmen
et al. propose a human neoplastic cell line CAL-1 as a good proxy
for human dendritic cell signaling and migration. On the other
hand, “just” observing cells is no longer sufficient to uncover
molecular mechanisms underlying immune cell migration. The
opto-genetic revolution offers new tools to fine-tune molecular
activity that will be instrumental for deeper investigation.
Amitrano et al. develop such a tool based on light stimulation
to remotely control mitochondria activity and take advantage of
it to reveal the role of mitochondrial ATP-production in CD8 T
cell migration and function.

This Research Topic stresses the importance of better
understanding immune cell migration in health and disease. A
lot is known but a lot remains to be understood. Gaining
mechanistic insights in the different physio-pathological contexts
will open new avenues for innovative therapeutic strategies.
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Targeting Neutrophil Adhesive
Events to Address Vaso-Occlusive
Crisis in Sickle Cell Patients
Vasilios A. Morikis1, Alfredo A. Hernandez1, John L. Magnani2, Markus Sperandio3

and Scott I. Simon1*
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Experimental Medicine Biomedical Center, Ludwig Maximilians University, Walter Brendel Center, Munich, Germany

Neutrophils are essential to protect the host against invading pathogens but can promote
disease progression in sickle cell disease (SCD) by becoming adherent to inflamed
microvascular networks in peripheral tissue throughout the body. During the
inflammatory response, leukocytes extravasate from the bloodstream using selectin
adhesion molecules and migrate to sites of tissue insult through activation of integrins
that are essential for combating pathogens. However, during vaso-occlusion associated
with SCD, neutrophils are activated during tethering and rolling on selectins upregulated
on activated endothelium that line blood vessels. Recently, we reported that recognition of
sLex on L-selectin by E-selectin during neutrophil rolling initiates shear force resistant
catch-bonds that facilitate tethering to endothelium and activation of integrin bond
clusters that anchor cells to the vessel wall. Evidence indicates that blocking this
important signaling cascade prevents the congestion and ischemia in microvasculature
that occurs from neutrophil capture of sickled red blood cells, which are normally
deformable ellipses that flow easily through small blood vessels. Two recently
completed clinical trials of therapies targeting selectins and their effect on neutrophil
activation in small blood vessels reveal the importance of mechanoregulation that in health
is an immune adaption facilitating rapid and proportional leukocyte adhesion, while
sustaining tissue perfusion. We provide a timely perspective on the mechanism
underlying vaso-occlusive crisis (VOC) with a focus on new drugs that target selectin
mediated integrin adhesive bond formation.

Keywords: vaso-occlusion crises, neutrophil, selectin, integrins, sickle cell disease
INTRODUCTION

Sickle cell disease (SCD) is an inherited disease characterized by defects in hemoglobin that distorts
red blood cells (RBC) into a “sickle” shape (1–3). Clinical manifestations common to this inherited
hemoglobinopathy, chronic hemolysis, and erythrocyte adhesion that can lead to vaso-occlusion
(4). Vaso-occlusive crisis (VOC) is defined by clinical episodes of severe ischemic pain due to lack of
blood flow resulting in cumulative and irreversible organ damage. As such, the occurrence of VOC
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is a serious clinical event that is responsible for the increased
morbidity and mortality of sickle cell patients. The clinical
sequalae associated with VOC often manifests in episodes of
pain that vary in intensity and duration as a function of patient
comorbidities such as diabetes. Some patients experience only
infrequent pain crises each year, while others require acute
hospitalization for treatment. Pain management during VOC
often includes the prescription of opioids that, while effectively
diminishing pain, do not treat the root cause and therefore do
not significantly lower the risk of a catastrophic clinical event (5).
Thus, treatments to prevent genesis of VOC as opposed to pain
management is a primary challenge for scientists aiming to
establish effective treatments that target the initiation and
block progression (6). In this perspective we review the recent
studies highlighting the importance of neutrophil inflammatory
recruitment and the role of selectin and integrin adhesive
receptors in progression to clinical crisis. We endeavor to
illuminate the lessons learned from preclinical studies in
mouse models of SCD and how they apply to human disease
in order to evaluate the outcome of recent clinical trials that
target neutrophil recruitment.

The etiology of VOC involves the innate immune response that
enables white blood cells (WBC) predominantly neutrophils to
capture on adhesive receptors upregulated on inflamed
endothelium. Captured neutrophils become activated during
interact ion with endothel ium at s i tes of inflamed
microvasculature leading to upregulation of additional adhesion
Frontiers in Immunology | www.frontiersin.org 29
molecules on the plasma membrane that serve to recruit additional
circulating cells, such as sickle RBC (sRBC) and platelets that
aggregate causing rapid occlusion of the microvasculature leading
to vessel ischemia (Figure 1) (2, 7, 8). Contributing to
microvascular occlusion is a greater capacity for neutrophil
extracellular trap (NET) formation characterized by decondensed
chromatin enriched in citrullinated histones and bound to granular
enzymes (9). The pathophysiology and requirement for pain
management directly associated with VOC in patients has been
extensively reviewed (2, 4, 6, 10, 11). As such, the focus of this
review is to highlight the role of neutrophils in the initiation and
propagation of VOC, as well as targeted pharmacological
interventions against adhesion molecules critical for neutrophil
recruitment and heterotypic adhesion with other blood cells during
flow within vessels.

Neutrophil capture on inflamed endothelium is initiated by Sialyl
Lewisx (sLex) bearing selectin ligands on cells in flow (12–15). Ligand
recognition by selectins is an early step in the inflammatory process
mediating leukocyte rolling and platelet capture, as such selectins are
a primary target for therapeutics to prevent propagation of VOC.
Early studies on the specific role of cellular adhesion molecules that
induce VOCwere carried out inmice due to the availability of genetic
knockout models of WBC adhesion via selectins and integrins.
However, human and mouse genomes have diverged in the past 75
million years and as such selectin function differs between the mouse
and human innate immune response (Table 1). While selectin
targeting has been a major focus in designing VOC treatments,
FIGURE 1 | Overview of initiation and progression of VOC in SCD. Neutrophil rolling to arrest on inflamed endothelium is a normal innate immune response to tissue
injury. Adherent neutrophils can also capture sickle red blood cells and platelets in post capillary venules leading to vascular occlusion (upper bifurcation). Dramatic
reduction in blood flow and lack of oxygen results in hypoxia, episodic painful and often leads to organ failure. When inappropriate neutrophil activation and adhesion
is absent and secondary capture of RBC and platelets limited, the vasculature remains perfused and healthy (lower pathway).
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there is a need to better understand how selectins participate in
precipitating neutrophil recruitment leading to VOC in more
accurate models of human SCD in order to design informed
therapeutic treatments.
SELECTIN FUNCTION AND BOND
MECHANICS IN VASO-OCCLUSIVE
CRISIS IN HUMANS

To understand the etiology of VOC in terms of the initiation
and development of a congested microvascular bed, selectin
function during neutrophil recruitment must be examined. In
humans three selectins participate in forming stable but
transient adhesive bonds with carbohydrate structures
between cells in interactions characterized by fast kinetics
that allow cell adhesion to proceed under the shear forces of
blood flow (21, 22). Expression of endothelial E-selectin
requires de novo protein synthesis, and is upregulated within
hours of cytokine activation at inflamed sites experiencing
disturbed blood flow or focal tissue insult (23, 24). P-selectin
is preformed and stored in Weibel Palade Bodies (WPB) of
endothelial cells and in a-granules of circulating platelets and is
rapidly mobilized from these storage sites by merging with the
plasma membrane where it participates in tethering and rolling
of leukocytes and platelets on inflamed endothelium (25, 26).
Leukocyte expressed L-selectin is a glycoprotein that not only
binds sLex as its primary carbohydrate recognition motif
expressed by PSGL-1 on neutrophils, but it also presents sLex

to facilitate neutrophil homing and subsequent activation
within inflamed venules (27, 28). E-selectin binding to sLex

supports capture and rolling of human, but not murine
neutrophils thereby providing a key event for subsequent
mechanosignaling of integrin activation that mediates
leukocyte arrest even in absence of chemokine signaling (29).
Neutrophil homotypic adhesion is observed as secondary
capture of a neutrophil from the blood stream by a rolling or
arrested neutrophil via L-selectin binding of PSGL-1 between
cells (Figure 2A) (29–31). While E-selectin and P-selectin both
function in the early capture and adhesion of leukocytes to the
vascular endothelium, there are some distinct differences. All
selectins share a similar structure characterized by a lectin
Frontiers in Immunology | www.frontiersin.org 310
binding domain, epidermal growth factor domain, a variable
number of short consensus repeats (9 for P-selectin, 6 for
E-selectin, and 2 for L-selectin), a transmembrane domain, and
a cytosolic tail (13). Despite the similarities in structure, the
binding kinetics and capacity to form durable bonds that
mechanotransduce activation of integrins are quite different
(22, 32). P-selectin projects the furthest above the endothelial
surface and is thought to provide the initial interaction between
leukocytes in the free stream through recognition of PSGL-1,
although it also can bind additional ligands including sulfated
polysaccharides (33). However, P-selectin does not
mechanotransduce activation of integrin on bound leukocytes
in the same manner as E-selectin binding to L-selectin.
E-selectin forms longer-lived shear resistant bonds with
L-selectin compared with P-selectin, that is independent of
recognition of its other cognate ligands (i.e. PSGL-1, CD44).
L-selectin appears to be unique on human neutrophils due to
its recognition by E-selectin and capacity to actively condense
into bond clusters that mechanotransduce signals leading to
b2-integrin activation and adhesion (29). This function is
attributed to E-selectin dependent formation of a high-affinity
complex with sLex under precise hydrodynamic conditions to
form a catch-bond with L-selectin (34). A molecular model of
E-selectin binding sLex under tension predicts that it adopts an
extended conformation, which was verified by small-angle
X-ray scattering of it bound to purified ligand (34). Extended
E-selectin/sLex complexes form shear resistant bonds
characterized by adhesive lifetimes that are long lived (~ 500
msec) at sufficiently high hydrodynamic shear stress. Whereas
at low shear rates (i.e. < 1 dyne/cm2) associated with
microvascular regions of slow blood flow and ischemia,
adhesive bonds are less durable and dissociate more rapidly.
This phenomenon is denoted catch-bond behavior (34–38).
E-selectin binding to sLex results in co-localization of L-selectin
and PSGL-1 on the trailing edge of neutrophils, a process
associated with b2-integrin activation and neutrophil arrest (26,
29). A stepwise process depicted in Figure 2 illustrates how
neutrophils tethered on endothelial P-selectin, may facilitate
E-selectin and L-selectin to engage and mechanically signal cell
activation and arrest. Selectins are a prime target for inhibition
of the inflammatory response that initiates VOC, with the
rat ionale that blocking the adhesive steps in the
vaso-occlusive process will prevent propagation of congestion
and decrease the duration and intensity of painful VOC in
patients with SCD.2

The importance of selectins in VOC was rigorously studied by
Hidalgo et. al., who first reported in a humanized sickle cell
mouse model that E-selectin mediated activation of b2-integrins
at the leading edge of a neutrophil promotes transition from
rolling to arrest in an inflamed microvascular bed (39). In this
model of acute lethal VOC, a proinflammatory state was induced
in post capillary venules by injection of tumor necrosis factor-a
(TNF-a). This resulted in capture of sRBC by activated aMb2
integrin (macrophage-1 antigen, Mac-1) clustered on the leading
edge of arrested neutrophils. Genetic deletion of E-selectin
(Sele-/-) or P-selectin (Selp-/-) provided equivalent inhibition of
TABLE 1 | Differences between mouse and human selectins.

Human versus Mouse

E-selectin Lectin domain homology: 72% (16)
EGF domain homology 60% (17)
Mice have a greater interdomain angle (more flexibility, better
binding to sLex) (17)
ESL-1 is not a functional E-selectin ligand in humans (18)

P-selectin TNFa, IL1B and LPS increase P-selectin mRNA in mice but
decrease it in humans (19)

L-selectin Human E-selectin binds sLex on L-selectin (mouse L-selectin
lacks fucosylation) (18)
Fucosyltransferase 9 (FUT9) plays a key role in human L-selectin
biosynthesis (20)
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neutrophil capture and reduced RBC/WBC aggregates at early
time points within 3 hours of TNF-a stimulation. However, E-
selectin knockouts exhibited reduced neutrophil arrest and RBC/
WBC aggregates were undetected at later time points of 3-5
hours post stimulation. In contrast, P-selectin knockouts had a
spike in the occurrence of RBC/WBC aggregates at 3-5 hours
post TNF-a stimulation, resulting in VOC equivalent to control
WT mice experiencing a VOC. Significant was the observation
that E-selectin knockout mice maintained low levels of secondary
capture of RBC that maintained higher rates of blood flow (39).
One may conclude that inhibition of P-selectin effectively
delayed VOC progression within the initial hours of an
inflammatory insult, however, the presence of E-selectin that
maintains expression on endothelium elicits sustained
neutrophil-RBC recruitment that is responsible for long term
VOC. Of note, another important difference between the human
and the mouse system concerns the transcriptional regulation of
P-selectin. While stimulation of endothelial cells with the
proinflammatory cytokine TNF-a leads to the transcriptional
upregulation of endothelial P-selectin in the mouse system,
Frontiers in Immunology | www.frontiersin.org 411
endothelial P-selectin expression is downregulated following
stimulation with TNF-a in human microvasculature. This has
been elegantly demonstrated in the TNF- a stimulated cremaster
muscle of mice lacking mouse P-selectin, but expressing human
P-selectin supporting the concept that P-selectin in humans
might be less important in the pathogenesis of VOC
progression than E-selectin (19).

E-selectin mediates recruitment by engaging L-selectin on
human neutrophils during rolling which results in arrest via
activation of LFA-1 to bind with ICAM-1 expressed on inflamed
endothelium (29). Secondary capture of RBCs can also be
observed in parallel plate flow channels that mimic the
hydrodynamic conditions observed in normal versus inflamed
microcirculation. In such a model, it was confirmed that human
neutrophil capture and RBC/WBC heterotypic aggregates are
enhanced in sickle cell patients (Figure 2B) (40). It is noteworthy
that antibodies that block E-selectin mediated activation of Mac-
1 on neutrophils, also blocks heterotypic RBC/WBC aggregation.
This directly correlates with increased survival compared to
isotype nonblocking control antibody (41). Platelet/WBC
FIGURE 2 | Binding events that lead to vasculature occlusion on inflamed endothelium. (A) Neutrophil rolling is mediated by P-selectin and E-selectin binding PSGL-
1 and L-selectin. Signaling through E-selectin/L-selectin bonds results in (1) release of MRP8/14 and endogenous activation of surface TLR4 which primes integrin
for activation and (2) direct signaling of transition to a high-affinity integrin state capable of binding ligand. High affinity integrin is capable of stable bond formation to
VCAM-1 and ICAM-1 on endothelial to mediate neutrophil arrest. (B) Secondary capture of sRBC to adherent neutrophils is mediated via Mac-1. The mechanism of
capture is an active area of research. (C) Secondary capture of platelets to adherent neutrophils is mediated through platelet surface P-selectin and its binding to
PSGL-1 and L-selectin. (D) Direct engagement of sRBC to the surface of endothelial cells has been attributed to P-selectin, similar to secondary capture via Mac-1.
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aggregates are also significantly reduced in Mac-1 knockout mice
during an induced VOC event in mice (41). Thus, both E-selectin
and Mac-1 are implicated as primary capture molecules
initiating and propagating VOC. However, b2-integrins
including Mac-1 and LFA-1 are not strategic targets for
treatment of VOC in SCD, as leukocytes require these
integrins to maintain immune surveillance and to combat
infection. Complete blockade of integrin subunit function can
be dangerous for high risk immunodeficient patients as realized
in clinical trials of the CD11a blocker Efalizumab that was
associated with viral meningitis and bacterial sepsis in a subset
of patients, which triggered it’s rapid withdrawal from the
market in 2009 (42). Another strategy is to target selectins in
order to reduce integrin activation and neutrophil capture. In
this manner, integrin activation is maintained via alternate
pathways such as by chemokine receptor ligation, thereby
preserving neutrophil and T cell function necessary to
combat infections.

There is evidence that soluble E-selectin levels in serum are
higher in SCD patients than in healthy subjects and can increase
further during acute VOC in SCD patients (43). Kato et al.
measured the level of E-selectin, P-selectin, VCAM-1, and
ICAM-1 in the plasma of 160 patients suffering from VOC
over a four-year period (44). E-selectin, P-selectin, and the
integrin ligand VCAM-1 were all significantly increased in
patients suffering from SCD compared to controls. A
significant finding was that patients with high levels of soluble
E-selectin directly correlated with elevated risk of mortality,
while those with high levels of soluble P-selectin did not
significantly correlate with increased mortality. This implicates
neutrophil binding to E-selectin as a primary means of Mac-1
activation and binding to its ligands as a predominant feature
that drives neutrophil adhesion and progression of VOC.

E-selectin and P-selectin recognize a variety of ligands on the
neutrophil plasma membrane. L-selectin and PSGL-1 are
prominent among these since they can function not only to
tether neutrophils to inflamed post capillary venules, but allow
function as mechanosignaling receptors that activate rapid cell
arrest via high affinity b2-integrin bond formation in shear flow
(12). Recruitment of human neutrophils on inflamed
endothelium is supported by the preferential recognition of
L-selectin by E-selectin and PSGL-1 by P-selectin, respectively
(22, 45–47). Studies of neutrophil recruitment using vascular
mimetic microfluidic channels under defined hydrodynamic
shear on a substrate of recombinant E-selectin revealed that
L-selectin and PSGL-1 co-localize into clusters on neutrophil
microvilli and spontaneously activate b2-integrin bond
formation on ICAM-1 (48). Recently, it was reported that
formation of catch-bonds between E-selectin and L-selectin
effectively induce the extension of b2-integrin that supports its
binding to ICAM-1 during neutrophil deceleration that can
prime the transition to a high-affinity state (29). A mechanism
has been identified that involves the calcium-modulating
proteins myeloid related protein-8 (MRP8) and MRP14 (also
known as MRP8/14, S100A8/S100A9, and calprotectin). MRP8/
14 can modulate myeloid cell function by binding Toll-like
Frontiers in Immunology | www.frontiersin.org 512
receptor-4 to induce calcium signaling and cytoskeletal
reorganization (49–51). A complex of MRP8/14 released from
leukocytes in mouse and human models of SCD are known to
contribute to vascular inflammation and tissue injury.
Supporting such a mechanism is the observation that MRP8/
14-/- mice exhibited reduced neutrophil accumulation and lesion
severity, implicating it in regulation of neutrophil recruitment
(52). This mechanism is associated with acute inflammation, as
neutrophils captured on E-selectin secrete MRP8/14 which then
binds TLR4 on the same cell to initiate integrin extension (29,
49). Blocking TLR4 binding by treatment with antibody, or
inhibiting E-selectin/L-selectin bond formation under shear by
addition of the sLex mimetic Rivipansel, blocked the release of
MRP8/14 and significantly reduced integrin extension and
transient bond formation with ICAM-1 (29). These data reveal
a pathway by which E-selectin/L-selectin bonds induce the
release of MRP8/14 that bind TLR4 and in an autocrine
manner signal conformational extension of LFA-1. This along
with signaling via engaged and clustered L-selectin promotes
long-lived high-affinity integrin bonds and the efficient arrest of
rolling neutrophils in the microcirculation (22, 45, 53). This early
step in the multistep process of neutrophil recruitment facilitates
deceleration via E-selectin mediated rolling that upregulates
high-affinity LFA-1 and subsequently Mac-1. When blocked
with small molecule antagonists or anti-L-selectin antibody,
LFA-1/Mac-1 mediated neutrophil recruitment and secondary
capture observed in VOC is prevented (Figures 2A, B).

While E-selectin and P-selectin mediate the capture of
individual neutrophils, it is important to highlight heterotypic
adhesive interactions in the genesis of VOC. Secondary capture
of free-flowing neutrophils, platelets and erythrocytes with
adherent WBC are implicated in various disease states such as
atherosclerotic plaque formation and VOC (54, 55). Homotypic
neutrophil-neutrophil adhesion is mediated by L-selectin on one
cell and PSGL-1 on the adjacent cell (Figures 2B, C). This results
in strings of rolling neutrophils aligned along the direction of
shear flow, which is thought to be relevant in the pathogenesis of
VOC. Cell aggregation leading to microvascular congestion is
also mediated by neutrophil-platelet interactions. Activated
platelets express P-selectin and can bind free flowing
neutrophils, thereby amplifying the surface area and the
likelihood of capture on inflamed endothelium or on adherent
neutrophils (Figure 2C) (56, 57). Adherent platelets help
orchestrate diapedesis of neutrophils by Mac-1 binding to
platelet GPIIb/IIIa in a fibrinogen dependent manner (58).
Cellular crosstalk between platelet P-selectin binding to
neutrophil PSGL-1 and Mac-1/fibrinogen/GPIIb/IIIa supports
the efficient trafficking of neutrophils to sites of inflammation.
Taken together, this implicates Mac-1 and P-selectin as adhesion
receptors that may play a central role in the heterotypic platelet
adhesive events that occur downstream of E-selectin in the
progression of VOC. While the importance of selectins and
their ligands cannot be overstated, there are key differences in
function between human and mouse models that must be
appreciated in order to efficiently develop effective therapeutics
to prevent VOC.
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OF MICE AND MEN, WHAT ARE THE
LESSONS FOR TREATMENT OF VOC

Much of the knowledge base surrounding E-selectin function
stems from transgenic mouse models, which indicate that rolling
via PSGL-1 elicits a distinct mechanosignal that leads to integrin
mediated neutrophil arrest. A key difference in mouse E-selectin
ligands versus humans stems from fucosyltransferase-9/7
function, which is critical for assembly of the ligands that
decorate glycoproteins supporting neutrophil rolling on
E-selectin in human microvasculature, but not mice (Table 1)
(18–20). These fucosyltransferases function to modify O- and N-
linked carbohydrates on L-selectin to express the E-selectin
ligand sLex (18, 20, 59). This adaption in humans enables the
sLex on L-selectin to be recognized by E-selectin directly, which
does not occur for mouse L-selectin. The observation that mouse
E-selectin plays a critical role in mechanosignaling during rolling
in inflamed venules is accounted for by the finding that
recognition of sLex on PSGL-1 results in its co-clustering with
L-selectin, which in turn elicits outside-in signaling of integrin
activation (27). Knockout mice lacking L-selectin do not possess
the capacity for direct outside-in signaling of integrin activation,
yet they can still roll via endothelial selectins. This difference
between human and mouse E-selectin ligands may account for
the spontaneous vaso-occlusion observed in humans and not
mouse microvasculature (60). It is clear that in humans the E-
selectin/L-selectin signaling complex represents a primary step in
neutrophil adhesion even in the absence of cytokine or
chemokine. Targeting this mechanosignaling pathway by
antagonizing selectin catch-bond formation could provide a
strategic tipping point for therapeutic targets to prevent
development of VOC in SCD patients.

Another difference in the regulation of selectin expression
between mouse and humans consists in downregulation of
human and upregulation of mouse P-selectin expression during
TNF-a stimulated inflammation (19). Evidence supporting a
primary role for P-selectin in SCD was demonstrated in a
mouse model lacking P-selectin that showed a protective effect
in pulmonary VOC (61). To further illuminate the contribution
of P-selectin in human VOC, the next logical step would be to
generate sickle cell mice lacking mouse P-selectin but edited to
express human P-selectin. Such a hybrid mouse line could be used
to reveal a species difference in P-selectin function.
TARGETED THERAPEUTICS AGAINST
LEUKOCYTE AND PLATELET ACTIVATION
IN VASO-OCCLUSIVE CRISIS

Mouse models of SCD have been indispensable for dissecting the
molecular determinants of cytokine driven and selectin mediated
vascular congestion, including to test selectin targeted drug
treatments (16, 62). In the case of the small molecule sLex

mimetic Rivipansel® (GMI-1070), we tested its capacity to
antagonize the rolling and activation of neutrophils in blood over
Frontiers in Immunology | www.frontiersin.org 613
time of treatment in a Phase-3 clinical trial for treatment of VOC
(29). Employing real-time immunofluorescence imaging of
neutrophils in microfluidic channels, we examined the molecular
dynamics of selectin-ligand receptor engagement during the
transition from cell tethering and rolling to arrest on recombinant
E-selectin and ICAM-1 ex-vivo. Rivipansel was found to block E-
selectin recognition of sLex on L-selectin and antagonize the
formation of catch-bonds and outside-in signaling of integrin
mediated cell arrest in human SCD patient blood. GSnP-6, a
novel PSGL-1 mimetic that blocks its recognition by E-selectin
and P-selectin, effectively doubled the rolling velocity of neutrophils,
but had no effect on L-selectin outside-in signaling of b2-integrin or
the frequency of neutrophil rolling to arrest (29, 63). This differential
glycomimetic inhibition of neutrophil rolling versus outside-in
activation of integrins via selectins reveals a novel
mechanosignaling circuit. E-selectin transmitted tension on L-
selectin induces clustering and signaling within sites of focal
adhesion, which is markedly different than that observed in mouse
neutrophils. PSGL-1 is the primary ligand for E-selectin mediated
rolling inmouse as compared with L-selectin on human neutrophils.
To determine the therapeutic efficacy of antagonists directed at sLex

recognition by selectins in treatment of VOC, humanized P-selectin
mouse models and/or ex-vivo assays could be used to quantify
MRP8/14 release and TLR4 signaling of integrin activation.

Improving patient quality of life through preventative
treatments of VOC occurrence or decreasing the time to crisis
resolution are critical goals for long-term care of patients with
SCD. Current standards for clinical treatment serve to modify
the pathobiology of the disease through blood transfusions and
dosing with hydroxyurea which serves to increase circulating
Fetal Hemoglobin (HbF) and diminish the polymerization of
intracellular sickle cell hemoglobin (HbS) in adults and pediatric
populations (59, 60, 63–66). Studies by Frenette et al.
demonstrated the importance of elevated plasma heme in a
humanized SCD mouse model. In fact, unstimulated
neutrophils isolated from SCD patients rapidly begin forming
NETs compared to almost no NET formation in age-matched
healthy controls, even when under treatment with hydroxyurea
(67). This elevated level of heme induces arrested neutrophils to
release NETs that have been associated with hypothermia and
rapid death. Modulation of plasma heme does alter the NET
release and subsequent survival in this mouse model, leaving the
underlying issue of the role of elevated neutrophil arrest
efficiency and the onset of vaso-occlusion (8, 9). While
allogenic hematopoietic stem cell transplants (HSCT) and gene
therapies are currently under investigation for their potential
long-term curative effects by reversing the defect in hemoglobin
function, these have proven to be costly and currently have
limited availability for wide spread treatment of SCD.

Activated platelets contribute to vaso-occlusion by
participating in intercellular adhesion leading to formation of
cell aggregates (6, 10). Pharmacological inhibition of platelet
activation has been achieved using receptor antagonists of
P2Y12R, the chemoreceptor involved in ADP-stimulated
activation of platelets including platelet degranulation (41, 68).
Clinical assessment of P2Y12R antagonists including Prasugrel
April 2021 | Volume 12 | Article 663886
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and Ticagrelor have shown limited efficacy in adolescents and
young adults with modest reduction of platelet activity and
frequency of VOC (69, 70). These interventions have been
ineffective in decreasing the frequency of pediatric VOC,
pointing to a more significant role for platelet function on the
occurrence of VOC in young adults. Directly targeting platelet
adhesion through blocking GPIIbIIIa via administration of
eptifbatide has been evaluated in a small cohort of subjects
undergoing VOC (71). Treatment with eptifbatide did not
diminish time to VOC resolution, but did successfully inhibit
platelet and leukocyte aggregation, release into circulation, as
well as diminished surface expression of P-selectin and serum
measures of inflammation such as CD40L, sVCAM-1, sICAM-1,
sICAM-3, MIP1a, and TNFa (71, 72).

Current reports link activation of the anaphylatoxin
complement- C5a that activates neutrophils, platelets and
endothelial cells with induction of vaso-occlusion in SCD mice
(73). Blocking P-selectin inhibits C5a-induced vaso-occlusion in
liver and skin venules of SCD mice. Moreover, blocking receptor
binding with antibody targeting the C5a receptor antagonizes
upregulation of endothelial adhesion molecules including
VCAM-1, ICAM-1, and E-selectin in liver and lungs. It is
noteworthy that a P-selectin deficient SCD mouse model
revealed that chronic P-selectin deficiency attenuated liver
ischemia but did not resolve cellular senescence and reduced
epithelial cell proliferation necessary to maintain hepatic
homeostasis (74). Complement from human sera has also been
shown to stimulate expression of E-selectin in porcine
endothelial cells (75). Likewise, the most abundant enzyme of
the complement pathway, MASP-1 induced expression of TNFa,
and upregulation of E-selectin on microvascular endothelium
(76). Complement activation leads to venous thrombosis, an
alternate mechanism driving vaso- occlusion. Interestingly, E-
selectin plays a dominant role in venous thrombosis and a
specific and potent antagonist of E-selectin adhesive function
(GMI-1271; Uproleselan) blocks venous thrombosis, without the
need to infuse anti-coagulants such as heparin (77, 78). In
addition, blocking E-selectin with Uproleselan also inhibited
deep venous thrombosis in a non-human primate model and
showed efficacy in treating 2 patients in a case study of calf vein
thrombosis (77, 79). Taken together, it appears that complement
activation is a viable target to alleviate acute P-selectin and E-
selectin dependent mechanisms of microvasculature
inflammation that include thrombosis, but may not provide a
long-term solution in context of preserving vital organ function.

Numerous anti-adhesive therapies that target RBC-
endothelial and leukocyte-endothelial interactions have been
completed or are undergoing clinical trials (Table 2). Of these,
selectin mediating leukocyte and erythrocyte adhesion to the
endothelium are prominent targets to limit vaso-occlusion in
SCD patients (80–82). Improvement to time of VOC resolution
or delay in first incidence of VOC appears to be a common
efficacious event in pharmacological inhibitors of selectin
binding, such as Rivipansel (5, 83), unfractionated heparin (84,
85), intravenous immunoglobulin (86, 87), and Crizanlizumab
(88). Of these, Crizanlizumab® which inhibits P-selectin binding
Frontiers in Immunology | www.frontiersin.org 714
to PSGL-1 currently has completed clinical trials in adults and
has the most ongoing trials to assess efficacy in pediatric
populations as well as subjects with non-HbSS genotypes
(Table 2). High dose (5 mg/mL) Crizanlizumab resulted in
significant diminishment of the rate of crisis per year and
delayed mean time to first or secondary crisis in adults (88).
There was, however, no detectable difference in cell hemolysis
suggesting that treatment with Crizanlizumab only serves to
modify cell adhesion, but not to completely diminish patient
systemic inflammation. Antagonism of E-selectin for treatment
of VOC using the small molecule Rivipansel did not initially
meet the Phase III clinical endpoint of time to readiness for
patient discharge. However, subsequent analysis revealed that
Rivipansel was efficacious in a subset of patients who were
treated earlier from the time of onset of their VOC, with
statistical significance demonstrated in both adults and
adolescents who received treatment within 26 hours of the
initial painful episode of VOC (median difference of 58 hours
between Rivipansel and placebo; HR = 0.58; p = 0.03).
Importantly, rapid and sustained statistically significant
reductions in soluble E-selectin in circulation in this acute
setting was observed in the Phase III trial supporting the
biological effect of Rivipansel. This raises an important point
on the beneficial effects of administering treatment to VOC early
in progression and following systemic markers of the capacity of
neutrophils to participate in adhesion. Clinical trials on the
effects of anti-inflammatory agents such as statins and
leukotriene and adenosine receptor inhibitors on resolution of
VOC have also been performed (82, 89). Clinical trials assessing
the efficacy of simvastatin in adolescents and young adults
appear to have a significant effect on occurrence of VOC, as
well as a reduction in patient reported pain, and decreased nitric
oxide metabolites, human serum C-reactive protein, and soluble
cell adhesion molecules ICAM1, VCAM-1, and E-Selectin (89).
The data collected over the course of these clinical trials indicates
that use of monotherapies targeting selectin expression, activity,
and shedding on activated platelet and leukocytes are likely to
improve patient quality of life.
CONCLUSIONS

Recurrent painful episodes of VOC severely diminish patient’s
quality of life and frequently increase the risk of infections and
complication of comorbidities that require emergency
intervention. There is a need for therapeutics that target the
earliest events leading to VOC progression before development
of painful crises and end organ damage that typically call for
immediate treatment of pain perception rather than the cause of
its onset. Neutrophil rolling on E-selectin expressed in the
inflamed microvasculature of patients with SCD can initiate
integrin activation and firm arrest. Secondary capture of sRBCs
and platelet aggregation leads to vascular congestion and tissue
ischemia. Targeting these earliest selectin-dependent events in
neutrophil recruitment with antagonists that block both initial
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TABLE 2 | Current agents being investigated to treat VOC.

General
Cascade

VOC
Prevention

Therapeutics

Trials Targets/
Response

Patient
Demographic

Results Dose Reference

anti-platelet/
anti-
coagulation

Prasugrel DOVE (Terminated-lack of efficacy) P2Y12
receptor
antagonist-
inhibits
adenosine
diphosphate
(ADP)-
mediated
platelet
adhesion and
aggregation

Children 2-17
years old with
history of
HbSS or HBSb
thalassemia

No significant reduction in
the rate of VOC in treatment
vs placebo in aggregate.
Children 12-17 experienced
significant reduction in VOC

Initial dose 0.06
mg/kg with
adjusted dosing
of 0.04 - 0.12
mg/kg to a
maximum of 10
mg

(65)

Ticagrelor HESTIA2 (Adults-completed);
HESTIA3 (Pediatric-Ongoing)

P2Y12
receptor
antagonist-
inhibits
adenosine
diphosphate
(ADP)-
mediated
platelet
adhesion and
aggregation

Adults 18-30
years, Children
2-18 years

HESTIA2- no reduction in
number of days without
pain; HESTIA3- not yet
reported

Twice daily
dose @ 10 to
45 mg (Adults)

(66)

Epitfbatide NCT00834899 (Terminated-Low
accural, lack of funding)

Synthetic
peptide
inhibitor of
aIIbb3

Adults 18-55 No significant reduction in
median times of discharge
or median time of VOC
resolution. Lowered serum
levels of CD40L, MIP1a,
TNFa, and Myoglobin;
increases in MMP2/9 and
leptin. Transient effect seen
post treatment

2 bolus of
180ug/mL 10
min apart, then
continous
infusion at 2 ug/
kg/min for 6
hours

(67, 68)

Apixaban NCT02179177 (Terminated-funding
exhausted)

Factor Xa
Inhibitor

Adults ~30
years

No considerable effect over
placebo

2.5 mg/kg
twice daily for 6
months

(70, 71)

Rivaroxaban NCT02072668 (Ongoing) Factor Xa
Inhibitor

Adults ~30
years

Not yet reported 20 mg daily for
4 weeks

(70, 71)

RBC and
WBC
adhesion

Crizanlizumab SUSTAIN (completed); Ongoing:
STAND, SOLACE-adults, SOLACE-
kids, STEADFAST, SPARTAN,
ADORE

Humanized
monoclonal
(IgG2k) to P-
selectin.
Inhibits
interaction
with P-selectin
glycoprotein
ligand-1
(PSGL-1)

Various ages
from
adolescent to
adult

Reduction in the duration of
VOC

Effective dose
of 5mg/kg

(77)

Rivipansel Phase 3, Multiceneter,
Randomized, Double-Blind,
Placebo-Controlled, Parallel-Group
Study to evaluate the efficacy and
Safety of Rivipansel (GMI-1070) in
the Treatment of Vaso-Occlusive
Crisis in Hospitalized Subjects with
Sicke Cell Disease [NTC02187003
(Completed)]

sLex mimetic;
pan-selectin
antagonist

Various ages
from
adolescent to
adult (345
participants)

Primary endpoint not met.
Ad hoc analysis, treatment
within 26 hours met
endpoint. Significant
reduction in readiness for
discharge, 58 hours,
median, p = 0.03

Initial loading
dose of 20 mg/
kg, following
~14
subsequent
10mg/kg doses
for 12 hours to
achieve
minimum
plasma levels

(5, 72)

Intravenous
Immunoglobulin
(IVIG)

NTC01757418(Ongoing) Inhibition of
RBC-
Neutrophil
interactions
and

12-65 (Phase 1);
8-14 (Phase 2)

Not yet reported Intravenous IgG
at 800mg/kg
(Phase 1);
400mg/kg

(75, 76)

(Continued)
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tethering and signaling of adhesion appear to be clinically effective
at mitigating VOC and painful episodes. First clinical trials are
promising and should be accompanied by further experimental
studies including novel appropriate murine in vivo models which
address the various differences in the regulation of selectin
function between mouse and human and ex-vivo analysis of
treatment efficacy in inflammatory recruitment especially of
neutrophils and sRBC over the course of the disease. Combined,
this will shed new light on the role of selectins in the pathogenesis
of VOC and hopefully contribute to establishing and refining a
potentially beneficial selectin blocking strategy for the treatment of
patients suffering from sickle cell disease.
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General
Cascade

VOC
Prevention

Therapeutics

Trials Targets/
Response

Patient
Demographic

Results Dose Reference

neutrophil-
endothelial
interactions

(Phase 2) at
time of crisis

Unfractionated
Heparin

NTC02098993 (Terminated-Poor
enrollment)

Inhibition of P-
selectin
mediated
adhesion

Adults ~30
years

Reduction in the duration of
VOC

Initial bolus of
80U/kg
followed by
18U/hr IV for 7
days until
discharge

(73, 74)

Propanolol NCT02012777 (Terminated-lack of
results); NCT01077921
(Completed)

Competitive
inhibition of
be1-
adrenergic
receptors;
inhibition of
RBC binding
to the
endothelium

Adults ~30
years

Trend in diminished
expression of E-selectin, P-
selectin, ICAM-1, and
VCAM-1. Diminished binding
of sickle RBC to the
endothelium (ex-vivo)

Standard dose
of 40mg every
12 hours for 6
weeks

(56)

Anti-
inflammatories

Simvastatin NCT01702246 (Completed) HMG-CoA
reductase
inhibitors,
restores
eNOS
production
and reduces
CAM
expression

Adolescents/
Young Adults
~ 18 years

Significant reduction in pain.
Reduction of serum NOx
metabolites, hs-CRP,
sVCAM-1, sICAM-1, sICAM-
3, (s)E-selectin, VEGF

Single oral dose
40mg (>60kg);
30mg (46-
60kg), 25mg
(35-44kg) daily
for 3 months

(78)

Zileuton NCT01136941 (Completed) 5-
Lipoxigenase
inhibitor,
inhibits
formation of
LTB4, LTC4,
LTD4

Young adults
12-18 years

No results reported Initial dosing of
2.4gm/day
increased to
3.0 gm/day for
6 weeks

(71)

Regadenson NCT01788631 (Ongoing) Adenosine
A2A Receptor
(A2AR)
Agonist

Adults ∼ 25
years

No reduction in iNKT cell
activation, no significant
reduction in hospital stay,
opiod use, or reported pain.

1.44 mcg/kg/
hour over 48
hours

(71)
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Direct Oral Anticoagulants in Patients with Sickle Cell Disease and Venous
Thromboembolism: A Prospective Cohort Study of 12 Patients. Hemoglobin
(2019) 43:296–9. doi: 10.1080/03630269.2019.1689997
April 2021 | Volume 12 | Article 663886

https://doi.org/10.1111/j.1365-2141.2005.05701.x
https://doi.org/10.1111/j.1365-2141.2005.05701.x
https://doi.org/10.1182/blood-2010-01-266122
https://doi.org/10.3233/BIR-2011-0579
https://doi.org/10.1073/pnas.1507712112
https://doi.org/10.4049/jimmunol.172.12.7780
https://doi.org/10.4049/jimmunol.172.12.7780
https://doi.org/10.1038/ncomms7915
https://doi.org/10.1128/MCB.23.7.2564-2576.2003
https://doi.org/10.1038/nm1638
https://doi.org/10.1038/nm1638
https://doi.org/10.1161/CIRCULATIONAHA.108.814582
https://doi.org/10.1161/CIRCULATIONAHA.108.814582
https://doi.org/10.1182/blood-2011-08-373118
https://doi.org/10.1084/jem.194.2.205
https://doi.org/10.1189/jlb.3MR0117-026RR
https://doi.org/10.1189/jlb.3MR0117-026RR
https://doi.org/10.1093/cvr/cvv048
https://doi.org/10.3389/fimmu.2018.02712
https://doi.org/10.3389/fimmu.2018.02712
https://doi.org/10.1172/JCI119742
https://doi.org/10.1016/S1074-7613(00)80217-4
https://doi.org/10.1182/blood-2013-05-498311
https://doi.org/10.1182/bloodadvances.2019000603
https://doi.org/10.1182/bloodadvances.2019000603
https://doi.org/10.1371/journal.pone.0101301
https://doi.org/10.1038/ncomms7387
https://doi.org/10.1182/blood.V79.10.2555.bloodjournal79102555
https://doi.org/10.1182/blood.V79.10.2555.bloodjournal79102555
https://doi.org/10.1182/blood.V89.3.1078
https://doi.org/10.1182/blood.V89.3.1078
https://doi.org/10.1182/blood-2003-07-2475
https://doi.org/10.1371/journal.pone.0226583
https://doi.org/10.1046/j.1365-2141.1998.00627.x
https://doi.org/10.1056/NEJMoa1512021
https://doi.org/10.1111/bjh.15646
https://doi.org/10.1111/j.1365-2141.2007.06787.x
https://doi.org/10.1016/j.thromres.2013.08.002
https://doi.org/10.1016/j.thromres.2013.08.002
https://doi.org/10.1002/ajh.25384
https://doi.org/10.1182/blood.2020009779
https://doi.org/10.1097/00007890-200112270-00017
https://doi.org/10.1371/journal.pone.0087104
https://doi.org/10.1002/rth2.12279
https://doi.org/10.1160/TH16-04-0323
https://doi.org/10.1016/j.jvsv.2019.08.016
https://doi.org/10.1016/j.jvsv.2019.08.016
https://doi.org/10.1111/cts.12005
https://doi.org/10.1080/03630269.2019.1689997
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Morikis et al. Selectins Role in VOC
82. Telen MJ. Beyond hydroxyurea: new and old drugs in the pipeline for sickle
cell disease. Blood (2016) 127:810–9. doi: 10.1182/blood-2015-09-618553

83. Chang J, Patton JT, Sarkar A, Ernst B, Magnani JL, Frenette PS. GMI-1070, a
novel pan-selectin antagonist, reverses acute vascular occlusions in sickle cell
mice. Blood (2010) 116:1779–86. doi: 10.1182/blood-2009-12-260513

84. Nelson RM, Cecconi O, Roberts WG, Aruffo A, Linhardt RJ, Bevilacqua MP.
Heparin oligosaccharides bind L- and P-selectin and inhibit acute
inflammation. Blood (1993) 82:3253–8. doi: 10.1182/blood.V82.11.3253.
bloodjournal82113253

85. Qari MH, Aljaouni SK, Alardawi MS, Fatani H, Alsayes FM, Zografos P,
et al. Reduction of painful vaso-occlusive crisis of sickle cell anaemia by
tinzaparin in a double-blind randomized trial. Thromb Haemost (2007)
98:392–6. doi: 10.1160/Th06-12-0718

86. Chang J, Shi PA, Chiang EY, Frenette PS. Intravenous immunoglobulins
reverse acute vaso-occlusive crises in sickle cell mice through rapid inhibition
of neutrophil adhesion. Blood (2008) 111:915–23. doi: 10.1182/blood-2007-
04-084061

87. Turhan A, Jenab P, Bruhns P, Ravetch JV, Coller BS, Frenette PS. Intravenous
immune globulin prevents venular vaso-occlusion in sickle cell mice by
inhibiting leukocyte adhesion and the interactions between sickle
erythrocytes and adherent leukocytes. Blood (2004) 103:2397–400. doi:
10.1182/blood-2003-07-2209
Frontiers in Immunology | www.frontiersin.org 1219
88. Ataga KI, Kutlar A, Kanter J, Liles D, Cancado R, Friedrisch J, et al.
Crizanlizumab for the Prevention of Pain Crises in Sickle Cell Disease.
N Engl J Med (2017) 376:429–39. doi: 10.1056/NEJMoa1611770

89. Hoppe C, Styles L, Kuypers F, Larkin S, Vichinsky E. Simvastatin reduces
vaso-occlusive pain in sickle cell anaemia: a pilot efficacy trial. Br J Haematol
(2017) 177:620–9. doi: 10.1111/bjh.14580

Conflict of Interest: JM is Senior Vice-President, for Research and Chief Scientific
Officer of GlycoMimetics, Inc. He has a financial interest in clinical development
of selectin antagonist currently in clinical trials.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Morikis, Hernandez, Magnani, Sperandio and Simon. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
April 2021 | Volume 12 | Article 663886

https://doi.org/10.1182/blood-2015-09-618553
https://doi.org/10.1182/blood-2009-12-260513
https://doi.org/10.1182/blood.V82.11.3253.bloodjournal82113253
https://doi.org/10.1182/blood.V82.11.3253.bloodjournal82113253
https://doi.org/10.1160/Th06-12-0718
https://doi.org/10.1182/blood-2007-04-084061
https://doi.org/10.1182/blood-2007-04-084061
https://doi.org/10.1182/blood-2003-07-2209
https://doi.org/10.1056/NEJMoa1611770
https://doi.org/10.1111/bjh.14580
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Deirdre R. Coombe,

Curtin University, Australia

Reviewed by:
Britta Engelhardt,

University of Bern, Switzerland
Ruth Lyck,

University of Bern, Switzerland
William A. Muller,

Northwestern University,
United States

*Correspondence:
Jaap D. van Buul

j.vanbuul@sanquin.nl

Specialty section:
This article was submitted to
Molecular Innate Immunity,

a section of the journal
Frontiers in Immunology

Received: 12 February 2021
Accepted: 27 April 2021
Published: 18 May 2021

Citation:
Arts JJG, Mahlandt EK, Schimmel L,

Grönloh MLB, van der Niet S,
Klein BJAM, Fernandez-Borja M,

van Geemen D, Huveneers S,
van Rijssel J, Goedhart J and

van Buul JD (2021) Endothelial
Focal Adhesions Are Functional

Obstacles for Leukocytes
During Basolateral Crawling.
Front. Immunol. 12:667213.

doi: 10.3389/fimmu.2021.667213

ORIGINAL RESEARCH
published: 18 May 2021

doi: 10.3389/fimmu.2021.667213
Endothelial Focal Adhesions Are
Functional Obstacles for Leukocytes
During Basolateral Crawling
Janine J. G. Arts1,2, Eike K. Mahlandt2, Lilian Schimmel1, Max L. B. Grönloh1,
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Biochemistry, Amsterdam Cardiovascular Sciences, Amsterdam University Medical Center (UMC), University of Amsterdam,
Amsterdam, Netherlands

An inflammatory response requires leukocytes to migrate from the circulation across the
vascular lining into the tissue to clear the invading pathogen. Whereas a lot of attention is
focused on how leukocytes make their way through the endothelial monolayer, it is less
clear how leukocytes migrate underneath the endothelium before they enter the tissue.
Upon finalization of the diapedesis step, leukocytes reside in the subendothelial space and
encounter endothelial focal adhesions. Using TIRF microscopy, we show that neutrophils
navigate around these focal adhesions. Neutrophils recognize focal adhesions as physical
obstacles and deform to get around them. Increasing the number of focal adhesions by
silencing the small GTPase RhoJ slows down basolateral crawling of neutrophils.
However, apical crawling and diapedesis itself are not affected by RhoJ depletion.
Increasing the number of focal adhesions drastically by expressing the Rac1 GEF
Tiam1 make neutrophils to avoid migrating underneath these Tiam1-expressing
endothelial cells. Together, our results show that focal adhesions mark the basolateral
migration path of neutrophils.

Keywords: transmigration, focal adhesions, small GTPase, RhoJ, Tiam1, endothelium, inflammation
INTRODUCTION

Neutrophils in the bloodstream form the first line of defense during an infection. To fulfil their
function at the site of inflammation, they must exit the vasculature in a process referred to as
transendothelial migration (TEM). To prevent vascular leakage, endothelial cells lining the blood
vessels form a tight barrier involving the adherens junction protein VE-cadherin. During
inflammation, these junctions allow leukocytes to cross while keeping the barrier intact. The
endothelium is activated by pro-inflammatory stimuli, resulting in the upregulation of adhesion
molecules such as selectins, ICAM-1 and VCAM-1. Neutrophils slowdown from the circulation and
after the multistep process of rolling, adhesion, crawling and diapedesis they enter the
subendothelial space (1, 2). Once crossed the endothelium, neutrophils tend to stay between the
org May 2021 | Volume 12 | Article 667213120
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endothelium and the basement membrane for up to 20 minutes
before penetrating the inflamed tissue (3, 4). It seems that they
are actively searching for a spot to enter the tissue. However, the
factors that control the crawling of neutrophils at the basolateral
level are not well known. Identifying these factors may provide
new therapeutic options to promote or reduce tissue infiltration
of immune cells.

TEM mainly occurs in post capillary venules which consist of
an endothelial cell layer, supporting pericytes and a basement
membrane. Endothelial cells are physically attached to the
underlying basement membrane through protein complexes
called focal adhesions (FAs), linking the actin cytoskeleton to
the basement membrane (5). FAs assemble when integrin
receptors are activated by the extracellular matrix, resulting in
recruitment of multiple FA proteins as paxillin, vinculin, Focal
Adhesion Kinase (FAK) and talin (6). Nascent adhesions can
rapidly disassemble or mature to focal complexes. Thereafter,
focal complexes mature into FAs that are larger and reside at the
end of actin fibers (7). The assembly and disassembly of FAs
together with the remodeling of the actin cytoskeleton enable
cells to migrate and to maintain their barrier function. En face
imaging of human vascular endothelial beds from different
tissues showed the presence of these complexes in arteries as
well as venules (8).

It was reported that T-cell TEM preferentially occurred
through junctions where near-junction FA density of ECs was
low (9). Moreover, the disruption of adhesions was observed, and
a transient weakening of the FAs was hypothesized to be
necessary to widen subendothelial spaces. Another study
showed that disruption of FAK protein or FAK signaling
decreased neutrophil transmigration (5). However, if FA
dynamics are involved in the efficiency how neutrophils
maneuver underneath the endothelium is not known.

The remodeling and turnover of FAs involves the small
GTPases RhoJ (10, 11), which has been shown to be expressed
in the vasculature in vivo (12, 13). RhoJ is a member of the family
of Rho GTPases acting as molecular switches cycling from an
inactive GDP-bound mode to an active GTP-bound mode.
Guanine exchange factors (GEFs) and GTPase activating
proteins (GAPs) assist in this switching. Rho GTPases mainly
regulate the cell’s cytoskeleton, thereby fulfilling a major role in
cellular homeostasis. Although several studies have focused on
the contribution of the endothelial GTPases RhoA, Cdc42 and
Rac1 on leukocyte TEM (14–20), nothing is known about the
role of the FA-regulating RhoJ in leukocyte TEM.

Here, we show that neutrophils underneath the endothelium
navigate around FAs as physical obstacles. Depletion of RhoJ
increased the number of FAs, resulting in a reduction of the
speed and motility of basolateral crawling of neutrophils. RhoJ
perturbation did not alter apical rolling, crawling or diapedesis of
neutrophil TEM. Furthermore, by drastically increasing the
number of FAs by expressing an active mutant of the Rac1
GEF Tiam1 (C1199), we were able to steer neutrophil basolateral
crawling underneath endothelial cells that displayed lowest
number of FAs. This supports our hypothesis that FAs can
mark the path for basolateral migration of neutrophils.
Frontiers in Immunology | www.frontiersin.org 221
MATERIALS AND METHODS

Cell Culture
Human umbilical vein endothelial cells (HUVECs) (Lonza) were
cultured in EGM2 medium (Cat.nr C-22110, Promocell)
supplemented with 1% penstrep (Invitrogen). The culture
flasks, plates (TPP) and coverslips were coated with fibronectin
(30 μg/ml; Sanquin Reagents, Amsterdam, Netherlands).
HUVECs were used during experiments when at passage 3-4.
Blood-outgrowth Endothelial Cells (BOECs) were isolated as
described before (21) and cultured in EGM2 medium (Cat.nr C-
22110, Promocell) supplemented with 1% penstrep (Invitrogen)
and 18% fetal calf serum (Bodinco). The culture flasks, plates
(TPP) and coverslips were coated with gelatin (Sigma).
Endothelial cells were cultured at 37°C and 5% CO2.

Umbilical Cord
Human umbilical cords were collected from the Department of
Obstetrics and Gynaecology of the Amsterdam UMC (VUMC)
after obtaining written informed consent from the mothers. 1 to
2-day old human umbilical cords were used for all our
experiments. The outer ends of the cord were cut off. A
cannula was inserted in the human umbilical vein and it was
tied up with a tie-rip. The vein was gently flushed with warm PBS
to remove blood and blood clots. Then the vein was either fixed
or stained directly. Alternatively, HUVECs were removed
(denudation) by 0.05% trypsin-EDTA solution (Sigma cat
#59418C) and rinsed with PBS. The vein was cut in pieces of
approximately 1 cm2 and 250.000 BOECs were seeded on the
vein in a 12-well plate. After overnight incubation 37°C and 5%
CO2 and 4 hours of TNF-alpha stimulation (10 ng/ml,
Peprotech) veins with BOEC were fixed and stained.

Immunofluorescence Staining
Umbilical cords: Umbilical veins were fixed with 4% PFA (Merck
Millipore, 104005) in PBS containing 1 mM CaCl2 and 0.5 mM
MgCl2 for 15 minutes. Veins were washed with PBS and
quenched with 50 mM NH4Cl in PBS for 10 minutes at RT.
Veins were then permeabilized with 0.5% Triton X-100 (Sigma,
USA, 9002-93-1) for 5 minutes. Subsequently, unspecific binding
sites were blocked with 1% bovine serum albumin (BSA) (PAA
laboratories, Austria, Pasching, AFFY10857) in 50mM NH4Cl in
PBS++ for 60 minutes at RT. For immunostaining, 50 μL of
primary antibody solution in PBS-BSA was added to the luminal
side of the vein and incubated for 60 minutes at RT. After
washing with PBS, the veins were incubated with fluorescently
labelled secondary antibodies for 60 minutes at RT. After
washing with PBS, veins were mounted with the luminal
surface facing down on glass-bottom Petri dishes using DAPI
Fluoromount-G mounting medium (Southern Biotech, cat
#0100-20). For the mesenteric arteries, we used the protocol as
described by van Geemen et al. (8). HUVECs were cultured on
fibronectin coated coverslips (12mm, Thermo Scientific). Cells
were fixed with 4% paraformaldehyde in PBS containing 1mM
CaCl2 and 0.5 mM MgCl2 for 10 minutes and washed three
times. Thereafter, HUVECs were permeabilized with 0.1%
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Triton-X 100 in PBS containing 1mM CaCl2 and 0.5 mM MgCl2
for 5 minutes and blocked using 2% BSA in PBS containing 1mM
CaCl2 and 0.5 mM MgCl2 for 30 minutes. Coverslips were
incubated with primary antibodies for one hour and washed
three times, followed by 1 hour incubation with secondary
antibodies. After three times washing, the coverslips were
mounted using Mowiol (10% Mowiol®4-88, 2.5% Dabco, 25%
Glycerol, pH 8.5). For the lattice light sheet microscopy imaging
and processing, we refer to (22).

Antibodies and Imaging
Polyclonal rabbit antibody against phospho-Paxillin (cat# 44-
722G), Alexa 488-conugated chicken anti rabbit (cat# A21441)
secondary antibody, Alexa 633-conjugated goat anti mouse (cat#
A21050) secondary antibody and Phalloidin-Texas Red (cat#
T7471) were purchased from Invitrogen. Mouse monoclonal
antibody against Fibronectin (cat# 610077) and Alexa 647-
conjugated mouse monoclonal antibody against VE-cadherin
(cat# 561567) were purchased from BD biosciences. Hoechst
33342 (cat# H-1399) was purchased from Molecular Probes.
Goat Polyclonal anti VE-cadherin antibody was purchased from
Santa Cruz (cat #SC-6458). Secondary Chicken anti Goat Alexa
647 conjugated antibody was purchased from Invitrogen
(cat#A21469). Polyclonal rabbit antibody against Laminin
1abg and 2 abg was purchased from Novus Biologicals (cat#
NB300-177). Monoclonal mouse antibody against Laminin a4
was purchased from R&D Systems (cat# MAB7340). Polyclonal
rabbit antibody against Collagen IV was purchased from Abcam
(cat# ab6586). Polyclonal rabbit antibody against HA was
purchased from Sigma (cat# H6908). Images were acquired
using a confocal laser scanning microscope (Leica SP8) using a
20x, 40x, or 63x NA 1.4 oil immersion objective and
HyD detectors.

Plasmids
mNeonGreen-Paxillin is available through Addgene (plasmid #
129604) (23). mNeonGreen-Paxillin was PCR amplified with the
following primers: FW 5’-AGGTCTATATAAGCAGAGC-3’, RV
5’-ATATGCTAGCCTAGCAGAAGAGCTTGAGGAAG-3’. PCR
product and lentiviral backbone were restriction digested with
AgeI and NheI. The fragments were ligated to create pLV-
mNeonGreen-Paxillin. Tiam1-C1199-HA constitutively active
mutant was a kind gift of John Collard and was microporated into
HUVEC usingNeon Transfection System (ThermoFisher) according
to manufacturer’s protocol (HA tag from Human influenza
hemagglutinin). Lentiviral RhoJ short hairpin DNA was a kind gift
from Dirk Geerts, AMC (CAACACTTGCTCGGACTGTATCTC).

TIRF Microscopy
Cells were imaged with a Nikon Ti-E microscope equipped with
a motorized TIRF Illuminator unit, a 60x TIRF objective (60x
Plan Apo, Oil DIC N2, NA =1.49, WD = 120 um) and Perfect
Focus System. Images were acquired with an Andor iXon 897
EMCCD camera and the Nikon NIS elements software.
mNeonGreen was imaged using the 488 nm laser line and
calcein red-orange was imaged using the 561 nm laser line. A
quad split dichroic mirror (405 nm, 488 nm, 561 nm, 640 nm)
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was used in combination with dual band pass emission filter (515
to 545 nm, 600 to 650 nm). To achieve a larger field of view a 3 x
3 tile scans was acquired with 15% overlap stitching on the GFP
channel. Time lapse images were taken every 10 s.

Virus Production
Lentiviral particles were produced in HEK293T cells using 3rd
generation packing plasmids. 2 and 3 days post transfection,
supernatant was harvested and filtered (0.45 um) and
concentrated using Lenti-X Concentrator (TaKaRa). Cells were
selected with 1.5 ug/ml puromycin and used 2-6 days
post transduction.

SDS PAGE Gel and Western Blot
Cells were washed with PBS containing 1mM CaCl2 and 0.5 mM
MgCl2, lysed in SDS-sample buffer (Life technologies) containing
4% b-mercaptoethanol (Sigma Aldrich) and denatured at 95
degrees for 10 minutes. Proteins were separated on a 4-12%
gradient SDS-PAGE gel (Invitrogen) in MES buffer according to
manufacturer’s protocol, and transferred to nitrocellulose
membrane (Thermo Scientific Cat# 26619) in blot buffer
(48 nM Tris, 39 nM Glycine, 0.04% SDS, 20% methanol).
Membrane was blocked with 5% (w/v) milk (Campina) in
Tris-buffered saline with Tween20 (TBST) for 60 minutes. The
immunoblots were analyzed using primary antibodies incubated
overnight at 4 degrees, washed three times with TBST, incubated
with secondary antibodies linked to HRP (Dako, Aligent
Technologies) and washed three times with TBST. HRP signals
were visualized by enhanced chemiluminescence (ECL, cat#
32106, Thermo Scientific) for actin antibody and Super ECL
(Thermo Scientific) for RhoJ antibody and light sensitive films
(Fuji Film). Mouse monoclonal antibodies against RhoJ (cat#
WH0057381M1) and actin (cat# A3853) were purchased from
Sigma. Secondary HRP-conjugated goat anti-mouse (cat# P0447)
antibody was purchased from Dako.

Neutrophil Transendothelial Migration
Under Physiological Flow
Blood used for neutrophil isolation was obtained from healthy
adult volunteers. Whole blood with heparin was diluted (1:1)
with 5% trisodium citrate in PBS, thereafter the diluted blood
was pipetted on 12.5 ml Percoll (room temperature) 1.076 g/ml.
The blood was centrifuged at 800g (room temperature) with slow
start and brake for 20 minutes. The PBMC ring fraction and
blood plasma were discarded and erythrocytes were lysed using
ice cold lysis buffer (155 nM NH4CL, 10 mM KHCO, 0.1 mM
EDTA). Thereafter, the neutrophils were washed with ice cold
PBS. In between the neutrophils were centrifuged for 5 minutes
at 450g at 4°C. The neutrophils were suspended in HEPES buffer
(20 mMHEPES, 132 mMNaCl, 6 mMKCL, 1 mMCaCL2, 1 mM
MgSO4, 1.2 mM K2HPO4, 5 mM D-glucose (Sigma-Aldrich),
and 0.4% human serum albuman (Sanquin Reagents).
Neutrophils were labelled with Calcein red-orange (Invitrogen)
according to manufacturer’s protocol. Neutrophils were kept at
room temperature for a maximum of 4 hours prior to
experiment. HUVECs were cultured 48 before the experiment
in an Ibidi 6 channel flow slide (μ-Slide VI 0.4, Cat.nr 80606,
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Ibidi) coated with fibronectin. HUVECs were stimulated with
10ng/ml TNFa (Peprotech) 4-20 hours prior to the experiment.
Isolated neutrophils were activated at 37°C for 30 minutes,
1x10xxx2076 neutrophils were used per channel. A perfusion
system was used to reach a flow of HEPES buffer of 0.5ml/minute
(0.8 dyne/cm²) during the experiment, neutrophils were injected
in the flow. The transendothelial migration was monitored for 20
minutes with a 10x air objective using a Zeiss Observer Z1
microscope. Live cell imaging was performed at 37°C with 5%
CO2. The percentage of transmigrated neutrophils was calculated
by dividing the number of neutrophils underneath the
endothelium by the total neutrophil count. These percentages
were calculated at 1, 2, 3, 4, 5, 10 and 15 minutes after the first
neutrophils were in focus.

Analyses
Images were analyzed using Fiji/ImageJ software. Images with
labelled neutrophils were thresholded and analyzed using
‘Analyze Particles’. To quantify the tracks of the neutrophils
Manual Tracking ImageJ plugin was used. A ‘turn’ was defined as
a more than 90 degrees change in direction in the track of a
specific neutrophil. To quantify focal adhesions, the images were
thresholded and analyzed using ‘Analyze Particles’, including
only particles with an area between 0.2 and 10 mm2. The speed of
neutrophils underneath the endothelium was measured using
MtrackJ, a plugin for Fiji. The neutrophils were tracked from the
moment they were underneath the endothelium till the end of
the experiment. The total length was divided through the time in
seconds of the track. apical crawling was analyzed using
Imaris software.

The crawling of neutrophils on top of the endothelium (apical)
was measured using TrackMate, a plugin for Fiji, using spot
finding, a blob diameter of 10.5 mm and spot threshold of 4000 or
300 depending on the imaging brightness/contrast. Simple LAP
tracker was used with a minimal overlap of 10.5 mm, disabling
gaps in tracks. All tracks that were not finished before the end of
the movie (not finished crawling stage) or with less than 5 spots
(to exclude rolling) were removed. Superplots were generated
using the Super Plots Of Data web app (24).
RESULTS

Neutrophils Change Shape Extensively
During Basolateral Crawling
Endothelial cells are attached to the substratum through FA
protein complexes (25). To examine the localization of FAs in
cultured Human Umbilical Vein Endothelial Cells (HUVECs),
we stained a monolayer of endothelial cells for F-actin and
phospho-paxillin, a well-known marker for FAs (26). We
observed phospho-paxillin puncta at the end of F-actin stress
fibers (Figure 1A). Under inflammatory conditions, neutrophils
cross the endothelium and stay under the endothelium for
several minutes before continuing crossing the basement
membrane and enter the underlying tissue (4). When
monitoring this in real time using a transendothelial migration
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(TEM) flow model, neutrophils made several turns as if they
were searching for a perfect route to prepare themselves to cross
the basement membrane (Supplementary Movie 1).

From these observations, we hypothesized that FAs direct the
basolateral route for neutrophils. To explore how neutrophils deal
with FAs during TEM, we cultured mNeonGreen Paxillin-
expressing HUVECs in specialized flow channels. The
mNeonGreen-Paxillin is used as a proxy for FAs, enabling us to
monitor in real-time FAs during neutrophil TEM under
physiological flow conditions. By using TIRF microscopy, we
specifically detected the basolateral side of the endothelial cell
layer and were able to detect the FAs with high contrast in real-
time. When studying both FA and neutrophil behavior at the
basolateral side, it seems that neutrophils were trapped by
surrounding FAs as if they experienced a physical barrier
(Figure 1B and Supplementary Movie 2). We found that the
basement membrane proteins laminin, collagen and fibronectin
were deposited by the HUVEC upon culturing (Supplementary
Figure 1A). These proteins can form a confined surrounding that
potentially can be used by neutrophils to migrate underneath the
endothelium. For the neutrophils crawling at the basolateral side,
we observed a wide variety of neutrophil shapes, ranging from
stretched out to bended (Figure 1C, Supplementary Figure 1B
and Supplementary Movie 3). These morphological changes
were specific for neutrophils at the basolateral side, as we did
not observe these changes for neutrophils that were crawling at
the apical side of the endothelium prior to crossing the
endothelium (Figure 1D and Supplementary Figure 1C). To
illustrate these morphological changes in more detail, we used 3D
lattice light sheet imaging (Figure 1E and Supplementary Figure
1D). These recordings showed the morphological shape transition
neutrophils undergo as soon as they cross the endothelium. To
measure these morphological changes, neutrophil circularity
during basolateral and apical crawling was determined using
time-lapse recordings. Circularity was measured by 4p(area/
perimeter2) with 1 being perfectly round. Apical crawling
neutrophils showed a circularity of 0.74 (Figure 1F), whereas
basolateral crawling neutrophils showed a circularity of 0.43
(Figure 1G). Thus, neutrophils that crawled underneath the
endothelium showed a higher degree of deformation than
neutrophils that crawled on the apical surface of the endothelium.

The endothelial cells used are cultured on glass cover slips to
allow TIRF microscopy. It is recognized that stiff surfaces can
influence structures like FAs (27). To study FAs in endothelial
cells on more softer substrates, we used umbilical cord tissue and
replated HUVECs onto the umbilical cord substrate that were
depleted from endothelial cells first. These experiments showed
the presence of FAs in endothelial cells in vivo albeit much more
at the junctional region. Although endothelial cells of the
umbilical cord were smaller in size, the presence and number
of FAs per surface area was comparable with what was observed
for in vitro cultures (Figures 2A, B and Supplementary Figures
1E, F). These data are in line with previous reports showing the
presence of FAs in different vascular beds (8). Additional
treatment of the endothelial cells in umbilical cords with
TNFa showed similar numbers of FAs compared to the
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in vitro setup, namely 0.05 ( ± 0.01, standard deviation) per mm2

and an average size of 0.75 ( ± 0.04, standard deviation) mm2 and
an increase in FAs and stress fibers across the axis of the
endothelial cell (Figure 2C). FAs have been recognized in vivo
Frontiers in Immunology | www.frontiersin.org 524
as well, albeit less prominent (8). To verify FAs under more in
vivo conditions, we stained human mesenteric vessels and
showed the presence o f FAs in the endothe l ium
(Supplementary Figure 2A).
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FIGURE 1 | Neutrophil deformation at the basolateral side of the endothelium. (A) Immunofluorescent staining for phospho-paxillin (green), F-actin (magenta), and
DNA (blue) on HUVECs stimulated for 20h with TNFa. Scale bar, 20 µm. (B) Stills from TIRF microscopy time lapse imaging showing neutrophils (magenta) and
mNeonGreen-Paxillin (gray). Time indicated in seconds in upper right corner. Bar, 10 mm. (C) Stills from TIRF microcopy times lapse imaging showing 3
representative neutrophil shapes during crawling at the basolateral side of the endothelium. Bar, 10 mm. (D) Stills from widefield microscopy time lapse imaging
showing 3 representative neutrophil shapes during crawling at the apical side of the endothelium. Bar, 10 mm. (E) 3D view stills from two ECs (green/turquoise) and a
neutrophil (magenta) at three time points (apical crawling, mid-diapedesis, and basolateral crawling). Right panels show only the neutrophil. Bar, 5µm.
(F) Quantification of the dynamics of circularity of neutrophils at the basolateral side (Basolateral). Each graph represents one neutrophil. (G) Quantification of the
dynamics of circularity of neutrophils at the apical endothelial side (Apical). Each graph represents one neutrophil.
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Neutrophils Navigate Around Focal
Adhesions
We hypothesized that neutrophil deformation is imposed by
FAs in the subendothelial space. Indeed, neutrophils changed
shape to squeeze between FAs (Figure 3A and Supplementary
Movie 4). We quantified the minimum distance between two
FAs where a neutrophil can still pass through. This was on
average 6 mm, but the minimal distance between two adhesions
was as small as 2 mm (Figure 3B), indicating that neutrophils
underneath the endothelium drastically deform to crawl
themselves in between individual FAs.

In addition, neutrophils that crawled at the basolateral level
frequently changed their migration direction. To quantify this, we
tracked neutrophil migration paths and defined a change in direction
as a “turn” when an angle in the migration path was more than 90°.
One individual neutrophil was able to change its direction multiple
times per minute. We did not see this effect for neutrophils that
crawled on the apical surface of the endothelium, as they only
occasionally change direction (Figure 3C). This suggests that FAs
may indeed act as physical obstacles for neutrophils. Related to this
finding, we noticed that the basolateral crawling speed of neutrophils
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is remarkably high, but their net displacement is rather limited
(Figure 3D). In contrast, the net displacement of apical neutrophils
was similar to their total displacement or track length, indicated by a
ratio of 1 (Figure 3D). By studying the individual crawling tracks, the
motion did not occur as directional but rather random (Figure 3E).
This is in sharp contrast to neutrophils that crawled at the apical side
of the endothelium, where migration tracks were often more
directional (Figure 3F). Together, the findings on the difference of
neutrophil crawling either on the apical or basolateral side of the
endothelium support the notion that FAs act as physical obstacles for
neutrophil basolateral migration.

Neutrophils Navigate Around Focal
Adhesions During Basolateral Crawling
As we observed that neutrophils navigated around FAs, we
hypothesized that neutrophils did not disrupt or change the
turnover of FAs. To test this, we measured the area and perimeter
of individual endothelial FAs before and during basolateral
crawling of neutrophils. To quantify FA stability, we calculated
the total FA area of a region of interest containing one
endothelial cell including a neutrophil that was crawling at the
A B

C

FIGURE 2 | Presence of focal adhesions at endothelium from the umbilical cord. (A) Immunofluorescent staining for phospho-paxillin (green) and VE-cadherin
(magenta) of HUVECs grown on glass substrate. ROI is indicated in the merge. Images are inverted for clarification. Lower panel shows zoom from ROI. Scale bar,
50 µm. (B) Immunofluorescent staining for phospho-paxillin (green) and VE-cadherin (magenta) of HUVECs on an umbilical cord. ROI is indicated in the merge.
Images are inverted for clarification. Lower panel shows zoom from ROI. Scale bar, 50 µm (C) Immunofluorescent staining for phospho-paxillin (green), F-actin
(magenta), VE-cadherin (cyan) and nuclei (blue) of BOEC seeded on umbilical cord, treated with TNF-alpha. ROI is indicated in the merge. Images are inverted for
clarification. Lower panel shows zoom from ROI. Black arrowheads indicate focal adhesions. Scale bar, 50 µm.
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basolateral side. We compared this area before neutrophil arrival
at the subendothelial space to the total area after the neutrophil
migrated underneath the endothelial cell. This analysis showed
that the total FA area did not change upon basolateral crawling
Frontiers in Immunology | www.frontiersin.org 726
of neutrophils (Figure 4A). Additionally, the average size of FAs
did not change during basolateral crawling of neutrophils
(Figure 4B). To determine if basolateral crawling of
neutrophils changed the shape of FAs, we determined the total
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FIGURE 3 | Neutrophil crawling at the apical and basolateral side of the endothelium. (A) Still from TIRF microscopy time lapse imaging showing neutrophil
(magenta) and mNeonGreen-Paxillin (gray). Neutrophil squeezes through a small gap between three focal adhesions indicated with blue arrowheads. Bar, 10 mm.
(B) Quantification of gap size between focal adhesions where neutrophils can navigate through. Superplot in which small dots are individual datapoints, large dots
represent means from 3 independent experiments (magenta, green, blue). Mean and standard deviation are indicated. Dotted line at 2 µm, indicating the minimum
distance between two focal adhesions neutrophils can still migrate through. (C) Quantification of the amount of turns (>90˚) basolateral and apical neutrophils make
per minute. Data from three independent experiments. Each dot represents an individual neutrophil. (D) Superplot of ratios of the effective displacement (distance
between beginning and end of the migratory track) and the total displacement (length of the migratory track) of basolateral and apical neutrophils. Each dot
represents an individual neutrophil. Dotted line represents 1, meaning straight migration paths. Large dots represent means. Welch’s T-test p=0.03951772
(E) Crawling tracks of neutrophils at the basolateral side of the endothelium. Each frame is about 11 seconds. Bar, 10 mm. (F) Crawling tracks of neutrophils at the
apical side of the endothelium. Each frame is about 11 seconds. Asterisks indicate start of diapedesis. Bar, 10 mm.
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perimeter of all FAs in the field of view. Again, we did not find
any difference of the FA perimeter upon basolateral crawling of
neutrophils (Figure 4C). Furthermore, the number of focal
adhesions did not change (Figures 4D, E). Thus, neutrophil
TEM including basolateral crawling is a non-destructive process
that retains FA integrity. This suggests that FA density can act as
barrier for neutrophil migration at the basolateral side.

RhoJ Depletion Results in Reduced
Basolateral Crawling Velocity
The small GTPase RhoJ regulates FA turnover, thereby dictating
FA density (11). To study if an increase in FA density reduced
neutrophil basolateral crawling, we depleted RhoJ from
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endothelial cells. RhoJ was silenced with an efficacy of >90%
(Supplementary Figures 2B, C), which resulted in an almost 2-
fold increase in the number of FAs (Figures 5A, B), with no
change in FA size (Figure 5C). These results enabled us to study
if increasing number of FAs perturbed neutrophil TEM and
basolateral migration. Indeed, RhoJ silencing reduced neutrophil
motility during basolateral crawling (Figure 5D), suggesting that
increased number of FAs resulted in more obstacles for
neutrophils to overcome when migrating underneath the
endothelium. To rule out an effect of the underlying matrix
that is deposited by the endothelial cells, we performed
immunofluorescence staining of the matrix protein fibronectin,
known to be involved in inflammation (28). These data showed
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FIGURE 4 | Focal adhesions during neutrophil crawling. Quantification of the focal adhesions (FA) of an endothelial cell with a neutrophil crawling underneath from
the dotted line (diapedesis) onwards. Colored lines indicate seven representative neutrophils. (A) Graph shows the total focal adhesion area per µm2. (B) Graph
shows the mean FA size. (C) Graph shows the total perimeter of all the focal adhesions of one endothelial cell. This is a measure for the shape of the focal
adhesions. (D) Graph shows the number of FAs per µm2. (E) Graph shows the number of FAs per endothelial cell.
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FIGURE 5 | Focal adhesions upon RhoJ silencing. (A) Immunofluorescent staining for phospho-paxillin (green), F-actin (magenta), VE-cadherin (Turquoise) and DNA
(blue) on HUVECs stimulated for 20h with TNFa. ROI is indicated in the merge. Images are inverted for clarification. Upper panel are control cells (shCtrl), lower panel
are cells with RhoJ depletion (shRhoJ). Scale bar, 20 µm. (B) Quantification of the number of focal adhesions (FA) per field of view (FOV) for control (shCtrl) and RhoJ
knockdown (shRhoJ) conditions. Superplot in which small dots are individual datapoints, large dots represent means from 5 independent experiments (five colors).
Mean and standard deviation are indicated. Welch’s T-test *p=0.000218. (C) Quantification of the size of focal adhesions (FA) for control (shCtrl) and RhoJ
knockdown (shRhoJ) conditions. Superplot in which small dots are individual datapoints, large dots represent means from 5 independent experiments (five colors).
Mean and standard deviation are indicated. Welch’s T-test p=0.2712415, not significant (n.s.). (D) Quantification of the speed of basolateral neutrophils under control
(shCtrl) and RhoJ knockdown (shRhoJ) endothelial cells. Violin plot in which small dots are individual datapoints. Mann-Whitney U-test: p<0.05.
(E) Immunofluorescent staining for phospho-paxillin (green), F-actin (magenta), Fibronectin (Turquoise) and DNA (blue) on HUVECs stimulated for 20h with TNFa. ROI
is indicated in the merge. Images are inverted for clarification. Upper panel are control cells (shCtrl), lower panel are cells with RhoJ depletion (shRhoJ).
Scale bar, 20 µm.
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no difference in basolateral deposition of fibronectin upon RhoJ
depletion (Figure 5E). From these experiments we concluded
that increasing the number of FAs decreased basolateral crawling
speed of neutrophils.

Endothelial RhoJ Depletion Does Not
Affect Apical Crawling and Diapedesis
of Neutrophils
To study if the number of FAs regulate TEM efficiency, we
focused on the different steps of the TEM process under flow
conditions. To increase the number of FAs, we used endothelial
cells that were silenced for RhoJ or treated with shCtrl. For the
apical crawling distance, we did not find any difference of
neutrophil crawling between RhoJ-depleted and control
endothelial cells (Figure 6A). Also, the crawling time, i.e., the
time from crawling until diapedesis as well as the speed, did not
differ between both endothelial cell treatments (Figures 6B, C).
In line with these findings, RhoJ-deficient endothelial cells did
not change the number of neutrophils that transmigrated
(Figure 6D). This suggests that increasing the number of FAs
by RhoJ depletion did not affect neutrophil TEM efficiency.

TIAM-1 Increases FA Number and Blocks
Basolateral Crawling of Neutrophils
We hypothesized that if the number of FAs at junction regions
can be specifically increased, we may be able to steer neutrophil
Frontiers in Immunology | www.frontiersin.org 1029
basolateral migration at the junction regions. By increasing the
number of FA in one endothelial cell to the level that neutrophils
cannot pass through, but not in the adjacent one, neutrophils
would migrate underneath the endothelial cell that allow
neutrophils to squeeze through FAs. Overexpression of an
active mutant of the GEF Tiam1, Tiam1-C1199, induced
massive numbers of FAs (Figure 7A and Supplementary
Figure 2D) (29). Additionally, we found VE-cadherin to be
more diffusely distributed over the cell surface. The total area
that FAs covered was more than doubled (Figure 7B).
Furthermore, the number of FAs was elevated (Figure 7C) and
their size was increased (Figure 7D). By transiently expressing
Tiam1-C1199, we obtained a monolayer of HUVECs with a mix
of normal FA number, i.e., non-transfected endothelial cells and
Tiam1-positive endothelial cells showing increased number of
FAs, in particular at junction regions. We used this system to
study whether neutrophils preferred either of the two cell types
for basolateral crawling. The number of neutrophils that crossed
the endothelium was unaltered. However, we observed that
crawling neutrophils seem to avoid Tiam-1-expressing cells.
Upon diapedesis, we found that neutrophils first started to
penetrate underneath the Tiam1-C1199-expressing endothelial
cell but after 2-3 μm underneath this cell, the neutrophil
turned and migrated away from the Tiam1-positive endothelial
cell and continued migrating underneath the control
endothelial cell (Figure 7E, Supplementary Figure 3A and
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FIGURE 6 | Transendothelial migration upon RhoJ silencing in endothelial cells. (A) Quantification of the distance of apical neutrophils in the crawling stage on
control (shCtrl) and RhoJ knockdown (shRhoJ) endothelial cells. Violin plot of three independent experiments including at least 100 neutrophils per experiment
(B) Quantification of the apical crawling time of neutrophils on control (shCtrl) and RhoJ knockdown (shRhoJ) endothelial cells. Violin plot of three independent
experiments including at least 100 neutrophils per experiment. (C) Quantification of the speed of apical neutrophils in the crawling stage on control (shCtrl) and RhoJ
knockdown (shRhoJ) endothelial cells. Violin plot of three independent experiments including at least 100 neutrophils per experiment. (D) Quantification of the
percentage of neutrophils that underwent diapedesis for control endothelial cells (shCtrl, green) and RhoJ silenced endothelial cells (shRhoJ, blue). Data from three
independent experiments including at least 100 neutrophils per experiment. Error bars show standard deviation.
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Supplementary Movie 5). These results clearly demonstrated
that neutrophils preferred endothelial cells with lower numbers
of FAs for basolateral crawling. Moreover, we observed that
neutrophils that transmigrated at cell-cell junctions, consisting of
two Tiam1-expressing endothelial cells, were trapped at the
junction (Supplementary Figure 3B and Supplementary
Movie 6). This observation suggest that neutrophils can be
hindered at the basolateral level by increasing the number of
FAs that function as physical obstacles for neutrophils. To study
if potential other mechanisms can drive preferential basolateral
migration of neutrophils under neath control endothelial cells,
like decreased adhesion molecule expression at the Tiam1-C1199
cells compared to the control endothelial cells, we performed
immunofluorescent stainings. By using TIRF microscopy, we
Frontiers in Immunology | www.frontiersin.org 1130
specifically imaged the basolateral side of the endothelium and
found that the expression levels of ICAM-1 in Tiam1-C1199 cells
were comparable to control cells (Supplementary Figures 3C, D).
Moreover, also PECAM-1 stainings showed a similar pattern
between control and Tai1-C1199 expressing endothelial cells
(Supplementary Figure 3E). It should be noted that endothelial
cells that express Tiam1-C1199 showed a larger morphology, most
likely due to intrinsic rac1 activation, a well-known regulator of
endothelial cell size (29). The percentage of neutrophils that
underwent diapedesis across Tiam1-C1199-expressing HUVEC
was similar to control situations.

Together, our data suggest that endothelial FAs can mark the
basolateral migration path for neutrophils and may thereby
regulate efficient entering of the underlying tissue.
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FIGURE 7 | Focal adhesions upon Tiam1-C1199 expression. (A) Immunofluorescent staining for phospho-paxillin (green), F-actin (magenta), VE-cadherin
(Turquoise) and HA (blue) on HUVECs stimulated for 20h with TNFa. Images are inverted for clarification. Upper panel are control cells (Ctrl HA), lower panel are cells
expressing Tiam1-C1199 (Tiam1-C1199). Scale bar, 20 µm. (B) Quantification of the area focal adhesions (FA) cover or control (Ctrl) and Tiam1-C1199-expressing
cells (Tiam1-C1199). Superplot in which small dots are individual datapoints, large dots represent means from 3 independent experiments (three colors). Mean and
standard deviation are indicated. Welch’s T-test *p=0.02411431. (C) Quantification of the number of focal adhesions (FA) per field of view (FOV) for control (Ctrl) and
Tiam1-C1199-expressing cells (Tiam1-C1199). Superplot in which small dots are individual datapoints, large dots represent means from 3 independent experiments
(three colors). Mean and standard deviation are indicated. Welch’s T-test *p=0.04694375. (D) Quantification of the size of focal adhesions (FA) in control (Ctrl) and
Tiam1-C1199-expressing cells (Tiam1-C1199). Superplot in which small dots are individual datapoints, large dots represent means from 3 independent experiments
(three colors). Mean and standard deviation are indicated. Welch’s T-test *p=0.02819648 (E) Quantification of the percentage of TEM events in which a neutrophil
migrates at a control-Tiam1-C1199 junction and migrates further underneath the Tiam1-C1199 cell (light bar) versus neutrophils that migrate further underneath the
control cell (dark bar). Dots represent individual datapoints from three experiments (three colors). Error bar shows 95% confidence interval. One-sample Wilcoxon
test: p<0.05.
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DISCUSSION

Although many studies focus on the apical crawling of leukocytes
that initiates the TEM process, little is known about leukocyte
migration underneath the endothelium once they have crossed it.
It is well recognized that neutrophils reside for about 20 minutes
at the subendothelial space (4), indicating the importance of this
phase. It is believed that they search for a spot to escape the
basement membrane and the pericyte layer to enter the
underlying tissue (30). However, it is unclear what factors
contribute to the pause before the tissue is invaded. To
increase our understanding of factors that regulate neutrophil
migration at the basolateral level of the endothelium, we focused
on this post-diapedesis step of the inflammatory response using
TIRF microscopy.

Underneath the endothelium, neutrophils encounter focal,
protein complexes that link the endothelial cell to the underlying
substratum (31). Interestingly, when observing neutrophils
migrating at this basolateral side of the endothelium, it appears
that the endothelial cells themselves are not hampered in any
way by the presence of these neutrophils. Endothelial cells
remain firmly bound to the substratum. Using TIRF
microcopy, our data show that neutrophils leave FAs intact
and migrate around these static structures rather than breaking
them down. Our observations contrast a previous study on T-
cells in which FAs were studied with interference reflection
microscopy, which is a label-free method. In that study,
detachment was observed and it was proposed that transient
weakening of FA attachment was required to widen
subendothelial spaces (9). However, the signal of the T-cells
interfered with that of the FAs and therefore unambiguous
identification of FAs was not possible. Here, using dual color
fluorescence imaging we were able to identify both FAs and
neutrophils with high spatial and temporal resolution. Our
observations support the idea that FAs at the basolateral side
of the endothelium remain intact and act as physical obstacles.

Our data shows that the minimum gap between FAs through
which neutrophils could squeeze themselves was 2 μm. During
the migration through these gaps, neutrophils drastically deform
their cell body. It was previously reported that using a system
with artificial pores, neutrophils prefer pores sizes of at least 2 μm
(32). This cut-off is strikingly similar to the size limit that we
found for neutrophils, suggesting that the cellular deformation is
triggered by physical cues rather than a chemical or
signaling factor.

The largest organelle of the neutrophil, the nucleus, is multi-
lobular, making it easier to deform. It is known that the nucleus
is particularly important during migration of neutrophils.
Renkawitz and colleagues showed that the nucleus can be used
as a mechanical gauge that neutrophils use to migrate through a
narrow pore (32). Similar to what we observed in our
experiments, protrusions from the neutrophils poked into
several pores, but once the nucleus fit through a certain
narrow pore, the other protrusions are retracted, and the
neutrophil migrated forward (32). This notion of the
neutrophil trying several routes before choosing the path of
Frontiers in Immunology | www.frontiersin.org 1231
least resistance and squeezing through two individual FAs was
supported by our observations. These observations are also in
line with the work by Barzilai and co-workers (33). They showed
that the neutrophil used its nucleus as a “drill” to initiate the
diapedesis step and penetrate the endothelium (33). Our data
now add to the idea that the nucleus is not only used to penetrate
the endothelial monolayer but is also used to find its way through
the physical obstacles made by the basolateral FAs.

Our work indicates that FAs act as obstacles for neutrophils.
It is important to note that FAs also include the basement
membrane protein underneath the FA. Therefore, it is possible
that the basement membrane itself may also function as an
obstacle for migrating neutrophils. Interestingly, we noticed
reduced presence of basement membrane proteins underneath
the nucleus. This may explain why we see not so many
neutrophils crawling underneath the nucleus. In particular
under inflammatory conditions, the composition of the
extracellular matrix can change, having an effect on how
leukocytes may cross the vascular border (REF). In fact,
different vascular beds display different basement membrane
proteins (REF). And as the composition of the subendothelial
space plays an important role in TEM, it is an important factor to
consider when studying leukocyte transmigration. This
consideration is often not included in in vitro studies. The
matrix underneath the endothelium is far from homogenous.
So-called low expression regions (LERs) have been identified by
Wang and colleagues as sites with considerably lower expression
of key vascular basement membrane constituents (34).
Additional work by the Sorokin lab showed that basal
membrane proteins such as laminin 511 can act as barriers for
neutrophils to cross the endothelial cell junctions (35). They
furthermore show in additional work that loss of endothelial
laminin 511 results in enhanced experimental autoimmune
encephalomyelitis due to increased T cell infiltration (36).
These LERs are associated with gaps between pericytes and are
preferentially used by transmigrating neutrophils (4).
Neutrophils seem to prefer the path of least resistance, as
supported by our experiments that showed that increased
number of FAs prevents proper basolateral crawling of
neutrophils. Interestingly, the gap size through which
neutrophils crossed the pericyte layer and the basement
membrane was entirely dependent on the presence of
neutrophils and appeared to involve neutrophil-derived serine
proteases (34). Wang and colleagues showed neutrophil-
dependent degradation of basement membrane proteins,
whereas our study among others (9) show that the size and
number of FAs are not changed in the presence of neutrophils.
This suggests that neutrophils have two ways of migrating
through confined spaces: 1. By navigating around physical
obstacles and 2. By taking the path of least resistance and
degrade matrix proteins. In this way neutrophils could
efficiently migrate into the tissue without causing unnecessary
tissue damage.

In the present study, we did not take the role of pericytes into
account. However, it is clear that pericytes play a particularly
important role in the extravasation of neutrophils in vivo (4).
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Neutrophils use their integrins to bind to ICAM-1 on pericytes
and migrate towards gaps in the pericyte layer. These gaps are
enlarged upon inflammation because of shape changes of
pericytes, making space for neutrophils to exit the vessel wall
(4). Neutrophils exhibit abluminal crawling for about 20 minutes
before migrating further into the tissue. In this time, they migrated
about 54 μm between the endothelial cells and pericytes (4). This
underscores the importance of this post-diapedesis stage of TEM.
Using our simplified setup without pericytes and with the use of
the TIRF microscopy, we could specifically focus on FAs only.

Furthermore, substrate stiffness of the underlying tissue
might also play an important role (37). We previously showed
that substrate stiffness is translated by the endothelium via the
protein DLC-1. This mechanism mainly affects the adhesion
stage but not the diapedesis itself (37). Another study confirmed
these findings and showed that neutrophil TEM increased with
increasing substrate stiffness (38). However, extracellular matrix
rigidity does induce FA formation in both arterial and venous
endothelial cells (8). Therefore, it may also affect basolateral
crawling, and this might result in altered inflammatory response.

In summary, we show that endothelial FAs act as physical
obstacles for neutrophils that crawl at a basolateral side of the
endothelium. FAs cause deformation of the neutrophil and slow
down or even block basolateral crawling. This in the end may
determine the efficiency for neutrophils entering the inflamed
tissue and reaching the place of infection.
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Supplementary Figure 1 | (A) Immunofluorescent staining for Laminin a4,
Laminin 1/2, Collagen IV, or Fibronectin (green) and VE-cadherin (magenta). Right
panel shows the merged image. Scale bar, 20 µm. (B) Stills from TIRF microcopy
times lapse imaging showing 3 representative neutrophil shapes during crawling at the
basolateral side of the endothelium. Bar, 10 mm. (C) Stills from widefield microscopy
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time lapse imaging showing 3 representative neutrophil shapes during crawling at the
apical side of the endothelium. Bar, 10 mm. (D) 3D view stills from two ECs (green/
turquoise) and a neutrophil (magenta) at three time points (apical crawling, mid-
diapedesis, and basolateral crawling). Right panels show only the neutrophil. Bar,
5µm. (E) Immunofluorescent staining for phospho-paxillin (green) and VE-cadherin
(magenta) of HUVECs grown on glass substrate. ROI is indicated in themerge. Images
are inverted for clarification. Lower panel shows zoom from ROI. Scale bar, 50 µm. (F)
Immunofluorescent staining for phospho-paxillin (green) and VE-cadherin (magenta) of
HUVECs on an umbilical cord. ROI is indicated in the merge. Images are inverted for
clarification. Lower panel shows zoom from ROI. Scale bar, 50 µm.

Supplementary Figure 2 | (A) Immunofluorescent staining of mesenteric artery
for phospho-paxillin (green), F-actin (magenta) and VE-cadherin (cyan). Lower
panels are zoom of the ROI indicated in upper panels. Scale bar, 20 µm.
(B)Western blot analysis shows successful knock down of RhoJ. Actin is shown as
loading control. (C) Quantification of Western blot in (A). Error bar median with 95%
confidence interval. Mann-Whitney U-test: p<0.05. (D) Immunofluorescent staining
for phospho-paxillin (green), F-actin (magenta), VE-cadherin (Turquoise) and HA
(blue) on HUVECs stimulated for 20h with TNFa. ROI is indicated in the merge.
Images are inverted for clarification. Upper panel are control cells (Ctrl HA), lower
panel are cells expressing Tiam1-C1199 (Tiam1-C1199). Scale bar, 20 µm.

Supplementary Figure 3 | (A) DIC stills from time lapse image showing three
Tiam1-C1199 cells (dotted white line) and neutrophils that transmigrate at a ctrl-
Tiam1-C1199 junction. Basolateral crawling tracks of these neutrophils are
indicated in blue. Stills from Supplemental Movie 5. Time indicated in seconds in
upper right corner. Bar, 50 mm. (B) DIC stills from time lapse image showing
three Tiam1-C1199 cells (dotted white line) and a neutrophil that transmigrates at a
ctrl-Tiam1-C1199 junction (arrowhead). The neutrophil remains stuck between the
two Tiam1-C1199 cells. Stills from Supplemental Movie 6. Time indicated in
seconds in upper right corner. Bar, 50 mm. (C) Immunofluorescent staining for
ICAM-1 (green) and HA (Tiam1-C1199 HA) (magenta) on HUVECs stimulated for 4h
with TNFa. ROI is indicated in the merge. Images are acquired using TIRF
microscopy. Scale bar, 20 µm. (D) Quantification of ICAM-1 expression levels using
MFI (mean fluorescence intensity) in HUVEC expressing Tiam1-C1199 or control
(ctrl), all stimulated for 4h with TNFa. Lines indicate medians. (E)
Immunofluorescent staining for PECAM (green) and HA (Tiam1-C1199 HA)
(magenta) on HUVECs stimulated for 4h with TNFa. ROI is indicated in the merge.
Images are acquired using confocal microscopy, maximum intensity projection.
Scale bar, 20 µm. (F) Table with statistical information of the superplots (Figures
3D, 5B, 5C, 7B, 7C, 7D).

Supplementary Movie 1 | DIC time lapse imaging of TEM followed by
basolateral crawling, showing extensive change of direction. Time is indicated in
seconds in upper left corner. Bar, 20 mm.

Supplementary Movie 2 | Time lapse TIRF imaging of basolateral crawling of
neutrophils, showing that focal adhesions act as physical barriers for neutrophils.
mNeonGreen-Paxillin (grey) expressing endothelial cells and labelled neutrophils
(magenta). Time is indicated in seconds in upper left corner. Bar, 20 mm.

Supplementary Movie 3 | Time lapse TIRF imaging of basolateral crawling of
neutrophils, showing dynamic changes in cell shape. Endothelial cells (not shown) and
labelled neutrophils (grey). Time is indicated in seconds in upper left corner. Bar, 20 mm.

Supplementary Movie 4 | Time lapse TIRF imaging of basolateral crawling of
neutrophils, showing that focal adhesions act as physical barriers for neutrophils.
mNeonGreen-Paxillin (grey) expressing endothelial cells and labelled neutrophils
(magenta). Time is indicated in seconds in upper left corner. Bar, 20 mm.

Supplementary Movie 5 | DIC time lapse image of three Tiam1-C1199 cells
(center) and neutrophils that avoid crawling underneath the Tiam1-C1199 cells.
Stills are depicted in supplemental Figure 2B. Time is indicated in seconds in upper
left corner. Bar, 50 mm.

Supplementary Movie 6 | DIC time lapse image of two Tiam1-C1199 cells
(center) and a neutrophil that is trapped at the junction in between these two Tiam1-
C1199 cells. Stills are depicted in supplemental Figure 2C. Time is indicated in
seconds in upper left corner. Bar, 50 mm.
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Lanette Kempers1†, Evelien G. G. Sprenkeler2,3*†, Abraham C. I. van Steen1†,
Jaap D. van Buul1,4*‡ and Taco W. Kuijpers2,3‡

1 Molecular Cell Biology Laboratory, Department of Molecular and Cellular Haemostasis, Sanquin Research, Amsterdam
University Medical Center (AUMC), Amsterdam, Netherlands, 2 Department of Blood Cell Research, Sanquin Research,
AUMC, University of Amsterdam, Amsterdam, Netherlands, 3 Department of Pediatric Immunology, Rheumatology and
Infectious Diseases, Emma Children’s Hospital, AUMC, University of Amsterdam, Amsterdam, Netherlands, 4 Leeuwenhoek
Centre for Advanced Microscopy, Section Molecular Cytology, Swammerdam Institute for Life Sciences, University of
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The actin-related protein (ARP) 2/3 complex, essential for organizing and nucleating
branched actin filaments, is required for several cellular immune processes, including cell
migration and granule exocytosis. Recently, genetic defects in ARPC1B, a subunit of this
complex, were reported. Mutations in ARPC1B result in defective ARP2/3-dependent
actin filament branching, leading to a combined immunodeficiency with severe
inflammation. In vitro, neutrophils of these patients showed defects in actin
polymerization and chemotaxis, whereas adhesion was not altered under static
conditions. Here we show that under physiological flow conditions human ARPC1B-
deficient neutrophils were able to transmigrate through TNF-a-pre-activated endothelial
cells with a decreased efficiency and, once transmigrated, showed definite impairment in
subendothelial crawling. Furthermore, severe locomotion and migration defects were
observed in a 3D collagen matrix and a perfusable vessel-on-a-chip model. These data
illustrate that neutrophils employ ARP2/3-independent steps of adhesion strengthening
for transmigration but rely on ARP2/3-dependent modes of migration in a more complex
multidimensional environment.

Keywords: primary immunodeficiency, ARPC1B deficiency, ARP2/3 complex, neutrophil, neutrophil transmigration,
inborn error of immunity, vessel-on-a-chip
INTRODUCTION

Neutrophils are the most abundant type of leukocytes in the human circulation and important
effector cells in the innate immune system. They are the first cells recruited to sites of infection or
inflammation, where they extravasate through the blood vessel into the tissue. This process, also
known as transendothelial migration (TEM), can be divided into several steps, namely tethering,
selectin-mediated rolling and slow rolling, selectin-mediated and chemokine-mediated integrin
activation resulting in arrest, adhesion strengthening, spreading, intravascular crawling, and
org May 2021 | Volume 12 | Article 678030134
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transmigration (either paracellular or transcellular) (1). Once
neutrophils cross the endothelial cell layer they encounter a
second barrier, the vascular basement membrane (BM). This BM
provides structural support for endothelial cells and is composed
of a network of multiple extracellular matrix (ECM) proteins,
including laminins and collagen type IV (2). After crossing these
layers, neutrophils continue to migrate and enter the tissue to
reach and fight infection.

By studying rare primary immunodeficiencies (PIDs),
essential proteins in the different steps of TEM have been
identified. Well-known PIDs resulting in defective TEM are
leukocyte adhesion deficiencies (LADs), where patients have
mutations in genes involved in leukocyte integrin signaling
(LAD-I and LAD-III), resulting in an adhesion defect. In LAD-
II, defective fucosylation of selectin ligands results in the inability
of neutrophils to bind to endothelial selectins (E- and P-
selectins), resulting in a rolling defect (3).

In 2017, a novel PID involving infections, bleeding episodes,
allergy and auto-inflammation was identified caused by
mutations in the ARPC1B gene (4). ARPC1B is one of 7
subunits of the actin-related protein (ARP) 2/3 complex, which
is required for the formation of branched actin networks as it
nucleates a daughter filament to the side of a pre-existing actin
filament (5). These branched actin filaments are of vital
importance for the formation of lamellipodia at the leading
edge of migrating cells. Analysis of patient-derived neutrophils
showed a defect in actin polymerization, resulting in a severe
chemotaxis defect through 3-µm pore-size filters (4). Here we
investigated ARPC1B-deficient neutrophil migration in more
depth by using TEM flow and 3D vessel-on-a-chip models
allowing us to monitor the full process of neutrophil migration
from the vessel lumen into the tissue environment.
MATERIALS AND METHODS

Isolation of Human Primary Cells From
Patient and Controls
Heparinized venous blood was drawn from healthy controls and
an ARPC1B-deficient patient after informed consent had been
obtained. A detailed description of the patient’s history has been
reported previously (4). Neutrophils were isolated as previously
described (6). Subsequently, neutrophils (5x106/mL) were
fluorescently labelled with Vybrant™ DiD Cell-Labeling
Solution (dilution 1:1,000; Invitrogen, Carlsbad, CA, USA) or
calcein-AM (33.3 ng/mL; Molecular Probes, Eugene, OR, USA)
for 20 minutes at 37°C, washed twice in PBS, and resuspended
to a concentration of 1x106/mL in HEPES medium (containing
132 mM of NaCl, 20 mM of HEPES, 6.0 mM of KCl, 1.0 mM
of MgSO4, 1.0 mM of CaCl2, 1.2 mM of potassium phosphate,
5.5 mM of glucose, and 0.5% (wt/vol) human serum albumin,
pH 7.4). Labelling of neutrophils did not influence their TEM
capacity as compared to unlabeled cells (data not shown).

All experiments involving human blood samples were
conducted in accordance to the Declaration of Helsinki. The
study was approved by the local ethical committees of the
Frontiers in Immunology | www.frontiersin.org 235
Amsterdam University Medical Center and Sanquin Blood
Supply, Amsterdam, The Netherlands.

SDS-PAGE and Western Blot Analysis
Total cell lysates were prepared from freshly purified neutrophils.
Samples were separated by SDS polyacrylamide gel
electrophoresis and transferred onto a nitrocellulose membrane.
Individual proteins were detected with antibodies against
ARPC1B (rabbit polyclonal, Sigma-Aldrich, St Louis, MO,
USA) and actin (mouse monoclonal, Sigma-Aldrich).

Secondary antibodies were donkey anti-mouse-IgG IRDye
800CW or donkey-anti–rabbit-IgG IRDye 680LT (LI-COR
Biosciences, Lincoln, NB, USA). Visualization of bound
antibodies was performed on an Odyssey Infrared Imaging
system (LI-COR Biosciences).

Neutrophil Adhesion (Static Condition)
Neutrophils (5x106/mL) were labeled with calcein-AM (1 µM;
Molecular Probes, Eugene, OR, USA) for 30 minutes at 37°C,
washed twice in PBS, and resuspended to a concentration of
2x106/mL in HEPES medium. Neutrophil adhesion was
determined on an uncoated 96-well MaxiSorp plate (Nunc,
Wiesbaden, Germany) in response to numerous stimuli as
described previously (4).

Flow Cytometry
Flow cytometry was performed to assess the expression of various
neutrophil surface markers. Fluorescein isothiocyanate (FITC)-,
allophycocyanin (APC), phycoerythrin (PE), Brilliant Violet 510
(BV510)-, or Alexa Fluor 647 (AF647)-labelled monoclonal
antibodies and isotype controls were used according to the
instructions of the manufacturer. Antibodies were CD18-FITC
(mouse IgG1 clone MEM48, Diaclone, Besançon cedex, France),
CD11a-FITC (mouse IgG2a, Sanquin reagents, Amsterdam, The
Netherlands), CD11b-FITC (mouse IgM clone CLB-mon-gran/1,
B2, Sanquin reagents), CD11c-FITC (mouse IgG1 clone BU15, Bio-
Rad, Kidlington, UK) CD66b-FITC (mouse IgG1 clone CLB-B13.9,
Sanquin reagents), L-selectin-APC (mouse IgG clone DREG-56,
BD Pharmingen, San Diego, CA, USA), CD177-FITC (mouse IgG1
clone MEM-166, Bio-Rad), FPR1-FITC (mouse IgG2a clone
350418, R&D Systems, Minneapolis, MN, USA), TNFRI-PE
(mouse IgG1 clone 16803, R&D Sytems), TNFRII-APC (mouse
IgG2A clone 22235, R&D Sytems), TLR4-APC (mouse IgG2A
clone HTA125, Invitrogen), ICAM-1-AF647 (mouse IgG1 clone
15.2, Bio-Rad), PECAM-1-BV510 (mouse IgG1 clone WM59, BD
Biosciences, San Jose, CA, USA), JAM-A (mouse IgG1 clone WK9,
Thermo Fisher Scientific, Waltham, MA, USA).

Samples were analyzed on a FACSCanto-II flow cytometer
using FACS-Diva software (BD Biosciences). Neutrophils were
gated based on their forward- and side scatter. Per sample,
10,000 gated events were collected. Data were analyzed with
FACS-Diva software.

Endothelial Cell Culture
Pooled human umbilical vein endothelial cells (HUVEC P1052;
Lonza, Basel, Switzerland, cat C2519A) were cultured at 37°C with
5% CO2 in fibronectin-coated 10 cm tissue culture plastic petri dishes
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in Endothelial cell growth medium (EGM-2; PromoCell, Heidelberg,
Germany, cat C22011) supplemented with supplementMix
(Promocell, cat C39216). The HUVECs were passaged at 60-70%
confluency and used for experiments at passage 3-4.

Transendothelial Migration Under
Physiological Flow Conditions
Neutrophil transendothelial migration under flow conditions
was assessed as described previously (7), with the exception of
labeling of endothelial junctional VE-cadherin and PECAM-1.
Neutrophils were flowed over the endothelium for a total of 45
minutes. To induce inflammation, HUVECs were stimulated
with 10 ng/mL tumor necrosis factor-alpha (TNF-a; Peprotech,
London, United Kingdom) overnight for 16 hours. Neutrophil
migration was analyzed using IMARIS Bitplane software
(Version 9.5/9.6). Tracking was done using assisted automatic
tracking of the neutrophils using manual parameters to classify
superendothelial and subendothelial neutrophils. Speed is
calculated as the scalar equivalent of the object velocity. We
used the track speed mean = average velocity of the spots over
time according to the IMARIS reference manual 9.2.0. TEM time
was analyzed using Fiji (ImageJ, version 1.52).

Collagen Gel Preparation
All following steps were carried out on ice to halt polymerization
of the collagen. 50 µl of 10x PBS (Gibco, Thermo Fisher Scientific,
cat 70011-044) was added to of 400 µl of bovine collagen type-1
(10 mg/mL FibriCol; Advanced BioMatrix, San Diego, CA, USA,
cat 5133) and gently mixed. Subsequently, pH was set to 7.4 using
48.6 µl of 0.1M NaOH and checked. The collagen was then
diluted 1:1 with medium to achieve a final collagen concentration
of 4 mg/mL for vessel-on-a chip or 3D collagen experiments.

Migration in 3D Collagen Matrix
The 8 mg/mL neutralized collagen was mixed 1:1 with HEPES
medium containing 8*106 neutrophils and complement
component 5a (C5a; 10 nM; Sino Biological, Wayne, PA,
USA). An 8 µl drop of this mixture was placed in the middle
of a well of an µ-Slide 8 Well (Ibidi, Gräfelfing, Germany, cat
80826) and flattened with a coverslip, creating a ±10 µm 3D
matrix. The device was placed at 37°C for 30 minutes to allow
collagen polymerization before adding 250 µL HEPES medium
supplemented with 10 nM C5a (37°C). Neutrophil migration was
then assessed using an LSM980 Airyscan2 (ZEISS, Oberkochen,
Germany) using a 10x air objective (ZEISS, 420640-9900-000,
Objective Plan-Apochromat 10x/0.45). Every 5 seconds an image
was taken for 50 minutes in total. For integrin blocking
experiments, neutrophils were pre-incubated with 10 µg/mL
anti-CD11b monoclonal antibody (mAb) clone 44a and 10 µg/mL
anti-CD18 mAb clone IB4 for 20 minutes. These antibodies were
isolated from the supernatant of hybridoma clones obtained from
the American Type Culture Collection (Rockville, MD, USA).
Neutrophil migration through the collagen matrix was analyzed
in IMARIS Bitplane software (Version 9.5/9.6). The tracking was
performed automatically using the autoregressive motion
algorithm and checked manually for accuracy. Speed is
calculated as the scalar equivalent of the object velocity. We used
Frontiers in Immunology | www.frontiersin.org 336
the track speed mean = average velocity of the spots over time
according to the IMARIS reference manual 9.2.0.

Perfusable Vessel-on-a-Chip
The vessels-on-a chip were made using the devices developed by
the lab of Beebe, as previously described (8). Minor alterations to
the protocol were made. Briefly, the devices were coated with 1%
PEI (Polysciences Inc., Warrington, PA, USA, #23966) and
incubated for 10 minutes at room temperature (RT).
Sequentially chambers were coated with 0.1% glutaraldehyde
(Merck, Darmstadt, Germany, #104239), washed 5x with water
for injection (WFI; Gibco, #A12873-01) and air-dried. Collagen-
1 was prepared according to the protocol above. 10 µl Collagen-1
was added to each chamber and polymerized for 30 minutes at
37°C, 5% CO2. PBS-drenched cotton balls were added to the
device to control humidity of the device. Rods were removed
using tweezers and EGM-2 was added to the lumen. HUVECs
were washed twice with PBS, trypsinized for 5 minutes, treated
with trypsin neutralizing solution (TNS; Lonza, cat CC-5002)
and centrifuged for 5 minutes at 200xg. HUVECs were then
stained using CellTracker™ Green CMFDA Dye (1 µM;
Molecular Probes, cat C7025) according to manufactures
protocol, washed twice with PBS and pelleted. HUVECs were
then resuspended to a concentration of 15*106 cells/mL. 5µl of
cell suspension was added to each lumen and placed in head-
over-head at 37°C, 5% CO2 for 2 hours at 1 RPM. Vessels were
matured for 2 days with medium replacement twice daily.

Neutrophil Transendothelial Migration and
Migration Through Collagen Matrix
To induce inflammation, the vessels were stimulated overnight with
10 ng/mL TNF-a. Before the experiment, excess medium was
removed and 2 µl of HEPES medium containing 8*106 DiD
labelled neutrophils were added to each vessel. Vessels were
incubated for 2.5 hours, washed twice and fixed for 15 minutes
using 4% paraformaldehyde. Devices were then imaged using an
LSM980 Airyscan2 (ZEISS) using a 10x air objective (ZEISS,
420640-9900-000, Objective Plan-Apochromat 10x/0.45). Analysis
was done using IMARIS Bitplane software (Version 9.5/9.6).

Statistical Analysis
Experimental data were plotted and analyzed by GraphPad
Prism V9.0.0 (GraphPad Software, San Diego, CA, USA).
Results are shown as mean ± standard deviation. Normality
was tested using the Shapiro-Wilk test. The paired or unpaired
Student t test was used to test statistical significance (* = p<0.05;
** = p<0.01; *** = p<0.001; ns = non-significant).
RESULTS

ARPC1B-Deficient Neutrophils Display
Impaired Subendothelial Motility Upon
Transendothelial Migration
We investigated the capacity of neutrophils to transmigrate
through an endothelial monolayer under physiological
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flow conditions. HUVECs were grown on fibronectin, and
stimulated with tumor necrosis factor-alpha (TNF-a) which
leads to the upregulation of cell adhesion molecules such as
ICAM-1 and VCAM-1, as well as the production of important
chemoattractants for neutrophils like platelet-activating factor
and interleukin-8 (9, 10). Inflamed endothelial cells also release
and remodel ECM proteins, including different types of laminins,
collagen-I and fibronectin (11).

Lack of ARPC1B expression in patient neutrophils was
confirmed by Western blotting, which showed the complete
absence of ARPC1B protein while actin levels were normal
(Supplementary Figure 1A). Control and ARPC1B-deficient
neutrophils were differently fluorescently labeled and
simultaneously perfused over the inflamed endothelium.
Control neutrophils rolled over the endothelium, whereupon
they firmly adhered and transmigrated (Figure 1A and
Supplementary Video 1). Patient neutrophils rolled and
Frontiers in Immunology | www.frontiersin.org 437
adhered on the endothelium in a similar fashion as control
cells (Figure 1B), but once arrested, they hardly crawled away
from their initial arrest site. Under normal inflammatory
conditions, neutrophils crawl on endothelium in order to find
suitable sites to transmigrate, mostly at endothelial junctions
(12). The observed lack of crawling indicated that patient
neutrophils crossed the endothelium at non-optimal locations.
Furthermore, ARPC1B-deficient neutrophils remained mostly
round-shaped and unable to polarize, which coincided with a
significantly decrease in TEM speed as well as a reduced
number of neutrophils that successfully crossed the
endothelium (Figures 1C, D). Both control and ARPC1B-
deficient neutrophils transmigrated solely via the paracellular
pathway (Supplementary Figure 1B). The adherence of
ARPC1B-deficient neutrophils to the endothelial monolayer
under flow conditions is remarkable but well in accordance
with our observations that ARPC1B-deficient neutrophils show
A

D

E

F G

B C

FIGURE 1 | ARPC1B-deficient neutrophils display impaired subendothelial motility upon transendothelial migration. (A) Neutrophil TEM through TNF-a inflamed
HUVECs was investigated upon physiological flow conditions. Neutrophils (green = control; red = patient) rolled over the endothelium, whereupon they firmly adhered
(left panel) and transmigrated (right panel). Neutrophils are circular above the endothelium (left panel, arrow) and become polarized (right panel, arrow) under the
endothelium. Representative stills are displayed, see also Supplementary Video 1. Scale bar = 100 µm. (B) The number of firmly adhered ARPC1B-deficient
neutrophils was quantified and normalized to control neutrophils (mean ± SD, n = 3). (C) Average time of neutrophils to complete transendothelial migration, starting
from firm adherence. Individual cells are depicted. Colors (black, green and red) are corresponding to independent experiments. (D) Transendothelial migratory
events were quantified and normalized to the number of firmly adhered neutrophils (mean ± SD, n = 3). (E–G) Subendothelial motility of transmigrated neutrophils,
with (E) average velocity of neutrophils (n = 3, individual cells are depicted, colors are corresponding to independent experiments) and cell track analysis of
subendothelial neutrophils with (F) representative cell trajectories of control and ARPC1B-deficient neutrophils as indicated lasting for 45 minutes (scale bar = 70 µm)
and (G) showing trajectory plots displayed with their origins brought to a common point. Scale bar = 50 µm. Results are representative of 3 independent
experiments. The Student t test was used to test statistical significance (*p < 0.05; **p < 0.01; ns, non-significant).
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normal expression of adhesion and signaling receptors, including
CD11a (integrin aL chain), CD11b (integrin aM chain), CD18
(integrin b2 chain), L-selectin, PECAM-1 and ICAM-1, as well as
adherence under static conditions in response to a range of
stimuli (Supplementary Figure 1C, D).

Once transmigrated, control neutrophils were actively
migrating away from the initial TEM site underneath the
endothelium. However, ARPC1B-deficient neutrophils that did
cross the endothelium showed a prominent decrease in
subendothelial motility (Figure 1E). Moreover, they failed to
migrate away from their initial TEM site, in contrast to control
neutrophils (Figures 1F, G). These results indicate that
ARPC1B-deficient neutrophils have a minor defect in actual
TEM, but a more pronounced defect in their ability to migrate
underneath the endothelium.

Neutrophil Infiltration Into 3D Tissue
Matrices Is Defective in ARPC1B Deficiency
The dimensions change for a neutrophil as soon as they enter the
area underneath the endothelium, i.e. from a luminal 2D to an
ECM 3D setting. It has been previously observed that several
types of leukocytes, including granulocytes, are able to efficiently
migrate in 3D matrices in an integrin-independent manner (13).
We investigated neutrophil motility and migration in an artificial
3D gel of bovine collagen-I and visualized chemokinesis of
neutrophils upon activation with the chemoattractant C5a.
First, we confirmed the integrin-independency of (control)
neutrophils for 3D migration in collagen by usage of blocking
monoclonal antibodies directed against the common integrin b2
chain (clone IB4, CD18) or the aM chain (clone 44a, CD11b).
Indeed, we did not observe an effect from integrin blockage on
3D migration in collagen I (Supplementary Figure 2A),
indicating that this mode of migration is independent of
the main integrins of neutrophils. Next, we investigated the
requirement of ARPC1B in neutrophil migration in the
collagen-I 3D gel by visualizing chemokinesis of differently
fluorescently labeled control and ARPC1B-deficient neutrophils
upon activation with C5a (Supplementary Video 2 and Figure
2A) and TNF-a stimulation (Supplementary Figure 2B). Both
C5a and TNF-a induced migration of control neutrophils in the
collagen matrix. Quantification of migration paths upon C5a
stimulation revealed that control neutrophils migrated
successfully into the collagen matrix with average speeds of
0.085 um/s up to 0.31 um/s. However, ARPC1B-deficient
neutrophils were practically non-motile (Figure 2B).

To study both processes, i.e. TEM and 3D matrix migration of
neutrophils in one assay, we used a vessel-on-a-chip model (see
Methods). Neutrophils were injected in the vessel, whereupon
they were allowed to adhere and migrate for 2.5 hours before the
vessels were washed and fixed. As the vessels were subsequently
washed and fixed, non-adherent neutrophils were lost. Of note,
no flow was applied on the vessel. Using the 3D vessel-on-a-chip
model, we found that the number of ARPC1B-deficient
neutrophils retrieved in the vessel was significantly lower than
controlneutrophils (SupplementaryVideos3,4andFigures2C,D).
Most ARPC1B-deficient neutrophils were found at the
Frontiers in Immunology | www.frontiersin.org 538
intraluminal site firmly adhered to the endothelium, as multiple
washing steps did not remove them (Figure 2E). Around 45% of
the retrieved control neutrophils transmigrated successfully, while
only 15% of ARPC1B-deficient neutrophils completed their
transendothelial migration route (Figure 2F). Neutrophils that
did penetrate the matrix were found in closer proximity to the
vessel compared to control neutrophils. ARPC1B-deficient
neutrophils migrated on average 5 µm into the matrix, while this
was almost 30 µm for control neutrophils (Figure 2G).
DISCUSSION

Overall, our results indicate that the ARP2/3 complex is
particularly important for motility in a 3D environment
subsequent to the endothelial cell layer itself. Yet, the initial
steps of rolling and adhesion strengthening under flow
conditions seems independent of ARPC1B, allowing
transendothelial migration. Of interest, the number of
ARPC1B-deficient neutrophils retrieved in the vessel was
significantly lower than control neutrophils, though input was
equal (Figure 2D). This indicates that these patient neutrophils
were not firmly adhered to the endothelial cells and lost during
washing. This might be explained by the fact that no
physiological flow was applied to the vessel-on-a-chip system.
Flow forces have been shown to induce forces between adhering
cells and substrates that leads to integrin activation and adhesion
strengthening (14, 15). This flow-enhanced integrin activity may
explain the difference observed between firm adhesion under
flow conditions and the static vessel-on-a-chip environment.
Alternatively, it might also be that neutrophils which fail to
transmigrate over a longer period of incubation in the vessel-on-
a-chip approach (2.5 hours) are more prone to detach from the
endothelium again compared to the shorter incubations under
flow conditions (45 minutes) or static adhesion on plastic (30
minutes). The process of adhesion is energy-demanding and
neutrophils which fail to transmigrate might be prone to detach
from the endothelium again, perhaps as a result of being
deprived from their energy reserves.

Recent attention was raised to the issue of leukocytes
employing alternative migration mechanisms depending on 2-
or 3 dimensionality (16). The impaired TEM observed when using
the vessel-on-a-chip model may thus indicate that ARPC1B is of
more importance for migration in 3D environments. Indeed,
when neutrophils are flowed over inflamed endothelium, they
migrate in a 2D-manner, while under the endothelium they are in
a ‘confined’ 3D environment and clearly lack such capacity to
move around. This implicates that ARPC1B-deficient neutrophils
are able to extravasate, but cannot penetrate through the BM into
the tissue. Interestingly, 69% of patients with APRC1B deficiency
suffer from cutaneous vasculitis (17). Previous investigations
showed that ARPC1B-deficient neutrophils release their
azurophilic granules prematurely in vitro (4), both of which may
contribute to the vascular damage as observed in these patients.

After neutrophils have crossed the endothelium, and before
entering the tissue, there is a second layer of cells to cross: the
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FIGURE 2 | Neutrophil infiltration into 3D tissue matrices is defective in ARPC1B deficiency. (A) Motility tracks of neutrophils (green = control; red =
patient) in a collagen-I 3D matrix upon C5a stimulation, see also Supplementary Video 2. Only control neutrophils show motility tracks as ARPC1B-
deficient neutrophils were found to be non-motile. Scale bar = 100 µm. Heat bar = time in minutes. Results are representative of 3 independent
experiments. (B) Migration speed of neutrophils in collagen matrix (cells of 3 experiments pooled). (C) Representative images of neutrophil TEM in a
perfusable vessel-on-a-chip, see also Supplementary Videos 3, 4. Scale bar = 100 µm. Heat bar = distance starting from vessel surface. Results are
representative of 6 vessels, 2 fields of view per vessel were analyzed. (D–F) Quantification of neutrophil TEM using vessel-on-a-chip model, with (D)
number of neutrophils retrieved in the vessel, (E) number of intraluminal neutrophils (normalized to total number of neutrophils), (F) number of neutrophils
infiltrated into subendothelial collagen matrix (normalized to total number of neutrophils), (G) and average migration distance of neutrophils into the vessel.
Mean ± SD, results are representative of 6 vessels, 2 fields of view per vessel were analyzed. The Student t test was used to test statistical significance
(**p < 0.01; ***p < 0.001; ns, non-significant).
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pericytes (18). We were not able to include the role for pericytes
in the current study as our vessel-on-a-chip has its limitations
and does not allow culturing a second cell layer. However, this
would be a future challenge.

Our results emphasize the importance of ARPC1B for
neutrophil migration, thereby explaining the severe susceptibly
of these rare patients to bacterial infections, while neutrophil
killing mechanisms have been found to be intact (4).
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Supplementary Figure 1 | (A) Absence of ARPC1B protein and normal actin
levels in patient neutrophils was found by Western blot. (B) Quantification of
neutrophil migration via paracellular mode of control- and ARPC1B-deficient
neutrophils. (C) Expression of adhesion and surface molecules on the neutrophil
membrane was assessed by flow cytometry. Neutrophils are gated based on
forward/side scatter. Mean fluorescence intensity (MFI) is corrected for the isotype
control (mean ± SD, n = 1 – 5). (D) Adhesion of neutrophils to plastic (static
condition) as percentage of total input upon stimulation with the indicated stimuli
(mean + SD, n = 2 - 3).

Supplementary Figure 2 | (A) Migration speed of neutrophils in collagen matrix
in response to C5a with or without blockage of integrin b2 chain (clone IB4, CD18)
and the aM chain (clone 44a, CD11b). Individual cells are depicted. Colors (black,
green and red) are corresponding to independent experiments. (B)Migration speed
of control- and ARPC1B-deficient neutrophils in collagen matrix in response to PBS
(negative control), C5a or TNF-a. Individual cells are depicted, n = 1.

Supplementary Video 1 | Neutrophil TEM through inflamed endothelium.
Fluorescently labelled neutrophils (green = control; red = ARPC1B-deficient patient)
were flowed over TNF-a inflamed HUVECs for 45 minutes, see also Figure 1A.
Scale bar = 80 µm. Results are representative of 3 independent experiments.

Supplementary Video 2 | Neutrophil migration in a collagen-I 3D matrix.
Migration of neutrophils (green = control; red = ARPC1B-deficient patient) in a
collagen-I 3D matrix upon C5a stimulation, see also Figure 2A. Neutrophil motility
was assessed for a total of 50 minutes. Only control neutrophils showmotility tracks
as ARPC1B-deficient neutrophils were found to be non-motile. Heat bar = time in
minutes. Results are representative of 3 independent experiments.

Supplementary Video 3 | Control neutrophil TEM in a vessel-on-a-chip.
Neutrophils were injected in the vessel, whereupon they were allowed to adhere and
migrate for 2.5 hours before the vessels were washed and fixed, see also Figure
2C. Scale bar = 150 µm. Results are representative of 6 vessels.

Supplementary Video 4 | ARPC1B-deficient neutrophil TEM in a vessel-on-a-
chip. Neutrophils were injected in the vessel, whereupon they were allowed to
adhere and migrate for 2.5 hours before the vessels were washed and fixed, see
also Figure 2C. Scale bar = 150 µm. Results are representative of 6 vessels.
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Although cancer immunotherapy is effective against hematological malignancies, it is less
effective against solid tumors due in part to significant metabolic challenges present in the
tumor microenvironment (TME), where infiltrated CD8+ T cells face fierce competition with
cancer cells for limited nutrients. Strong metabolic suppression in the TME is often
associated with impaired T cell recruitment to the tumor site and hyporesponsive effector
function via T cell exhaustion. Increasing evidence suggests that mitochondria play a key
role in CD8+ T cell activation, effector function, and persistence in tumors. In this study, we
showed that there was an increase in overall mitochondrial function, including
mitochondrial mass and membrane potential, during both mouse and human CD8+ T
cell activation. CD8+ T cell mitochondrial membrane potential was closely correlated with
granzyme B and IFN-g production, demonstrating the significance of mitochondria in
effector T cell function. Additionally, activated CD8+ T cells that migrate on ICAM-1 and
CXCL12 consumed significantly more oxygen than stationary CD8+ T cells. Inhibition of
mitochondrial respiration decreased the velocity of CD8+ T cell migration, indicating the
importance of mitochondrial metabolism in CD8+ T cell migration. Remote optical
stimulation of CD8+ T cells that express our newly developed “OptoMito-On”
successfully enhanced mitochondrial ATP production and improved overall CD8+ T cell
migration and effector function. Our study provides new insight into the effect of the
mitochondrial membrane potential on CD8+ T cell effector function and demonstrates the
development of a novel optogenetic technique to remotely control T cell metabolism and
effector function at the target tumor site with outstanding specificity and
temporospatial resolution.
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INTRODUCTION

Despite recent advances in the treatment of malignant tumors,
cancer continues to be a widespread disease and a leading cause
of death. CD8+ T cell-based immunotherapy has emerged as a
potential treatment for several types of cancer (1). For example,
chimeric antigen receptor-transduced T cells (CAR-T cells) have
been designed to augment CD8+ T cell antitumor activity and are
extremely successful in treating hematological malignancies (2, 3).
However, this approach is ineffective against solid tumors due in
part to the immunosuppressive tumor microenvironment (TME)
which promotes T cell exhaustion (4–6).

The TME presents many metabolic challenges to CD8+ T cell
energy production by depleting oxygen, glucose, and other
metabolites as well as limiting the uptake of key nutrients via
the expression of inhibitory ligands (6–8). Tumor-infiltrating
CD8+ T cells (TILs) often show decreased mitochondrial mass
and function and, thus, suppressed mitochondrial ATP
production (5). Previous studies have shown that CD8+ T cells
are metabolically flexible and undergo metabolic reprogramming
throughout each stage of T cell activation, which includes
altering dependence on mitochondria for energy production
(9–15). Here, we show an increase in both mitochondrial mass
and membrane potential during CD8+ T cell activation. In
addition, CD8+ T cells exhibit increased oxygen consumption
and glycolysis during migration on intercellular adhesion
molecule 1 (ICAM-1), suggesting that migrating CD8+ T cells
require elevated metabolism to fulfill the energy requirements of
cell motility. Reprogramming effector CD8+ T cell metabolism to
increase mitochondrial mass and function has been shown to
improve antitumor activity (5). In this study, we further
characterized a novel tool, a photoactivatable proton pump
called “OptoMito-On,” to increase mitochondrial ATP
production in CD8+ T cells with the aim of improving T cell
immunotherapies for solid malignancies.
RESULTS

Mitochondrial Function Increases During
In Vitro CD8+ T Cell Activation
The current therapeutic T cell manufacturing process (both for
TILs and CARs) includes the activation and expansion of T cells
from patient apheresis products using CD3/CD28 beads at a
clinical scale with high concentrations of IL-2 (16). To
investigate the mitochondrial dynamics throughout the in vitro
T cell manufacturing process, we isolated all T cell types from the
blood of healthy human donors and activated these T cells in
vitro with anti-CD3 and anti-CD28 antibodies in the presence of
IL-2. On days 0, 2, 5, and 7 of activation, the mitochondrial mass
and membrane potential of the T cells was measured by flow
cytometry analys is of MitoTracker Green FM and
Tetramethylrhodamine (TMRM) signals, respectively (Figures
1A, B). During the activation of T cells, there was an increase in
mitochondrial mass and mitochondrial membrane potential
from Day 0 through Day 5, and both mitochondrial signals
Frontiers in Immunology | www.frontiersin.org 243
plateaued after Day 5 (Figures 1A, B). These results suggest the
importance of mitochondrial function in order to support T cell
activation. To determine if a similar trend in mitochondrial
function is seen during the activation of mouse T cells, we
isolated primary CD8+ T cells from the spleen and lymph
nodes of C57BL/6J mice. Again, the isolated CD8+ T cells were
activated with anti-CD3 and anti-CD28 antibodies in the
presence of IL-2. On days 0, 2, 4, and 7 of activation, CD8+ T
cells were stained with MitoTracker Green FM or TMRM and
analyzed by flow cytometry (Figures 1C, D). Similar to what was
seen in human T cells, mouse CD8+ T cells exhibit an increase in
mitochondrial mass and mitochondrial membrane potential
from Day 0 through Day 4, though a decrease or plateau was
observed on Day 7 (Figures 1C, D), suggesting that increases in
mitochondrial mass and function coincide with CD8+ T cell
proliferation and activation. In addition, activated mouse CD8+

T cells exhibited a higher basal oxygen consumption rate (OCR)
than naïve CD8+ T cells, further demonstrating the requirement
for increased mitochondrial function during CD8+ T cell
activation (Figure 1E). Glycolysis, as measured by the
extracellular acidification rate (ECAR) was also elevated in
activated CD8+ T cells, supporting previous studies that
showed the upregulation of aerobic glycolysis immediately
after CD8+ T cell activation with anti-CD3 and anti-CD28
(Supplementary Figure 1A) (14, 17, 18). In addition, activated
CD8+ T cells had a higher maximum OCR, without changes in
the spare respiratory capacity of naïve and activated CD8+ T cells
(Supplementary Figures 1B–D). To ensure that the
concentrations of the metabolic inhibitors used in the test are
not harmful to T cells in these conditions, we performed flow
cytometry on activated mouse CD8+ T cells treated with the
inhibitors and stained for Annexin-V. There was no increase in
the percentage of T cell death following treatment with the
inhibitors (Supplementary Figure 1E).

Mitochondrial Respiration Is Important for
Cytokine Production and Migration of
CD8+ T Cells
To elicit an immune response against cancer, CD8+ T cells need
to release effector molecules, such as Granzyme B and IFN-g. We
found a positive correlation between TMRM signal with
granzyme B and IFN-g expression (Figures 2A, B), indicating
that the increase in mitochondrial membrane potential may be
important for supporting CD8+ T cell effector functions. Efficient
trafficking of T cells to the target tumor site is key in order to
perform anticancer effector functions (19, 20). Therefore, in
addition to effector functions, additional energy is likely
required for CD8+ T cell migration. To test this hypothesis, we
next investigated whether mitochondrial metabolism is
important for CD8+ T cell migration. Activated CD8+ T cells
were plated on wells coated with poly-L-lysine (PLL), with or
without the addition of CXCL12, to confine the CD8+ T cells in
place or on ICAM-1 + CXCL12 coated wells to facilitate cell
migration mediated by lymphocyte function-associated antigen-
1 (LFA-1) and ICAM-1 interactions (21). CD8+ T cells on
ICAM-1 + CXCL12-coated surfaces showed a significant
June 2021 | Volume 12 | Article 666231
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increase in the basal and maximum OCR, as well as the basal
ECAR, without changes in the spare respiratory capacity,
compared to those on PLL-coated surfaces (Figures 2C, D and
Supplementary Figures 2A–D). Our data suggest that CD8+ T
cells migrating on ICAM-1 increase ATP production through
both mitochondrial respiration and glycolysis to supply the
Frontiers in Immunology | www.frontiersin.org 344
additional energy required for cell migration. In addition,
when CD8+ T cells were treated with mitochondrial respiration
inhibitors, such as oligomycin, an ATP synthase inhibitor, or
FCCP, a protonophore that uncouples OxPhos, there was a
significant decrease in the velocity of CD8+ T cells migrating
on ICAM-1 + CXCL12, further demonstrating the importance of
A B

D

E

C

FIGURE 1 | Mitochondrial function increases during CD8+ T cell activation. Flow cytometry analysis of (A) MitoTracker Green FM, reflecting mitochondrial mass, and
(B) Tetramethylrhodamine (TMRM), reflecting mitochondrial membrane potential, displayed as mean fluorescence intensity (MFI) during human CD8+ T cell activation
(n = 7 donors). Flow cytometry analysis of (C) MitoTracker Green FM and (D) TMRM shown in MFI during mouse CD8+ T cell activation (n = 5-7 mice). (E) The
oxygen consumption rate (OCR), measured with the Seahorse MitoStress Test, of naïve (Day 0, PLL + CCL21 coated wells) and activated (Day 5, PLL + CXCL12
coated wells) CD8+ T cells, normalized to protein content with a BCA assay; data shown as mean ± SEM (Representative of two independent experiments, n = 10
wells per group, error bars fall within symbols). All data shown as mean ± SEM. (A, B) Repeated measures one-way ANOVA with Bonferroni’s post-test.
(C, D) Ordinary one-way ANOVA with Bonferroni’s post-test. (E) 2way ANOVA with Bonferroni’s post-test.
June 2021 | Volume 12 | Article 666231

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Amitrano et al. Optical Regulation of T Cell Functions
mitochondrial function in active CD8+ T cell migration
(Figure 2E).

CD8+ T cells have increased levels of mitochondrial
respiration to support the energetic demands of cell migration
(Figure 2); thus, a hypoxic TME may suppress CD8+ T cell
migration at the tumor site by preventing sufficient ATP
production to fuel migration. To test this hypothesis under
TME-like hypoxic conditions, we used cobalt (II) chloride
hexahydrate (CoCl2) (22). Treatment of CD8+ T cells with
CoCl2 reduced the basal and maximum OCR in a dose-
dependent manner (Supplementary Figures 3A, B). In
addition, CoCl2 caused a reduction in the overall track velocity
and the percentage of total migrating CD8+ T cells on ICAM-1 +
CXCL12-coated wells (Supplementary Figures 3E–G). It should
be noted that CoCl2 had no impact on CD8+ T cell survival
during the experiment, and there was no change in Annexin-V-
positive cells treated with CoCl2 (Supplementary Figure 3H).
Although the effect was minimum, CoCl2 also caused a decrease
in the ECAR (Supplementary Figures 3C, D). Therefore, we
cannot completely exclude the possibility that some of the
outcomes of the cell migration assay may have resulted from
the reduction in glycolysis with CoCl2 treatment.
Frontiers in Immunology | www.frontiersin.org 445
Optogenetic Regulation of Mitochondrial
Membrane Potential
Although delivery of an immune-enhancing or a metabolism-
promoting molecule to overcome local immunosuppression has
been proposed, the full potential of this approach is limited by
aberrant activation of the host immune system and nonspecific
stimulation of tumor growth and metastasis. To overcome the
metabolic challenges in the TME and to selectively enhance
CD8+ T cell functions, we developed a genetically encoded
photoactivatable proton pump (“OptoMito-On”) that is
expressed in the inner mitochondrial membrane (Figure 3A)
(23). The OptoMito-On construct consists of the light-driven
proton pump, ‘Mac,’ that was derived from the fungus
Leptosphaeria maculans (24) and is fused to the N-terminal
mitochondrial targeting domain of the mitochondrial inner
membrane protein Mitofilin (25), which delivers and orients
Mac in the membrane (Figure 3A) (26, 27). During OxPhos,
electrons from NADH and FADH2, products of cellular
metabolism, enter the mitochondrial electron transport chain
(ETC), located in the inner mitochondrial membrane. As
electrons are transferred through the ETC to oxygen, protons
are pumped from the mitochondrial matrix to the
A B

D E
C

FIGURE 2 | Mitochondrial respiration is important for cytokine production and migration of CD8+ T cells. Flow cytometry MFI of (A) Granzyme B and (B) IFN-g
production throughout mouse CD8+ T cell activation, shown as a function of TMRM MFI (n = 6 mice). (C) The complete OCR trace and (D) the basal OCR measured
with the Seahorse MitoStress Test, of activated CD8+ T cells on Poly-L-lysine ± CXCL12, or migrating on ICAM-1 with CXCL12 (Representative of three independent
experiments). (E) The velocity of activated CD8+ T cells migrating on ICAM-1 + CXCL12. Treated cells (2 µM oligomycin or 2 µM FCCP) were incubated with the
drug for 20 minutes before the start of the 20-minute movie (Representative of three experiments). Migration data analyzed with Volocity software. (A, B) Pearson’s
correlation. (D, E) Data shown as mean ± SEM and analyzed by one-way ANOVA with a Bonferroni post-test.
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intermembrane space, thereby generating a protonmotive force
that is composed of an electrical (Dym) and chemical (DpH)
gradient across the inner membrane (Figure 3A) (28).
Importantly, the establishment of this gradient requires both
oxygen and reducing equivalents generated by cellular
Frontiers in Immunology | www.frontiersin.org 546
metabolism. ATP synthase (complex V) utilizes the
protonmotive force to phosphorylate ADP to ATP. We
predicted that OptoMito-On would mimic the function of the
ETC by pumping protons to the intermembrane space upon
stimulation with light and thus generate ATP via ATP synthase
A

B

D E

C

FIGURE 3 | Characterization of OptoMito-On. (A) Illustration of photoactivatable oxidative phosphorylation by OptoMito-On construct. (B) Images of HeLa cells and
CD8+ T cells expressing OptoMito-On and stained with MitoTracker Red CMXRos. (C) Immunoblot comparing control HEK293T cell lysate and HEK293T OptoMito-
On cell lysate. The full-length OptoMito-On construct is 82 kDa and probed for with an anti-GFP antibody. b-actin is used as loading control. Both images are from
the same lanes on one membrane. (D) Representative TMRE fluorescence trace of isolated mitochondria from OptoMito-On expressing HEK293T cells before and
after addition of FCCP. Dashed lines indicate where FCCP was added. (E) Quantification of change in TMRE fluorescence. Data shown as mean ± SEM and
analyzed by One-Way ANOVA with a Bonferroni post-test (n = 4).
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in the absence of sufficient oxygen and substrates (common
features in the TME).

We first transfected HeLa and mouse CD8+ T cells with the
OptoMito-On construct and labeled cells with MitoTracker to
specifically stain the mitochondria. Confocal microscopy
confirmed that there was a high degree of overlap between
GFP signals (OptoMito-On) and red fluorescence signals
(mitochondria), indicating that OptoMito-On was successfully
expressed in the mitochondria (Figure 3B and Supplementary
Figure 4). Expression of the full-length OptoMito-On construct
was further confirmed by Western blot analysis of cell lysates
prepared from HEK293T cells that expressed OptoMito-On (82
kDa) (Figure 3C).

Based on our model (Figure 3A), stimulation of OptoMito-
On with light results in polarization of the mitochondrial inner
membrane. To determine whether OptoMito-On reaches the
inner mitochondrial membrane in the correct orientation and to
confirm the functional responsiveness of OptoMito-On, we
measured the mitochondrial membrane potential (Dym) using
TMRE (29, 30). We first isolated mitochondria from HEK293T
cells expressing OptoMito-On and treated them with succinate, a
complex II ETC substrate, to generate a maximal mitochondrial
membrane potential as a positive control (Figure 3D). In the
absence of succinate (a negative control), the mitochondria did
not generate a membrane potential. However, stimulation with
540-600 nm light was sufficient to rescue the mitochondrial
membrane potential in the absence of succinate, indicating the
expression and correct orientation of functional OptoMito-On in
mitochondria (Figures 3D, E).

To test whether mitochondrial polarization driven by light-
activated proton transport leads to enhanced ATP production
(Figure 3A), we transfected HEK293T cells and mouse CD8+ T
cells with OptoMito-On, illuminated the cells (590 ± 10 nm, 0.32
mW/mm2 at 1 Hz), and immediately lysed them to detect ATP.
2-Deoxy-D-glucose (2-DG), a glucose analog, was used to inhibit
glycolysis and thus mimic the glucose-deficient TME. Optical
stimulation of OptoMito-On expressing HEK293T cells with or
without 2-DG treatment yielded a significant increase in ATP
compared with that of cells cultured in the dark (Figures 4A, B).
Stimulation of GFP-expressing cells with light did not alter ATP
Frontiers in Immunology | www.frontiersin.org 647
levels, indicating that stimulation with light at 590 nm was not
detrimental to cell viability. We observed a similar outcome in
OptoMito-On expressing CD8+ T cells (Figure 4C). However,
unlike HEK293T cells, light stimulation of 2-DG treated
OptoMito-On expressing T cells failed to increase ATP
production (Supplementary Figure 5A). In earlier studies, 2-
DG treatment of effector T cells showed a decrease in
mitochondrial respiration as well as decreases in other effector
functions, including cytokine production and cytolytic activity
(13, 31). Therefore, we speculate that 2-DG treatment of
OptoMito-On expressing CD8+ T cells may have broader
effects on overall metabolic functions than in HEK293T cells,
preventing the light-induced increase in mitochondrial ATP
production. In combination with the isolated mitochondria
data, these results demonstrate that OptoMito-On can be
expressed in cells and facilitates photoactivatable control of the
mitochondrial membrane potential.

CD8+ T cells are metabolically flexible and are able to adjust
their reliance on metabolic pathways depending on the nutrient
availability in their immediate environment (17). To determine
whether boosting mitochondrial ATP production with
OptoMito-On in activated CD8+ T cells mediates changes in T
cell glycolysis, we measured glucose consumption. Illumination
of OT-I T cells with 530 nm light caused no change in the glucose
consumption rate of both GFP and OptoMito-On expressing T
cells (Supplementary Figure 5B). These results suggest that
increasing mitochondrial ATP production with OptoMito-On
does not impact the rate of glycolysis, at least during a one-hour
light activation period.

OptoMito-On Enhances CD8+

T Cell Functions
The roles of the mitochondrial membrane potential and cell
metabolism in the regulation of T cell functions are not
completely understood. To investigate the impact of
mitochondrial ATP production induced by stimulation of
OptoMito-On in CD8+ T cell migration, CD8+ T cells were
transduced with either OptoMito-On or control GFP retrovirus,
then allowed to migrate on an ICAM-1 + CXCL12 coated well in
the presence (light) or absence (dark) of light stimulation
A B C

FIGURE 4 | Activation of OptoMito-On increases ATP production. (A) HEK293T cells expressing OptoMito-On or GFP were illuminated with 590 nm light for 2
hours, followed by a luciferase-based ATP assay. (B) Same set-up as in (A), except HEK293T cells were treated with 10 mM 2-DG for 2 hours prior to illumination.
(C) Activated CD8+ T cells were sorted based on GFP expression. GFP negative cells were used as the mock control. CD8+ T cells received 590 nm light for 30
minutes, followed by a luciferase-based ATP assay. All data shown as mean ± SEM and analyzed by an unpaired t-test (n = 4-7).
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(Movies 1 and 2). CD8+ T cells expressing OptoMito-On showed
an increase in cell velocity, cell displacement, and track length
compared to mock cells expressing GFP or that were negative for
OptoMito-On, with no change in the meandering index (Figures
5A–D). Additionally, there was a large increase in the overall
percentage of migrating CD8+ T cells expressing OptoMito-On
compared to those expressing GFP (Figure 5E). These results
indicate that although stimulation of OptoMito-On with light
may not improve the ability of T cells to become polarized
towards chemoattractants, but increasing mitochondrial ATP
production with OptoMito-On is able to enhance overall CD8+ T
cell migration, which we have shown requires increased
mitochondrial metabolism.

In CD4+ T cells, it has been shown that upon chemokine
stimulation, an increase in cytosolic calcium stimulates
mitochondrial ATP production and subsequent ATP release to
activate autocrine signaling through P2X4 receptors to support
cell migration (32). Additionally, mitochondria can localize to
the uropod during T cell migration to supply ATP for
cytoskeletal motor proteins (33). To further identify key
cytoplasmic molecules that regulate OptoMito-On-mediated
CD8+ T cell migration, we performed an antibody array that
specifically detects various cytoskeletal proteins.

Among the 141 antibody targets that were screened, the
expression of 51 molecules were considerably increased or
decreased after the activation of OptoMito-On by light in
migrating CD8+ T cells (Figure 6A). Cell migration is a
complex process that involves the coordination of many
signaling pathways. For example, dynamic regulation of the
phosphorylation of focal adhesion kinase (FAK) and MEK1, as
well as the expression of Src are involved in regulation of cell
adhesion turnover at both the leading edge and in the rear of
migrating cells (34).

Activation of FAK and Src promotes formation of a signaling
complex that leads to further downstream signaling, such as the
MAP kinase pathway which includes MEK1 (35). Consistently,
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the phosphorylation of FAK and MEK1 and the protein
expression of Src were increased after stimulation of CD8+ T
cells that express OptoMito-On with light compared to cells in
the dark (Figure 6B). Therefore, our data indicates that the
increase in mitochondrial ATP production by light activation of
OptoMito-On is sufficient to drive heightened levels of dynamic
cytoskeleton rearrangements, such as increased cell adhesion
turnover, leading to improved CD8+ T cell migration.
Importantly, there is still debate about whether activated CD8+

T cells utilize focal adhesion independent or dependent motility
(36, 37). Integrin activation is tightly regulated by interaction of
cytoplasmic domains with signaling proteins. FAK has been
shown to be a key inside-out signaling molecule that mediates
LFA-1 ligation and TCR engagement in T cells (38–41)

In addition to cell migration, overnight illumination of OT-I
CD8+ T cells, isolated from OT-I T cell receptor transgenic mice,
that express OptoMito-On significantly increased the percentage
of granzyme B positive cells and the average mean fluorescence
intensity of intracellular granzyme B (Figures 7A, B). These
results indicate the feasibility of remote activation of T cell
effector function by light stimulation of mitochondrial ATP
production. Interestingly, light activation of OptoMito-On
expressing T cells failed to increase IFN-g production. It may
be possible that IFN-g production during T cell stimulation
overrides light-induced cytokine production. In addition, while
granzyme B and IFN-g can be expressed simultaneously by T
cells, their kinetics and relative levels of expression can vary
during activation. Furthermore, the genes encoding granzyme B
and IFN-g may be differentially regulated in activated CD8+ T
cells by mitochondria OxPhos.

In order to further investigate the ability of OptoMito-On to
improve CD8+ T cell effector function, we performed a co-
culture killing assay with OptoMito-On or GFP expressing
OT-I T cells and OVA loaded murine lymphoma EL-4 cells.
Light stimulation of OptoMito-On expressing OT-I T cells
caused a significant increase in the expression of Annexin-V in
A B D EC

FIGURE 5 | Activation of OptoMito-On increases CD8+ T cell migration. The velocity (A), displacement (B), track length (C), meandering index (D), and percent
migrating cells (E) of Mock (or GFP) and OptoMito-On expressing Day 4 CD8+ T cells migrating on ICAM-1 + CXCL12. The percentage of migrating cells was
calculated as the number of cells migrating 5-20 µm/min divided by the total number of cells in the field of view during the 20-minute movie. All movies received 500
nm illumination and were analyzed with Volocity software. All data shown as mean ± SEM and analyzed by a two-tailed unpaired t-test with Welch’s correction (A–D:
includes four independent experiments, Mock: 271 cells, OptoMito-On: 312 cells; E : n = 4 movies on the same day). ns, not significant.
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EL-4 cells compared to GFP expressing T cells (Figure 7C). Our
data suggest that illuminated OptoMito-On OT-I T cells are able
to induce robust apoptosis of EL-4 cells, which correlates with
the increased granzyme B production after light stimulation
(Figures 7A, B). Therefore, OptoMito-On is capable of
selectively improving the cytotoxic functions of effector CD8+

T cells without augmenting the metabolism of target cells or
other immunosuppressive cells at the tumor site.
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DISCUSSION

Cellular metabolism involves a series of reactions that ultimately
breakdown nutrients into usable energy. Under normal
conditions, quiescent, resting T cells primarily utilize OxPhos
to generate the energy source ATP. Cancer cells, however,
reprogram their metabolic patterns from OxPhos to relying
largely on aerobic glycolysis in order to support cell
A

B

FIGURE 6 | OptoMito-On activation increases cytoskeletal rearrangements. (A) Heat map showing the fold change in protein expression from the dark to light
conditions of the Full Moon BioSystems Cytoskeleton Phospho antibody array (n = 3). (B) Representative antibody array images of a few proteins of interest, FAK,
Src, and MEK1.
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proliferation. This aerobic form of glycolysis, known as the
“Warburg effect,” is useful for the rapid generation of ATP, the
production of metabolic intermediates that are required for cell
proliferation, and also for the survival of malignant cells in the
hypoxic TME (42, 43). Similarly, while naïve T cells are relatively
quiescent and rely primarily on OxPhos, CD8+ T cells undergo
metabolic reprogramming during activation by shifting their
metabolic pathways to utilize both glycolysis and OxPhos to
meet the demands of clonal expansion and effector functions
following antigen stimulation (11, 15, 44). The fact that both
cancer cells and CD8+ T cells utilize overlapping forms of
metabolism in the TME is an important obstacle to overcome
for the development of effective immunotherapies because
cancer cells will likely outcompete CD8+ T cells for any
available nutrients (6). We have shown that mitochondrial
function is required for CD8+ T cell activation, cytokine
production, and migration, further supporting our rationale of
targeting mitochondrial metabolism as a way to improve
adoptive T cell therapy outcomes. Our study characterizes the
use of a novel optogenetic tool, OptoMito-On, in mouse CD8+ T
cells to remotely control T cell mitochondrial metabolism,
migration, and effector function with outstanding specificity
and temporospatial resolution.

Metabolic reprogramming of cells is commonly studied
through the global administration of drugs that lack target
selectivity, and it has not been possible to specifically regulate
metabolic pathways only in a selected cell type in vivo, in a
reversible manner, and at a precise location and time. For the
same reason, although there is increasing evidence that
metabolism can affect the survival and antitumor function of T
cells, the development of a cell-specific and clinically feasible
method to generate T cells with favorable metabolic features has
proven challenging. Here, we utilized OptoMito-On to
circumvent this limitation by directly and selectively
modulating T cell OxPhos and studied the effects of
mitochondrial membrane potential on effector CD8+ T cell
Frontiers in Immunology | www.frontiersin.org 950
function. Our results indicate that enhancing the overall
mitochondrial membrane potential improves T cell functions
by increasing CD8+ T cell migration and effector molecule
production. This new optogenetic approach highlights the
development and application of optogenetic techniques to
control T cell functions using light stimulation, thus providing
a unique opportunity to understand the fundamental
mechanisms of T cell metabolic function in many diseases.

Recent studies demonstrate important functions of OxPhos
for cell migration (45–47). In naïve T cells, chemokine
stimulation under a confined 3D condition induces actin
retrograde flow and cellular elongation, suggesting the presence
of force-generating cytoskeletal processes regulated by
chemokine signaling (48). Our results on an ICAM-1 coated
2D surface showed that basal OCR of activated CD8+ T cells is
significantly increased compared to T cells on a PLL coated
surface. During T cell migration on ICAM-1 substrate, force is
exerted on the cytoplasmic domain of LFA-1, while the
extracellular domain binds to ICAM-1 (49). These forces
exerted on integrins are critical for LFA-1 mediated adhesion
at the leading edge of migrating cells (50). Therefore, LFA-1
binding with ICAM-1 may prompt an increase in mitochondrial
respiration to support the increased energy demands of
migrating T cells. Activated CD8+ T cells on PLL did not have
an increase in OCR in the presence of CXCL12 treatment. PLL
may prevent CD8+ T cell polarization and elongation, thus
impairing F-actin polymerization (33).

CD8+ T cell metabolic pathways are tightly regulated to fuel
their optimum effector function, but tumor-infiltrating T cells
often show an overall phenotype of metabolic insufficiency in the
strong immunosuppressive TME due to a persistent loss of
mitochondrial function (5, 7, 51). Therefore, a better
understanding of CD8+ T cell mitochondrial function holds
promise for the development of novel approaches to enhance
T cell effector function, promote memory formation, and thus
improve immunotherapy outcomes. This study further illustrates
A B C

FIGURE 7 | OptoMito-On activation increases CD8+ T cell effector functions. Flow cytometry results from an 18-hour light activation of GFP or OptoMito-On
expressing CD8+ T cells looking at the percentage of Granzyme B+ cells (A) and Granzyme B MFI (B) (n = 3). (C) Flow cytometry results of a 3-hour co-culture of
OVA pulsed EL-4 cells with GFP or OptoMito-On expressing OT-I T cells. The graph shows the percent change of Annexin-V MFI of EL-4 cells from the dark to light
condition. OT-I T cells were either kept in the dark or received 16-17 hours of 530 nm light before the addition of EL-4 cells. All data shown as mean ± SEM, A-B
analyzed by One-Way ANOVA with a Bonferroni post-test, C analyzed by one-tailed paired t test (A, B: representative of two experiments, C: four independent
experiments). ns, not significant.
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the importance of mitochondrial metabolism in CD8+ T cell
effector functions and identifies the mitochondrial membrane
potential as an ideal target to improve T cell therapy outcomes. T
cells in the hypoxic TME have a decreased ATP/AMP ratio and
display mitochondrial dysfunction, which correlates with a
reduction in cytokine production. The treatment of chronically
stimulated T cells with antioxidants to reduce mitochondrial
oxidative stress was shown to reverse mitochondrial dysfunction
and rescue effector T cell function, including IFN-g, TNF, and
Granzyme B production (52, 53). Therefore, the use of
OptoMito-On to boost the mitochondrial membrane potential
in chronically stimulated T cells can be beneficial in the TME to
increase cytokine production in tumor-infiltrated T cells. We
further predict that with different light intensities, gradual
titration of metabolic activation to an appropriate therapeutic
level may be possible, resulting in superior memory formation
without T cell exhaustion or cell death due to overactivation of
mitochondrial activity. The metabolic plasticity exhibited by
CD8+ T cells (OxPhos vs. glycolysis) is likely essential for their
function. Therefore, it is also possible that long-term stimulation
with OptoMito-On may eventually suppress CD8+ T cell activity
in vivo by circumventing this plasticity. We predict that the
transition is required only for activation from quiescence and not
for the ultimate effector functions of CD8+ T cells. Adverse
effects (e.g., increased cell death) from stimulation of the
mitochondrial membrane potential for a long period of time in
vivo could lead to the development of a potential control
mechanism that can remove excess adoptively transferred
CD8+ T cells and ultimately decrease potential side effects.
METHODS

Antibodies and Reagents
The anti-mouse CD3e (145-2C11) and anti-mouse CD45.2 (104)
antibodies were purchased from BD Biosciences. The anti-human
CD3 (UCHT1), anti-mouse CD28 (3751), and anti-mouse IFN-g
(XMG1.2) antibodies were purchased from BioLegend.
Recombinant human IL-2 was purchased from PeproTech, anti-
human CD3e (OKT3) was purchased from Novus Biologicals, anti-
mouse Granzyme B (NGZB) and Brefeldin A was purchased from
eBioscience, Annexin-V and 10x Annexin V Binding Buffer was
purchased from BD Pharmingen, tetramethylrhodamine ethyl ester
(TMRE) and puromycin dihydrochloride were purchased from
Thermo Fisher, and SIINFEKL peptide (OVA) was ordered from
BioPeptide. Anti-human CD28 (37407), mouse CXCL12 (460-SD/
CF), mouse ICAM-1 (796-IC), and mouse CCL21 (457-6C/CF)
were purchased from R&D. Anti-human Fc receptor binding
inhibitor (polyclonal), anti-mouse CD16/32 Fc block (93), Protein
A (10-1100), tetramethylrhodamine (TMRM), Cell Trace Violet,
MitoTracker Green FM, and MitoTracker Red CMXRos were
purchased from Invi t rogen . Carbony l cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP), all trans-Retinal, 2-
Deoxy-D-glucose, and cobalt (II) chloride hexahydrate were
purchased from Sigma. The immunoblot antibody anti-ß-actin
(C4) HRP was purchased from Santa Cruz Biotechnology, anti-
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GFP (ab290) was purchased from Abcam, and peroxidase-
conjugated AffiniPure Goat Anti-Rabbit IgG (111-035-144) was
purchased from Jackson ImmunoResearch.

Animals
Adult C57BL/6J and OT-I TCR transgenic (C57BL/6-Tg
(TcraTcrb)1100Mjb/J) mice were purchased from the Jackson
Laboratory and bred in our facility. Unless specified, it can be
assumed that experiments were done with CD8+ T cells isolated
from C57BL/6J mice. All mice were maintained in a pathogen-
free environment in the University of Rochester animal facility
and the animal experiments were approved by the University
Committee on Animal Resources at the University of Rochester.

Molecular Biology
The light-activated proton pump from Leptosphaeria maculans
(Mac) fused to eGFP was amplified from the plasmid pFCK-Mac-
GFP, a gift from Edward Boyden (Addgene plasmid #22223) (27)
and fused to the N-terminal 187 amino acids of the Immt gene
(mitofilin homologue) as previously described (23). The IMMT::
Mac::GFP sequence was then cloned using restriction digestion into
a pcDNA3.1 vector containing a CMV promoter (pBJB28 plasmid).
Bionics cloned the Mitofilin::Mac::GFP sequence into a pMSCV
vector, which was used tomake retrovirus. The pcDNA3.1-GFP and
pMigR1-GFP plasmids were used for negative control transfections
in HEK293T cells and CD8+ T cells, respectively.

Cell Culture
Isolated mouse CD8+ T cells were cultured in RPMI 1640
supplemented with 80 U/mL IL-2, 10% FBS, 100 U/mL
penicillin (Gibco), 100 µg/mL streptomycin (Gibco), 2 mM L-
glutamine (Gibco), 20 mM HEPES buffer (Gibco), 1% MEM
Non-Essential Amino Acids (Gibco), and 50 µM ß-
mercaptoethanol (Sigma-Aldrich). Isolated human T cells were
cultured in TexMACS medium supplemented with 200 U/mL
IL-2, 3% human AB serum, 100 U/mL penicillin, and 100 µg/mL
streptomycin. HeLa cells, HEK293T cells, and EL-4 cells were
cultured in DMEM supplemented with 10% FBS, 100 U/mL
penicillin, 100 µg/mL streptomycin, 2 mM L-glutamine, 20 mM
HEPES buffer, 1%MEMNon-Essential Amino Acids, and 50 µM
b-mercaptoethanol. Geneticin (Gibco) was added to complete
DMEM media for stable HEK293T cell lines at 1 mg/mL and for
stable HeLa cell lines at 500 µg/mL. All cell types that expressed
OptoMito-On were cultured in media supplemented with 7 µM
all-trans-retinal (ATR) for at least 48 hours prior to any
experiments. ATR is a cofactor that is required for
photosensory transduction by the proton pump ‘Mac’ (24).

T Cell Purification and Activation
Mouse CD8+ T cells were purified from single-cell suspensions of
the spleen and lymph nodes of C57BL/6J or OT-I TCR
transgenic mice. Single-cell suspensions were prepared by
mechanical disruption in a cell strainer. CD8+ T cells were
enriched by magnetic-bead depletion with rat anti-mouse
MHC class II antibody (M5/114) and rat anti-mouse CD4
antibody (GK1.5), followed by sheep anti-rat IgG magnetic
beads (Invitrogen 11035). Isolated CD8+ T cells were cultured
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up to 4 days in complete RPMI medium supplemented with 80
U/mL IL-2 following activation with plate-bound CD3e Ab (6
µg/mL) and CD28 Ab (1.6 µg/mL) for 2 days. Human T cells
were purified from healthy donor peripheral blood using the
EasySep Direct Human T cell isolation kit (StemCell). Human T
cell activation was achieved with plate-bound aCD3e (1 µg/mL)
and aCD28 (0.2 µg/mL) in complete TexMACS medium.

Immunoblotting
The membrane was blocked with 5% nonfat milk in PBS for at
least 1 hour at room temperature after proteins were transferred
from precast 4-20% gels (BioRad). Blots were incubated for 1
hour at room temperature with 1:1000 of anti-GFP (ab290,
Abcam) or 1:5000 b-actin HRP (SantaCruz). The membrane
was then incubated with 1:5000 horseradish peroxidase-
conjugated anti-rabbit IgG heavy and light chains (Jackson
ImmunoResearch) for 1 hour at room temperature. Protein
was detec ted us ing SuperS igna l West P ico PLUS
chemiluminescent reagent (Thermo).

Metabolism Assays
The oxygen consumption rates (OCR) and extracellular
acidification rates (ECAR) were measured in a Seahorse XFe
96 Analyzer with the Seahorse XF Cell MitoStress Test (Agilent).
Measurements were made in L-15 medium supplemented with 2
mg/mL D-glucose under basal conditions and in response to 2
µM oligomycin, 2 µM FCCP, and 1 µM rotenone + 1 µM
antimycin A. A BCA assay was used to normalize the Seahorse
assay results in Figure 1 and Supplemental Figure 1 to total
protein content. For all other Seahorse assays, the same number
of cells was plated in each well. The Seahorse XFe96 Extracellular
Flux Analyzer has been well characterized to determine the
bioenergetics of T cells (54).

ATP Assay
ATP measurements were performed with the CellTiter-Glo
Luminescent Cell Viability Assay following the manufacturer’s
instructions (Promega). The Lipofectamine 2000 DNA
transfection protocol was used (Invitrogen). HEK293T cells
expressing GFP were used as a negative control. Media was
supplemented with 7 mMATR. HEK293T cells were treated with
10 mM 2-DG 2 hours prior to light activation and 2-DG
remained in the media during the 2-hour light activation.
CD8+ T cells were sorted based on GFP expression. GFP
negative cells were used as the mock negative control and the
light activation was for 30 minutes. The light sources and
conditions are described below (590 nm at 0.32 mW/mm2).
The ATP assay in Supplementary Figure 5B was done with Day
6 OptoMito-On OT-I T cells enriched with 3 µg/mL puromycin.
T cells were treated with 10 mM 2-DG for 30 minutes prior to a
30-minute light activation.

Mitochondrial Staining
To label mitochondria, 100-500 nM MitoTracker Red CMXRos
for HeLa cells was used. Images of live cells in L-15 on poly-L-
lysine coated DTs were acquired on an inverted microscope.
Images of fixed OptoMito-On expressing HeLa cells were taken
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on a confocal microscope. During CD8+ T cell activation,
mitochondrial mass was determined with 200 nM MitoTracker
Green FM and mitochondrial membrane potential with 20 nM
TMRM. Background TMRM staining was subtracted by adding
10 mM FCCP while staining with TMRM. Cells were stained with
MitoTracker Green FM or TMRM for 15 minutes at 37°C then
stained with anti-mouse CD8 (Clone 53-6.7, BD Biosciences) or
anti-human CD3 (UCHT1, Biolegend) fol lowed by
flow cytometry.
Mitochondria Isolation
OptoMito-On HEK293T cell mitochondria were isolated from
cells trypsinized from 5 T75 flasks using differential
centrifugation in sucrose-based media. Collected cells were
washed in PBS and pelleted in a 15 mL tube. The pelleted cells
were resuspended in 2 mL cold mitochondria isolation buffer (10
mMHEPES, 1 mM EDTA, 320 mM sucrose, pH 7.2), transferred
to a Dounce homogenizer, and homogenized with a pestle for 60
passes. The cell lysate was then transferred to a 2 mL Eppendorf
tube and spun down at 700 g for 8 minutes. The supernatant
contained the crude mitochondria fraction and was carefully
removed then stored on ice. The pellet was resuspended in 500
mL isolation buffer, spun down at 700 g for 5 minutes, and the
supernatant was pooled with the crude mitochondria fraction.
The crude mitochondria fraction was then spun at 17,000 g for
11 minutes. The resulting supernatant contained the cytosolic
fraction and the pellet contained mitochondria. The
mitochondrial pellet was then resuspended in 50 mL of
isolation buffer and protein concentration was quantified using
the Folin-phenol method.
Isolated Mitochondria TMRE
Measurement
OptoMito-On isolated mitochondria (0.5 mg/mL) were stirred in
mitochondrial respiration buffer (120 mM KCl, 25 mM sucrose,
5 mM MgCl2, 5 mM KH2PO4, 1 mM EGTA, 10 mM HEPES, 1
mg/mL FF-BSA, pH 7.35) at 37°C in the presence of 2 µM
rotenone and 5 mM succinate where indicated. 20 nM
tetramethylrhodamine ethyl ester (TMRE) was added to
observe mitochondrial membrane potential in non-quench
mode, as previously described (23). TMRE signal was
measured by Cary Eclipse Fluorescence Spectrophotometer
(Agilent Technologies) using a 335-620 nm excitation filter
and a 550-1,100 nm emission filter. Illumination was
performed continuously (0.02 mW/mm2, 540-600 nm GYX
module, X-Cite LED1 by Excelitas, Waltham MA, USA) for 1
minute prior to fluorescence reading. After stable baseline
measurements with or without succinate, 2 µM FCCP was
added to completely depolarize mitochondrial proton motive
force. Average fluorescence after FCCP addition was subtracted
from the baseline to calculate the change in fluorescence (DF for
conditions without succinate and DFmax for conditions with
succinate). Data were then normalized to DFmax to show
polarization of the Dym by OptoMito-On relative to maximum
endogenous polarization.
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In Vitro T Cell Migration Imaging
Cell migration chambers (Millicell EZ slide eight-well glass,
Millipore) were prepared by coating with Protein A (20 mg/
mL), ICAM-1 (2.75 mg/mL), and CXCL12 (400 ng/mL) in PBS.
Day 4 activated CD8+ T cells were plated in L-15 medium
(Invitrogen, Leibovitz’s medium + 2 mg/mL D-glucose) in a
37°C chamber. Video microscopy was conducted using a
TE2000-U microscope (Nikon) coupled to a CoolSNAP HQ
CCD camera with a 10x objective and 0.45 numerical aperture. T
cells were plated in L-15 medium at least 20 minutes at 37°C
before imaging. Treatment of cells with inhibitors before
imaging: CoCl2 treatment was overnight (~16 hours) and
maintained in L-15 media; FCCP and oligomycin were added
to the cells 20 minutes before the movie started when cells are
plated. OptoMito-On and Mock or GFP T cell migration movies
all received 500 nm illumination with a Texas Red filter. Bright
field or DIC images were acquired every 15 seconds for
20 minutes.

T Cell Migration Analysis
Migration analysis was performed in Volocity software
(PerkinElmer). In order to select which T cell tracks to analyze
in Volocity, we excluded cells that are smaller than 10 mm and
greater than 200 mm. Additionally, static cells were ignored,
broken tracks were automatically joined, and cell tracks less than
20 mm were excluded. We also omitted T cells that were
migrating for less than 5 minutes of the 20-minute movie and
removed cells that Volocity incorrectly tracked. The velocity (mm
min-1), displacement (net displacement, mm), track length (total
path length, mm), and meandering index (net displacement/track
length) of each cell track was measured (55). The percentage of
migrating cells was calculated as the number of cells migrating 5-
20 µm/min divided by the total number of cells in the field of
view during a 20-minute movie.

OptoMito-On Expression in T Cells
Retroviruses were generated using the Phoenix-ecotropic
packaging cell line (ATCC). For retroviral transductions,
Phoenix cells were transfected to produce retrovirus using the
calcium phosphate transfection method. Collected supernatant
was concentrated with Retro-X Concentrator (Takara). Isolated
mouse CD8+ T cells were transduced one day after isolation in
the presence of 8 mg/mL polybrene. Cells were then sorted on
Day 3 or 4 based on GFP signal and used for experiments on
Day 4-6. Typical transduction efficiency for OptoMito-On is
30%. Considerable time was spent optimizing the retrovirus
transduction efficiency and the best efficiency was 45-50%.
OptoMito-On or GFP transduced CD8+ T cells were not
sorted for the granzyme B assay; instead GFP+ cells were
gated on during flow cytometry analysis. At least 30% of
CD8+ T cells were OptoMito-On+. For the ATP assay
(Supplementary Figure 5A), OptoMito-On T cells were
enriched with 3 mg/mL puromycin, resulting in at least 90%
OptoMito-On+ T cells. All media for experiments using
OptoMito-On expressing T cells or HEK293T cells was
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supplemented with 7 mM ATR at least two days before cells
were used for experiments.

Antibody Array
Full Moon BioSystems Cytoskeleton Phospho Antibody Array
(PCP141) was used following the manufacturer’s instructions.
OptoMito-On expressing CD8+ T cells were sorted based on GFP
expression and 150,000 cells were plated on ICAM-1 + CXCL12
coated 8-well dishes. T cells either received no light activation or
received the same light activation as was done for in vitro T cell
imaging (Texas Red filter at 630 nm). Immediately after the 20-
minute movie +/- light activation, L-15 was aspirated to remove
any unattached cells, followed by the addition of RIPA buffer,
with phosphate & protease inhibitors added, to lyse the attached
migrating cells. Cell lysate was pooled from multiple movies in
order to have enough protein to complete three replicates of the
antibody array and quantified with a BCA assay. The antibody
array results were quantified using ImageJ, and the average fold
change in protein expression from dark to light conditions was
calculated to make a heat map.

Co-Culture Assay
Activated OT-I CD8+ T cells transduced with OptoMito-On or
GFP retrovirus were sorted on Day 3 or Day 4 of activation. 1 - 2
hours after cell sorting, 100,000 T cells were plated in each well of
glass bottom 96-well plates in complete RPMI media. One plate
remained in the dark, while the second plate was illuminated
with 530 nm light at 0.0075 mW/mm2 for 16-17 hours. EL-4 cells
were pulsed with 1 mg/mL SIINFEKL (OVA) peptide and stained
with 5 mMCell Trace Violet for 20 minutes at 37°C, then washed
in PBS before adding 100,000 EL-4 cells to the already plated
CD8+ T cells in complete RPMI media. The co-culture was done
at a 1:1 ratio for 3 hours in duplicate for each experiment. The
illuminated plate was only briefly removed from the LED array
when EL-4 cells were added. At the completion of the co-culture,
cells were collected, washed in cold PBS, then stained with
Annexin-V APC in 1x Annexin V binding buffer for flow
cytometry analysis. Cell Trace Violet positive cells were gated
on to specifically look at the Annexin-V staining of EL-4 cells.

Glucose Consumption Assay
Activated OT-I CD8+ T cells transduced with OptoMito-On or
GFP retrovirus were sorted on Day 3 or Day 4 of activation. A
couple hours after cell sorting, T cells were plated in each well of
glass bottom 96-well plates in 100 mL Leibovitz’s media, without
any added glucose. One plate remained in the dark, while the
second plate was illuminated with 530 nm light at about 0.013
mW/mm2 for 1 hour. 1 mM 2-DG was added to each well before
the 1-hour incubation in order to measure the glucose
consumption rate with the Glucose Uptake-Glo Assay
(Promega). After the 1-hour incubation, 50 mL of stop buffer
was added to each well, then 75 mL of the cells were pipetted into
a white 96-well plate. The remainder of the assay strictly followed
the manufacturer’s instructions. In order to subtract background
signal, 2-DG wasn’t added to control wells with the same number
of cells.
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Light Sources
A 540-600 nmGYXmodule, X-Cite LED1 by Excelitas, Waltham
MA, USA was used at 0.02 mW/mm2 to illuminate isolated
mitochondria for the TMRE traces. An Amuza 590 nm LED
array was used to illuminate HEK293T cells and CD8+ T cells
with light for the ATP assay. Each well of a glass-bottom 96-well
plate (MatTek, P96G-1.5-5-F) received 590 nm light at 0.32 mW/
mm2 at 1 hertz, with a 500-ms light/500-ms dark cycle. An
Amuza 530 nm LED array was used to illuminate OT-I CD8+ T
cells for the overnight Granzyme B experiment (0.0045 mW/
mm2), co-culture assay (0.0075 mW/mm2), and glucose
consumption assay (0.013 mW/mm2). Each well of a glass-
bottom 96-well plate received 530 nm light at 1 hertz with a
500-ms light/500-ms dark cycle. Light activation for in vitro T
cell migration assays were performed on a TE2000-U microscope
(Nikon, described above) using the Texas Red filter (630 nm) at
approximately 0.75 mW/mm2 with a 5-s light/5-s dark cycle
using a Sola light engine (Nikon). The light intensities were
determined with an energy meter console connected to a
photodiode power sensor (PM100D, S130VC, ThorLabs).

Statistical Analyses
Assuming normal distribution, for comparison of non-paired
experimental groups an unpaired t-test was utilized.
Comparisons for more than two groups employed a One-way
ANOVA or a Two-way ANOVA for more than 1 level of
comparison. ANOVA tests were accompanied with
Bonferroni’s post-hoc test. Additionally, Pearson’s correlation
and a paired t-test was used when appropriate. Differences with a
p-value < 0.05 were considered statistically significant. All
statistical tests were performed with GraphPad Prism (v9).
Means ± standard error of the mean (SEM) are shown.
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full#supplementary-material

Supplementary Figure 1 | Overall CD8+ T cell metabolism increases after
activation. The complete ECAR trace (A), the basal OCR (B), the maximum OCR
(C), and the spare respiratory capacity (D) of naïve and activated CD8+ T cells,
measured with the Seahorse MitoStress Test and normalized to protein content
with a BCA assay. (A): data shown as mean ± SEM, error bars fall within symbols,
analyzed by 2way ANOVA with a Bonferroni post-test; (B–D): data shown as mean
± SEM and analyzed by Welch’s t-test. (E) Increase in the percent of Annexin-V+
activated mouse CD8+ T cells after treatment with 1 µM Rotenone + Antimycin A, 2
µM FCCP, or 2 µM Oligomycin for 1, 3, or 6 hours (n = 3).

Supplementary Figure 2 | Migrating CD8+ T cells have increased glycolysis. The
complete ECAR trace (A), the basal ECAR (B), the maximum OCR (C), and the
spare respiratory capacity (D) of activated CD8+ T cells, measured with the
Seahorse MitoStress Test. (A): data shown as mean ± SEM, error bars fall within
symbols; (B–D): data shown as mean ± SEM and analyzed by One-Way ANOVA
with a Bonferroni post-test.

Supplementary Figure 3 | CD8+ T cell migration capacity is decreased in hypoxic
conditions. (A) The complete OCR trace and (B) the basal OCR measured with the
Seahorse MitoStress Test, of activated CD8+ T cells treated with the hypoxia inducer,
cobaltchloridehexahydrate (CoCl2) overnight (n=6wells pergroup, errorbars fallwithin
symbols). (C) The complete ECAR trace and (D) the basal ECAR measured with the
SeahorseMitoStressTest. (E)Theoverall track velocity of activatedCD8+Tcells treated
with or without CoCl2 and migrating on ICAM-1 + CXCL12 (includes all tracked cells
migrating less than 15 µm/min). (F) The velocity of actively migrating CD8+ T cells. (G)
The percentage of migrating CD8+ T cells (the number of cells migrating 5-20 µm/min
divided by the total number of cells in the field of view during a 20-minute movie, n = 2
movies). (H) Flow cytometry results of activated CD8+ T cells treated with CoCl2
overnight and stained for Annexin-V. (A–G): data shown asmean ± SEM and analyzed
by One-Way ANOVA with a Bonferroni post-test.
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Supplementary Figure 4 | OptoMito-On is expressed in mitochondria. CD8+ T
cells, HEK293T cells, and HeLa cells expressing OptoMito-On were stained with
MitoTracker Red and images were taken on an inverted microscope. Then the
Pearson’s correlation coefficient was calculated in ImageJ software for the entire
cell body of each cell. Data shown as mean ± SEM.

Supplementary Figure 5 | OptoMito-On does not impact glycolysis. (A) ATP
assay with OptoMito-On OT-I T cells treated with or without 10 mM 2-DG. Same
light activation setup as Figure 4C. Data shown as mean ± SEM (n = 3-4). (B)
Sorted OT-I T cells expressing either OptoMito-On or GFP were plated in Leibovitz’s
Frontiers in Immunology | www.frontiersin.org 1455
media, illuminated with 530 nm for 1 hour or kept in the dark, and then the Glucose
Uptake-Glo Assay protocol was followed. Data shown as mean ± SEM and
analyzed by One-Way ANOVA with a Bonferroni post-test (representative of three
experiments; RLU: relative luminescence units).

Movie 1 | Representative movie of CD8+ T cells expressing GFP migrating on
ICAM-1 + CXCL12 with 500 nm illumination.

Movie 2 | Representative movie of CD8+ T cells expressing OptoMito-On
migrating on ICAM-1 + CXCL12 with 500 nm illumination.
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Purinergic P2X4 Receptors and Mitochondrial ATP Production Regulate T
Cell Migration. J Clin Invest (2018) 128:3583–94. doi: 10.1172/JCI120972
June 2021 | Volume 12 | Article 666231

https://doi.org/10.1038/nri3191
https://doi.org/10.1073/pnas.90.2.720
https://doi.org/10.1126/scitranslmed.3005930
https://doi.org/10.4049/jimmunol.1701155
https://doi.org/10.1016/j.immuni.2016.07.009
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1172/jci.insight.93411
https://doi.org/10.1128/MCB.25.21.9543-9553.2005
https://doi.org/10.1128/MCB.25.21.9543-9553.2005
https://doi.org/10.1016/j.immuni.2012.10.020
https://doi.org/10.1016/j.immuni.2012.10.020
https://doi.org/10.1016/S1074-7613(02)00323-0
https://doi.org/10.1016/j.cell.2017.08.018
https://doi.org/10.1016/j.cell.2013.05.016
https://doi.org/10.1002/eji.200838289
https://doi.org/10.1172/JCI69589
https://doi.org/10.1016/j.cell.2016.05.035
https://doi.org/10.1016/j.beha.2018.01.002
https://doi.org/10.1126/science.1242454
https://doi.org/10.1016/j.celrep.2018.01.040
https://doi.org/10.1016/j.celrep.2018.01.040
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.3389/fimmu.2019.00168
https://doi.org/10.3389/fimmu.2018.00952
https://doi.org/10.1016/j.cellimm.2013.03.007
https://doi.org/10.15252/embr.201949113
https://doi.org/10.15252/embr.201949113
https://doi.org/10.1073/pnas.0409659102
https://doi.org/10.1093/brain/awq314
https://doi.org/10.1091/mbc.e04-08-0697
https://doi.org/10.1038/nature08652
https://doi.org/10.1016/j.jmb.2018.03.025
https://doi.org/10.1016/j.cmet.2015.11.002
https://doi.org/10.1016/j.cmet.2015.11.002
https://doi.org/10.2144/000113610
https://doi.org/10.1002/eji.201545473
https://doi.org/10.1172/JCI120972
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Amitrano et al. Optical Regulation of T Cell Functions
33. Campello S, Lacalle RA, Bettella M, Mañes S, Scorrano L, Viola A.
Orchestration of Lymphocyte Chemotaxis by Mitochondrial Dynamics.
J Exp Med (2006) 203:2879–86. doi: 10.1084/jem.20061877

34. Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy G, et al.
Cell Migration: Integrating Signals From Front to Back. Science (2003)
302:1704–9. doi: 10.1126/science.1092053

35. Cary LA, Guan JL. Focal Adhesion Kinase in Integrin-Mediated Signaling.
Front Biosci (1999) 4:D102–113. doi: 10.2741/A414

36. Fowell DJ, KimM. The Spatio-Temporal Control of Effector T Cell Migration.
Nat Rev Immunol (2021) 1–15. doi: 10.1038/s41577-021-00507-0

37. Paluch EK, Aspalter IM, Sixt M. Focal Adhesion–Independent Cell Migration.
Annu Rev Cell Dev Biol (2016) 32:469–90. doi: 10.1146/annurev-cellbio-
111315-125341

38. Chapman NM, Houtman JC. Functions of the FAK Family Kinases in T Cells:
Beyond Actin Cytoskeletal Rearrangement. Immunol Res (2014) 59:23–34.
doi: 10.1007/s12026-014-8527-y

39. Rose DM, Liu S, Woodside DG, Han J, Schlaepfer DD, Ginsberg MH. Paxillin
Binding to the a4 Integrin Subunit Stimulates Lfa-1 (Integrin alb2)-
Dependent T Cell Migration by Augmenting the Activation of Focal
Adhesion Kinase/Proline-Rich Tyrosine Kinase-2. J Immunol (2003)
170:5912–8. doi: 10.4049/jimmunol.170.12.5912

40. Eppler FJ, Quast T, Kolanus W. Dynamin2 Controls Rap1 Activation and
Integrin Clustering in Human T Lymphocyte Adhesion. PLoS One (2017) 12:
e0172443. doi: 10.1371/journal.pone.0172443

41. Raab M, Lu Y, Kohler K, Smith X, Strebhardt K, Rudd CE. LFA-1 Activates
Focal Adhesion Kinases FAK1/PYK2 to Generate LAT-GRB2-SKAP1
Complexes That Terminate T-cell Conjugate Formation. Nat Commun
(2017) 8:16001. doi: 10.1038/ncomms16001

42. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg
Effect: The Metabolic Requirements of Cell Proliferation. Science (2009)
324:1029–33. doi: 10.1126/science.1160809

43. Cascone T, McKenzie JA, Mbofung RM, Punt S, Wang Z, Xu C, et al.
Increased Tumor Glycolysis Characterizes Immune Resistance to Adoptive
T Cell Therapy. Cell Metab (2018) 27:977–87.e974. doi: 10.1016/
j.cmet.2018.02.024

44. Wang R, Dillon CP, Shi LZ, Milasta S, Carter R, Finkelstein D, et al. The
Transcription Factor Myc Controls Metabolic Reprogramming Upon T
Lymphocyte Activation. Immunity (2011) 35:871–82. doi: 10.1016/
j.immuni.2011.09.021

45. LeBleu VS, O’Connell JT, Gonzalez Herrera KN, Wikman H, Pantel K, Haigis
MC, et al. Pgc-1a Mediates Mitochondrial Biogenesis and Oxidative
Phosphorylation in Cancer Cells to Promote Metastasis. Nat Cell Biol
(2014) 16:992–1003. doi: 10.1038/ncb3039
Frontiers in Immunology | www.frontiersin.org 1556
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b2 integrins mediate key processes during leukocyte trafficking. Upon leukocyte
activation, the structurally bent b2 integrins change their conformation towards an
extended, intermediate and eventually high affinity conformation, which mediate slow
leukocyte rolling and firm arrest, respectively. Translocation of talin1 to integrin adhesion
sites by interactions with the small GTPase Rap1 and the Rap1 effector Riam precede
these processes. Using Rap1 binding mutant talin1 and Riam deficient mice we show a
strong Riam-dependent T cell homing process to lymph nodes in adoptive transfer
experiments and by intravital microscopy. Moreover, neutrophils from compound mutant
mice exhibit strongly increased rolling velocities to inflamed cremaster muscle venules
compared to single mutants. Using Hoxb8 cell derived neutrophils generated from the
mutant mouse strains, we show that both pathways regulate leukocyte rolling and
adhesion synergistically by inducing conformational changes of the b2 integrin
ectodomain. Importantly, a simultaneous loss of both pathways results in a rolling
phenotype similar to talin1 deficient neutrophils suggesting that b2 integrin regulation
primarily occurs via these two pathways.

Keywords: talin, Riam, Rap1, leukocyte adhesion, leukocyte rolling, integrin activation, leukocyte trafficking
INTRODUCTION

Trafficking of neutrophils to sites of inflammation as well as lymphocyte homing to various destinations
are fundamental processes of the immune system to defend the host against invaders. In order to leave
the blood system, leukocytes follow a defined series of steps, which allow them to transit from a flowing
to an adherent state. The leukocyte adhesion cascade includes leukocyte rolling, arrest, crawling and
transendothelial migration (1). Integrins, in particular members of the b2 integrin family, contribute to
each of these processes upon activation, which may be triggered from surface proteins such as P-selectin
glycoprotein ligand-1 (PSGL-1) or chemokine receptors (2–4). These signaling events induce a
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conformational shift of the integrin´s ectodomain from a low
towards an intermediate and eventually high ligand binding
affinity, characterized by a bent and extended conformation with
closed and open ligand binding pocket, respectively. While
intermediate affinity integrin aLb2 support slow leukocyte rolling,
transition to the high affinity conformation is required for firm
adhesion (3).

The thermodynamically unfavored extended b2 integrin
conformations are stabilized by the binding of talin1 and
kindlin-3 to the integrin´s cytoplasmic tail (5). Talin1 is a large
cytoplasmic adapter protein, which consists of an N-terminal
head domain comprising an atypical FERM domain and a long
C-terminal rod domain. While the talin1 rod interacts with a
variety of other adapter and signaling molecules as well as the
actin cytoskeleton, talin head binding to the cytoplasmic tail of b
integrin subunits is crucial for the induction of the active integrin
conformations (6, 7). Cytoplasmic talin adopts an auto-inhibited
conformation, which is stabilized by intra-molecular interactions
between the talin head and rod domains. Therefore, membrane
recruitment and release of auto-inhibition are prerequisites for
talin1-mediated integrin activation (8–10).

The mechanism of talin recruitment has been in the focus of
several recent studies, which led to the identification of different
pathways. Interestingly, these pathways differ dependent on the
cell type and integrin class. While a series of cell biological
studies suggested that a ternary complex consisting of the small
membrane-bound GTPase Rap1, its effector Riam and talin is
necessary to recruit talin to the membrane (11–13), studies in
Riam deficient mice revealed that this complex specifically
regulates leukocyte b2 integrins but is not involved in the
regulation of other integrin classes expressed in other cells
such as platelets (14–16). More recently it has been shown that
GTP-bound Rap1 directly binds to the talin head and this
interaction is critical for platelet integrin activation (17–20).
This pathway seems of general importance as it controls talin
activity in the amoeba Dictyostelium, flies and mice (17, 21, 22).
Mutation of the Rap1 binding site in the talin F0 domain impairs
integrin-mediated functions of platelets and neutrophils both in
vitro and in vivo (17, 19). Interestingly, recent studies showed
that the F0 binding site synergizes with an additional Rap1
binding site in the structurally similar F1 domain and
mutating both Rap1 binding domains causes an additive effect
(23–25). It is also important to note that positively charged
patches in the talin F2 and F3 domains together with a positively
charged loop within the F1 domain interact with membrane
lipids and contribute significantly to talin membrane targeting
(23, 24, 26). While the Rap1/talin and talin/membrane
interactions act synergistically on talin recruitment and
integrin activation, mutations of the Riam binding sites in the
talin R3 and R8 domains show no cooperative effect on integrin
activity and function in fibroblasts (23). So far it has not been
analyzed whether and how the more general Rap1/talin and the
specific Rap1/Riam/talin pathways cooperate in regulating b2
integrin activity.

In this study, we aimed to decipher the roles of Rap1/talin and
Rap1/Riam/talin recruitment pathways in hematopoietic cells by
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comparing integrin activity and function in Rap1 binding
deficient talin knock-in (Tln13mut), Riam deficient (Riam-/-)
and double mutant (DM; Tln13mut/Riam-/-) mice. Our data
clearly demonstrate that both pathways synergize to regulate
integrin-mediated leukocyte rolling and adhesion by inducing
conformational changes of the b2 integrin ectodomain. A
simultaneous, genetic block of both pathways results in a
phenotype similar to talin1-deficient neutrophils.
MATERIAL AND METHODS

Mice
Talin3mut and Riam-/- single mutant mice were described earlier
(14, 17). Talin3mut/Riam-/- double mutant (DM) mice were
generated by mating these single mutant animals. Mice were
housed under specific pathogen free conditions. All animal
experiments were performed with approval of the District
Government of Bavaria (Regierung von Oberbayern, Munich).

Generation, Culture, and Differentiation of
Hoxb8-FL Cells
Hoxb8-FL cells were generated and cultured from bone marrow
of WT, Tln13mut, Riam-/- and DM mice as described previously
(27, 28).

Hoxb8-FL cells were allowed to differentiate towards
neutrophils by keeping them in RPMI1640 supplemented with
10% FBS, penicillin/streptomycin, 2% SCF-containing
supernatant, 50 µM b-mercaptoethanol, and 20 ng/ml rmG-
CSF (PeproTech) for 4 d.

CRISPR/Cas9-Mediated Gene Ablation
and Expression of Human Integrin b2
CRISPR/Cas9 target sequences were identified with help of the
CHOPCHOP (version 3) web tool (29). Guide RNAs to these
sequences (Integrin b2: GCGCAAUGUCACGAGGCUGC,
Talin1: GGAUCCGCUCACGAAUCAUG) were purchased from
Integrated DNA technologies (IDT, Leuven, Belgium). RNA/
protein complexes were allowed to form by incubating sgRNAs
with TrueCut Cas9 Protein v2 (Thermo Fisher Scientific) for 10
min at room temperature. Subsequently, Hoxb8 cells were
electroporated in the presence of the RNP complex using the
NEON transfection system (Thermo Fisher Scientific).

To obtain talin1 deficient cells, single cell clones of
electroporated cells were generated by limited dilution.
Subsequently, knockout clones were identified by PCR and
sequencing of the product (forward primer: TTAAATAGGAC
GGACAGCTTACT, reverse: CTTCACTGTGGCCAAACAGC)
and confirmed by Western blotting.

Integrin b2 CRISPR-targeted cells were infected with a
pMIGR retroviral vector containing human integrin b2 cDNA
by spinoculation. Cells expressing human but not mouse b2
integrin were sorted using a FACSAria™ III sorter (BD
Biosciences, Heidelberg, Germany).
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Antibodies
The following antibodies were used for Western blot diluted in 5%
milk/TBS-T: mouse anti-Talin (Sigma-Aldrich, Munich, Germany
1:20000), rabbit anti-Riam (Abcam, Berlin, Germany, 1:1000),
rabbit anti-Rap1 (Santa Cruz Biotechnology, Heidelberg,
Germany, 1:500), rabbit anti-Kindlin-3 (homemade (30); 1:3000),
rabbit anti-Lamellipodin (kindly provided by Prof. Gertler, MIT,
Cambridge, MA), mouse anti-GAPDH (Merck Millipore, 1:20000),
goat anti-mouse-HRP and goat anti-rabbit-HRP (Jackson
ImmunoResearch Laboratories, Cambridge, UK 1:15000).

The following antibodies were used at a 1:200 dilution for FACS
analysis to determine surface expression levels of relevant integrins
and other receptors: hamster anti-mouse CD29-Alexa Fluor 647, rat
anti-mouse CD18-APC, hamster anti-mouse CD61-Alexa Fluor
647, rat anti-mouse CD49d-Alexa Fluor 647, rat anti-mouse
CD49e-Alexa Fluor 647, rat anti-mouse CD11a-APC, rat anti-
mouse CD11b-APC, rat anti-mouse PSGL-1-BV421 (all BD
Biosciences), hamster anti-mouse CD49b, rat anti-mouse CD41-
PE, rat anti-mouse Gr-1-FITC (Thermo Fisher Scientific), rat anti-
human CD18-APC (Biolegend, London, UK).

Isolation of Primary Neutrophils
Neutrophils were isolated from bone marrow using an EasySep
Mouse Neutrophil Enrichment Kit (STEMCELL Technologies,
Cologne, Germany) following the manufacturer’s instructions.

Neutrophil Static Adhesion and Flow
Chambers
Neutrophil static adhesion assays were performed with Hoxb8-
derived neutrophils as previously described (17) after pre-
incubating differentiated cells with 10 mM EDTA for 15 min.

Neutrophil adhesion under flow conditions was assessed in
ibidi slides VI 0.1 (Ibidi, Martinsried, Germany) coated with
rmP-Selectin (His-tag; R&D systems, Abingdon, UK) and Mouse
soluble ICAM-1 (STEMCELL Technologies) with or without
rmKC (R&D systems) in coating buffer (20 mM Tris-HCl pH
9.0, 150 mM NaCl, 2 mM MgCl2) over night. Neutrophil
suspensions of 0.75x106 cells/ml density were perfused through
flow chambers at a wall shear stress of 0.3 or 1 dyne/cm2 for 10
min using a PHD ULTRA pump (Harvard Apparatus, Holliston,
MA, USA). Movies of 10 s were recorded from five different fields
of view within the last minute of perfusion using the Evos M7000
life cell imaging system (Thermo Fisher Scientific). ImageJ
software was used to analyze velocities of rolling cells as well
as the number of adherent cells.

b2 Integrin Activation Assay
Human b2 integrin expressing Hoxb8 cells were differentiated to
neutrophils. Before addition of the reporter antibodies, cells were
treated with 10 mMEDTA for 15 min. Stainings with conformation
specific antibodies mAb24 and KIM127 were performed in RPMI
adhesion medium (RPMI1640 containing 0.1% FBS, penicillin/
streptomycin, 50 µM b-mercaptoethanol, 1 µM b-estradiol).
Neutrophils were either left untreated or treated with 10 mM
EDTA, 0.2 µg/ml TNFa, 10 µM fMLP, 1µg/ml CXCL1 or 1µg/ml
PMA and stained with Alexa Fluor 647-labeled mouse anti-human
Frontiers in Immunology | www.frontiersin.org 359
extended conformation specific antibody KIM127 or BV421
conjugated mouse anti-human active conformation specific
antibody mAb24 (Biolegend) for 30 min at 37°C. Staining
intensities were acquired using a Cytoflex LX flow cytometer
(Beckman Coulter, Krefeld, Germany). EDTA values were set to 0
and all data were normalized to total human integrin b2 intensities.

KIM127 antibody was labeled using the Alexa Fluor 647
antibody labeling kit (Thermo Fisher Scientific) following the
manufacturer’s instructions.

Platelet Integrin Activation, Aggregation,
Spreading, and Microvascular Thrombosis
Platelet integrin activation, aggregation and spreading were assessed
as previously described (17). The following agonists were used for
these assays: Chrono-Par-Thrombin, Chrono-Par-ADP, Chrono-
Par-Collagen (Probe & go Labordiagnostica GmbH, Lemgo,
Germany), U46619 (Enzo Life Sciences GmbH, Lörrach,
Germany) and Collagen-related peptide (CRP; kindly provided by
Prof. Siess, LMU, Munich). Intravital microscopy of the cremaster
to measure thrombus formation after photochemical injury in vivo
was performed as described earlier (17, 31, 32).

Neutrophil Trafficking In Vivo
Neutrophil rolling, adhesion and extravasation in vivo was
analyzed by intravital microscopy and subsequent histological
analysis of TNF-a-stimulated cremaster muscle venules as
previously described (17).

T Cell Homing FACS Assay and In Vivo
Imaging
T cell homing was assessed by adoptive transfer experiments and
subsequent FACS analysis as previously described (14).

For in vivo imaging of T cell trafficking to the lymph node
CD4+ T cells were enriched from spleens by negative selection.
Briefly, spleens were incubated with biotinylated antibodies to Gr-
1, B220, CD8, Ter-119 and F4/80 and subsequently with anti-
biotin microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany). Antibody bound cells were depleted using MS
columns placed in a MidiMACS Separator (Miltenyi Biotec).
Mice were injected intravenously with a 1:1 mixture of CFSE
and Far Red labelled WT and Tln13mut, Riam-/- or DM cells.
Preparation and imaging of the popliteal lymph node vasculature
and data analysis were performed as described earlier (33).

Statistical Analysis
Data are presented as mean ± 95% confidence interval. ANOVA
followed by Tukey’s multiple comparison test was performed to
determine statistical significance for comparison of data sets
using Prism9 (GraphPad Software). Differences between groups
were considered statistically significant if p<0.05.
RESULTS

To assess a potential cooperative function of the direct Rap1/talin
and the Rap1/Riam/talin pathways on integrin regulation in
August 2021 | Volume 12 | Article 702345
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hematopoietic cells in vivo, we crossed Rap1 binding-deficient
talin knock-in (Tln13mut) and Riam-deficient (Riam-/-) mouse
lines (14, 17) to generate Tln13mut/Riam-/- DM mice. These
compound mutant mice are born at normal Mendelian ratio,
are viable and exhibit no overt phenotype, similar to the single
mutant mouse strains. An analysis of their peripheral blood
revealed comparable cell counts between WT and Tln13mut mice,
whereas leukocyte numbers were strongly increased in Riam-/-

mice and tended to be even higher in DM mice (Table S1).
Even though previous studies revealed that Riam is

dispensable for platelet integrin activation and function (14, 15,
19), we wondered whether the mild integrin defect of Tln13mut

platelets is due to some functional rescue by the Riam pathway
(17). Before we addressed this experimentally, we first showed
comparable expression of talin, Rap1 and kindlin-3 in platelets
from WT, Tln13mut, Riam-/- and DM mice by Western blot
analyses, and confirmed lack of RIAM expression in Riam-/-

and DM platelets (Figure S1A). In addition, flow cytometric
analyses indicated similar integrin surface levels between wildtype
and mutant platelets (Figure S1B). We then performed
functional assays and analyzed aIIbb3 integrin activity by
conformation specific antibody (JON/A) and fibrinogen
binding, agonist-induced platelet aggregation and platelet
spreading on fibrinogen upon thrombin stimulation (Figures
S1C–F). In sum, these experiments confirmed that Riam is not
involved in the regulation of platelet integrins, which is also
corroborated by the similar defects measured in DM and Tln13mut

platelets. Even in vivo microvascular thrombosis assays in
cremaster venules and arterioles revealed a similar delay
in thrombus formation in response to photochemical injury in
Tln13mut and DM mice, whereas no defect was measured in
Riam-/- mice (Figures S1G, H). Altogether, our data corroborated
the dispensable role of Riam and showed no synergistic action of
the Rap1/talin and Rap1/Riam/talin pathways on talin-mediated
platelet integrin regulation.

In contrast to the negligible role of Riam for platelet integrin
regulation, the leukocyte specific b2 integrin family critically
depends on Riam (14, 15). We have also shown previously that
this integrin class is regulated via the direct Rap1/talin pathway
(17). To investigate, whether the two talin recruitment pathways
synergize to fine-tune leukocyte integrin activity, we used T cell
homing into the lymph node as model, since this process, as we
have previously reported, is b2 integrin and RIAM dependent
(14). First, we determined lymph node cellularity of the different
mouse lines under steady state conditions and found similar
numbers in WT and Tln13mut mice. In line with the crucial role
of Riam for b2 integrin function we measured a reduced lymph
node cellularity in Riam-/- mice, which was somewhat enhanced
in DM mice. At the same time, we counted slightly increased
numbers of splenocytes in Riam and DM mice, whereas thymus
cellularity was unchanged in all four mouse lines (Figure 1A). To
investigate, whether defective T cell homing contributes to the
reduction in lymph node cellularity, we performed adoptive
transfer experiments. Upon injection of a 1:1 mixture of CFSE-
stained WT and FarRed-stained WT, Tln13mut, Riam-/- or DM
splenocytes (dyes were switched between experiments) into WT
Frontiers in Immunology | www.frontiersin.org 460
recipient mice, we found a reduction in lymph node homing
capacity for Riam-/- and DM CD4+ T cells, which was most
pronounced for DM cells (Figures 1B, C). Consistent with their
reduced homing capacity, we detected an increased number of
Riam-/- and DM CD4+ T cells in the blood and spleen of the
recipient animals, with highest numbers found in DM mice
(Figure 1C). In a parallel experiment, we directly monitored
lymphocyte homing into popliteal lymph nodes by intravital
microscopy. Therefore, we isolated splenic CD4+ T cells from
WT and mutant mice, stained them with either CFSE or FarRed
and injected a 1:1 mixture into WT recipient mice. The number
of adherent cells in relation to the vascular surface area was then
determined within the lymph node by intravital imaging
(Figure 1D). This experiment revealed that less Riam-/- and
DM T cells adhered to the lymph node vasculature compared to
WT and Tln13mut T cells (Figures 1E, F). In sum, these data
suggest a dominant role of the Rap1/Riam/talin pathway in the
regulation of T cell adhesion to the vasculature during lymph
node homing. Even though no significant difference in T cell
homing to the lymph nodes was measured between Riam-/- and
DM T cells, the DM T cells consistently showed the strongest
defects in both experiments.

We next chose another primarily b2 integrin dependent
process to study the significance and relative impact of the
Rap1/Talin and Rap1/RIAM/Talin pathways for leukocyte
trafficking. Intravital microscopy of the inflamed mouse
cremaster muscle represents an excellent method to investigate
the different steps of the leukocyte adhesion cascade, such as
leukocyte rolling, adhesion and extravasation. In accordance with
our previous studies on Tln13mut and Riam-/- mice (14, 17),
Tln13mut mice showed reduced numbers of adherent and
perivascular cells, while their neutrophil rolling velocities were
hardly affected (Figures 2A–E,Videos S1–4). Riam-/- neutrophils
showed strongly reduced adhesion and extravasation
(Figures 2A–E, Videos S1–4). This severe phenotype was not
further aggravated in DM mice. As the extravasation efficiency is
not significantly reduced between the groups, we conclude that
the reduced number of extravasated cells is primarily caused by
their defective adhesion (Figure 2D). However, the already
strongly increased rolling velocity of RIAM-/- neutrophils was
additionally markedly increased in DM animals (Figure 2A). Of
note, talin1, kindlin-3 and Rap1 expression (Figure 2F) as well as
surface levels of relevant integrins, L-selectin and PSGL-1
(Figure 2G) were comparable in neutrophils derived from mice
of all four genotypes. These in vivo studies suggest that loss of
either Rap1/talin or Rap1/Riam/talin pathway impaired leukocyte
adhesion and extravasation and that a combined loss of both talin
recruitment pathways drastically affects integrin-mediated
leukocyte rolling.

In order to decipher the molecular roles of the two talin
recruitment pathways in an in vitro cell culture system, we
generated Hoxb8 cells from the four mouse strains. Hoxb8
cells are immortalized hematopoietic progenitor cells generated
from murine bone marrow by expression of a retrovirally-
delivered estrogen-regulated form of the transcription factor
Hoxb8. Notably, in the presence of Flt3L these cells retain the
August 2021 | Volume 12 | Article 702345
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FIGURE 1 | The Rap1/talin and Rap1/Riam/talin pathways regulate T cell homing in vivo. (A) Cellularity of lymph nodes, spleens and thymi isolated from WT,
Tln13mut, Riam-/- and DM mice (N = 4 mice). (B, C) T cell lymph node homing assessed in adoptive transfer experiments. A 1:1 mixture of CFSE-stained WT control
and FarRed-stained WT, Tln13mut, Riam-/- or DM splenocytes (or swapped dyes) was injected into the tail vein of WT recipients. Ratios of CFSE and FarRed-stained
CD4+ cells in different organs were measured 1 h after injection by FACS analysis. (C) Ratios of transferred WT, Tln13mut, Riam-/- and DM to control cells obtained in
lymph nodes, spleen and blood of recipient animals (N = 10/11/11/11). (D–F) Adhesion of CD4+ T cells assessed in vivo by confocal intravital microscopy of the
lymph node vasculature after adoptive transfer. (D) Schematic overview of the experiment. Recipient animals were injected with a 1:1 mix of CFSE stained WT and
FarRed stained Tln13mut, Riam-/- or DM pre-enriched CD4+ T cells (or swapped dyes) and subjected to intravital microscopy. (E) Exemplary confocal images of WT
(green) and Tln13mut, Riam-/- or DM (red) cells in the popliteal lymph node vasculature. Blood vessel borders are highlighted by dashed white lines, scale bars: 50 µm.
(F) Number of adherent cells normalized by the blood vessel surface area (N=12/3/3/6). All values are given as mean ± 95% confidence interval. Statistical
significance was assessed using One-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001.
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capacity to differentiate into myeloid and lymphoid cells in vitro,
which resemble phenotypically and functionally their primary
counterparts (27). WT, Tln13mut, Riam-/- and DM Hoxb8 cells
were differentiated into neutrophil-like cells by adding SCF and
G-CSF to the culture medium and used for the ensuing assays.
These neutrophil-like cells were comparable with regard to their
talin1, kindlin-3, Riam and Rap1 protein levels as well as their
surface levels of integrin subunits b2, aM, aL, and Gr-1 and
PSGL-1 (Figures 3A, B). Moreover, the expression of the second
mammalian MRL protein family member lamellipodin was not
upregulated in response to Riam deficiency (Figure 3C). First, we
performed static adhesion assays on the b2 integrin ligand
ICAM-1, which showed significantly reduced adhesion of
Tln13mut neutrophil-like cells in response to TNF-a and PMA,
similar to the reported adhesion defect of primary Tln13mut

neutrophils (17), and almost complete loss of adhesion of
Riam-/- and DM cells (Figure 3D). Next, we studied cell
adhesion under flow in P-selectin, ICAM-1 and CXCL1 coated
flow chambers. Consistent with our previous experiments with
primary Tln13mut and Riam-/- neutrophils (14, 17), we measured
a mild adhesion defect of Tln13mut Hoxb8-derived neutrophils
compared to an almost complete loss of adhesion of Riam-/- and
Frontiers in Immunology | www.frontiersin.org 662
DM neutrophils at a wall shear stress of 1 dyne/cm2. Of note,
adherent cells were hardly observed for all genotypes on surfaces
coated with P-selectin and ICAM-1 only, which indicates that
leukocyte adhesion is triggered by chemokine induced integrin
inside-out activation (Figure 3E). To test, whether neutrophil
adhesion can occur in the absence of the Rap1/Riam/talin
pathway under low flow conditions, we compared WT,
Tln13mut, Riam-/- and DM Hoxb8-derived neutrophils in flow
chamber experiments at a shear rate of 0.3 dyne/cm2. This
experiment revealed indeed that in the absence of Riam some
neutrophils adhered to the flow chambers, which became
significantly less when the Rap1/talin pathway was additionally
impaired (Figure 3F). In other words, the Rap1/talin pathway is
sufficient to induce cell adhesion at least under low flow. This
result further strengthened our in vivo findings that both
pathways significantly contribute to talin-induced integrin-
mediated leukocyte adhesion.

We then analyzed rolling of Hoxb8-derived neutrophils in P-
selectin, ICAM1, CXCL1 coated flow chambers. While most
leukocyte rolling is mediated via selectins, interactions of integrins
with their ligands support leukocyte rolling and further decelerate
their rolling velocity (integrin-mediated slow rolling) (2, 4, 34).
A B D

E

F

G

C

FIGURE 2 | Neutrophil rolling, adhesion and extravasation are impaired when the Rap1/talin and Rap1/Riam/talin pathways are blocked. (A–E) In vivo leukocyte
rolling velocity (A), adhesion efficiency (B), extravasation (C) and extravasation efficiency (D) analyzed in cremaster muscle venules of WT, Tln13mut, Riam-/- and DM
mice 2 h after intrascrotal TNFa injection. Rolling velocity and adhesion efficiency were assessed using intravital microscopy. Extravasation was analyzed by counting
the number of perivascular cells in Giemsa stained cremaster muscle whole mounts (N = 3-6 vessels per mouse in 2/4/4/4 mice, 5/4/4/4 mice for D).
(E) Representative images of Giemsa stained cremaster muscle whole mounts, scale bar: 30 µm. (F) Analysis of talin, kindlin-3, Rap1 and Riam expression in WT,
Tln13mut, Riam-/- and DM neutrophils by western blot. GAPDH was used as loading control. (G) Integrin b1, b2, b3, aM, aL and a4 as well as PSGL-1 and L-
Selectin surface levels on WT, Tln13mut, Riam-/- and DM neutrophils assessed by FACS analysis. Values represent mean ± 95% confidence interval. Statistical
significance was assessed using One-way ANOVA followed by Tukey’s multiple comparison test. **p < 0.01, ***p < 0.001.
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Consistent with the in vivo studies in the cremaster muscle
(Figure 2A), rolling velocities were significantly increased in
Riam-/- cells and considerably higher in DM neutrophils, which
clearly indicate a synergistic effect of both talin recruitment
pathways on integrin-mediated leukocyte rolling (Figure 3G).
Since we have previously shown that talin-deficient neutrophils
Frontiers in Immunology | www.frontiersin.org 763
roll faster than Riam knockout neutrophils (14), we wondered
whether a concurrent loss of both talin recruitment pathways will
recapitulate a talin-knockout phenotype. Thus, we generated talin1
deficient Hoxb8 clones (Tln1-/-) using the CRISPR/Cas9 technique
and confirmed talin1 deficiency by Western blot analysis
(Figure 3H). We then differentiated WT and DM Hoxb8 cells as
A B
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C

FIGURE 3 | Reduced integrin activity and function in Hoxb8 cell-derived Tln3mut, Riam-/- and DM neutrophils. (A) Western blots showing Talin, Riam, kindlin-3 and
Rap1 expression in Hoxb8 cells derived from WT, Tln13mut, Riam-/- and DM mice. GAPDH served as loading control. (B) FACS histograms showing surface levels of
the integrin subunits b2, aM and aL as well as PSGL-1 and Gr-1 of WT (black), Tln13mut (green), Riam-/- (red) and DM (blue) Hoxb8-derived neutrophils. (C) Expression
of lamellipodin in Hoxb8-derived neutrophils assessed by Western blot. Mouse embryonic fibroblast lysate served as positive control, GAPDH as loading control.
(D) Relative adhesion of WT, Tln13mut, Riam-/- and DM Hoxb8-derived neutrophils on ICAM-1 either unstimulated (resting) or upon stimulation with TNFa or PMA under
static conditions (N = 6). (E–G) Rolling and adhesion behavior of WT, Tln13mut, Riam-/- and DM Hoxb8-derived neutrophils assessed in flow chamber experiments.
(E) Relative adhesion under flow at a wall shear rate of 1 dyne/cm2 on P-selectin and ICAM-1 (N = 8 chambers in 4 experiments) or P-selectin, ICAM-1 and CXCL1
coated surfaces (N = 12/11/12/10 chambers in 4 experiments). (F) Relative adhesion under flow at a wall shear rate of 0.3 dyne/cm2 on P-selectin, ICAM and CXCL1
coated surfaces: WT values are set to 1 (N = 8/9/15/16 chambers in 3 experiments). (G) Rolling velocities of Hoxb8-derived neutrophils at a shear rate of 1 dyne/cm2

(N = 11/13/13/11 chambers in 4 experiments). (H) Western blot analysis of Talin and GAPDH expression in Tln1+/+ and Tln1-/- Hoxb8 clones. (I, J) Median rolling
velocities of WT and DM as well as Tln1+/+ and Tln1-/- Hoxb8-derived neutrophils assessed in P-selectin, ICAM-1 and CXCL1 coated flow chambers under 1 dyne/cm2

shear stress. Results are shown as absolute values (I) and fold rolling velocity increase of DM and Tln-/- cells to respective WT controls (J). Two Tln1+/+ and Tln1-/-

clones were analyzed (N = 10/9/8/10 chambers in 2 experiments). (K, L) FACS analyses of integrin b2 activation by measuring staining intensities of conformation
specific antibodies KIM127 (K) and mAb24 (L) normalized to total integrin b2 levels on Hoxb8-derived neutrophils expressing human b2 integrin either in resting state
or in response to TNF-a, fMLP, CXCL1 or PMA. Values of PMA-stimulated WT cells were set to 1 (N = 4 experiments). All values represent mean ± 95% confidence
interval. Statistical significance was assessed using ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001.
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well as two Tln1-/- and two equally treated, but non-targeted WT
clones (Tln+/+) into neutrophils, and assessed their rolling velocities
in flow chamber experiments. Strikingly, the median rolling
velocities of DM and Tln1-/- neutrophils are similarly (~2.5-fold)
increased compared to their respective control cells (Figures 3I, J).
These experiments strongly suggest that the Rap1/talin and the
Rap1/Riam/talin pathways are the key talin recruitment pathways
involved in the induction of b2 integrin-mediated leukocyte rolling.

Integrin-mediated slowrollingandfirmadhesionare conveyedby
the intermediate-affinity extended-closed conformation and the
high-affinity, extended-open conformation, respectively. We finally
wanted to clarify, whether stimulation of the two talin recruitment
pathways translates into conformational changes of the integrin
ectodomain. However, as conformation specific antibodies exist
only for human but not mouse b2 integrins, we induced a b2
integrin knock-out in WT, Tln13mut, Riam-/- and DM Hoxb8 cells
using the CRISPR/Cas9 technology and reconstituted the cells with
the human b2 integrin ortholog by retroviral transduction. These
humanized Hoxb8 cells were then differentiated into neutrophils,
stimulated with TNF-a, fMLP, CXCL1 and PMA and stained with
the extended conformation specific antibody clone KIM127
(Figure 3K) or high-affinity conformation specific antibody clone
mAb24 (Figure 3L). These experiments revealed a strong reduction
in KIM127 andmAb24 binding to activated Riam-/- cells, which was
further reduced in DM cells (Figures 3K, L). In sum, these data
indicate that the twopathways converge in triggering conformational
changes of the integrin towards an active conformation.
DISCUSSION

The recruitment of cytoplasmic talin to the plasma membrane
represents an essential and complex process during integrin
activation, which apparently proceeds in different ways dependent
on cell type and integrin involved. For example, we recently showed
that in fibroblasts the direct Rap1/talin pathway plays a central role
in the regulation of integrin activation, whereas the talin/Riam
interaction is irrelevant in these cells (23). Similarly, in platelets, the
Rap1/talin pathway is dominant and regulates integrin activation
through cooperative binding of Rap1 to the F0 and F1 domains of
talin (24, 25). In this study, we corroborated a recent study showing
that Riam is not involved in platelet integrin regulation. However,
this work used a Rap1 binding mutant that still allowed weak
binding of Rap1 to the talin F0 domain (17, 19).

In our current study, we mainly focused on leukocyte b2
integrins. Here we wanted to address the question whether talin
recruitment to the plasma membrane during b2 integrin activation
(inside-out signaling) can occur in the absence of Riam and whether
the direct Rap1/talin pathway also contributes. This question arises,
because b2 integrin function of Riam knockout mice is almost
completely abolished similar as in the absence of talin. On the other
hand, Rap1/talin binding mutants show a weak b2 integrin defect.
Indeed, our studies show that Riam plays a dominant role in
controlling b2 integrin function and loss of Riam results in a
strong defect in leukocyte adhesion and extravasation and results
in strongly impaired lymphocyte homing in vivo. Interestingly, this
Frontiers in Immunology | www.frontiersin.org 864
defect is further exacerbated by a loss of Rap1/talin interaction,
which is reflected by a markedly increased leukocyte rolling velocity
in vivo and further reduced leukocyte adhesion in in vitro flow
chamber experiments of DM cells. This clearly indicates a synergy
of both pathways in the regulation of b2 integrins. Why Riam
primarily regulates the activity of b2 integrins and not, for example,
integrins of fibroblasts or platelets, may be due only in part to the
low expression of Riam in these cells, but more likely to the
formation of a Riam-dependent b2 integrin-specific activation
complex that is only formed in certain hematopoietic cells. This
hypothesis is also supported by the fact that in the absence of Riam,
b2 integrins on regulatory T cells can be activated by the Riam
paralogue lamellipodin, which is highly expressed in these cells (35).
In contrast, the Rap1/talin pathway appears to be a general
mechanism for the regulation of all integrin classes, as reflected
by studies in various model organisms and cell types such as
Dictyostelium, fly, mouse, platelets, fibroblasts and leukocytes (17,
19, 21, 22). Apparently, two Rap1-mediated pathways with different
direct effectors, Riam and Talin, have been established to control
integrin activity: The Rap1/talin pathway that applies equally to all
integrin classes independent of the cell type and the Rap1/Riam/
talin pathway that is specific to b2 integrins. While the two
pathways differ mechanistically in that the Riam N-terminus
binds to the talin F3 and multiple sites of the talin rod and Rap1
binds directly to the talin F0 and F1 domains, ultimately both
pathways lead to the recruitment of talin to the plasma membrane.

While the effect of the Rap1/talin pathway is relatively weak on
b2 integrin-mediated adhesion, we found a strong impact on
integrin-mediated rolling in DM cells, which requires integrin
ectodomain extension adopting an intermediate ligand affinity
conformation that transiently interacts with ligands on the
vascular surface. That this process is possible when either
pathway is blocked but results in a rolling defect similar to that
seen in talin-null cells when both pathways are blocked, suggests
that both pathways are used for the initial recruitment of talin to the
membrane and induction of the extended conformation. Firm
anchoring of the cells to the vascular wall or flow chamber
surface, on the other hand, mainly relies on the Riam-dependent
pathway, whereas the Rap1/talin pathway only allows adhesion at
low shear forces. So, what distinguishes the two pathways and why
does b2 integrin function strongly depend on the Rap1/Riam/talin
pathway while other integrins do not? An explanation could be that
the Rap1/talin pathway only contributes to talin activation by
recruiting it to the plasma membrane, while the Rap1/Riam/talin
pathway plays a dual role. Riam recruits talin to the membrane by
interacting with the R3 domain and displaces autoinhibitory talin
head-rod interactions by interacting with the F3 domain (36).
Although talin recruitment to the plasma membrane through
both pathways indirectly facilitates conformational activation of
talin through attractive and repulsive interactions of the talin head
and rod domains with negatively charged membrane lipids via a
pull-push mechanism (37), the release of talin autoinhibition by
Riam may be particularly important for efficient b2 integrin
activation. Moreover, firm cell adhesion requires linkage of
integrins to the actin cytoskeleton, which could either indirectly
occur via subsequent exchange of Riam with vinculin upon talin
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recruitment or directly via the C-terminal ENA/Vasp binding sites
of Riam. The ability of this complex to promote the formation of cell
protrusions and targeting of integrins to their tips might be a further
explanation for the dominant role of Riam during leukocyte
adhesion (11, 38–40).

It is important to note that the rather weak defects in rolling,
adhesion and extravasation observed in Tln3mut mice and
Hoxb8-cells arise from an incomplete block of Rap1-binding,
as only the Rap1-binding site within talin F0 domain was
mutated here. Interaction with the Rap1-binding site in the
subsequent talin F1 domain, which acts synergistically with the
binding site within the F0 domain, is therefore still possible.
The importance of both binding sites together is highlighted by
the relatively mild phenotypes of mice in which only one of the
two Rap1 binding sites was mutated, while double mutants are
early embryonic lethal (17, 19, 24, 25). Therefore, we potentially
underestimate the influence of the Rap1/talin pathway in our
study due to compensation by the second Rap1 binding site.

Overall, our study shows for the first time that a concerted action
of the Rap1/talin and the Rap1/Riam/talin pathways efficiently
recruits talin from the cytoplasm to b2 integrin adhesions during
the initial step of b2 integrin inside-out signaling.
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Neutrophils sense and migrate towards chemotactic factors released at sites of infection/
inflammation and contain the affected area using a variety of effector mechanisms. Aside
from these established immune defense functions, neutrophils are emerging as one of the
key tumor-infiltrating immune cells that influence cancer progression and metastasis.
Neutrophil recruitment to the tumor microenvironment (TME) is mediated by multiple
mediators including cytokines, chemokines, lipids, and growth factors that are secreted
from cancer cells and cancer-associated stromal cells. However, the molecular
mechanisms that underlie the expression and secretion of the different mediators from
cancer cells and how neutrophils integrate these signals to reach and invade tumors remain
unclear. Here, we discuss the possible role of the epithelial to mesenchymal transition (EMT)
program, which is a well-established promoter of malignant potential in cancer, in regulating
the expression and secretion of these key mediators. We also summarize and review our
current understanding of the machineries that potentially control the secretion of the
mediators from cancer cells, including the exocytic trafficking pathways, secretory
autophagy, and extracellular vesicle-mediated secretion. We further reflect on possible
mechanisms by which different mediators collaborate by integrating their signaling network,
and particularly focus on TGF-b, a cytokine that is highly expressed in invasive tumors, and
CXCR2 ligands, which are crucial neutrophil recruiting chemokines. Finally, we highlight
gaps in the field and the need to expand current knowledge of the secretory machineries
and cross-talks among mediators to develop novel neutrophil targeting strategies as
effective therapeutic options in the treatment of cancer.

Keywords: neutrophils, tumor-associated neutrophils (TANs), chemokines, TGF-b, EMT, secretory pathways,
secretory autophagy, EVs
INTRODUCTION

Neutrophils are the body’s first responders to injury or infection. They have an unparalleled ability
to migrate toward gradients of chemoattractants, which are released at sites of inflammation, and to
clear pathogens or cell debris by using a plethora of functions including phagocytosis, the release of
cytotoxic enzymes or reactive oxygen species (ROS), and the release of neutrophil extracellular traps
org September 2021 | Volume 12 | Article 734188167
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(NETs) (1). In addition, neutrophils have been reported in the
tumor microenvironment (TME) (2), which has been described
as a site of persistent inflammation similar to “wounds that do
not heal” (3). The TME harbors a wide variety of diffusible
mediators released from both tumor and stromal cells. These
mediators induce neutrophil migration toward tumors and alter
neutrophil function to promote or limit cancer progression.
While studies have focused on understanding the tumor
promoting or impairing properties of neutrophils, many
questions remain unanswered about the identity of the
mediators that control neutrophil recruitment to tumor sites
and the function of tumor-associated neutrophils, referred to as
TANs. In this perspective, we present an overview of the
functions of TANs and the different classes of mediators that
have been linked to neutrophil recruitment to tumors, discuss
how cancer-associated changes such as the epithelial to
mesenchymal transition (EMT) upregulate the expression of
the mediators, and review the secretory mechanisms that
potentially underlie the release of the mediators in the TME.
Finally, we discuss our current understanding of the crosstalk
between mediators, with a special focus on TGF-b and
chemokines, to provide insights into the integrated mechanisms
underlying neutrophil recruitment to the tumor niche and suggest
gaps in knowledge that need to be filled for the development of
anti-cancer therapeutic interventions.
PLASTICITY OF NEUTROPHILS IN CANCER

To phenotypically classify TANs and their wide range of
functions that impact the outcomes of tumors, several
categories have emerged: high-density/low-density, immature/
mature, and anti-tumor/pro-tumor/pro-metastatic. Evidence is
now suggesting that neutrophils exhibit phenotypic plasticity
and can exist on a spectrum within any of these overlapping
categories (4–7). For example, neutrophils are often described as
“N1” (anti-tumor) or “N2” (pro-tumor) (8), but Zilionis et al.
recently described a range of five neutrophil subsets in human
lung cancer based on transcriptome analysis, with gene
expression ranging from canonical neutrophil genes (N1
subset) to genes that were tumor-specific (N5 subset) (4).
These seemingly different phenotypes are mostly generated due
to exposure to specific mediator(s), either systemically in the
bone marrow/blood or locally at the tumor sites. Studies using
murine tumor models report that the immunosuppressive
cytokine TGF-b is responsible for promoting the generation of
neutrophils with a pro-tumoral “N2” phenotype (8), while the
type I interferon IFN-b gives rise to an anti-tumoral “N1”
phenotype (9). Further, the enzyme protease cathepsin c,
secreted by breast cancer cells, has been reported to initiate a
signaling cascade in mouse models that recruits neutrophils to
the lung metastatic niche and promotes a pro-metastatic
phenotype, and its secretion is correlated with shortened
metastasis-free survival in humans (10).

Several neutrophil effector functions that support tumor
progression have been identified, including immunosuppression,
remodeling of the extracellular matrix (ECM), and promoting
Frontiers in Immunology | www.frontiersin.org 268
angiogenesis (11). For example, it has been demonstrated in
mouse models that immunosuppressive neutrophils promote
metastasis by releasing high levels of inducible nitric oxide
synthase (iNOS), which inhibits proliferation of cytotoxic T cells
(12). Additionally, the release of NETs from neutrophils, which
are mesh-like structures of DNA fibers studded with granule
proteins, is associated with metastatic progression (13–16). In
particular, granule proteins such as neutrophil elastase (NE) and
matrix metalloproteinase 9 (MMP9) released with NETs have
been shown to awaken dormant cancer cells by remodeling the
ECM and inducing cancer cell proliferation in mouse models (17).

Although most studies have reported a pro-tumor effect of
neutrophils, some contexts exist where neutrophils exhibit anti-
tumor effects, seemingly maintaining their canonical role to
protect the body from harm. These anti-tumor actions of
neutrophils in mouse models include the direct killing of
cancer cells through the release of cytotoxic ROS (including
hydrogen peroxide) and the restriction of tumor growth by
stimulating cancer cell detachment from the basement
membrane by the release of MMP9 (18–20). Additionally, the
neutrophil-dependent stimulation of T cell responses can
indirectly contribute to anti-tumor activity, shown both in
mouse models and in cells isolated from human tissue samples
(11, 21). While it has been reported that specific mediators
contribute to the pro- or anti-tumoral actions of neutrophils,
the mechanisms underlying how the mediators are expressed and
secreted by cancer cells and the interplay among the different
mediators in regulating neutrophil function remain unknown.
DIFFUSIBLE MEDIATORS IN
THE TUMOR NICHE

Cancer cells and stromal cells, including cancer-associated
fibroblasts (CAFs), T cells, monocytes, tumor-associated
macrophages, and TANs, can secrete diverse mediators that
diffuse through tissues, potentially signaling to circulating or
tissue-patrolling neutrophils to recruit them to the tumor niche.
Table 1 provides a list of recently identified neutrophil mediators
released in various mouse and human tissue or cell line models of
cancer and their sources. These mediators primarily consist of
chemokines, growth factors, and cytokines. The chemokines
CXCL1, 2, 5, 6 and 8, which induce neutrophil chemotaxis
through CXCR2/1 chemokine receptors, have been reported to
be important for neutrophil recruitment in many cancer types
(22, 25–28, 30–38). Chemokines are critical to recruit
neutrophils not only to primary tumor sites but also to pre-
metastatic niches and metastatic sites. For example, CXCL1, 2,
and 5 released from tumor-associated mesenchymal stromal cells
in a mouse model of breast cancer resulted in increased neutrophil
recruitment to primary tumor sites (22). Additionally, CXCL5 and
7 released from tumor-activated platelets were reported to be
crucial for neutrophil recruitment to the pre-metastatic niche and
subsequent tumor cell seeding in the mouse lung (26). G-CSF and
GM-CSF are important growth factors commonly upregulated in
cancer, and their primary functions are to regulate the release of
mature neutrophils from the bone marrow into the blood and to
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extend the survival of neutrophils (38, 39). In addition, cytokines,
including interleukins (IL-17A, IL-6) (10, 12, 25, 40), interferons
(IFN-b) (9), TNF-a (25), and TGF-b (5, 8, 24, 28), have been
linked to neutrophil recruitment and extended neutrophil survival,
as well as regulating neutrophil function. While a growing number
of studies report the effect of individual mediators on neutrophil
recruitment and function, it is likely that antagonistic, additive, or
synergistic effects of different classes of mediators are crucial for
neutrophil recruitment and function in the context of cancer.
Frontiers in Immunology | www.frontiersin.org 369
MECHANISMS REGULATING THE
SECRETION OF DIFFUSIBLE MEDIATORS
FROM CANCER CELLS

Cancer cells are known to upregulate the transcription of many
diffusible mediators due to the constitutive activation or
overexpression of oncoproteins (41). In many cases, the higher
expression of the mediators correlates with poor clinical
progression (42, 43). However, little is known about the
TABLE 1 | List of diffusible mediators along with their cellular origin, potential impact on neutrophils and tumor progression, and the study models.

Cancer Type Source of diffusible mediators in
the TME

Diffusible Mediators Potential impact on neutrophils Model Ref

breast cancer tumor-associated mesenchymal
stromal cells

CXCL1, CXCL2, CXCL5 increased migration to tumor site mouse (22)

gd T cells at tumor site IL-17 increased migration to tumor site,
change to pro-tumor phenotype,
increased metastasis

mouse (12)
origin unclear G-CSF (induced by IL-17)

cancer cells G-CSF recruitment to metastatic sites mouse (23)
cancer cells chemokines active via CXCR2,

TGF-b
increased migration human (C) (24)

cancer cells IL-6, CCL3 (induced by cathepsin
c)

increased migration to tumor site, NET
formation, ROS production; pro-
metastasis (cathepsin c works via the
PR3-IL-1b-NF-kB axis of neutrophils to
upregulate secretion of IL-6 and CCL3)

mouse (10)

colorectal
cancer

gd T cells at tumor site CXCL8 (IL-8), GM-CSF increased migration human (T) (25)
IL-17A, GM-CSF expansion of the PMN-MDSC

population
CXCL8 (IL-8), IL-17A, TNFa extended survival

platelets interacting with tumor cells in
pre-metastatic niche

CXCL5, CXCL7 increased recruitment to early pre-
metastatic niche

mouse (26)

cancer cells CXCL1 increased recruitment to tumor site and
tumor progression

mouse (27)

cancer cells CXCL5 increased recruitment to tumor site and
increased metastasis

mouse (28)

origin unclear TGF-b increased recruitment to metastatic site
Th17 cells CXCL8 (IL-8) increased migration human (T) (29)

hepato-cellular
carcinoma

tumor-associated monocytes CXCL2, CXCL8 increased migration and extended
survival

human (T) (30)

cancer cells CXCL5 increased migration mouse; human (C) (31, 32)

lung cancer tumor-associated monocytes,
macrophages, neutrophils, and DCs

CXCL1 these migration-inducing chemokines
are shown to have elevated levels of
mRNA

mouse (33)

TANs CXCL2
cancer cells CXCL5

melanoma TANs CXCL1, CXCL2 increased migration to tumor site and
angiogenesis

mouse (34)

ovarian cancer tumor cells CXCL8 (most impact) and other
chemokines active via CXCR2

increased migration human (T) (35)

pancreatic
cancer

cancer cells CXCL5 increased migration to tumor site via
CXCR2

mouse (36)
stromal cells CXCL2
PDAC tumors GM-CSF, G-CSF these migration-inducing chemokines

are shown to have elevated levels of
mRNA

human (T) (37)
neoplastic ductal cells CXCL1, CXCL2, CXCL5, CXCL8 human (T)

tumor cells GM-CSF, G-CSF, CXCL1, CXCL2,
CXCL5

increased migration to tumor site via
CXCR2

mouse

thyroid cancer cancer cells chemokines active via CXCR1/2 increased migration human (C) (38)
GM-CSF increased survival
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secretory mechanisms that regulate the release of the mediators
from cancer cells into the tumor niche and how the process of
secretion may be altered due to cancer-associated changes
compared to the mechanisms observed in non/early malignant
cells. Here, we suggest that EMT induction is a key process that
alters the tumor secretome and highlight the mechanisms and
molecular players known to regulate the secretion of the
mediators. We envision that similar mechanisms underlie the
secretion of neutrophil recruiting mediators from cancer
cells (Figure 1).

Epithelial to Mesenchymal Transition
EMT is classified into three subtypes based on the biological
context. Type I EMT is associated with embryonic development
and multiple organ formation. Type 2 EMT is involved in wound
healing through tissue repair and regeneration, which if
unrestrained, could lead to tissue fibrosis, and organ damage.
Type 3 EMT is exclusively associated with malignancy and
Frontiers in Immunology | www.frontiersin.org 470
metastatic spread, where cancer cells acquire the ability to
invade locally and disseminate systemically (44). Epithelial cells
undergoing all three types of EMT tend to lose their epithelial
characteristics and acquire migratory mesenchymal cell-like
properties. However, EMT is emerging as a dynamic process
where cells adopt partial EMT or intermediate/hybrid states
featuring a combination of phenotypes of both cell types (45–
47). Type 3 EMT (subsequently referred to as EMT) triggers
cytoskeletal remodeling, loss of cell-cell adhesion and cell
polarity, and gain of migratory and invasive properties, which
are proposed to be required for metastasis. A wide range of
diffusible mediators released from transformed or non-
transformed cells in the tumor niche are known to induce
EMT, including growth factors (EGF), cytokines (TGF-b, TNF-
a), chemokines (CXCL8, CXCL6), and lipid mediators
(leukotriene B4 (LTB4)) (48, 49). Interestingly, EMT has been
associated with altered secretory profiles of cancer cells (50–54).
For instance, secreted factors from EMT-positive breast cancer
FIGURE 1 | Cartoon depicting the proposed mechanisms that regulate the cancer secretome and favor neutrophil trafficking to tumors. Cancer associated EMT
program activation alters cancer cell secretome by inducing the expression of neutrophil recruiting mediators. Three machineries, namely exocytic trafficking, secretory
autophagy, and extracellular vesicles are proposed to enhance the release of neutrophil recruiting mediators from cancer cells. The secreted mediators promote EMT
using a feed forward mechanism and initiate a chronic cycle of inflammation that supports cancer cell dissemination. TFs, transcription factors; RE, recycling endosome.
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cell lines have been reported to induce the in vivo recruitment of
granulocytic myeloid derived suppressor cells (G-MDSC), which
phenotypically resemble murine neutrophils and share
immunosuppressive functions with “N2” neutrophils (50, 55).
EMT-induced altered secretome of breast cancer cell lines also
favors a tumor-permissive niche by activating tumor-associated
macrophages, which further support EMT induction of cancer
cells (54).

EMT inducing signals mediate their effects by stimulating a
transcription program via the activation or enhanced expression
of key EMT transcription factors: SNAIL, Twist and Zeb family
proteins, and the T-box transcription factor Brachyury (56, 57).
The role of these transcription factors in suppressing epithelial
cell-cell adhesion proteins and inducing mesenchymal adhesion
molecules has been widely studied (58, 59). Interestingly, the
same transcription factors are also emerging as key regulators for
the expression of mediators such as cytokines (TNF-a),
chemokines (CCL2, CXCL6, GRO, CXCL8, CXCL11), and
growth factors (GM-CSF) in cancer cells (50, 52, 53, 60–63).
For example, chemokines, including CXCL6 and CXCL8, are one
of the many secreted mediators that are upregulated in a Snail-
dependent manner when EMT pathways are activated in cancer
cells by EGF or TGF-b treatment (50). As many of the secreted
mediators from EMT-activated tumors are established
chemoattractants of neutrophils (GRO, CXCL8, GM-CSF) and
monocytes (CCL2), the release of these mediators upon EMT
induction is poised to regulate the immune landscape of the
tumor niche.

Exocytic Trafficking Pathways
Conventional mechanisms that underlie the secretion of
diffusible mediators, such as cytokines and chemokines, involve
constitutive and regulated exocytosis pathways, depending on
the cellular and inflammatory context (64–66). Much of our
current knowledge comes from characterization in immune cells,
particularly macrophages and dendritic cells (DCs) for
constitutive secretion, and granulocytes for regulated secretion.
In general, cytokines and chemokines carry a leader peptide
sequence for secretion that facilitates their trafficking through the
ER-Golgi network. Newly synthesized proteins are continuously
exocytosed through trafficking from the Golgi network to the
plasma membrane via small transport vesicles or tubules, which
transport the cargo to the plasma membrane either directly or by
merging with recycling endosomes (67). In contrast, pre-formed
proteins after transiting through the Golgi network are
stockpiled in vesicles or granules, which undergo regulated
exocytosis in response to external inputs through receptor-
ligand interactions (65). Key molecular players of the
trafficking machinery include the evolutionary conserved
membrane fusion proteins of the soluble N-ethylmaleimide-
sensitive factor (NSF) attachment protein receptor (SNARE)
protein family (67). Fusion of the vesicle and target membrane
to form the core-SNARE complex is mediated by V (vesicle-
associated)-SNARE and t (target membrane)-SNARE members
for both constitutive and regulated exocytosis. For instance, the
V-SNARE member vesicle-associated membrane protein 3
(VAMP3) localized in recycling endosomes mediates the
Frontiers in Immunology | www.frontiersin.org 571
membrane fusion of CXCL6- and TNF-a-carrying vesicles
with the plasma membrane that leads to their constitutive
secretion from macrophages and DCs (68–70). In granulocytes,
such as eosinophils, however, CXCL6 is released through
receptor mediated degranulation or regulated exocytosis, where
the function of late endosomal V-SNARE members such as
VAMP2 and VAMP7 have been implicated (71–74). VAMP7
is also reported to control the release of CXCL12 from VAMP7-
positive late endosomal compartments in DCs, suggesting that
the trafficking machinery varies greatly depending on cell types
and mediators. Further, both V-SNAREs and t-SNAREs may
play a rate-limiting role as their upregulation has been noted in
stimulated macrophages and DCs with concomitant increase in
mediator secretion (70, 75, 76). In addition, other molecular
players such as Rho GTPases, including Rac1 and Cdc42, play
important roles in TNF secretion in macrophage by delivering
TNF-carrying recycling endosomes to the cell surface (77).

While cytokine trafficking in epithelial cells most likely
utilizes the constitutive pathway (64), the mechanisms
underlying mediator secretion are not well established in
malignant cells even though cancer cells are known to
abundantly secrete diverse mediators. An upregulation of
signature genes associated with ER to Golgi trafficking
pathways has been linked to the increased secretion of
mediators, including CCL20, from murine breast cancer cell
lines with high metastatic potential (78). Moreover, it has been
shown that the secretion of CCL5 depends on the exocytosis of
CCL5-carrying pre-made vesicles in the hormone receptor
positive breast cancer cell line MCF-7 (79). Whether specific
VAMP proteins mediate CCL5 trafficking and vesicle fusion with
the plasma membrane and if/how the machinery differs in early-
and late-stage malignant cells compared to non-malignant
epithelial cells have yet to be determined. Of note, VAMP3 has
been reported to be involved in CXCL6 and TNF-a release from
the synovial sarcoma cell line SW982, indicating an active role of
VAMP proteins in diffusible mediator secretion from cancer cells
(80). Furthermore, studies have reported enhanced expression of
V-SNARE and t-SNARE members in cancer cells along the
course of tumor progression, which may further promote the
exocytic release of the mediators in the TME (81).

Autophagy
An unconventional mechanism for diffusible mediator secretion
is autophagy. Autophagy is traditionally known for intracellular
degradation and recycling of cargos, including damaged
organelles or protein aggregates, to maintain cellular
homeostasis. The fusion of autophagic vacuole carrying cargos
with lysosomes results in cargo degradation by acid hydrolysis
and proteolysis (82). Our understanding of the machinery
involved in autophagy-dependent secretion, also known as
secretory autophagy (SA) (83), is however less clear. Under
nutrient deprived conditions in yeast, SA is known to mediate
the release of leader peptide-less proteins (84). However, there is
emerging evidence that SA is involved in the secretion of
mediators that are both leader-less, such as IL-1b and IL18,
and leader-positive, such as CXCL6, CXCL8, and TGF-b (85, 86).
Attempts to define the sequence of events leading to SA of IL-1b
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from macrophages in response to lysosomal damage identified
several molecular players key to the process (87). For example,
TRIM16 serves as the SA cargo receptor that together with
VAMP member Sec22b sequesters IL-1b in LC3-II-positive
vesicles, where LC3-II is a canonical autophagosome marker.
Further, the fusion of cargo vesicles with the plasma membrane
as well as the release of cargos are achieved by the coordinated
action of dedicated SNARE proteins including syntaxin 3,
syntaxin 4, SNAP-23, and SNAP-29.

SA in both cancer cells and CAFs has recently been implicated in
shaping the tumor secretome and promoting cancer progression
(88, 89). For instance, secretion of CXCL8, IL-1b, LIF (leukemia
inhibitory factor), and Fam3 (family with sequence similarity 3
member C) were found elevated or impaired in a murine melanoma
cell line when stimulated with an autophagy-inducing peptide or
subjected to autophagy related gene knockdown approaches,
respectively (90). More strikingly, a correlation between the
elevated presence of the same mediators in the serum of patients
with high-autophagy melanoma, compared to patients with low-
autophagymelanoma, was reported in the same study. Autophagy is
also recognized to contribute to oncogenic RAS driven cancer cell
migration and invasion by inducing the secretion of the migration
promoting CXCL6 chemokine and the transcription of pro-invasive
molecules, includingMMP2 andWNT5A (91). In addition, CXCL6
secretion was mediated by autophagy in the triple-negative breast
cancer cell line MDA-MB-468, which depends on autophagy for
survival (92). In contrast, autophagy inhibition promoted CXCL6
secretion from MCF-7 cells, which otherwise does not depend on
autophagy for survival. The apparent contrasting effect of autophagy
on CXCL6 secretion reflects context dependent regulation of
cytokine secretion by autophagy and highlights the need to
explore more comprehensively the role of autophagy in mediator
secretion in different cancer types and subtypes.

Extracellular Vesicles
Extracellular vesicles (EVs) are heterogeneous in size (93).
Exosomes are smaller EVs with a diameter less than 150 nm
that originate as intraluminal vesicles (ILVs) by the inward
budding of late endosomal vesicles that form multivesicular
bodies (MVBs). Upon fusion of MVBs with the plasma
membrane, ILVs are released as exosomes in the extracellular
milieu. By contrast, other larger EVs (diameter up to 1000 nm) are
generated through the outward budding of the plasma membrane
(93) and come in different flavors, including microvesicles or
ectosomes, migrasomes (secreted along retraction fibers of
migrating cells), and oncosomes (secreted by cancer cells) (93–
96). EVs are well established as vehicles for diverse cargos,
including proteins, lipids, and nucleic acids that mediate
intercellular communication. EVs released from cancer cells,
CAFs, and immune cells have been shown to induce directional
migration of the same or other cell types through autocrine and
paracrine communication (93, 97). Interestingly, cancer cell-
secreted exosomes were shown to mediate the systemic
mobilization of neutrophils to the spleen in an in vivo model of
breast cancer (98). However, the role of exosomes as the vehicle for
tumor-secreted mediators that directly induce neutrophil
migration remains to be determined. A diverse group of
Frontiers in Immunology | www.frontiersin.org 672
cytokines, chemokines and growth factors were found to be
associated at the surface of EVs or encapsulated inside EVs that
were isolated from cultured immune cells, tissue explants, and
different types of biological fluids (99). The availability of the
mediators in a free or EV-associated form was reported to depend
on the activating stimuli and the cellular system studied.
Furthermore, CCL chemokines were found to be enriched in
exosomes when tumor cells were exposed to heat stress (100). The
degree of exosomal chemokine release may therefore be tunable as
tumor cells are exposed to changing physicochemical factors in the
dynamic TME. EVs are also emerging as a vital means of tumor-
stromal cell communication that further promote tumor
progression and metastasis. For instance, osteosarcoma cells
release EVs carrying membrane-associated TGF-b1, which was
shown to educate mesenchymal stromal cells to release CXCL6,
and promote further tumor growth and metastasis (101). In
addition, osteosarcoma-derived EVs were shown to induce lung
fibroblast differentiation in a TGF-b1 dependent manner,
indicating a potential role of EV-associated immune mediators
to endorse distant metastasis (102).
INTERPLAY BETWEEN TGF-b AND
CHEMOKINES TO MAXIMIZE
NEUTROPHIL RECRUITMENT

Asmentioned, given the presence of diverse cell types in the tumor
niche, the TME harbors multiple diffusible mediators. Neutrophil
navigation to the tumor niche could therefore be orchestrated by
the interplay of different mediators. We recently reported that
CXCR2 ligands, potentially growth-related oncogene (GRO)
members (CXCL1/2/3), and TGF-b1, which are abundantly
secreted by triple-negative breast cancer cells, concertedly induce
robust neutrophil migration (24). TGF-b ligands belong to the
TGF-b subfamily, with three known mammalian isoforms: TGF-
b1, TGF-b2 and TGF-b3, of which TGF-b1 is the most commonly
expressed. Cells secrete all isoforms as a latent complex that is
activated by the presence of integrins, ECM proteins, and
proteolytic enzymes (103). Once released in an active form, all
isoforms interact and activate the type II/type I TGF-b receptor
complex and propagate signals through SMAD-dependent and
-independent pathways (104, 105). TGF-b target genes are
involved in regulating fundamental cellular functions such as
proliferation, differentiation, migration, senescence, apoptosis,
along with maintaining immune homeostasis. The signaling
outcome of TGF-b is highly context dependent in cancer.
During early stages of cancer, it can prevent tumorigenesis by
inhibiting cell proliferation, regulating cell cycle progression, and
promoting apoptosis. However, cancer-associated disruption of
TGF-b receptor/signaling components and/or the activation of
EMT inducing signaling of TGF-b may promote the
dissemination of cancer cells (105, 106). The mechanistic basis
for the complexity of TGF-b signaling outcome has achieved
significant clarity over the years. However, the mechanism and
outcome of the crosstalk of TGF-b with other diffusible mediators
on tumor progression are only beginning to be understood.
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Both cancer and immune cells express TGF-b receptors.
Receptor expression on immune cells is further modulated by the
mediators present in the tumor niche. For instance, mediators
secreted from metastatic prostate cancer cells upregulate the gene
expression of the type I TGF-b receptor (TGF-b RI) in neutrophils
(107), suggesting that the effect of TGF-b on neutrophil function is
tunable. In an in vivo murine model of lung cancer and
mesothelioma, TGF-b has been reported to promote the tumor
supporting functions of neutrophils and treatment with a systemic
inhibitor of TGF-b RI led to increased neutrophil recruitment to
tumors indicating a negative regulation of neutrophil migration by
TGF-b signaling (8). Conversely, TGF-b signaling was reported to
promote neutrophil recruitment to metastatic sites in a genetically
engineered in vivomousemodel of metastatic colorectal cancer (28).
Additionally, in vitro studies documented various ways by which
TGF-b can foster or hinder other neutrophil responses, such as
prolonging neutrophil survival, promoting phagocytosis and
respiratory burst (108), and impairing granule exocytosis (109).

The role of TGF-b in directional migration of neutrophils is,
surprisingly, not clear. Studies have reported strong to no direct
effect of TGF-b on neutrophil chemotaxis (110, 111). Given its
pleiotropic role, TGF-b may indirectly regulate neutrophil
chemotaxis. Indeed, TGF-b1 was reported to promote
chemotaxis of immature DCs to CC and CXC chemokines by
upregulating chemokine receptor expression (112). Whether
TGF-b1 uses a similar mechanism to regulate CXCR1/2
expression and mediate its effect on neutrophil chemotaxis
remains unknown. TGF-b1 has also been reported to promote
the secretion of CXCL5 from hepatocellular carcinoma cell lines,
which in turn induces neutrophil migration (32). Furthermore,
TGF-b1 is known to enhance the secretion of leukotrienes from
monocyte-derived macrophages and DCs, of which LTB4 is a
potent neutrophil recruiting lipid mediator (113, 114). Finally,
chemokines may also synergize with TGF-b to optimize cellular
responses by triggering the activation of downstream signaling
components, such as SMAD3, which was reported to be
phosphorylated by chemokines like CCL2 (115).
TARGETING STRATEGIES/PERSPECTIVE

Our knowledge of the multifaceted functions of neutrophils in
cancer is rapidly expanding. Yet, a precise understanding of the
diffusible mediators that are secreted in the TME and induce
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neutrophil trafficking to the tumor niche is lacking. Many cancer
therapeutic strategies, such as chemotherapy, radiotherapy, and
immune-checkpoint inhibitors, have the potential to affect the
level of circulating neutrophils or modulate the recruitment or
function of TANs, which may in turn impact patient prognosis
(116). More effort should therefore be placed on directly
targeting the diffusible mediators themselves or the pathways
that underlie neutrophil recruitment to the TME. Integrating
such neutrophil-focused approaches with routinely applied
therapeutic strategies may lead to a synergistic protection
against cancer progression. However, the fact that neutrophils
are quintessential soldiers of the immune system requires careful
consideration in developing neutrophil targeting strategies for
cancer therapy. From a mechanistic standpoint, it is therefore
crucial to address several questions in the context of neutrophil
recruitment to specifically target the process without
compromising the overall protective role of neutrophils. For
example, (i) which trafficking molecules regulate the secretion of
neutrophil recruiting mediators in cancer cells? (ii) Does EMT
induction change the expression of these regulators and enhance
the release of the mediators? (iii) Does the exocytic pathway/SA/
EV-dependent release of mediators further promote EMT by
triggering an autocrine-paracrine loop? and (iv) How do
mediators from distinct classes such as chemokines and
cytokines/growth factors/lipid mediators collaborate to
optimize neutrophil recruitment to tumors and reprogram
TAN function? Addressing these basic questions will provide a
deeper understanding of the molecular players and signaling
components that dictate neutrophil trafficking to tumors, which
will assist in the design of effective therapeutic strategies.
AUTHOR CONTRIBUTIONS

SS, LEH, and CAP equally contributed to conceptualizing,
writing, and editing the manuscript. All authors contributed to
the article and approved the submitted version.
FUNDING

This work was supported by funding from the University of
Michigan School of Medicine.
REFERENCES

1. Kolaczkowska E, Kubes P. Neutrophil Recruitment and Function in Health and
Inflammation. Nat Rev Immunol (2013) 13(3):159–75. doi: 10.1038/nri3399

2. SenGupta S, Subramanian BC, Parent CA. Getting TANned: How the
Tumor Microenvironment Drives Neutrophil Recruitment. J Leukocyte
Biol (2019) 105(3):449–62. doi: 10.1002/JLB.3RI0718-282R

3. Dvorak HF. Tumors: Wounds That do Not Heal. Similarities Between
Tumor Stroma Generation and Wound Healing. N Engl J Med (1986) 315
(26):1650–9. doi: 10.1056/NEJM198612253152606

4. Zilionis R, Engblom C, Pfirschke C, Savova V, Zemmour D, Saatcioglu HD,
et al. Single-Cell Transcriptomics of Human and Mouse Lung Cancers
Reveals Conserved Myeloid Populations Across Individuals and Species.
Immunity (2019) 50(5):1317–34.e10. doi: 10.1016/j.immuni.2019.03.009

5. Sagiv JY, Michaeli J, Assi S, Mishalian I, Kisos H, Levy L, et al. Phenotypic
Diversity and Plasticity in Circulating Neutrophil Subpopulations in Cancer.
Cell Rep (2015) 10(4):562–73. doi: 10.1016/j.celrep.2014.12.039

6. Hsu BE, Tabariès S, Johnson RM, Andrzejewski S, Senecal J, Lehuédé C,
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Dendritic cells (DCs) are potent and versatile professional antigen-presenting cells and
central for the induction of adaptive immunity. The ability to migrate and transport
peripherally acquired antigens to draining lymph nodes for subsequent cognate T cell
priming is a key feature of DCs. Consequently, DC-based immunotherapies are used to
elicit tumor-antigen specific T cell responses in cancer patients. Understanding
chemokine-guided DC migration is critical to explore DCs as cellular vaccines for
immunotherapeutic approaches. Currently, research is hampered by the lack of
appropriate human cellular model systems to effectively study spatio-temporal signaling
and CCR7-driven migration of human DCs. Here, we report that the previously
established human neoplastic cell line CAL-1 expresses the human DC surface
antigens CD11c and HLA-DR together with co-stimulatory molecules. Importantly, if
exposed for three days to GM-CSF, CAL-1 cells induce the endogenous expression of the
chemokine receptor CCR7 upon encountering the clinically approved TLR7/8 agonist
Resiquimod R848 and readily migrate along chemokine gradients. Further, we
demonstrate that CAL-1 cells can be genetically modified to express fluorescent (GFP)-
tagged reporter proteins to study and visualize signaling or can be gene-edited using
CRISPR/Cas9. Hence, we herein present the human CAL-1 cell line as versatile and
valuable cellular model system to effectively study human DC migration and signaling.

Keywords: human dendritic cell line, cell migration, chemokine receptor CCR7, CCL19, CCL21, chemotaxis,
expression of fluorescent reporter proteins, CRISPR/Cas9 mediated CCR7 knockout
INTRODUCTION

Dendritic cells (DCs) are sentinels of the innate and adaptive immune system and play essential
roles in initiating, coordinating and regulating adaptive immune responses (1). They reside in
peripheral tissues where they are poised to capture and process antigens derived from invading
pathogens. Upon pathogen encounter, DCs undergo a complex process of maturation, induce the
expression of co-stimulatory molecules and migrate via the lymph system to the next draining
lymph node (2, 3). In lymph nodes, DCs present pathogen-derived antigens to cognate T cells to
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trigger an adaptive immune response (4). Due to the unique
ability of DCs to prime and activate naïve T cells, DC-based
vaccination strategies are exploited as cancer therapies in which
DCs are loaded with tumor antigens to mount tumor antigen
specific immune responses (5–7). Notably, DCs comprise a
heterogeneous population of cells (8–10). Human peripheral
blood includes two main DC populations, namely myeloid and
plasmacytoid DCs, with different functional properties (11).
Nonetheless, one key feature for their use as an effective
cellular vaccine is that the tumor antigen loaded DCs must
efficiently migrate to lymphoid organs to encounter and prime
tumor antigen specific T cells (7). Leukocyte migration is
controlled by the expression of specialized chemokine
receptors and integrins (12). Importantly, expression of the
chemokine receptor CCR7 is essential to all DC subtypes for
their homing to lymphoid organs (3). In fact, DCs up-regulate
the expression of CCR7 upon encounter of a danger signal and
acquire a migratory phenotype (13, 14). CCR7-expressing DCs
migrate along CCL19 and CCL21 chemokine gradients and via
the lymph system to reach the T cell zone of the next draining
lymph node (15, 16). Besides controlling DC homing, CCR7 also
coordinates the recruitment of circulating T cells from the blood
to the lymph nodes and acts as co-stimulatory molecule to
efficiently prime T cells (17). Notably, besides common
expression by interstitial lymphatic endothelial cells and
lymphoid tissue stroma cells (18), disparate lymphoid
chemokine expression has been noted between men and mice.
CCL21 is not produced, but trapped and presented by human
high endothelial venules (HEVs), whereas in mice this
chemokine is synthesized directly by HEVs (19).

CCR7-dependent DC migration has extensively been studied
using in vitro differentiated bone-marrow derived precursor cells,
so called BMDCs, obtained from wild-type or gene targeted mice
as cellular model systems. Recent technical advances, although
not trivial, enabled the transient immortalization of murine
hematopoietic precursor cells by a retrovirally delivered and
induced expression of the transcription factor Hoxb8 (20).
Upon relieve from the induced Hoxb8 expression, such
precursor cells can be differentiated in the presence of GM-
CSF to immature DCs that resemble immature BMDCs (21, 22).
However, the usefulness of murine BMDC cultures in the study
of DC biology has been debated (23, 24). Moreover, the technical
achievement of using Hoxb8-DCs are currently restricted to
mouse DC models. Human DC subsets can be isolated in very
limited numbers from peripheral blood (11) and hence are not
exploited as cellular model systems to study molecular
mechanisms of DC migration. The most widely used human
DC model system is monocyte-derived DCs (MoDCs), which
comprises the isolation of peripheral blood monocytes and their
in vitro differentiation to MoDCs in the presence of GM-CSF and
IL-4 for several days (7, 25–28). A drawback of these MoDCs is
that they show substantial donor to donor variation, are
refractory to genetic manipulation and hence not suitable as
effective cellular model to study CCR7-driven DC migration.
Attempts to use human leukemia cell lines with monocyte-like
properties under DC differentiating culture conditions were of
Frontiers in Immunology | www.frontiersin.org 278
limited success (29). Own attempts to induce endogenous CCR7
expression in any of these human cell lines failed. A DC-like cell
line of human origin that upon exposure to a danger signal
induces CCR7 expression and migration combined with the
ability to be genetically edited is lacking but highly desired to
study human DC migration.

A human plasmacytoid DC line, termed CAL-1, has been
established from a patient with blastic natural killer cell
lymphoma (30), also referred to as blastic plasmacytoid DC
neoplasm (31). CAL-1 cells were shown to express transcripts for
TLR2, TLR4, TLR7 and TLR9 and are sensitive to single-
stranded RNA (a ligand for TLR7), to Resiquimod R848
(R848; a ligand for TLR7/8) and to unmethylated CpG
oligodeoxynucleotides (ODNs; ligands for TLR9) (30, 32, 33).
Moreover, upon TLR ligation, CAL-1 cells are reported to secrete
the cytokines TNFa, IFNg, and IL-6, and to express the co-
stimulatory molecules CD40, CD80 and CD86 (30, 32).
However, unlike plasmacytoid DCs, CAL-1 cells respond to IL-
3 and GM-CSF to form dendrites, a characteristic feature of
MoDCs, and up-regulate MHC class II (30, 34). Here, we
demonstrate that CAL-1 cells exposed to GM-CSF up-regulate
the expression of CCR7 in response to a danger signal. Moreover,
we show that these cells are well suited to study CCR7 signaling
and cell migration. Finally, we provide evidence that CAL-1 cells
can be genetically modified – e.g. to express a fluorescent
reporter protein – while retaining their migratory capacity in
response to the chemokines CCL19 and CCL21 in 2D and
3D environments.
MATERIALS AND METHODS

Cell Culture
CAL-1 cells, obtained under a material transfer agreement, were
cultured in complete growth medium RPMI 1640 containing
2mM L-alanyl-L-glutamine (Pan Biotech Ref. P04-18500,
Chemie Brunschwig, Basel, Switzerland), supplemented with
10% FCS (Gibco Ref. 10270-106; LuBioScience, Luzern,
Switzerland) and 1% penicillin/streptomycin (BioWhittaker
Lonza; VWR Scientific, Nyon, Switzerland) in suspension
tissue culture flasks or plates (Greiner Bio-One; Huberlab,
Aesch, Switzerland). Floating cells were passaged to new
culture flasks for cell maintenance. Where indicated, CAL-1
cells (2x 105 cells/ml) were exposed to 10ng/ml human GM-
CSF (Peprotech, LuBioScience; catalog #300-03) for 3 days,
referred to as GM/CAL-1 cells, washed, resuspended at a
density of 1x 106 cells/ml in complete growth medium without
GM-CSF and then left untreated or matured for another 18-19h
with either the TLR7/8 agonist Resiquimod R848 (10mg/ml;
Sigma–Aldrich, Buchs, Switzerland; #SML0196) or the TLR9
ligand CpG-B ODN 2006 (1mM; InvivoGen; LabForce, Muttenz,
Switzerland; #tlrl-2006-1).

Flow Cytometry
Cultured cells were collected, washed and resuspended in
complete growth medium at 1x 106 cells/ml and stained for
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20min at 4°C using the following anti-human antibodies (1:20):
APC-labeled CCR7 and the matched isotype control antibody
(R&D Systems; Bio-Techne, Zug, Switzerland), CD123 (clone
6H6, Abeomics; LucernaChem, Luzern, Switzerland), CD11c
(clone 3.9), HLA-DR (BioLegend through LucernaChem),
and FITC-labeled anti-CD40 (Serotec; Bio-Rad, Cressier,
Switzerland) or anti-CD86 (BD Biosciences, Allschwil,
Switzerland). Unbound antibodies were removed by washing
with 1x PBS and cell pellets were resuspended in FACS buffer (1x
PBS supplemented with 0.5% FCS). Samples were filtered (50mM
Cup Filcons from BD), measured with a BD LSRII or a
LSRFortessa flow cytometer using the BD FACSDiva™ 6
software and analyzed with the FlowJo software (BD).
SYTOX® Blue or TO-PRO™-3 iodide (Invitrogen; Thermo
Fisher Scientific, Allschwil, Switzerland) was added as a dead
cell indicator.

Generation of CAL-1 Cell (sub) Lines
Stably Expressing the PH-Akt-GFP
Reporter
CAL-1 cells were transfected with 5mg of the plasmid DNA
pcDNA3-PH-Akt-EGFP (35) using the Neon™ Transfection
System 100µl Kit with buffer E2 (Invitrogen; Thermo Fisher).
Cells (1x 106) were electroporated using a single pulse of 1600V
and 20ms after resuspension in Opti-MEM® I reduced serum
medium (Gibco; Thermo Fisher). The transfected cells (24h) were
grown under a selective pressure of 0.3mg/ml G418 for two weeks
and then bulk sorted for medium to high GFP expression on a BD
Aria IIu cell sorter (BD Biosciences). Aliquots of this CAL-1 PH-
Akt-GFPline were frozen. Experiments with the CAL-1 PH-Akt-
GFPline were performed 19-26 days after bulk sorting (that is 34-
41 days after transfection) with one freeze-thaw cycle in between.
A frozen sample of the CAL-1 PH-Akt-GFPline was thawed,
cultured for 11 days under continuous G418 selection and used
to establish two sub-lines (CAL-1 PH-Akt-GFPsubline 1 and CAL-1
PH-Akt-GFPsubline 2) by cell sorting. Aliquots of the sublines were
frozen 6 days after sorting. Experiments with CAL-1 PH-Akt-
GFPsubline 1 or CAL-1 PH-Akt-GFPsubline 2 were performed 7-10
days, respectively 8-15 days, after thawing.

Generation of CCR7 Knockout and
Parental CAL-1 Cell Clones
CRISPR/Cas9–based gene knockout (KO) CAL-1 clones lacking the
CCR7 gene were established using the U6-gRNA : CMV-Cas9-2a-
tGFP transfection (p01) plasmid from Sigma and the Neon
transfection system (5mg DNA per 1x 106 cells; one pulse of
1600V and 20ms). The single-guide RNA (sgRNA)–targeting
sequence in the CCR7 gene was 5′-CGCAACTTTGAGC
GCAACA (CRISPRD HSPD0000007879). Single cell clones were
FACS-sorted into 96-well tissue culture plates 48h after transfection
based on GFP expression (0.5% of the cell population) using a BD
Aria IIu cell sorter and cultured under standard maintenance
conditions. Colony formation was observed under a microscope.
Due to the lack of a specific antibody to CCR7 that would work in
Western blotting, site-specific genome editing was verified using
PCR or PCR combined with blunt end cloning followed by Sanger
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sequencing. Additional cell clones of the parental CAL-1 cell line
were established by single cell sorting using a BD Aria IIu cell sorter.
Three individual clones were randomly selected, expanded and
subsequently differentiated and matured. Chemokine binding and
cell migration experiments of these three cell clones were performed
27-29 days after single cell sorting.

FITC-Dextran Uptake Assay
CAL-1 or GM/CAL-1 cells (2x 106) were stimulated with 1µg/ml
Resiquimod R848 for 30min before incubating with 1mg/ml
FITC-dextran (FD40, Sigma-Aldrich) for the indicated time
points at 37°C. Alternatively, CAL-1 or GM/CAL-1 cells were
matured with 1µg/ml Resiquimod R848 or 1mM CpG-B ODN
2006 for 24h before cells were incubated with FITC-dextran for
30min. The reaction was stopped by adding ice-cold RPMI
medium. Then, cells were extensively washed with ice-cold
medium and once with PBS before being resuspended in FACS
buffer (1x PBS, 2% FCS). FITC-dextran uptake kinetics was
quantified by flow cytometry.

Intracellular Cytokine Staining (ICS)
CAL-1 or GM/CAL-1 cells (2x 105 in 180ml medium) were
incubated in the presence or absence of TLR ligands (1mM
CpG-B or 1mg/ml R848) in a 96 well round bottom plate for
6h at 37°C, 5% CO2. Brefeldin A (10mg/ml) was added for the last
4h of stimulation. Cells were centrifuged for 5min at 300x g, fixed
for 20min on ice using 4% PFA and then washed twice with
200ml permeabilization buffer (2mM EDTA, 2% FCS, 0.1%
saponin, 0.02% NaN3 in 1x PBS). Intracellular cytokine
production was measured by flow cytometry using the
following staining: cells were incubated with APC conjugated
anti-human TNFa (clone Mab11, BioLegend, 1:20) for 90min on
ice in the presence of permeabilization buffer, then washed with
permeabilization buffer and resuspended with ice-cold
FACS buffer.

Cytosolic Free Ca2+ Mobilization
R848-matured GM/CAL-1 cells (1x 106/ml) were loaded with
4mM fluo-3-AM (Molecular Probes/Invitrogen; Thermo Fisher)
in loading-buffer (145mM NaCl, 5mM KCl, 1mM Na2HPO4,
1mMMgCl2, 5mM glucose, 1mM CaCl2, and 10mMHEPES, pH
7.5) for 20min at 37°C and then washed twice with loading-
buffer. Where indicated, R848-matured GM/CAL-1 cells were
pre-treated with 200ng/ml of Bordetella pertussis toxin (PTx;
BML-G100, Enzo Life Sciences, Lausen, Switzerland) for 3h prior
to fluo-3 loading. Human chemokine-induced cytosolic free
calcium mobilization-related fluorescence intensity changes
were recorded over time by flow cytometry as described (36).
Data were corrected for mean basal fluorescence intensity before
stimulation and normalized to the mean intensity in the presence
of ionomycin (1mg/ml). Flow cytometry analysis was performed
in parallel to ensure CCR7 surface expression.

Cell Stimulation and Western Blot Analysis
R848-matured GM/CAL-1 cells were washed with RPMI 1640
medium without additives (RPMI) and incubated at a density of
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1x 106 cells/ml in serum-free RPMI for 2h at 37°C, 5% CO2. Serum
starved cells were scraped and washed once with RPMI. Aliquots of
1.5x 106 cells in 50ml RPMI were incubated for 5min at 37°C and
then stimulated with 50ml of pre-warmed RPMI or medium
containing a 2-fold chemokine concentration (final concentration:
100nM of human CCL19 or CCL21, which is known to induce
maximal responses (37, 38); Peprotech #300-29B and #300-35) for
indicated time points. Cell stimulation was terminated by the
addition of 25ml of 5x Laemmli sodium dodecyl sulphate (SDS)
loading buffer containing 4% b-mercaptoethanol. DNA was
immediately sheared by vortexing or rapidly passing the sample
up and down through a 200ml tip several times. Samples were boiled
and proteins (15ml whole cell lysates) were separated under reducing
conditions on 10% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and analyzed by Western blot (39, 40) using the respective
antibodies fromCell Signaling (BioConcept, Allschwil, Switzerland),
diluted 1:1’000 in staining buffer (1x PBS, 3% BSA, 0.05% Tween 20,
0.02% NaN3) and rolling overnight at 4°C: rabbit anti-p44/42
MAPK (t-Erk1/2), mouse anti-phospho-p44/42 MAPK (Thr202/
Tyr204; p-Erk1/2) and rabbit anti-phospho-Akt (Ser473; p-Akt)
after blocking the membranes for 1h at RT with 1x Roti®-Block
(Carl Roth, Arlesheim, Switzerland). A mAb against b-actin was
used as loading control (Abcam; LucernaChem). After washing with
PBS-T buffer (1x PBS, 0.02% Tween 20), HRP-conjugated
secondary antibodies diluted 1:5’000 in PBS-T buffer containing
5% low-fat dry milk were bound and detected using Clarity™

Western ECL Substrate (Bio-Rad). Thereafter, membranes were
stripped with Restore™ Western Blot Stripping Buffer (Thermo
Fisher) for 15min at RT and then washed and re-probed with
b-actin control antibody. Band volume intensities for p-Erk1/2 or
p-Akt were quantified using the Image Lab Software Version 4.1
(Bio-Rad) and normalized to t-Erk. A portion of R848-matured
GM/CAL-1 cells was analyzed for CCR7 surface expression by flow
cytometry for each experiment.

Chemokine Binding Assay
Individual GM/CAL-1 CCR7-KO clones, GM/CAL-1 control
cells and cell clones were matured with Resiquimod R848 and
assessed for fluorescent CCL19-S6649P1 (41) binding at 7°C. A 96
well V-plate containing 90µl per well of a 2x 106 per ml cell
suspension (in RPMI) was equilibrated at 7°C for 15min. Ten µl
of a 200nM chemokine solution (final chemokine concentration:
20nM) or RPMI medium alone were added and incubated with
the cells for 30min. The plate was centrifuged for 3min at 10°C,
the supernatant discarded and the cells washed once with 150µl
ice cold RPMI followed by a washing step with FACS buffer.
CCL19-S6649P1 fluorescence was measured on a BD LSRFortessa
flow cytometer.

2D-Transwell Migration Assay
R848-matured GM/CAL-1 cells, stable transfected (sub)lines, or
gene edited GM/CAL-1 cell clones (1×105 in complete growth
medium) were seeded into the top chambers on a polycarbonate
filter with a pore size of 5mm in a 24-well Transwell plate (Corning
Costar; Vitaris, Baar, Switzerland) and allowed to migrate towards
the lower chamber wells containing 600ml of complete growth
medium without chemokine (randommigration) or supplied with
Frontiers in Immunology | www.frontiersin.org 480
30nM human CCL19 or CCL21, an optimal concentration for
DCs in this assay (37, 38), for 3h at 37°C, 5% CO2. A 500ml aliquot
of migrated cells was collected and acquired for 60sec at high flow
rate on a BD LSRII or for 90sec at medium flow rate on a BD
LSRFortessa flow cytometer (39). Values are given as percentage of
migrated cells relative to the input of cells.

3D Migration Assay and Imaging
Migration through a three-dimensional collagen type I gel matrix
was performed in tissue culture-treated ibiTreat µ-slide
chemotaxis chambers (ibidi, Vitaris, Baar, Switzerland) as
described (42, 43). Briefly, dead cells were removed using a
dead cell removal kit, and the remaining viable R848-matured
GM/CAL-1 cells, cell clones or stable transfected (sub)lines were
resuspended at 107 cells/ml in RPMI supplemented with 10%
heat inactivated FCS. Twenty ml 10x DMEM, 10ml 7.5%
NaHCO3, and 150ml PureCol collagen I (Advanced Biomatrix;
CellSystems, Troisdorf, Germany) were premixed, carefully
mixed with 90µl cell suspension, applied to µ-slide chemotaxis
chambers, and then allowed to polymerize. Chemokines were
added to the right reservoir (100nM) and allowed to establish a
stable gradient as described (42). Cell migration was recorded
using the Zeiss ZEN pro 2012 software by time-lapse video
microscopy at 2-min intervals using a 10x objective and a MRm
camera on a Zeiss Axiovert 200M equipped with an automated
stage and a 37°C environmental Tokai Hit INU (Shizuoka Japan)
incubation system for 2.5h (75 frames). Cell tracking was
performed using the ImageJ/Fiji (NIH, National Institutes of
Health, USA) plugin ‘Manual Tracking’ and migration
parameters were quantified using the ‘Chemotaxis and
Migration Tool’ from ibidi. Analysis was restricted to motile
cells by eliminating objects that displaced less than twice the cell
body size during the 2.5h imaging process. For live cell imaging,
migrating R848-matured GM/CAL-1 cells stably expressing PH-
Akt-GFP were imaged on a Zeiss Axiovert 200M (5min intervals)
and on a laser scanning microscope (Leica TCS SP5; Leica,
Heerbrugg, Switzerland using the HCX PL APO CS 63.0×1.40
OIL UV objective) at 1min intervals using a microscope stage
fitted with a Tokai Hit Thermoplate at 37°C.

Statistical Data Analysis
Data are presented in the figures as means ± SEM or SD, as
indicated in the corresponding figure legends. For multiple
group comparisons, a one‐way ANOVA test was performed,
followed by Dunnett’s or Tukey’s multiple comparisons
tests using GraphPad Prism 6.07 (GraphPad Software, San
Diego, CA, USA). Asterisks in graphs indicate statistical
significance (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05).
RESULTS

Phenotypic Characterization of Human
CAL-1 Cells
The human dendritic cell line CAL-1 originates from a patient
with blastic natural killer cell lymphoma (30), a disease also
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known as blastic plasmacytoid dendritic cell neoplasma (31).
Accordingly, CAL-1 cells were reported to express the human
pDC marker CD123 (IL-3Ra), together with the MHC class II
molecule HLA-DR and low levels of the ax integrin CD11c (30).
Using flow cytometric analysis, we confirm that CAL-1 cells
expressed CD11c and high levels of CD123 and HLA-DR
(Figure 1A). Moreover, CAL-1 cells also expressed the co-
stimulatory molecule CD86, but barely expressed the co-
stimulatory molecule CD40 (Figure 1A). The chemokine
receptor CCR7, required for lymph node homing of DCs, was
not detected on the surface of CAL-1 cells (Figure 1A). Exposing
CAL-1 cells to the danger signal and DC maturation stimulus
CpG-B (a ligand for TLR9) for 18h did not substantially alter
Frontiers in Immunology | www.frontiersin.org 581
CD123, CD11c, CD86 or HLA-DR expression and failed to
effectively induce surface expression of CD40 and CCR7
(Figure 1A). Similarly, maturing CAL-1 cells with the TLR7/8
ligand R848, although inducing CD40, only marginally induced
CCR7 on some of the cells (Figure 1A).

CCR7 Induction in CAL-1 Cells Upon
Exposure to GM-CSF and Maturation
by R848
CAL-1 cells were reported to enhance CD11c surface expression
(30) and to up-regulate MHC class II RNA expression (34) upon
cultivation in the presence of GM-CSF for 3 days. Hence, we
exposed CAL-1 cells for 3 days to GM-CSF and subsequently
A

B

C

FIGURE 1 | Phenotypic characterization of human CAL-1 cells and CCR7 induction upon exposure to GM-CSF and maturation by R848. (A) Surface expression of
CD123, CD11c, CD40, CD86, HLA-DR and CCR7 (solid lines) on CAL-1 cells that were stimulated or not for 18-19h with the TLR9 ligand CpG-B ODN 2006 (1mM)
or the TLR7/8 ligand Resiquimod R848 (10mg/ml). Representative flow cytometry histograms derived from one out of three independent experiments are depicted.
Unstained cells or isotype-matched controls for CCR7 stainings are shown as dashed lines. (B) Surface expression of CD123, CD11c, CD40, CD86, HLA-DR and
CCR7 on CAL-1 cells cultured for 3 days in the presence of 10ng/ml GM-CSF. Where indicated, these GM/CAL-1 cells were in addition matured by either CpG-B or
R848 as in (A). Representative flow cytometry histograms derived from one out of three independent experiments are depicted. (C) Quantitative analysis of surface
markers on CAL-1 (white bars) and GM/CAL-1 (blue bars) cells. Mean values ± SEM of the 3 independent experiments (A, B) are shown.
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induced maturation by either CpG-B or R848 for 18 to 19h.
Notably, CAL-1 cells cultured for 3 days in GM-CSF,
subsequently termed GM/CAL-1 cells, expressed lower levels of
CD123 (Figures 1B, C blue bars) compared to CAL-1 cells
cultured in the absence of GM-CSF (Figures 1A, C white bars),
irrespectively whether cells were in addition matured by CpG-B
or R848 (Figure 1). By contrast, GM/CAL-1 cells expressed
slightly higher surface levels of CD11c than CAL-1 cells cultured
under traditional conditions, and CD11c expression levels
remained unaltered upon maturation (Figures 1B, C). The
expression of the co-stimulatory molecules CD40 and CD86, as
well as HLA-DR, were highest in GM/CAL-1 cells matured with
R848 (Figures 1B, C). Importantly, GM/CAL-1 cells matured by
R848, but not by CpG-B, profoundly induced surface expression
of CCR7 (Figures 1B, C), a prerequisite for the homing of
antigen-bearing DCs to draining lymph nodes. Collectively these
results indicate that the human dendritic cell line CAL-1 acquires
a more myeloid-like phenotype if exposed to GM-CSF, and most
importantly up-regulates the expression of the chemokine
receptor CCR7 upon maturation by the TLR7/8 ligand R848.

FITC-Dextran Uptake and TNFa
Production by CAL-1 and GM/CAL-1 Cells
Next, we determined FITC-dextran uptake as a surrogate for
antigen uptake by these human cells. For this, we pre-stimulated
CAL-1 cells with R848 for 30min and determined FITC-dextran
uptake over time by flow cytometry. As shown in Figure 2A,
CAL-1 cells readily and continuously took up FITC-dextran.
Similarly, R848 pre-stimulated GM/CAL-1 cells retained their
capacity to take-up FITC-dextran (Figure 2A). Maturing CAL-1
and GM/CAL-1 cells with either CpG-B or R848 for 24h before
adding FITC-dextran for 30min barely affected the cell’s capacity
to take-up FITC-dextran (Figure 2B). As expected (32, 33),
stimulating CAL-1 cells with either CpG-B or R848 strongly
induced the production of TNFa as determined by a flow
cytometric intracellular cytokine staining assay (Figure 2C).
GM/CAL-1 cells also produced TNFa upon TLR stimulation
(Figure 2C), however, the percentage of cytokine producing cells
was reduced compared to CAL-1 cells cultured in the absence of
GM-CSF.

Mature GM/CAL-1 Cells Elicit CCR7
Signaling Pathways
To assess whether R848-driven GM/CAL-1 cell maturation
induces functional CCR7 expression, we determined if
chemokine stimulation elicits signal transduction. Activation of
chemokine receptors by cognate ligands typically mobilize
intracellular calcium (44), which is required for human MoDC
migration (45). Stimulating R848-matured GM/CAL-1 cells with
30nM of either CCL19 or CCL21 induced a rapid and transient
increase in the cytosolic free Ca2+ ([Ca2+]i) (Figure 3A).
Chemokine-mediated [Ca2+]i mobilization was abrogated by
Bordetella pertussis toxin (PTx) treatment (Figure 3A), which
manifests Gi-protein dependent CCR7 signaling. Furthermore,
we determined additional signaling pathways downstream of
CCR7. Both ligands induced the phosphorylation of ERK1/2
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of the MAP-kinase signaling cascade in R848-matured GM/
CAL-1 cells (Figure 3B). Chemokine-mediated ERK1/2
phosphorylation peaked at 2min after CCR7 triggering and
remained detectable for up to at least 10min. Similarly, CCL19
and CCL21 stimulation resulted in transient phosphorylation of
protein kinase B (PKB)/Akt (Figure 3B).

Mature GM/CAL-1 Cells Readily Migrate
Towards CCR7 Ligands
Next, we assessed the migratory capacity of R848-matured GM/
CAL-1 cells in two-dimensional Transwell chemotaxis assays
where cells migrate across a semipermeable filter into the lower
compartment containing the chemokine. Mature GM/CAL-1
cells essentially did not migrate towards medium, but
effectively migrated in response to 30nM of either CCL19 or
CCL21 (Figure 4A). Subsequently, we monitored cell migration
by time-lapse video microscopy where we embedded mature
GM/CAL-1 cells in a collagen I three-dimensional gel matrix
within ibiTreat µ-slide chemotaxis chambers. R848-matured
GM/CAL-1 cells exposed to CCL19 or CCL21 gradients
established within this 3D-device showed a polarized
phenotype typical for migrating cells (Figure 4B). Notably,
about 30% of the R848-matured GM/CAL-1 cells exposed to
either CCR7 ligand were motile; i.e. displaced more than twice
the cell diameter within the 2.5h period of measurement
(Figure 4B). In the absence of chemokines, less than 4% of the
R848-matured GM/CAL-1 cells were motile (Figure 4B). For
comparison, as little as 2.4 ± 0.5% of R848-matured CAL-1 cells
(i.e. that were not exposed to GM-CSF) were motile and only
marginally more cells, namely 3.3 ± 1.7%, were motile if
stimulated with CCL19 (Figure 4B). By contrast, R848-
matured GM/CAL-1 cells efficiently and readily migrated along
CCL19 and CCL21 gradients in a 3D collagen environment
(Figure 4C). Tracking the paths of migrating cells revealed a
directionality of R848-matured GM/CAL-1 cells of 0.82 ± 0.03
for CCL19, 0.77 ± 0.03 for CCL21, and 0.46 ± 0.08 for medium,
respectively (Figure 4D). The forward migration indices on the
x-axis along the chemokine gradient (xFMI) were 0.77 ± 0.03 for
cells migrating towards CCL19 and 0.73 ± 0.03 for cell migration
in response to CCL21, whereas the xFMI of cells migrating in
response to medium was -0.00 ± 0.03 (Figure 4D). Migrating
R848-matured GM/CAL-1 cells reached a velocity of 1.77 ± 0.17
mm/min in the direction of CCL19 and 1.85 ± 0.16 mm/min
towards CCL21, but only 0.45 ± 0.13 mm/min in response to
medium (Figure 4D). Hence, we demonstrated that GM/CAL-1
cells matured by R848 express functional CCR7, elicit early
chemokine-mediated Gi-dependent signaling pathways and
readily migrate in response to chemokines in 2D and
3D environments.

Mature GM/CAL-1 Cells Serve as a
Versatile Model System to Study Human
DC Migration
Importantly, we set out to probe the tractability of expressing
fluorescent reporter proteins in this human DC line. As a proof-
of-concept, we established a CAL-1 cell line stably expressing the
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PH-domain of Akt fused to EGFP (PH-Akt-GFP), a biosensor
for the major second messenger lipid phosphatidylinositol-3,4,5-
trisphosphate (35), that is produced down-stream of G-protein
activation upon chemokine stimulation (44, 46). To achieve this,
we nucleofected CAL-1 cells with the fluorescent reporter
plasmid and let the cells grow under selective antibiotic
pressure. After two weeks, GFP-positive cells were bulk sorted
to establish a stable PH-Akt-GFP expressing CAL-1 cell line
(Figure 5A). R848-matured GM/CAL-1 PH-Akt-GFPline cells
expressed endogenously induced CCR7 on the cell surface
together with transfected PH-Akt-GFP (Figure 5C). These
cells were subsequently subjected to ibiTreat µ-slide
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chemotaxis chambers and allowed to migrate along a CCL19
gradient within a 3D collagen environment. PH-Akt-GFP was
expressed in the cytosol of R848-matured GM/CAL-1 cells and
accumulated at the leading edge while cells migrated in 3D
collagen towards CCL19 (Figure 5C and Supplementary
Video 1). To substantiate these findings, we established two
additional CAL-1 sublines with different PH-Akt-GFP
expression levels, referred to as subline 1 and subline 2
(Figure 5A). R848-matured GM/CAL-1 PH-Akt-GFPsubline 2

cells were allowed to migrate towards CCL19 in 3D collagen.
Drawing a line alongside the cell axis and plotting the intensity of
GFP along this line clearly revealed accumulation of PH-Akt-
A B

C

FIGURE 2 | FITC-dextran uptake and TNFa production by CAL-1 and GM/CAL-1 cells (A) Time-dependent FITC-dextran uptake by CAL-1 and GM/CAL-1 cells.
CAL-1 cells were cultured in the absence (CAL-1; back line) or presence of GM-CSF (GM/CAL-1; blue line) for 3 days, pre-stimulated with R848 for 30min and
subsequently incubated with 1mg/ml of FITC-dextran for indicated time periods at 37°C. Cells were extensively washed and FITC-dextran uptake was quantified by
flow cytometry. The area under the curve [A.U.] was calculated by multiplying the mean fluorescence intensity (MFI) values and the event count of live, FITC-positive
cells. Mean values ± SEM of 3 independent experiments are shown. (B) FITC-dextran uptake by mature CAL-1 and GM/CAL-1 cells. CAL-1 (white bars) and GM/
CAL-1 (blue bars) were left untreated (–) or matured with either CpG-B or R848 for 24h. FITC-dextran uptake at t=0 or t=30min of incubation with 1mg/ml of FITC-
dextran was determined and quantified by flow cytometry as in (A). Mean values ± SEM of 3 independent experiments are shown. (C) TNFa production by CAL-1
and GM/CAL-1 cells. CAL-1 or GM/CAL-1 cells were stimulated or not with CpG-B or R848 for 6h. For the last 4h of incubation 10mg/ml Brefeldin A was added to
prevent cytokine secretion. Cells were fixed, permeabilized, and the percentage of cells with intracellularly accumulated TNFa was determined by ICS and flow
cytometry. One representative pseudocolor dot plot (left panels) and quantification of three (bar graphs on the right panel; CAL-1: white bars, GM/CAL-1: blue bars)
independent experiments are shown as mean values ± SEM.
September 2021 | Volume 12 | Article 702453

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Uetz-von Allmen et al. A Human DC Migration Model
GFP at the front of the migrating cells (Figure 5B). Side-by-side
comparison of parental CAL-1 with the CAL-1 PH-Akt-GFP line
and the two CAL-1 PH-Akt-GFP sublines revealed similar CCR7
induction upon sequential exposure to GM-CSF and R848-
induced maturation (Figure 5D). Importantly, the GM/CAL-1
PH-Akt-GFP line and the two sublines robustly migrated in
response to CCL19 and CCL21 as assessed in Transwell
migration assays (Figure 5E).

Finally, we targeted CCR7 by CRISPR/Cas9 gene editing to
generate two CCR7-knockout CAL-1 cell clones, named CCR7-
KO #1 and CCR7-KO #10. In addition, we established three CAL-
1 clones (#2, #3, #11) from parental CAL-1 cells by single cell
sorting. Parental CAL-1 cells, the two CCR7-KO clones and the
three single cell clones were exposed to GM/CSF followed by
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R848-driven maturation. Parental GM/CAL-1 cells, as well as the
three parental cell clones effectively bound fluorescently labelled
CCL19-S6649P1 (41) although with some clonal variation
(Figure 6A). By contrast, the CCR7-KO cell clones failed to
bind the fluorescent CCR7 ligand (Figure 6A). Moreover, GM-
CSF exposed and R848-matured CCR7-KO clones failed to
migrate in response to CCL19 and CCL21, whereas the parental
R848-matured GM/CAL-1 cell line and the individual cell clones
efficiently migrated towards the chemokines (Figure 6B).

In summary, we demonstrated that CAL-1 cells induced
CCR7 expression if exposed to GM-CSF and matured by the
TLR7/8 ligand Resiquimod R848. To the best of our knowledge,
this is the first report of a human DC-like cell line with
endogenous CCR7 expression permitting to study CCR7
A

B

FIGURE 3 | CCR7-mediated calcium mobilization and phosphorylation of ERK1/2 and Akt in R848-matured GM/CAL-1 cells. (A) CCL19/CCL21-induced calcium
mobilization in mature GM/CAL-1 cells. R848-matured GM/CAL-1 cells were treated or not with 200ng/ml PTx for 3h, loaded with fluo-3-AM and stimulated with
30nM of either CCL19 or CCL21. Changes in intracellular calcium levels were recorded by flow cytometry over time. Chemokine addition is indicated by arrowheads.
One representative (left panels) and mean values ± SEM of 3 independent experiments (right panel) are shown. Maximal peak intensity of chemokine-induced fluo-3
fluorescence was baseline corrected and normalized to ionomycin treatment by calculating the mean of ten maximal fluo-3 fluorescence values derived from each
stimulation condition, respectively. (B) CCR7 triggering results in transient ERK1/2 and Akt phosphorylation. R848-matured GM/CAL-1 cells were stimulated with
100nM of either CCL19 or CCL21 for the indicated time periods. Chemokine-mediated activation of ERK1/2 and Akt was determined by Western blotting.
Phosphorylation was determined using antibodies recognizing the phosphorylated forms of Thr202/Tyr204 of ERK1/2 (p-ERK1/2), and the phosphorylated form of
S473 of Akt (p-Akt). Antibodies recognizing total ERK1/2 (t-ERK) and b-actin served as control for equal protein loading. One representative (left panel) and mean
values ± SEM of 3 independent experiments (right panel) are shown.
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signaling and migration. As a proof-of-concept using PH-Akt-
GFP, we further show that CAL-1 cells can be genetically
modified to express fluorescent reporter proteins to study
spatio-temporal signaling. The established CAL-1 PH-Akt-GFP
cell lines and sublines remain stable and possess comparable
migration capacities as the parental cell line. Moreover, we
demonstrate that knockout cell clones can be generated.
Hence, we here provide evidence that GM/CAL-1 cells serve a
Frontiers in Immunology | www.frontiersin.org 985
unique, valuable cellular model system to study human
DC migration.
DISCUSSION

DCs are used as cellular vaccines to transport and deliver tumor
antigens to cognate T cells to augment tumor antigen-specific T cell
A B

C

D

FIGURE 4 | R848-matured GM/CAL-1 cells readily migrate towards CCR7 ligands in 2D and 3D environments. (A) Mature GM/CAL-1 cells specifically migrate in
response to CCL19 and CCL21 in 2D Transwell migration assays. CAL-1 cells were cultured for 3 days in 10ng/ml GM-CSF followed by maturation with 10mg/ml
R848 for another 18.5h. R848-matured GM/CAL-1 cells were allowed to migrate towards medium (–), or 30nM of either CCL19 or CCL21 in Transwell chemotaxis
chambers for 3h. Percent migrated cells was determined by flow cytometry. Mean values ± SD derived from n = 3 independent experiments are shown. (B–D)
Mature GM/CAL-1 cells migrate directionally along chemokine gradients in 3D. R848-matured GM/CAL-1 cells were embedded into a three-dimensional collagen
type I gel matrix in Ibidi µ-slide chemotaxis chambers and allowed to migrate along CCL19 or CCL21 gradients. Cell migration was monitored by time-lapse video
microscopy (time lag t = 2 min). (B) Representative DIC images of migrating mature GM/CAL-1 cells are shown on the left panel. Scale bar: 50mm. Percentage of
motile CAL-1 (not treated with GM-CSF; white bars) or GM/CAL-1 (blue bars) cells in a 3D environment in the presence or absence of chemokine derived from all
cells located in the entire matrix area is depicted on the right. Mean values ± SEM of at least 3 independent experiments are shown. (C) Single R848-matured GM/
CAL-1 cells randomly moving in the absence (left panel), or migrating towards CCL19 (middle panel) or CCL21 (right panel panel) from a representative experiment
were tracked using an ImageJ/Fiji plug-in and individual tracks are shown in a spider plot. (D) Directionality, xFMI and velocity of individually migrating cells derived
from three independent experiments were quantified. Mean values ± SEM of 3-6 independent experiments are shown. At least 10 cells per condition for every
experiment, and a total of 65, 112 or 92 cells were analyzed for steady state (in the absence of chemokine), CCL19- or CCL21- directed migration, respectively.
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A

C

D E

B

FIGURE 5 | Establishing stable cell lines to monitor PH-Akt-GFP, a biosensor for PIP3, in migrating R848-matured GM/CAL-1 cells. (A) Generation of a stable CAL-1
PH-Akt-GFP line and two sublines. CAL-1 cells were nucleofected with a plasmid coding for PH-Akt-GFP. After two weeks of selection, 22.2% of the cell population
stably expressed PH-Akt-GFP and was bulk sorted (upper panel), revealing a stable line termed CAL-1 PH-Akt-GFPline. After 21 days in culture under G418 selection,
two sub-lines were generated according to the gating strategy shown in the lower panel. (B) PH-Akt-GFP accumulates at the leading edge of migrating cells. R848-
matured GM/CAL-1 PH-Akt-GFPsubline 2 cells were embedded in 3D collagen and allowed to migrate towards CCL19. Bright field (upper left panel), GFP-fluorescent
confocal (middle left panel), and inverted gray scale confocal (lower left panel) image of two individual migrating cells are shown. Line scan plots for PH-Akt-GFP along the
cell axis of the two cells are depicted in the right panels. (C) Surface expression of CCR7 (left flow cytometry panel; blue solid line; isotype control: dashed line) and PH-
Akt-GFP fluorescence (right flow cytometry panel) in R848-matured GM/CAL-1 PH-Akt-GFPline cells was determined by flow cytometry. Maximal PH-Akt-GFP projection
of a cell migrating through a 3D collagen I matrix along a CCL19 gradient is shown on the right. The corresponding time-lapse confocal microscopy video 1 can be
found in the supplement. (D) CAL-1 PH-Akt-GFP (sub)lines retain their transgene and comparably induce CCR7 upon exposure to GM/CSF and maturation by R848.
Representative CCR7/PH-Akt-GFP dot plots (upper panel) and quantification of all three independent experiments performed with parental GM/CAL-1 cells or GM/CAL-1
PH-Akt-GFP line and sublines, respectively, for CCR7 surface expression (lower left bar graph) and PH-Akt-GFP expression (lower right bar graph) are depicted as mean
values ± SEM of median fluorescence intensities. (E) R848-matured GM/CAL-1, GM/CAL-1 PH-Akt-GFPline, GM/CAL-1 PH-Akt-GFPsubline 1, or GM/CAL-1 PH-Akt-
GFPsubline 2 migrate in response to 30nM CCL19 or 30nM CCL21 in a 2D Transwell chemotaxis assay. Percentage of migrated cells was determined by flow cytometry
after 3h of migration. Mean values ± SD of 3 independent experiments are shown.
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responses in cancer patients. Importantly, to be successful as cellular
immunotherapy, DCs must migrate to lymph nodes to encounter
antigen-specific T cells and to launch an adaptive immune response
against the tumor (7). Hence, understanding how chemokines guide
DC migration and homing to lymph nodes is pivotal, and cellular
model systems to study human DC migration are highly desired.
The chemokine receptor CCR7 is responsible for controlling DC
migration from peripheral tissues to draining lymph nodes.
Whereas most blood circulating T cells express CCR7, peripheral
DCs induce this chemokine receptor only upon encounter of danger
signals (13, 14, 26). CCR7 induction has been shown to
predominantly involve the transcription factors NF-kB and AP-1
(47, 48). Interestingly, among all chemokine receptors, CCR7
possesses a unique signal sequence that facilitates its package into
Frontiers in Immunology | www.frontiersin.org 1187
COPII vesicles for efficient ER to Golgi trafficking, and thus surface
expression (36). Whereas bacterial-derived LPS, a ligand for TLR4,
is the most used and effective danger signal to induce CCR7
expression on mouse BMDCs (49), human MoDCs only poorly
respond to LPS, but instead readily respond to pro-inflammatory
cytokines and synthetic TLR ligands, such as CpG or Resiquimod
(13, 14, 26). MoDCs are likely to be the most commonly used
model system to study humanDCs. However, humanMoDCs show
substantial donor to donor variations and need to be differentiated
from freshly isolated blood monocytes. A human cell line with DC
characteristics and features that can be genetically manipulated
would be a valuable tool to investigate molecular mechanisms
controlling CCR7-depedent cell migration. Human leukemia cells
of myeloid origin, such as conventional, as well as differentiated and
A

B

FIGURE 6 | Functional characterization of CCR7-KO and parental CAL-1 single cell clones. (A) R848-matured GM/CAL-1 CCR7-KO single cell clones fail to bind
fluorescent CCL19-S6649P1, while R848-matured parental GM/CAL-1 cells or individual parental single cell clones bind the fluorescent chemokine. Cells (1.8x 105)
were incubated for 30min with 20nM of fluorescent chemokine at 7°C. Chemokine binding was measured by flow cytometry. Representative histograms (solid lines:
with chemokine, dashed lines: without chemokine) and quantification of CCL19-S6649P1 binding to R848-matured GM/CAL-1 cells (parental), GM/CAL-1 CCR7-KO
clone #1 and #10, as well as three single clones (#2, #3, #11) established from parental CAL-1 cells. A representative histogram plot and mean values ± SEM of 3
independent experiments are shown. For quantification, the area under the curve [A.U.] was calculated by multiplying the mean CCL19-S6649P1 fluorescence
intensity (MFI) values by the event count of live cells. (B) R848-matured GM/CAL-1 single cell clones retain their migratory capacity while CCR7-KO clones do not.
R848-matured parental GM/CAL-1 and individual single cell clones were assessed by 2D Transwell migration assays in response to medium (–), 30nM CCL19 or
CCL21 for 3h. Percentage of migrating cells was determined by flow cytometry. Mean values ± SD of 3 independent experiments are shown.
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matured HL60 and THP1 cells, or MUTZ cells were tested (29), but
none of these attempts succeeded in cells that expressed CCR7 and
migrated towards its chemokine ligands.

In the present study, we explored the human CAL-1 cell line that
has been established from a patient with blastic plasmacytoid DC
neoplasm (30). Although Karrich and colleagues previously
reported a homogeneous CCR7 expression on CAL-1 cells in the
absence of a maturation stimulus without assessing receptor
functions (32), we did not detect CCR7 under these conditions.
Moreover, in our hands, exposing CAL-1 cells to CpG-B failed to
induce CCR7 expression. However, we observed that CAL-1 cells
stimulated with Resiquimod slightly induced CCR7. Spurred by this
observation, combined with previous reports that CAL-1 cells (in
contrast to plasmacytoid DCs) are sensitive to GM-CSF (30, 34), we
exposed CAL-1 cells to GM-CSF for 3 days and subsequently
triggered them by synthetic TLR ligands. Exposure to GM-CSF
resulted in the down-regulation of CD123, while enhancing the
expression of CD11c andMHC class II. Moreover, GM/CAL-1 cells
were able to take-up FITC-dextran, suggesting that they are able to
take-up antigens, and to secrete cytokines like TNFa. Importantly,
such GM/CAL-1 cells triggered with Resiquimod induced
expression of endogenous CCR7. Hence, GM/CAL-1 cells share
critical characteristics and features of human MoDCs. We further
demonstrated that Resiquimod-matured GM/CAL-1 cells readily
migrate in response to both CCR7 ligands, CCL19 and CCL21, in
two-dimensional and 3-dimentional collagen environments.
Moreover, CCR7 activation triggered, in a Gi-protein dependent
manner, a transient Ca2+ response in Resiquimod-matured GM/
CAL-1 cells, which is a key component of the migration machinery
(45, 50). Notably, in our hands, Resiquimod-stimulated CAL-1 cells
that were not previously exposed to GM-CSF remained rather
immobile and essentially failed to migrate towards CCR7 ligands in
3D environments.

Finally, the ability to genetically modify human DC-like cells
is highly desired. As a proof-of-concept, we established a CAL-1
cell line and two sublines stably expressing the fluorescent
biosensor PH-Akt-GFP, which upon exposure to GM-CSF and
maturation with Resiquimod, accumulated at the leading edge of
cells migrating towards CCR7 ligands. Interestingly, we also
noted vesicular structures at the front of migrating cells that
stained for PH-Akt-GPF. This observation is in line with our
previous study showing endomembrane CCR7 signaling (43).
Hence, CAL-1 cells expressing fluorescent biosensors can be
exploited in future studies to shed light in spatial signaling
during cell migration. Moreover, CAL-1 cells can be modified
by introducing siRNA as successfully reported by Miura and
colleagues (34). Here, we provide evidence that CAL-1 cells can
also be gene edited using the CRISPR/Cas9 technology, thereby
extending the palette of technologies to genetically modify and
Frontiers in Immunology | www.frontiersin.org 1288
exploit this cell line. Taken together, in the present study, we
demonstrated that human CAL-1 cells serve as versatile cellular
model system to study CCR7-guided human DC migration.
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Patrolling monocytes (PMo) are the organism’s preeminent intravascular guardians by
their continuous search of damaged endothelial cells and harmful microparticles for their
removal and to restore homeostasis. This surveillance is accomplished by PMo crawling
on the apical side of the endothelium through regulated interactions of integrins and
chemokine receptors with their endothelial ligands. We propose that the search mode
governs the intravascular motility of PMo in vivo in a similar way to T cells looking for
antigen in tissues. Signs of damage to the luminal side of the endothelium (local death,
oxidized LDL, amyloid deposits, tumor cells, pathogens, abnormal red cells, etc.) will
change the diffusive random towards a Lèvy-like crawling enhancing their recognition and
clearance by PMo damage receptors as the integrin aMb2 and CD36. This new
perspective can help identify new actors to promote unique PMo intravascular actions
aimed at maintaining endothelial fitness and combating harmful microparticles involved in
diseases as lung metastasis, Alzheimer’s angiopathy, vaso-occlusive disorders,
and sepsis.

Keywords: patrolling monocytes, crawling, search theory, Lèvy-like walk, intravascular surveillance, microparticle
deposits, aMb2 integrin, CD36
INTRODUCTION

Among the two main subsets of circulating monocytes, non-classical monocytes (CCR2-

CX3CR1highLy6Clow in mouse, CCR2- CX3CR1highCD14dimCD16+ in humans) are also called
patrolling monocytes (PMo) by their ability to actively patrol the vascular endothelium to search for
harmful microparticles (pathogens, circulating tumor cells, amyloid deposits, abnormal red blood
cells, etc.) or dying endothelial cells and promote their removal to restore homeostasis (1–5).
Therefore, PMo are considered protective in pathological contexts such as lung metastasis,
Alzheimer’s disease angiopathy, atherosclerosis, sepsis, and vaso-occlusive disorders (1–3, 6–9).
Once PMo extravasate, although they do it rarely, their actions can be beneficial or detrimental
depending on the context and the environmental cues that drive their differentiation into distinctive
types of macrophages (10–13).

Since pioneering studies by Geissmann’s group (1), PMo have been observed patrolling in the
microvasculature of dermis, mesentery, brain, lung, kidney and muscle, and in carotid and femoral
arteries under homeostatic and inflammatory conditions [reviewed in (4)]. PMo differentiate from
classical monocytes in defined vascular niches of the bone marrow and spleen through an
org September 2021 | Volume 12 | Article 730835191
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intermediate subpopulation (5, 14). PMo numbers in the
circulation are also regulated by b-adrenergic stimulation during
exercise and stress (15, 16), pattern recognition receptors as NOD2
(17), soluble factors as tumor exosome-derived PEDF (18), and
chemokines as CX3CL1 (17, 19, 20) indicating that their
abundance is exquisitely sensitive to signals triggered by
damage, stress or inflammation as a protective response.

PMo perform their surveillance function by crawling on the
endothelium (1, 19), but the influence of their primary PMo search
function into their motility has been overlooked. Recent reports
suggest, however, that particle encounter and patrolling activity can
be related (21, 22). Following the “search theory,” we propose to
consider PMo crawling as amovement guided by the “exploration-
exploitation trade off” (23), which comprises, but is not limited to,
non-informed explorative search without much guidance cues and
informed exploitative searchwith input from the environment.We
will describe intravascular PMo crawling from this perspective
taking as a reference walks described for T cells in search of an
antigen in the lymph node and other tissues (23, 24).
PATROLLING MONOCYTE CRAWLING:
A SEARCH MODE MOTILITY

Intravascular PMocrawling is defined as the scanningmovement of
the apical surface of endothelial cells, which in themicrovasculature
does not depend on the direction of blood flow, travels long
distances without greater directionality, performs looped
trajectories and without immediate extravasation (1, 4, 25). In
large vessels, PMo crawling displays an overall with-the-flow
direction with no typical hairpin and loop patterns (26). Unlike
rolling leukocytes, PMoadherefirmlywhile crawling and are slower
by a factor of 100 to 1,000 (1).

As an exploration movement, intravascular PMo crawling
must transition among random motility modes balancing
migration speed with sufficient dwell time and meandering for
a thorough survey of the endothelial surface. Diffusive random
crawling involves walks with little or no directional persistence
(Brownian-type tracks) with the intention of surveying the
largest surface in the shortest possible time to find local alarm
signals. Tracks of PMo crawling consistent with this mode are
observed in steady-state and inflammatory conditions (1, 2, 25–
28). However, PMomodify their crawling pattern in the presence
of local endothelial damage (19, 29) or microparticles (8, 21, 26).
Tracks in these cases resemble superdiffusive random walks,
particularly the Lèvy-like walk, which consists of an alternation
of long, quick, and directed trajectories (flights) with short and
slow random turning directions. In this situation, PMo no longer
perform only exploration, but signal-informed movement to find
their final target. Both diffusive random and Lèvy-like crawling
can coexist in the microvasculature [see Movie S2 in (1)].
Additionally, a high density of local damage will disrupt PMo
Lèvy-like walk and promote confined crawling by the frequent
encounter of PMo with their target. Intravascular crawling often
ends with PMo detachment and continuation of patrol. PMo rarely
perform a truly directional crawling leading to transendothelial
migration, in contrast to classical and intermediate monocytes that
Frontiers in Immunology | www.frontiersin.org 292
arrest and transmigrate more frequently (13, 27), so we will not
consider it further as it is not related to intravascular surveillance.

Kinetic parameters of the different types of intravascular PMo
search crawling are summarized in Table 1. In general, diffusive
random PMo crawling is faster and longer to scan large surfaces
efficiently. In contrast, Lèvy-like PMo walks comprise slower and
shorter tracks connected by fast-speed steps (although information
on individual tracks of this type is not available). These parameters
are further reduced during confined crawling. Speed better captures
the different modes, while straightness seems less informative in
describing PMo crawling, as both random and confined walks can
show similar values, however reflecting different search and find
behaviors (Table 1). Analogous motilities are found in NKT cells
randomly searching for antigens in liver sinusoids (31) or T cells
performing Lèvy-like and confined walks to look for antigen in
tissues (30, 32, 33, 35) (Table 1).

The morpho-dynamics and the locomotion mode of PMo are
not well defined. PMo appear round and seem to crawl in vivo in
a millipodia-like manner (36) during diffusive random crawling
(2, 28). In this mode, cells do not polarize, probably allowing
them to move faster. During Lèvy-like crawling, PMo alternate
between elongating, while crawling in a more meticulous manner
by an amoeboid movement, and being round during flights to
the next location (3, 8, 21, 29) (Figure 1A). The possible
mechanisms underlying the amoeboid locomotion of PMo
(actin polymerization, blebbing, etc.) remain unexplored (37).
REGULATORS OF DIFFUSIVE RANDOM
VERSUS LÈVY-LIKE PMo CRAWLING

We will review recognized intrinsic and extrinsic players in PMo
crawling from the search theory perspective and suggest how
they can determine diffusive random and Lèvy-type crawling
modes. Particularly, we will highlight the relevance of local
endothelial damage signals in PMo locomotion.

Diffusive Random Crawling
PMo perform diffusive random crawling in most steady-state
and inflammatory contexts to explore large endothelial areas
without expecting much damage. These kinds of tracks are
observed in PMo crawling in mesentery vessels and in arteries
but also in dermis, lung, and kidney capillaries (1–3, 21, 25–29).
For this type of crawling, PMo need to be sufficiently attached to
resist shear stress but with dynamic adhesions to allow fast
movement. In the microvasculature, PMo adherence depends
on b2 integrins, mostly on aLb2 integrin (LFA-1, CD11a/CD18)
in steady-state conditions by its interaction with ICAM-1 and
with additional contribution of aMb2 integrin (Mac-1, CD11b/
CD18) in inflamed conditions (1, 2, 27, 38) (Figure 1A). Indeed,
aMb2 integrin seems to determine the fast velocity of diffusive
random crawling in steady-state conditions since its inhibition
does not affect the abundance of PMo crawlers, but it reduces
their speed in mesenteric vessels (29). Diffusive random crawling
is also favored in the microvasculature by the interaction of
CX3CR1 in PMo with CX3CL1 (Figure 1A), a transmembrane
ligand abundantly produced by endothelial cells in lung and
September 2021 | Volume 12 | Article 730835
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kidney (1, 3, 29, 38). Moreover, in vascular territories with high
shear stress like arteries and the glomerulus, resistance to
detachment to support diffusive random crawling is provided
by the interaction of a4b1 integrin with its endothelial ligand
VCAM-1, with minor or no role of CX3CR1 (26, 38), probably
related to CX3CL1 downregulation by shear stress (39).

So far millipede-like crawling has been described in T cells in
which it relied on the rapid turnover of traction points formed by
high-affinity aLb2 integrin interactions with endothelial ICAM-
1 (36). However, since this type of T cell motility leads to
extravasation and not to intraluminal surveillance as in PMo,
further research will be required to explore if a similar b2
Frontiers in Immunology | www.frontiersin.org 393
integrin-mediated mechanism accounts for PMo millipodia-
based crawling (40). Nevertheless, the drastic reduction of this
type of crawling in arteries in steady state in the absence of
kindlin-3, an inside-out regulator of b2 integrins, points to the
requirement of high-affinity b2 integrin interactions (22).
Accordingly, CX3CR1 favors diffuse random crawling of PMo,
probably by its outside-in upregulation of b2 integrin affinity
(41) as also supported by reduced PMo crawling in inflammatory
conditions under GPCR signaling inhibition (2, 29). Of note,
endothelial ligands involved in diffusive random PMo crawling
are not distributed homogeneously on the luminal side of the
endothelial cells increasing the possibility that they serve as
TABLE 1 | Cellular kinetic parameters of the proposed crawling modes in various territories and conditions: mean speed (mm/min), length (mm), duration (min), and
straightness (distance traveled/length of the trajectory).

Diffusive random crawling Lèvy-like walk Confined crawling References

PMo NKT cells PMo LT PMo LT

Lung (capillaries)
Healthy
≈10 mm/min

Tumor cells (4 h)
6.7 mm/min

LPS lung
2.3 mm/min

Tumor cells (24 h)
1.5 mm/min

LPS lung
0–1 mm/min

(3, 30)

Other organs
Healthy
Kidney
≈9 mm/min
≈80 mm
≈9 min
≈0.6

Healthy
Liver sinusoids
16.5 mm/min

0.4

TLR7/8 agonist
Kidney
≈7.5 mm/min
≈150 mm
≈22 min
≈0.3

Tumor skin
4.3 mm/min
0.4

Infected brain
6.4 mm/min

Tumor skin
1.4 mm/min
0.5

(2, 31–33)

Arteries
Healthy
Carotid
36 mm/min
134 mm
4.7 min
0.2
Femoral
12 mm/min
nd
≈0.6

Hyperlipidemia
Carotid
30 mm/min
140 mm
6.1 min
0.22
Femoral
5 mm/min
≈200 mm
≈0.6
TLR7/8 agonist
Carotid
19 mm/min
124 mm
5.7 min
0.1

Atheroma plaque
Carotid
20 mm/min
167 mm
7.7 min
0.05

(21, 26)

Venules
Healthy
Mesentery
≈9 mm/min
≈200 mm
≈20 min
≈0.6
Dermis
17 mm/min
249 mm
14 min
0.6
Cremaster
≈10 mm/min
147.3 mm
≈0.7

TLR7/8 agonist
Mesentery
≈5-6 mm/min
≈180 mm
≈23 min
≈0.4

(1, 27, 29, 34)
September 2021 | Volume 12 |
Most of the values given are approximate; for accurate values, please refer to the original articles. The parameters for PMo and NKT are intravascular, while for LT they are in the tissue.
Note that the parameters do not correspond to individual tracks but to the average of all observed tracks.
PMo, patrolling monocytes; NKT cells, natural killer T cells; LT, T lymphocytes.
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A

B

FIGURE 1 | Schematic representation of the different modes, steps, and players in intravascular PMo crawling. (A, Top) Representative tracks performed by PMo
crawling on the vascular endothelium according to the search theory: diffusive random crawling (left) and Lèvy-like walk (right); the bold arrow indicates blood flow
direction. Middle, side views of PMo morphology (round and elongated) and the corresponding locomotion modes (millipodia and amoeboid) during diffusive random
crawling and Lèvy-like walks; in the last, the flight phase is also indicated. Bottom, magnifications display the molecular players and interactions relevant to each type
and step of crawling as described in the text; molecular interactions depicted for the flight phase are speculative. (B) The cleavage of aM integrin by the protease
MT4-MMP is proposed as a possible mechanism for PMo post-crawling detachment (12), an important step to maintain PMo intravascular surveillance; scissors
indicate cleavage. The b2 integrins are represented in the folded (inactive) and extended (active) conformations.
Frontiers in Immunology | www.frontiersin.org September 2021 | Volume 12 | Article 730835494
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footholds for the millipodia. Thus, apical microdomains organized
by tetraspanins or the actin cytoskeleton contain pre-formed
clusters of about 2.5 ICAM-1 (42) and 3-to-7 CX3CL1 (43, 44)
molecules (Figure1A) and thematricellular proteinCYR61/CCN1,
another aMb2 integrin ligand, also forms hotspots in the
mesenteric vessels (29). Interestingly, the nanoarchitecture of the
apical endothelial membrane is sensitive to factors such as shear
stress or the cytokineTNFa, able topromote upward protrusions of
about 160 nm, that increase the abundance and/or accessibility of
ICAM-1 nanoclusters (45, 46). These effects could influence PMo
intravascular crawling.

Lèvy-Like Crawling
How do PMo perceive that they have to increase the frequency of
Lèvy-like walks for a more efficient search, especially for small
targets, and how do they re-adapt their arsenal of adhesion and
chemokine receptors to this type of movement?

PMo show an amoeboid morphology when crawling in the
slow phase of Lèvy-like walk suggestive of signals driven by b2
integrin interactions as shown in neutrophils (47, 48). This is
supported by the presence of a few Lèvy-like tracks in steady-
state in the lung and kidney capillaries, territories with abundant
endothelial CX3CL1, upregulator of b2 integrin affinity (3, 19).
Indeed, PMo surface expression of b2 integrins, particularly
aMb2, is higher in the lung than in the blood, pointing to its
tissue-dependent regulation (22, 49). Hyperlipidemia does not
change the kinetic parameters of PMo except for the reduced
speed, which correlates with a higher proportion of Lèvy-type
tracks (21, 26) (Table 1). Lèvy-like walks are also visible in
carotid arteries stimulated with a TLR7/8 agonist that induces
endothelial cell damage (26). In this context, a4b1 integrin is
required to resist shear stress (26), but since inhibition of the
aLb2 integrin reduces the number of PMo crawlers but not the
frequency of Lèvy-type walks, aMb2 integrin seems the main
actor for this type of locomotion (26) (Figure 1A). Likewise,
aMb2 is necessary for longer interactions and above a shear
stress threshold in contrast to aLb2 integrin in neutrophils (50).

Nevertheless, the highest frequency of tracks resembling
intermittent Lèvy-like motility is found in mouse vascular
territories with deposits of harmful microparticles or aggregates
including oxidized LDL (oxLDL) in the carotid artery of
atheroprone mice fed a high-fat diet (21); b-amyloid aggregates in
the lumen of brain veins in Alzheimer’s angiopathy (8, 51);
apoptotic endothelial cells upon TLR7/8 stimulation in kidney
glomerulus (2); circulating tumor metastasizing cells in lung
capillaries (3); CYR61 secreted by platelets in mesenteric vessels
after TLR7/8 addition (29); and sickle red blood cells (9, 52, 53),
among others (Figure 1A). Notably, many of these particles can be
recognized by aMb2 integrin itself or in cooperation with other
scavenger receptors suchasCD36andTLR(54, 55); in fact,CD36or
TLR7 deficiency decreased Lèvy-like PMo crawling on the
vasculature of mice fed a high-fat diet or stimulated with a TLR7/
8 agonist, respectively (2, 21). aMb2 integrin is a promiscuous
receptor that can bind more than 50 ligands including b-amyloid,
iC3b, andCYR61 (56, 57). AlthoughaMb2 integrin binds ICAM-1
with lower affinity thanaLb2 integrin, it binds other ligands such as
Frontiers in Immunology | www.frontiersin.org 595
fibrinogen with 25-fold more affinity, which, together with their
counter-regulated expression by inflammatory cytokines as TNFa
(27), may confer aMb2 integrin an advantage for endothelial
interaction in the presence of deposits or damage. Indeed,
blockade of aMb2 integrin eradicates Lèvy-like tracks in for
example steady-state mesenteric veins similarly to blockade of its
ligand CYR61 after TLR7/8 stimulation (29). We propose to
consider aMb2 integrin as the essential damage receptor in PMo
(beyond its function as an adhesion receptor) that seems to govern
the Lèvy-likewalk, acting as a decision-making receptor to integrate
intravascular search and motility in homeostasis and pathology.

Outside-in signals by multivalence interaction may favor
microparticle-induced clustering of aMb2 integrin and thus its
higher avidity (40) (Figure 1A). It will be interesting to explore
whether aMb2 integrin can reside in preformed nanoclusters in
GPI domains as shown for aLb2 integrin in monocytes and serve
for its dynamic recruitment at adhesion sites for amoeboid
locomotion (58). Indeed, PMo engulfing oxLDL via CD36
increased their levels of F-actin and upregulated genes related to
Rab GTPases, integrin recycling, and lamellipodia formation (21),
suggesting that this machinery may contribute to actin-driven
amoeboid PMo motility during Lèvy-like walks in line with the
role of actin flows in coupling speed and directional persistence
(59). Intrinsic factors identified for intermittent (Lèvy-like) tissue
motility in T cells include the unconventional myosin MYO1G
that acts as a turning motor (35) and the Rho-associated protein
kinase (ROCK) required for high-speed and directionality (30).
Whether similar intrinsic regulators of speed fluctuations and
turning patterns exist in PMo remains unknown.

aMb2 integrin activity can also be regulated in circulating
PMo by its crosstalk with other scavenger receptors as CD36
(Figure 1A), able of recognizing a variety of damage signals
ranging from apoptotic cells to modified lipids (55). In a mouse
model of atherosclerosis, CD36 uptake of oxLDL in PMo induces
DAP12/Src family kinase (SFK) signaling and leads to increased
F-actin polymerization (and probably higher b2 integrin avidity)
and enhanced PMo Lèvy-like crawling (21), and a similar
boosting of PMo particle engulfment is observed in sickle red
blood cell clearance (9, 52, 53). This intravascular educational
program constitutes an interesting feedforward mechanism for
more efficient search and removal of particles by PMo, thus
helping to prevent spread of inflammatory damage to the tissues.

Extrinsic factors as shear stress may regulate b2 integrin affinity
(60) and ICAM-1 clustering (46), alter endothelial glycocalyx (61),
and favor endothelial cell damage (26) or deposition of oxLDL (62)
in areas of disturbed blood flow. The deposited microparticles can
themselves promote local changes in the apical endothelial
membrane that can augment the frequency of PMo Lèvy-like
walks, such as increased membrane stiffness by the uptake of
oxLDL by endothelial CD36 (62) and the pathogen-induced
protrusion of microvilli (63), by altering specific lipid domains in
both cases.

After meticulous amoeboid crawling on the endothelium
during the slow phase of Lèvy-like walk, PMo become rounder
and move quickly and directionally (flight) to the next area for
another meticulous search (8) using mechanisms yet to be
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clarified. Several factors can underlie speed fluctuations (23), but
although aLb2 integrin/ICAM-1 interactions support high-speed
and straight migration of T cells in the lymph node (64), movies of
PMo Lèvy-like crawling show that this acceleration step seems to
relate to PMo decreased adhesiveness (Figure 1A). Similar flights
are perceived during PMo crawling in mice deficient in kindlin-3
or treated with SFK inhibitors pointing to reduced b2 integrin
affinity as permissive for PMo high-speed step (2, 21, 22). PMo
sliding behavior is also visible in CX3CR1-deficient mice (3, 22).
Thus, although CX3CR1-CX3CL1 axis modulates Lèvy-like walks
by regulating b2 integrin affinity (2, 3), it seems dispensable for the
acceleration phase, and its absence does not seem to decrease the
frequency of these tracks (1, 26, 29). The low-adhesive contact of
PMo with the endothelium points to the involvement of low
affinity and reversible receptor-ligand pairs resembling selectin
interactions during rolling (4), although in the movies PMo seem
to jump or slide rather than roll (8, 26). Since PMo do not express
selectins, PSGL1 is a candidate to underlie PMo flights by its
interaction with P-selectin expressed by the endothelium under
certain stimulation and regulated by preformed membrane
microdomains (65) (Figure 1A). The carbohydrate modification
of PSGL-1 Slan is a marker for a subset of PMo and modulates
innate and adaptive immune responses, but its possible
contribution to PMo crawling has not been investigated (66, 67).

Therefore, the local presence of microparticles or damage on
endothelial cells are the key factors to promote environmental-
guided Lèvy-like PMo migration. This fact may explain the lack of
Lèvy-like tracks in vitro since although inflammatory cytokines
and flow were incorporated, no aggregates were present (25).
Moreover, if there is massive endothelial damage or larger
deposits, Lèvy-like walk will change into confined meticulous
crawling (23) as observed in the lung 1 day after injection of
tumor cells (3) and near arterial atheroma plaques (26) (Table 1),
allowing enough time for PMo interaction to increase the
likelihood of engulfment. Increased retention during Lèvy-like
or confined crawling due to the geometric constraints of certain
vascular territories could also induce the production of
chemokines and cytokines by PMo and/or the endothelial cells
with which they interact. These soluble factors will serve to recruit
cooperating circulating leukocytes such as neutrophils to cope
with dying endothelial cells in response to TLR7/8 stimulation in
the glomerulus (2) and natural killer cells to help eliminate
circulating tumor cells in the lung microvasculature (3).

Post-Crawling Detachment
After crawling PMo usually undergo detachment, a key step to
maintain PMo surveying the vasculature by avoiding their
extravasation. This allows several rounds of endothelial scanning
by PMo and prevents spreading of damaging microparticles to the
tissues. Our group recently identified that the GPI-anchored
protease MT4-MMP could cleave the aM integrin chain at N977L
position (not conserved in aL integrin) serving as a possible
mechanism for PMo post-crawling detachment (12) (Figure 1B).
Accordingly, inMT4-MMP absence there were increased numbers
of PMo crawling on the activated endothelium of the cremaster
muscle in an aMb2 integrin-dependent manner and also
transmigrating into the inflamed aorta (12). These data support
Frontiers in Immunology | www.frontiersin.org 696
that PMo detachment post-crawling prevents b2 integrin-
dependent transendothelial migration (27). These findings also
indicate that a pool of aMb2 integrin molecules reside at GPI
microdomains of the PMo plasma membrane what could account
forfine-tunedcontributionofaMb2 integrin todiffusive randomor
Lèvy-like walk crawling, and in particular to PMo post-crawling
detachment. Of interest, shear stress can induce aM integrin
cleavage by cathepsin B in neutrophils (68). Whether this
cleavage, b2 integrin processing by other proteases (69, 70), or
proteolysis-independent mechanisms play additional roles in PMo
detachment post-crawling remains unknown.

CONCLUSIONS AND PERSPECTIVES

Leaving aside the discussion about true Lèvy-like walks in biological
systems (24), we consider interesting to complement the current
perspective of intravascular PMo crawling with the point of view
that the search mode influences PMomotility as proposed for tissue
T cells (23). Although PMo motility patterns are far more complex
than the simplification herein proposed, this change of paradigm
may help understand PMo crawling better and identify novel
regulators to boost PMo protective intravascular actions and
prevent disease. Open questions remain about the dynamic
regulation of integrins and other intrinsic actors (actin, GTPases),
endothelial players, and extrinsic factors (shear stress) during these
distinct modes of PMo crawling. It would also be necessary to
determine instantaneous and individual track PMo kinetic
parameters in future work.

These questions undoubtedly raise the need to implement
innovative techniques and tools to fully understand these events
at the single-cell scale and in vivo. For example: (i) novel in vitro
settings for live time-lapse to recapitulate in vivo complexity
using immobilized ligands in lipid bilayers and under flow (46);
(ii) advanced microscopy techniques for visualization and 3D
reconstruction of intravascular PMo (71) together with novel
PMo markers as PD-L1 (34) to avoid the limitation of CX3CR1
heterozygous mice; and (iii) innovative techniques for in vivo
single-molecule tracking to characterize receptor and ligand
clustering at PMo and endothelial plasma membrane (29, 72, 73).
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Monocytes and macrophages play essential roles in all stages of atherosclerosis – from
early precursor lesions to advanced stages of the disease. Intima-resident macrophages
are among the first cells to be confronted with the influx and retention of apolipoprotein B-
containing lipoproteins at the onset of hypercholesterolemia and atherosclerosis
development. In this review, we outline the trafficking of monocytes and macrophages
in and out of the healthy aorta, as well as the adaptation of their migratory behaviour during
hypercholesterolemia. Furthermore, we discuss the functional and ontogenetic
composition of the aortic pool of mononuclear phagocytes and its link to the
atherosclerotic disease process. The development of mouse models of atherosclerosis
regression in recent years, has enabled scientists to investigate the behaviour of
monocytes and macrophages during the resolution of atherosclerosis. Herein, we
describe the dynamics of these mononuclear phagocytes upon cessation of
hypercholesterolemia and how they contribute to the restoration of tissue homeostasis.
The aim of this review is to provide an insight into the trafficking, fate and disease-relevant
dynamics of monocytes and macrophages during atherosclerosis, and to highlight
remaining questions. We focus on the results of rodent studies, as analysis of cellular
fates requires experimental manipulations that cannot be performed in humans but point
out findings that could be replicated in human tissues. Understanding of the biology of
macrophages in atherosclerosis provides an important basis for the development of
therapeutic strategies to limit lesion formation and promote plaque regression.

Keywords: atherosclerosis, macrophage, monocyte, regression, trafficking
INTRODUCTION

Atherosclerosis is characterised by a chronic, low-grade inflammation in the arterial wall. As the
underlying pathology for myocardial infarction and stroke, it is the leading cause of death
worldwide (1). The inflammatory response in the arterial wall is initiated by the
hypercholesterolemia-induced subendothelial retention of apolipoprotein (apo)B-containing
lipoproteins, mainly low-density lipoprotein (LDL), at sites of non-laminar and low shear stress
blood flow. These sites are characterised by a higher abundance of macrophages (2–4),
org October 2021 | Volume 12 | Article 718432199
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inflammation-primed endothelial cells (5) and particularly in
humans a pro-retentive thickened intima rich in smooth muscle
cells and altered extracellular matrix (6–8). The subendothelial
retention makes the lipoproteins susceptible to enzymatic and
non-enzymatic modification. In particular, oxidation of LDL
triggers a sterile inflammatory reaction by activating the
endothelial cells to upregulate adhesion molecules and secrete
chemokines which attract monocytes and other leukocytes.
Modification of lipoproteins also promotes their uptake by
macrophages and vascular smooth muscle cells (VSMC)
leading to the appearance of foam cells. Additionally, oxidized
LDL contains several bioactive molecules, including oxidized
phospholipids, which act as damage-associated molecular
patterns (DAMPs), and together with early cholesterol crystal
formation cause an activation of surrounding innate immune
cells (9, 10). The continuous influx, retention and modification of
apoB-containing lipoproteins, together with the defective
resolution of inflammation and dysfunctional clearance of dead
cells (efferocytosis) fuel the chronic inflammation (11). The
persistent inflammatory activity also leads to the generation of
autoantigens and involvement of the adaptive immune system at
later stages of the disease (12, 13).

Resident arterial macrophages play a crucial role in tissue
homeostasis and serve as immune sentinels within the tissue.
Adventitial macrophages, for instance, are important regulators
of collagen production and the arterial tone (14). At areas of low
blood velocity and shear stress, macrophages beneath the
endothelium survey the environment to detect pathogens or
potentially hazardous deposits (15). As such, aortic intima-
resident macrophages are among the first cells to encounter
trapped apoB-containing lipoproteins at the initiation of
hypercholesterolemia (2–4). Mainly based on their expression
of CD11c, these subendothelial phagocytes were initially
described as dendritic cells, but recent results have challenged
this view and have identified macrophages as the main cell type
to first encounter the trapped lipids (16). Furthermore, in mice
with a deficiency of monocytes and macrophages, a delayed and
almost abolished development of atherosclerotic plaques can be
seen (17–21). This further underlines the importance of the
monocyte-macrophage axis in the initiation of atherosclerotic
disease. With the development of mouse models for
atherosclerotic regression, it has become clear that
macrophages are not only important drivers of the disease, but
their plasticity and diverse repertoire of homeostatic functions
also makes them important effectors in atherosclerotic
regression (22).

Since the description of the Mononuclear Phagocyte System,
the prevailing paradigm was that tissue resident macrophages are
continuously seeded from circulating monocytes. In recent years,
however, it has become obvious that under homeostasis the
tissue macrophage pool is mainly maintained through local
proliferation and does not solely depend on monocyte influx
(23–25). Monocyte-independent seeding of resident tissue
macrophages starts early in embryonic development.
Macrophages originating from the extra-embryonic yolk sac
(YS) populate tissues during embryonal development as
Frontiers in Immunology | www.frontiersin.org 2100
erythro-myeloid progenitor (EMP)-derived macrophages and
persist into adulthood (26, 27). Microglia in the central
nervous system are for instance exclusively derived from YS
progenitors, without input from blood monocytes (28, 29).
However, in most organs, a second wave of monocyte-derived
macrophages, originating from definitive haematopoietic stem
cells within the fetal liver and bone marrow (BM), co-colonize
the tissues (30, 31). The question of tissue macrophage ontogeny
has critical implications. EMP-derived macrophages migrate to
tissues at the time of organogenesis and seem indispensable in
various developmental processes (32–36). This developmental
and homeostatic function might prevail in adult life, generating
an important link between macrophage ontogeny and function.
Indeed, we and others have found that macrophages of different
ontogeny perform distinct tissue-specific functions and maintain
a specific phenotype (37–41). Delineating monocyte-
macrophage ontogeny and trafficking might improve our
understanding of the maladaptive chronic inflammatory
response in atherosclerosis development, as well as their role in
atherosclerosis regression. Ultimately, this could lead to targeted
approaches tackling the high rates of global cardiovascular
mortality and morbidity resulting from atherosclerosis.

In this Review we address the knowns and unknowns of the
trafficking, dynamics and fates of vascular monocytes and
macrophages in the healthy and atherosclerotic aorta.
Analysing these properties in human tissues is complicated by
the availability of human material and models. Therefore, we will
focus primarily on results from the mouse as a model organism
but put these results into human context where possible at the
end of this Review.
MONOCYTES AND MACROPHAGES IN
THE HEALTHY AORTA

The development and broad accessibility of novel high-
dimensional analysis techniques, such as multi-parameter flow
cytometry, single-cell RNA sequencing (scRNA-seq) and
cytometry by time of flight, has enabled scientists to obtain a
clearer picture of leukocyte diversity in the healthy mouse aorta.
These studies revealed that myeloid cells, and in particular
macrophages, are the dominant immune cell type in the healthy
arterial wall (16, 37, 42, 43). Arterial macrophages are primarily
located in the fibrous outer arterial layer, the adventitia. Only a
small number of macrophages can be found in the innermost
layer, the intima, just below the endothelial cells. Based on
histological and scRNA-seq data, it’s estimated that up to 10%
of the arterial macrophages are located in the intima, whereas 90%
are positioned within the adventitial layer (16, 37, 44).

The aorta is populated with macrophages early on during
embryonic development. Macrophages can be observed in the
fetal aorta at embryonic day 16.5 and most likely start inhabiting
the niche from embryonic day 9.5 onwards (27, 32, 44). This
prenatal wave of macrophages colonising the aorta is dominated
by YS EMP-derived macrophages which travel to the aorta
without a monocyte intermediate. After birth, the brief influx
October 2021 | Volume 12 | Article 718432
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of blood monocytes, which consequently differentiate into tissue
resident macrophages, contributes to the aortic macrophage pool
(37, 44). Despite the monocytic influx, YS EMP-derived
macrophages are not replaced by BM-derived macrophages, as
has been suggested previously. Rather, the entire adventitial
macrophage pool of EMP- and BM-derived macrophages
continues to expand in numbers until 45 weeks of age, with YS
EMP-derived macrophages being the dominant tissue-resident
macrophage population (Figure 1). In aged mice, at around 90
weeks, a general drop of adventitial macrophage numbers mainly
affecting EMP-derived macrophages can be observed (37). In
contrast to adventitial macrophages, macrophages residing in the
intima have recently been reported to seed almost exclusively after
birth (16). Using various mousemodels, including CD115, CX3CR1
and Flt3 reporter mice,Williams et al. showed that the macrophages
inhabiting the intimal layer originate exclusively from definitive
haematopoiesis. Interestingly, intimal macrophages are primarily
found in locations of increased hemodynamic stress, which are
predilection sites for atherosclerosis development (2, 3). Although
we did not specifically investigate this aspect, our results show no
Frontiers in Immunology | www.frontiersin.org 3101
site-specific tropism of adventitial macrophages throughout the
aortic segments, in contrast to intimal macrophages (37). This
puts further emphasis on understanding the origin, dynamics,
and function of intima-resident macrophages. Given the critical
role of intimal macrophages in atherosclerosis development, it will
be interesting to see the results by Williams et al. confirmed with
more efficient fate-mapping models, such as the recently generated
RankCre (45) and Ms4a3Cre mice (30), in a quantitative approach.

Of note, one group has identified an unconventional Sca-
1+CD45+ cellular subset in the adult murine aorta, proposed to
be adventitial macrophage-committed progenitor cells (46, 47).
A recent scRNA-seq study also identified an interferon-poised
subset of Sca-1+ aortic macrophages, whereas the macrophage
progenitor potential of aortic cells has been questioned by others
(48, 49). Whether these Sca-1+CD45+ cells are indeed a
macrophage progenitor population or potentially are provided
by Sca-1+ mesenchymal stem cells remains to be elucidated
(43, 50–54).

Under homeostasis, the adult arterial macrophage pool
experiences little dynamic. Adventitial EMP- and BM-derived
FIGURE 1 | Vascular macrophages and monocytes in the healthy mouse aorta. Influx of EMP-derived macrophages into the tissue during embryogenesis starts
around embryonic day 9.5. Macrophages settle within the aortic adventitia and sustain solely through local proliferation. Around embryonic day 18.5, monocytes
from the bone marrow seed the aorta and differentiate within the adventitia (forming a population of BM-derived tissue resident macrophages) as well as within the
intima (forming a separate population of intima-resident macrophages). This recently defined population of intimal macrophages is heavily seeded perinatally but
maintains solely through local proliferation. Thus, the adventitia is colonised with macrophages of dual origin which self-sustain numbers through proliferation, and in
the case of adventitial BM-derived cells, replenishment from circulating monocytes. The number of cells of different ontogeny varies throughout life, with numbers
changing in age adopted from (37). The fate of monocytes migrating into the steady-state aorta follows several possible fates: differentiation into BM-derived
macrophages, further migration towards lymphatics, apoptosis, or migration back into circulation.
October 2021 | Volume 12 | Article 718432
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macrophages self-maintain with minimal input from monocytes
entering the arterial wall. Using irradiation-free chimeras and
parabionts, we and others have found that over a period of 9
months, only 20% of the arterial macrophages are replenished by
monocytes (37, 44). In addition, this number seems to be a
constant, as we observed a similar 20% monocyte input after a 3-
month observation period (37). Contrary to the macrophages
residing in the adventitia, the intimal macrophages appear to not
be replaced by monocytes under homeostasis (16).

Besides the quantitatively limited replenishment of the
macrophage pool in the adventitia, monocytes have important
homeostatic functions in the vasculature. Non-classical
Ly6ClowCCR2- monocytes, which derive from Ly6ChighCCR2+

in mice, crawl along the endothelium to survey the cellular
integrity and sense dangers, as well as to remove cellular debris
(55–57). Ly6Clow monocytes are, however, thought to rarely
cross the endothelial barrier into the tissue (57, 58). In
contrast, classical Ly6Chigh monocytes are highly mobile and
extravasate, mainly guided by their CCR2 expression. A
population of transiently sessile monocytes has been found in
the lungs and skin of mice in their steady-state (59). These ‘tissue
monocytes’ have previously also been identified in the spleen,
which acts as a reservoir to quickly mobilize immune cells upon
inflammation (60). Contrary to splenic monocytes, the Ly6Chigh

monocytes in lung and skin can survey the tissue environment
and transport antigens to lymph nodes (59). Although the
question of sessile monocyte existence has not been addressed
for the arterial wall, monocytes are readily identified in the
healthy arterial wall (3, 42, 43, 61). Their homeostatic turnover
and ability to recirculate into the blood or leave via afferent
lymphatics into adjacent lymph nodes, similarly to the surveying
monocytes in lung and skin, remains to be determined.

The high motility of Ly6Chigh monocytes comes with the price
of potentially spreading infectious agents (62, 63). This might in
part explain the presence of infectious agents within
atherosclerotic plaques (64). A remaining question is the
location of vessel wall entry of Ly6Chigh monocytes. It has not
yet been clarified if and to what extent classical Ly6Chigh

monocytes enter the healthy vascular wall via vasa vasorum in
the adventitia or from the luminal side. This is of particular
interest in advanced plaques, where intra-plaque sprouting of
leaky vessels occurs and could drive the chronic inflammation
through the constant supply of monocytes (65).

Analogous to the heterogenous homeostatic functions of
monocytes, we and others have found that resident adventitial
macrophages have a diverse functional outfit. Traditionally,
macrophages have been divided in classically activated M1 and
alternatively activated M2 macrophages (66). These two states are,
however, in vitro-based extremes on opposite poles of a
continuum of macrophage functionality. Novel multiparametric
analysis methods have established the high plasticity and different
nuances in the macrophage functional outfit (67–69), also in the
aortic wall. Recent integrated analyses of scRNA-seq datasets from
healthy and atherosclerotic mouse aortas revealed the presence of
5 major macrophage subsets (70, 71). As described in more detail
below, these subsets are (I) inflammatory, (II) triggering receptor
Frontiers in Immunology | www.frontiersin.org 4102
expressed on myeloid cells 2 (TREM2)+, (III) interferon inducible,
(IV) resident-like and (V) cavity macrophages. These five subsets
can be found both in the atherosclerotic and healthy aorta,
although the complexity of macrophage phenotypes increases in
atherosclerotic aortas (70, 71). Strikingly, by employing scRNA-
seq in RankCreRosa26eYFP mice we were able to map the
transcriptional heterogeneity in adventitial macrophages to their
origin. The healthy mouse adventitia harbours a macrophage
subset with a homeostatic and anti-inflammatory transcriptional
profile that derives almost exclusively from YS EMPs. These
macrophages were characterised by a high expression of the
hyaluronan receptor encoding gene Lyve-1, a known marker for
resident macrophages, which maps them to the macrophage
subset responsible for the regulation of aortic collagen
production (14), and to the resident-like macrophages described
above. Furthermore, EMP-derived macrophages expressed high
levels of stabilin 1 (Stab1) and growth arrest specific 6 (Gas6), both
of which are important for efferocytosis, a process crucial for the
inhibition of atherosclerosis (37, 72–74). In contrast, a cluster that
lacked eYFP transcript expression and was comprised of
monocyte-derived macrophages expressed gene sets that were
associated with pro-inflammatory properties, including Il1b (37),
similar to the subset of inflammatory macrophages. Thus, there
seems to be a division of labour in arterial macrophage subsets of
different ontogeny, where EMP-derived macrophages are
responsible for homeostatic processes like collagen production
and efferocytosis. BM-derived macrophages in turn are in a poised
state for defending the arterial integrity against pathogens. Thus, it
would not be surprising if macrophages of diverse origins play
different roles during atherosclerosis progression and regression,
given their distinct set of functions.
ENHANCED MONOCYTE INFLUX AND
MACROPHAGE PROLIFERATION DURING
ATHEROSCLEROSIS DEVELOPMENT
AND PROGRESSION

The intima-resident macrophages are among the first cells
exposed to the increased influx of apoB-containing lipoproteins
during hypercholesterolemia. These cells are critical in
atherosclerosis initiation. The aorta of mice engineered to lack
aortic intima-resident macrophages displays decreased lipid
deposition in the early stages of atherosclerosis (4, 16). Within
days of sustained hypercholesterolemia, the capacity of
macrophages to metabolize the accumulating lipids and
cholesterol is overwhelmed. This leads to the deposition of lipid
droplets within the macrophage cytoplasm, resulting in the
typical foam cell appearance, and even macrophage death.
Macrophage death and defective clearance are known to be
major drivers of the atherosclerotic process (16, 75, 76).

Initially, foam cells appear to be exclusively derived from
resident intimal macrophages in the mouse (16). Of note, in
humans, VSMCs also play a role in the early development of
foam cells (77). Continuous inflammatory triggering by the
October 2021 | Volume 12 | Article 718432
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persistent influx of apoB-containing lipoproteins causes a
substantial monocyte recruitment within the first 1-2 weeks of
hypercholesterolemia (16, 78, 79). The subendothelial
inflammatory foci lead to the expression of adhesion molecules
on activated endothelial cells and the secretion of chemokines,
most importantly of CCL2/MCP-1, CX3CL1 and CCL5 (80)
These factors are essential for the infiltration of primarily
Ly6Chigh monocytes into the developing atherosclerotic plaque
(81, 82). Combined absence of all three chemokine-chemokine
receptor pairs results in an almost complete inhibition of lesion
development (82–84). Intravital imaging studies suggest that the
luminal (‘inside-out’) recruitment is important in the early phases
of plaque development, whereas (‘outside-in’) recruitment via
adventitial vasa vasorum is the main route for myeloid cells to
enter advanced plaques (78, 85). More quantitative approaches
with adoptive transfer of monocytes and bead labelling found that
both the influx and luminal recruitment routes are important
already in early atherosclerotic development, and persist in
advanced plaques (86, 87). The route of plaque-invading
monocytes is an important avenue of research, as these cells
have been recognized to fuel the inflammatory reaction in
developing plaques and blocking their entry might represent a
promising therapeutic target.

In addition to causing a local inflammatory responses and
recruitment of Ly6Chigh monocytes into the vessel wall,
hypercholesterolemia induces a Ly6Chigh dominated monocytosis
(81, 82). Elevated levels of cholesterol in haematopoietic stem cells
foster the formation of lipid rafts and stabilisation of growth factor
receptors, which promote theirmyelopoietic activity andmonocytosis
(88–90). Supplementing the enhanced myelopoiesis in the bone
marrow, extramedullary haematopoiesis in the spleen contributes to
increased production of monocytes and marked recruitment into the
developing atherosclerotic lesion (60, 91). Other lifestyle-related
factors such as hyperglycaemia or stress also have the potential to
enhance myelopoiesis and fuel the cycle of monocyte production and
entry into the plaque (92–94). Importantly, the circulating monocytes
are poised for pro-inflammatory reactions with increased levels of
surface receptors such as CD86 and TLR4, as well as increased levels
of reactive oxygen species, among other features (44, 95–97). Thus,
hypercholesterolemia leads to augmented recruitment and an
increased number of circulating monocytes with a heightened
inflammatory potential. A topic that warrants further investigation
is the role of recently identified monocyte subsets that appear during
inflammatory conditions, such as segregated-nucleus-containing
atypical monocytes (98), in atherosclerosis development.

The recruited Ly6Chigh monocytes are thought to primarily
differentiate into intimal macrophages (75). Data from
developing atherosclerotic plaques is lacking, but it is
conceivable that Ly6Chigh monocytes have alternative fates
within the lesion (Figure 2). As has been shown for sterile
liver injury, Ly6Chigh monocytes can exhibit distinct monocyte-
specific functions, including the uptake of trapped apoB-
containing lipoproteins (99–101). In this way, monocytes
participate in the vicious cycle of cellular apoptosis and
necrosis following the metabolic stress of intracellular
cholesterol accumulation. Some Ly6Chigh monocytes might also
Frontiers in Immunology | www.frontiersin.org 5103
recirculate into the blood and lymph and present antigens,
including de novo generated autoantigens to the cells of the
adaptive immune system (12, 13, 59). Ly6Clow monocytes, on
the other hand, show an intensified patrolling behaviour at
atheroprone sites, which display increased endothelial damage
during hypercholesterolemia (58, 102). Despite their main task as
patrolling intravascular cells, Ly6Clow monocytes can also be
found in the atherosclerotic plaque, highlighting their potential
to extravasate – although to a lesser extent than classical Ly6Chigh

monocytes (70, 82). These cells display an anti-inflammatory
transcriptional signature with elevated transcripts for cholesterol
efflux and vascular repair, thereby promoting the inflammation
resolution (58). It is still debated whether the extravasation of
Ly6Clow monocytes is of importance in the atherosclerotic
disease process (58). If so, the anti-atherosclerotic phenotype
of Ly6Clow monocytes presumably ameliorates the disease
process and enhancing Ly6Clow monocyte extravasation might
be a potential therapeutic target.

Akin to other chronic inflammatory diseases, the initial,
mainly CCR2-dependent, recruitment of monocyte-derived
macrophages is a crucial pathomechanism in the development
of atherosclerosis (82–84, 103–106). However, as the
atherosclerotic lesion progresses, monocyte recruitment
becomes less important, as evidenced by studies with CCR2- or
monocyte-depletion models (21, 107–109). The limited impact
of blocking monocyte recruitment on progression of advanced
plaques might be due to a failure of monocytes to penetrate the
lesion. A recent report suggests that monocytes cannot migrate
deeply into the lesion and only accumulate superficially, similar
to tree ring formation (87). This is, however, contradicted by
results showing migrating CD11c+, which appear to be similar to
foamy monocytes or macrophages, within atherosclerotic
plaques (100, 101, 110). Consequently, there might be other
reasons for the non-reliance on monocyte entry in progressing
plaques, such as local macrophage proliferation, as
discussed below.

Hypercholesterolemia leads to a substantial influx of
monocytes. It has recently been suggested that the perinatally
seeded intima-resident macrophages are completely replaced by
invading monocyte-derived macrophages within weeks of
hypercholesterolemia (16). Although similar results have been
observed for liver Kupffer cells during Listeria infection (111),
this contrasts with the fate of adventitial macrophages in other
models of sterile and non-sterile aortic inflammation. We and
others found that, after a transient recruitment of monocyte-
derived macrophages in the acute phase, the resident
macrophage population prevails even in chronic inflammatory
models (37, 44). Our results focused on adventitial macrophages,
but the different response of intimal macrophages in
atherosclerosis is an intriguing characteristic that might be
contributing to the defective inflammation resolution in
atherosclerosis (61, 81). Given that in mice the entire
adventitial macrophage pool requires approximately one year
for a complete cell turnover (44), it is likely that the turnover of
intimal macrophages during hypercholesterolemia is accelerated
by mechanisms like emigration or cell death, which in turn could
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fuel atherosclerotic development. Nonetheless, it is possible that
intima-resident macrophage numbers also rebound after the
cessation of hypercholesterolemia, but this remains to
be elucidated.

The fate of the intima-resident macrophages is of particular
interest in the context of atherosclerosis, as we know from other
inflammatory conditions that most monocytes recruited under
inflammatory conditions do not stably engraft as resident
macrophages. These transient macrophages disappear upon the
resolution of inflammation (25, 39, 112, 113), which has also
been shown in the aorta (44). Future studies will have to
elucidate the macrophage composition and origin within the
intimal niche after the cessation of hypercholesterolemia. Studies
focussing on the lung and other tissues have also found that some
de novo recruited macrophages are not transiently resident but
persist even after inflammation resolution. Importantly, these
macrophages were shown to acquire an epigenetic memory of
the inflammatory situation (inflammation-imprinted resident
macrophages), which might have detrimental effects on tissue
repair or repetitive insults (113). Whether the newly recruited
Frontiers in Immunology | www.frontiersin.org 6104
atherosclerotic macrophages share fates with inflammatory
macrophages in other tissues and vanish after removal of the
inflammatory stimulus is the topic of ongoing research.

Despite the increased macrophage apoptosis and necrosis in
atherosclerotic plaques, macrophage numbers are stable
throughout disease progression (49). It has been estimated
that in early atherosclerosis monocyte recruitment accounts
for approximately 70% of the macrophage replenishment,
while more than 85% of the macrophages in advanced
plaques stem from in situ proliferation (49). Interestingly,
whereas proliferation of intimal macrophages increases as the
atherosclerotic lesions progresses, adventitial macrophages do
not proliferate more, as if they were not affected by the ongoing
inflammatory process (49). Macrophage loss in atherosclerotic
plaques is mainly a result of cell death. In infectious settings,
macrophages emigrate from the site of infection either via
reverse transendothelial migration or via lymphatics to clear
the inflammatory triggers and present them to the adaptive
immune system (62, 114). Hypercholesterolemia, however,
suppresses emigration signals via CCR7 and macrophage
FIGURE 2 | The origin and fate of macrophages in murine models of atherosclerotic plaque formation and regression. Intima-resident macrophages are the first to
encounter accumulating apoB-containing lipoproteins but are replaced by recruited macrophages within weeks. It is unknown whether resident adventitial (EMP- and
BM-derived) macrophages can invade the intima at any point of atherosclerosis progression or regression. Monocyte recruitment is the dominant source for plaque
macrophages during early atherosclerosis, whereas local macrophage proliferation takes over at later stages. In other inflammatory disorders, macrophages can migrate
either transendothelially or via lymphatics to clear the inflammatory triggers and present them to the adaptive immune system. However, hypercholesterolemia supresses
emigration, leading to a continuous accumulation of cells, resulting in increased apoptosis and secondary necrosis. Upon the cessation of hypercholesterolemia, the fate
of localised macrophages is yet unknown. Research from other inflammatory disorders has shown that, upon removal of the inflammatory stimuli, a number of
macrophages will clear through apoptosis (transient macrophages), but inflammatory imprinting can define a population of surviving macrophages which have an
acquired epigenetic memory - which might have detrimental effect on disease resolution and recurrence of inflammation. Additionally, a novel wave of monocyte
recruitment defines a fresh population of reparatory macrophages, which aid in tissue clearance and tissue repair.
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migratory capacity, leading to a continuous accumulation of
macrophages and increased local cell death with the
development of a necrotic core (62, 115–118). In general, the
migration behaviour of plaque macrophages has been
characterised as ‘dancing on the spot’, i.e. macrophages do not
migrate within the plaque but only extend and retract their
dendrites (87, 110, 119). This inability to migrate begs the
question whether resident adventitial macrophages are capable
of crossing the muscular media and migrate into the
developing plaque.

Phenotype and functions of macrophages are governed by
transcriptional regulation. It has been suggested that the
transcriptional programs of intima-resident macrophages and
recruited monocyte-derived macrophages converge on a similar
foamy macrophage profile early in hypercholesterolemia (16,
71). But developing atherosclerotic plaques harbour many
heterogenous subsets of macrophages. As described above,
efforts to integrate the various scRNA-seq studies of the
murine atherosclerotic plaque have defined 5 distinct
macrophage subsets: (I) inflammatory, (II) TREM2+, (III)
interferon inducible, (IV) resident-like and (V) cavity
macrophages (70, 71). Inflammatory macrophages show
elevated expression levels of pro-inflammatory cytokines like
interleukin 1b and tumor necrosis factor. The strong pro-
inflammatory gene profile and the importance of interleukin
1b in atherosclerotic disease points towards a major role of this
macrophage subset in aggravating the chronic atherogenic
inflammation. These cells were furthermore characterized
by high CCR2 expression and presumably are transient
inflammatory macrophage descendants from invading Ly6Chigh

monocytes. Macrophages expressing TREM2 have been
identified as the foam cell population in atherosclerotic plaques
(120–122). TREM2 is a transmembrane glycoprotein that can
interact with apolipoprotein E and TREM2+ macrophages show
a transcriptomic signature enriched for lipid metabolism
pathways, pinpointing their role in lipid and cholesterol
handling (38, 123). TREM2+ macrophages have previously
been shown to possess anti-inflammatory functions (124). The
TREM2+ macrophage subset in atherosclerotic plaques is also
characterized by dramatically decreased expression levels of pro-
inflammatory molecules like interleukin 1b, tumor necrosis
factor or NLR family pyrin containing domain 3 (Nlrp3) (120,
121). Furthermore, TREM2+ macrophages have been found to
express increased levels of CD11c (110), similar to foamy
monocytes (100, 101). Interestingly, TREM2 expression is
found in a variety of disease-associated macrophages, including
microglia during neurodegenerative disease and lipid-associated
macrophages in obesity (38, 125). Even in our dataset of
adventitial macrophages during angiotensin II-induced arterial
inflammation, we were able to identify TREM2+ macrophages
(71). Consequently, TREM2+ macrophages might represent a
phenotype that is associated with tissues exhibiting increased
lipid deposition and apoptosis. In both scenarios, macrophages
capable of handling lipid depositions are required for tissue
homeostasis. Additionally, apoptotic cell death, which leads to
increased lipid and cholesterol deposition, is associated with
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anti-inflammatory cell functions (76). It is interesting to note
that TREM2+ macrophages do not seem to be related to only one
ontogeny but can derive from both YS and BM (38, 71, 125). The
interferon-inducible macrophages are a rather small subset in the
atherosclerotic plaque (70). These macrophages are characterised
by expression of several interferon-inducible genes, including
Isg15 and Irf7. Future studies will have to investigate this so far
unknown subset but given the pro-atherosclerotic role of type I
interferon signalling, interferon-inducible macrophages might be
detrimental in the course of the disease (126). The identified
resident-like macrophage subset is characterised by high
expression of Lyve-1, a gene that is important in resident
adventitial macrophages for regulation of collagen production
in the arterial wall (14). Similar to our dataset of Lyve-1
expressing macrophages in the healthy aorta (37), resident-like
macrophages in the atherosclerotic plaque showed increased
gene expression of Gas6 (48, 70, 121). Consequently, resident-
like macrophages might be important in the efferocytotic
clearance of apoptotic plaque cells and thus be major
influencer of the balance between progressing and regressing
atherosclerotic plaques. A drawback of the scRNA-seq studies is
that we cannot distinguish between intimal and adventitial
macrophages. Thus, the presence of resident-like macrophages
in atherosclerotic aortas does not provide evidence for a
role of Lyve-1+ resident macrophage in the intima-focussed
atherosclerotic disease process. The discovery of a macrophage
subset expressing a gene signature reminiscent of ‘cavity
macrophages’ is an interesting aspect, in light of recent reports.
Mature macrophages from serous cavities like the peritoneum or
pericardium have been shown to invade surrounding tissue
during sterile inflammation where they play important roles
during tissue repair (127–129). The presence of cavity
macrophages in atherosclerotic aortas indicates that adjacent
macrophages, from serous cavities or potentially even the
adventitia, can invade the atherosclerotic aorta and intima.

Even though resident adventitial macrophages constitute
90% of the aortic macrophages and are the only arterial subset
originating from EMPs, their involvement in the atherosclerotic
disease process is unclear. The role of adventitial macrophage
subsets, including the YS EMP-derived adventitial macrophages,
warrants further investigation. As described above, EMP-derived
adventitial macrophages show a distinct transcriptional signature
of anti-inflammatory and efferocytic functions, that is preserved
during chronic arterial inflammation (37). Failing efferocytosis,
in particular, has been shown to be a major pathogenic factor in
atherosclerotic development (76). Adventitial EMP-derived
macrophages seem to be predestined to counteract this failure
and inhibit the inflammatory cycle within atherosclerotic
plaques – if they invade the growing lesion. As outlined herein,
plaque macrophages show diminished migratory behaviour, and
adventitial macrophages are not thought to invade the growing
plaques. On the other hand, the presence of cavity macrophages
suggests that certain macrophage subsets might still be able to
invade the developing lesions. Also, a CD11c+ cell subset, which
resemble foamy macrophages, has been shown to be actively
migrating within the plaque. These results warrant further
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investigation on the trafficking of adventitial macrophages and
macrophages of different ontogenies during the various stages of
atherosclerosis development.
MACROPHAGE EGRESS AND
MONOCYTE MIGRATION IN REGRESSING
ATHEROSCLEROTIC PLAQUES

Atherosclerosis is characterised by a failure to resolve the
inflammatory response. The continuous influx and retention of
apoB-containing lipoproteins represents a persistent inflammatory
stimulus. The lowering of blood lipid levels, in particular
cholesterol levels (130), allows the resolution phase to
commence. The resolution or regression of atherosclerotic
plaques can lead to a reduction of plaque size, but most
importantly results in the scarring and stabilisation of advanced
lesions, lowering the risk of myocardial infarction and stroke
(22). The reduction of plaque leukocyte abundance and a
phenotypic switch in plaque cells are important hallmarks during
atherosclerosis regression (131). Macrophages are highly plastic
cells, and as such are fundamental players in the tissue repair
processes seen in atherosclerosis regression.

Traditional mouse models of atherosclerosis, like the LDL
receptor and apolipoprotein E knockout mouse, have greatly
contributed to our understanding of the atherosclerotic disease
process. These models, however, lack the ability to normalise
hypercholesterolemia and induce regression. Fortunately, in recent
years several mouse models of atherosclerosis regression were
developed (132–138). The common denominator of these models
is the normalisation of cholesterol levels after a phase of
hypercholesterolemia to induce advanced atherosclerotic
plaques. Examples include the transplantation of atherosclerotic
aortic segments into normocholesterolemic mice or the inducible
deficiency of the microsomal triglyceride transfer protein, as in the
Reversa mouse (132, 133). The variety of regression models, as
well as their individual limitations, such as surgical inflammation
and a lack of lymphatic anastomosis in the transplantation model
might be the reason for the heterogeneous results regarding the
fate of macrophages in atherosclerosis regression. A novel
approach uses antisense oligonucleotides, targeting the LDL
receptor to transiently cause hypercholesterolemia and induce
atherosclerotic plaques. In this model, regression can be induced
either by discontinuing the antisense oligonucleotides or through
treatment with sense oligonucleotides for the LDL receptor (136).
The LDL receptor antisense method offers a promising approach,
as it allows scientists to omit time- and labour-intensive cross-
breedings when using transgenic animals in regression.
Furthermore, due to its limited off-target effects, antisense
treatment is even used in human hyperlipidaemic disease
(139, 140).

A hallmark of atherosclerosis regression is the reduction of
the plaque macrophage content (87, 117, 141–146). Macrophage
emigration from arteries via afferent lymphatics or reverse
transendothelial migration aids the host defence by presenting
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antigens to the adaptive immune system (62, 114). As described
above, hypercholesterolemia blunts the CCR7-guided emigration
via the expression of neuroimmune guidance cues, including
netrin 1 and semaphoring 3E, and by increasing plasma
membrane cholesterol content which affects intracellular
signalling as well as other mechanisms (62, 115–118, 147). Not
surprisingly, the reversal of hypercholesterolemia has been
shown to induce CCR7 expression in plaque macrophages and
with it their efflux via afferent lymphatics (117, 142–144, 148–
150). Whether lesional macrophages leave the regressing plaque
via reverse transendothelial migration, as well as the quantitative
relevance of macrophage emigration to the overall loss of plaque
macrophages has not yet been clarified. Increased macrophage
emigration has been observed in several different models of
atherosclerosis regression, including the aortic transplantation,
the Reversa mouse and apoB-targeted antisense oligonucleotide
treatment (117, 142–144, 148–150), whereas other reports have
found no difference in macrophage emigration behaviour during
regression (87, 145, 146). Importantly, emigration of plaque
macrophages to lymph nodes might aid the development of
the recently described post-resolution phase, although it is
unknown whether this establishment of adaptive immunity
takes place in atherosclerosis regression (151).

Another common mechanism of leukocyte removal during
tissue repair is programmed cell death via apoptosis (152).
Effective clearance of apoptotic cells by macrophages avoids
secondary necrosis and suppresses inflammation. Additionally,
efferocytosis aids tissue repair by inducing a pro-resolving
phenotype in phagocytosing macrophages (76). Whereas a
recent report identified increased macrophage apoptosis as part
of the regression mechanism (149), other studies did not find
elevated numbers of apoptotic macrophages in regressing
plaques (145, 146, 150). In order for apoptosis to act as a pro-
resolving stimulus, efferocytosis needs to be functional. In
atherosclerosis progression, however, defective efferocytosis is
an essential pathogenic mechanism (11). The role of macrophage
apoptosis in atherosclerosis regression remains elusive, and
further studies investigating the presence and functionality of
efferocytosis in atherosclerosis regression are warranted.

As macrophage numbers in advanced atherosclerotic plaques
are primarily maintained through local proliferation, another
means of reducing the plaque macrophage burden is through the
suspension of proliferation. Indeed, a decrease in proliferating
macrophages can be observed within 3 weeks of regression (145,
149). An inhibition of macrophage proliferation upon cessation
of hypercholesterolemia is not an unexpected finding, as the
retained and modified apoB-containing lipoproteins are potent
inducers of M-CSF, contributing to an increase in local
macrophage proliferation in advanced plaques (49, 153, 154).

In addition to macrophage survival and proliferation, monocyte
recruitment is another factor influencing plaque macrophage
numbers. The reversal of hypercholesterolemia presumably blunts
the heightened monocytopoiesis and normalises circulating
Ly6Chigh monocyte levels. However, so far, no difference could be
detected in studies evaluating the monocyte frequency even after
4 weeks of regression (145, 146). These intriguing results warrant
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further studies focusing on the timing and return to a steady-state
haematopoiesis following the onset of normocholesterolemia.
Nonetheless, monocyte extravasation is not only dependent on
the number of circulating monocytes, but also on their potential to
invade the regressing plaque. Similarly to mechanisms halting
proliferation of plaque macrophages, decreased de novo
generation of macrophages from immigrating monocytes would
result in a reduction of plaque macrophage abundance.
Experimentally, several groups have detected a suppressed
migration of Ly6Chigh as well as Ly6Clow monocytes into the
regressing plaque by using the adoptive transfer of labelled
monocytes, as well as by monocyte tracking with fluorescent
beads (145, 146, 155). The quantitative relevance of this effect
might, however, be limited. Härdtner et al. estimated that the
limited monocyte recruitment accounts for only about 25% of
plaque macrophage reduction (145), whereas another report
found no suppression of monocyte influx in regressing plaques,
despite using similar methods (149). In summary, there are various
mechanisms at play reducing the abundance of inflammatory
macrophages in regressing atherosclerotic plaques. Presumably, all
four mechanisms mentioned herein are relevant for ameliorating
the inflammatory burden, likely occurring at various stages of
regression. Longitudinal studies of macrophage trafficking, in
combination with fate-mapping models and other methodologies
capable of tracing the fates of lesional macrophages will hopefully
advance our understanding of the cellular dynamics in regression.

The diminished monocyte influx during atherosclerosis
regression is an interesting avenue for further research. The
resolution and repair phase after myocardial infarction, as well
as following sterile injuries in other organs, depends on the
continuous influx of monocytes, which consequently
differentiate into reparatory and pro-resolving macrophages
(156–160). The importance of monocyte migration into the
arterial wall to facilitate inflammation resolution and tissue
repair has recently also been established for atherosclerosis
regression. Applying the aortic transplantation models in
numerous chemokine receptor knockout and reporter mice,
Rahman et al. found that inhibiting the entry of Ly6Chigh, but
not Ly6Clow monocytes, into the atherosclerotic plaque during
normocholesterolemia abrogates atherosclerosis regression (161).
Analogous to their phenotype in the steady-state, Ly6Chigh

monocytes might not necessarily differentiate into macrophages,
but instead participate in tissue repair with their monocyte-
specific functions. In a model of sterile liver injury, as well as
during the resolution phase after myocardial infarction, recruited
classical Ly6Chigh monocytes performed a phenotypic switch to
non-classical Ly6Clow monocytes, which was crucial for optimal
tissue repair (99, 157). The precise functions of circulating
Ly6Clow monocytes during atherosclerosis regression have not
yet been clarified. Given their role in the integrity of the
endothelium, it is conceivable that intravascular Ly6Clow

monocytes participate in the reorganisation of the endothelial
layer during the plaque size reduction. It will be interesting to see
first results of studies focussing on the role Ly6Clow monocytes
during atherosclerosis regression, for instance in a mouse model
with a Ly6Clow monocyte-specific deficiency (162).
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Akin to the inflammation-poised phenotype of monocytes
circulating during hypercholesterolemia and atherosclerosis
development described above, resolution-dedicated monocyte
subsets have been found to be present in the inflammatory
resolution of sepsis and colitis (163). However, as to whether the
reparatory Ym1 (chitinase-like protein 3)+Ly6Chigh monocyte
subset described is also present during atherosclerosis resolution
has not been investigated. Nevertheless, Ly6Chigh monocytes have
been found to exhibit an altered surface expression of various
proteins during the regression of atherosclerosis (146). This
underlines the importance of the quality over the quantity of the
monocyte response and offers an explanation as to why
atherosclerosis regression continues undisturbed in studies with
suppressed monocyte recruitment.

Emerging scRNA-seq studies of atherosclerosis regression
have been providing us with an insight regarding the
heterogeneity of the remaining and recruited macrophages in
regressing plaques (48, 149). Interestingly, the same, previously
mentioned, five main macrophage clusters present during
atherosclerosis have also been observed in regressing plaques
(48, 70, 149). This might be less surprising for the subsets of
cavity-like and TREM2+ macrophages. As mentioned above,
cavity macrophages have been found to be essential mediators
of tissue repair (127–129). The scRNA-seq studies of
atherosclerosis regression, however, are unable to inform us
about the location of the analysed macrophages, and thus it is
unclear as to whether these cavity macrophages have invaded the
intima, or if they participate in the resolution of the intimal
inflammation However, TREM2+ macrophages are known to be
equipped for lipid handling, and the accumulation of
extracellular lipids is part of the tissue repair when dead and
apoptotic cells need to be cleared by efferocytosis, a process that
is increased in regressing plaques (149).

Although these studies identified the same major macrophage
clusters in regressing plaques as in atherosclerosis development,
there were subtle differences in expression levels representing
a spectrum of activation states (48, 149). The subset of
inflammatory macrophages, for instance, showed decreased
expression levels of Il1b and Nlrp3, compared to atherosclerotic
macrophages before the induction of atherosclerosis regression
(149). Interestingly, the described interferon-inducible
macrophages had increased transcription levels of signal
transducer and activator of transcription 6 (Stat6), which is
known to induce type 2 or reparatory immune responses (149).
Notably, when atherosclerotic aortic segments were transplanted
in normocholesterolemic Stat6-deficient mice, atherosclerosis
regression was abrogated, which was associated with a pro-
inflammatory phenotype of plaque macrophages (161). A
question that has not been finally resolved is if the already
present plaque macrophages can be repolarized by the
regressing conditions to adjust their functional program
towards a reparatory phenotype or if an influx of de novo
reparatory macrophages is required. The study by Rahman
et al. found that Ly6Chigh monocyte influx is an absolute
requirement for plaque regression and differentiation of
reparatory macrophages (161). This is in line with evidence that
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inflammatory macrophages cannot be repolarized to reparatory
macrophages (164) undefined. In other reports inflammatory
macrophages could be repolarized to a reparatory phenotype,
although only a limited number of phenotypic markers were
assessed (165, 166). Furthermore, an elegant in vivo tracking
approach found a phenotypic adjustment of individual
macrophages from inflammatory inducible nitric oxide
synthase-expressing to arginase-expressing macrophages in a
model of chronic central nervous inflammation (167). If and to
what extent a local phenotypic switch of macrophages occurs in
the regressing atherosclerotic plaque remains elusive and
warrants further studies.

Interestingly, when Lin et al. broke down the transcriptional
differences in macrophages during progression and regression in
more detail, they identified one substantial macrophage subset
and 42 distinctly regulated genes that were predominantly
present during regression. The macrophage subset was
characterised by high expression of Stab1, which is important
for efferocytosis. In addition to Stab1, Gas6 represents another
upregulated molecule important for efferocytosis (48).
Intriguingly, we have previously found that adventitial EMP-
derived macrophages are characterised by high expression levels
of both Stab1 and Gas6 (37). The presence of a regression-
specific macrophage subset expressing a similar signature might
indicate a role for EMP-derived macrophages in the tissue repair
during atherosclerosis regression, and even hint towards the
migration of these prenatally seeded adventitial macrophages
into the intima. Relatedly, EMP-derived macrophages are known
to be important regulators of tissue repair in the heart (168, 169).
So far, it was assumed that adventitial macrophages do not cross
the media and immigrate into the intima, but future studies will
have to re-evaluate the fate of adventitial EMP-derived
macrophages during atherosclerotic disease.
HUMAN TRANSLATABILITY

The wide array of available methods, including genetic fate-
mapping models, intravital imaging or tracking of adoptively
transferred cells, makes the mouse an ideal model system for
studying the trafficking behaviour and dynamics of monocytes
and macrophages. Although these models allow us to study the
trafficking of mononuclear phagocytes in the mouse vasculature,
ultimately the goal is to advance our understanding of these
features in the human-being. Since similar scientific
manipulations are unfeasible in the human, descriptive studies
are used to determine the translatability of results in the mouse to
the human situation.

In mice YS EMP-derived macrophages seed the aorta during
early embryonic development. Haematopoiesis is a conserved
process between men and mice, with an initial haematopoietic
wave originating in the extra-embryonic YS, followed by a
transition to intra-embryonic definitive haematopoiesis (170,
171). We and others have previously identified primitive
macrophages in the human YS that show a phenotype similar
to mouse EMP-derived macrophages in the mouse (27, 172, 173).
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A recent study employing scRNA-seq on human embryonic
tissue at different time points of organogenesis found tissue-
resident macrophages originating from the YS as well as the fetal
liver (174), thus providing evidence for an initial seeding of
vascular macrophage during early human embryogenesis and
corroborating rodent studies. A second wave of monocyte-
derived macrophage presumably follows the initial seeding
with YS-derived macrophages in the human. Direct evidence
for this in the arterial wall is lacking but studies in other human
tissues were able to translate the results of mouse studies to
humans. Langerhans cells in the skin have been shown to be YS-
derived resident epidermal macrophages seeding the tissue in the
first wave, whereas dermal macrophages are of monocytic origin
in mice (31, 175). In humans with an inherited severe
monocytopenia, a dramatically reduced frequency of CD14+

dermal macrophages but sustained numbers of Langerhans
cells could be observed (176, 177). The skin is an easily
accessible organ with different macrophage ontogenies that
enables investigation of macrophage trafficking in humans.
Other future options might include the study of conserved
epigenetic marks between the murine and human system also
in the cardiovascular system and especially the arterial wall.

Like in the mouse, macrophages are a major subset or even
the dominant immune subset in the non-atherosclerotic arterial
wall of humans, although the human arteries also contain
significant numbers of T lymphocytes (16, 37, 42, 43, 178–
180). Arterial phagocytes can be found in the intima, directly
beneath the endothelial layer, mirroring their function as
immune sentinels, as well as in the adventitia (2, 180–185).
Arterial resident macrophages are more prevalent in the
adventitial layer than in the intima, although the difference is
less pronounced compared to the mouse (186, 187). As would be
expected for immune sentinels, intima-resident macrophages
can be found more frequently at atheroprone sites, which show
non-laminar and low shear stress blood flow (2, 180, 183).
Studies in other human organs have provided evidence that
tissue-resident macrophages self-sustain mainly through local
proliferation without monocyte input, although there might be
differences depending on the macrophage subset. In studies of
sex-mismatched hand allografts, YS-derived Langerhans cells
were not replaced by recipient cells but remained of donor
origin up to 10 years post-transplantation (188, 189). This is in
line with results of sex-mismatched heart transplants, where only
31% of presumably BM-derived CCR2+ macrophages were of
recipient origin compared to less than 1% CCR2-, potentially YS-
derived, resident macrophages, after a mean period of 8.8 years
post-transplantation (190). The arterial wall of the vessels in the
transplanted organs has not been examined separately, but a
recent scRNA-seq study of human healthy arterial tissue
identified a proliferative macrophage subset (178), hinting
towards a self-sustaining arterial resident macrophage population.

Although the human intima harbours subendothelial
macrophages and CD11c+ phagocytes that mirror the recently
identified aortic intima-resident macrophage of the mouse (16,
181, 191), there are important differences in the intimal
composition between mouse models and humans that need to
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be considered. The human intima is thickened and comprises
abundant VSMCs and extracellular matrix at sites prone to
atherosclerotic development. Additionally, VSMCs are very
plastic cells and in addition to being producers of extracellular
matrix components can be phagocytic and develop into foam
cells. The discrimination of VSMC and macrophage foam cells is
complicated by the fact that, VSMCs can express macrophage
markers like CD68, whereas macrophages have also been found
to express VSMC lineage markers (51, 192–195). Lineage-tracing
studies in mice have shown a varying degree of foam cells
originating from VSMCs, ranging from 16% to 70% (53, 195–
197). In humans, it has been estimated through the analysis of
histone marks that 18% of CD68+ plaque cells originate from the
VSMC lineage (51). Future studies will have to determine to what
extent VSMCs and macrophages contribute to the foam cell pool
at different phases of the atherosclerotic process.

The inflammatory reaction following the influx, retention and
modification leads to a continuous recruitment of human
monocytes into the growing atherosclerotic lesion (198, 199).
Evidence for an important role of monocyte recruitment in the
development of human atherosclerosis derives from studies
showing an assoc ia t ion of monocyte counts wi th
atherosclerotic plaque development during several years of
follow-up (200–202). Human monocytes can be distinguished
into three different subsets: (I) classical CD14+CD16-, analogous
to the Ly6Chigh mouse population, (II) non-classical
CD14dimCD16+, aligning with the murine Ly6Clow subset, and
(III) intermediate CD14+CD16+ monocytes (203). Emerging
results from multiparametric analyses identified further subsets
and it will be interesting to determine their functional relevance
in atherosclerosis (204–206). The non-classical CD14dimCD16+

monocytes fulfil similar endothelial surveillance functions as in
the mouse, whereas the role of intermediate monocytes is not yet
clear in the atherosclerotic progress (55–57, 203). The classical
CD14+CD16- are thought to mainly enter the growing
atherosclerotic lesion (207), as this subsets preferentially
migrates into tissues and differentiates to macrophages (208–
211). Consequently, it has been shown that higher numbers of
circulating CD14+CD16- monocytes predict cardiovascular
events (212, 213). Interestingly though, classical CD14+CD16-

monocytes do not associate with a more high-risk plaque
phenotype in patients with advanced atherosclerosis (214).
This might be owed to a more important role of local
macrophage proliferation than monocyte recruitment in
advanced atherosclerosis, similar to what has been observed in
mice. In line with this, advanced atherosclerotic plaques contain
a significant fraction of proliferating macrophages (71, 215–219).
Another striking similarity between the human and mouse
plaque macrophages relates to their phenotype. An integrated
analysis of scRNA-seq subsets of the mouse and human revealed
a conserved phenotype between the two species, with detection
of (I) inflammatory, (II) foamy TREM2+, (III) resident-like and
(IV) interferon-inducible macrophages (71).

In summary, there are important differences between human
and mouse atherosclerosis, as exemplified by the presence of a
thickened VSMC-rich intima in the human arterial wall.
Frontiers in Immunology | www.frontiersin.org 11109
Nonetheless, studies in rodent models have been instructive in
examining basic principles of the trafficking of mononuclear
phagocytes and will continue to provide valuable insight. Novel
techniques, such as spatial transcriptomics (220), hold a great
promise in translating murine results to the human situation.
CONCLUSION AND
OUTSTANDING QUESTIONS

Monocytes and macrophages are key effector cells during all
phases of atherosclerotic disease. Their trafficking in and out of
the arterial wall directly influences the disease process. Although
we have gained substantial insight into these processes during
atherosclerosis development, there are still major gaps in our
knowledge. For instance, it is currently unknown if invading
monocytes persist in a non-differentiated state within the plaque
or if their only fate is the differentiation to plaque macrophages.
Answering this question is complicated by the phenotypic
similarities of monocytes and macrophages. The combination
of newly developed fate-mapping models with novel
methodologies, like spatial transcriptomics, display a promising
avenue for future investigations of cellular fates within the
plaque. Along these lines, the recently identified subset of
intima-resident macrophages illustrates the potential of such
methodologies to deciphering macrophage dynamics within
the arterial wall by using novel methodologies.

Nonetheless it is unclear if intima-resident macrophages
vanish entirely upon onset of hypercholesterolemia or can
rebound once cholesterol levels are normalised. Another
remaining question relates to the dynamics of replacing
intima-resident macrophages by recruited macrophages. Does
the resident subset die, emigrate or just stop its proliferation?

Another major remaining question is the role of adventitia-
resident macrophages in atherosclerosis. During atherosclerosis
development, perinatally seeded intima-resident macrophages
are quickly replaced by recruited inflammatory macrophages.
The replacing cells are presumably transient macrophages, which
do not engraft after inflammation resolution. As mentioned
earlier, it is currently unclear whether a small subset of intima-
resident prevails during atherosclerosis progression, and whether
these cells are capable of rebounding following the cessation of
hypercholesterolemia. Consequently, adventitial macrophages
might be the only long-term resident macrophages in the
aorta during atherosclerosis development. In contrast to the
recruited inflammatory macrophages in the intima, adventitial
macrophages do not show increased proliferation during
atherosclerosis development, resulting in largely stable
macrophage numbers despite the continuous inflammation in
the local environment (49). This, and the low migratory capacity
of plaque macrophages could argue for a limited role of
adventitia-resident macrophages in the atherosclerotic process.
On the other hand, regressing atherosclerotic plaques contain a
subset of macrophages possessing a transcriptional signature that
is reminiscent of homeostatic and pro-resolving EMP-derived
adventitial macrophages. Future studies will have to evaluate the
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role of adventitial macrophages in atherosclerosis and investigate
if these cells are capable of migration into the intima. Given their
pro-resolving phenotype, adventitial EMP-derived macrophage
and their migration into the atherosclerosis-affected intima also
display a potential therapeutic target.

In general, we are lacking studies that quantitatively examine
the recruitment and different fates of monocytes and
macrophages during the different phases of atherosclerosis
progression, and in particular during atherosclerosis regression.
Novel fate mapping and conditional gene deletion models, such
as the Ms4a3cre (30), CCR2cre (221–223) and Rankcre (45) mice,
together with high-dimensional analysis approaches will aid in
deepening our understanding of these processes.

In this Review, we have mainly focused on results frommouse
models but summarized evidence for similarities as well as
differences between the rodent and human arterial wall. Many
aspects pertaining the trafficking of monocytes and macrophages
are difficult to corroborate in humans, given the unfeasibility of
fate-mapping techniques. Nonetheless, the development of novel
methods, including scRNA-seq and spatial omics-technologies
will continue to expand the possibilities of analysing monocyte
Frontiers in Immunology | www.frontiersin.org 12110
and macrophage dynamics in humans. Although several findings
in the mouse can be translated to the human, there are
differences in the pathological mechanisms, which call for an
increased effort in performing human studies.
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Atherosclerosis Induced by Liver-Directed Gene Transfer of ApoE in ApoE-
Deficient Mice. Arterioscler Thromb Vasc Biol (1999) 19:2162–70.
doi: 10.1161/01.atv.19.9.2162

139. Graham MJ, Lee RG, Brandt TA, Tai L-J, Fu W, Peralta R, et al.
Cardiovascular and Metabolic Effects of ANGPTL3Antisense
Oligonucleotides. N Engl J Med (2017) 377:222–32. doi: 10.1056/
nejmoa1701329

140. Witztum JL, Gaudet D, Freedman SD, Alexander VJ, Digenio A, Williams
KR, et al. Volanesorsen and Triglyceride Levels in Familial Chylomicronemia
Syndrome. N Engl J Med (2019) 381:531–42. doi: 10.1056/nejmoa1715944

141. Trogan E, Fayad ZA, Itskovich VV, Aguinaldo J-GS, Mani V, Fallon JT, et al.
Serial Studies of Mouse Atherosclerosis by In Vivo Magnetic Resonance
Imaging Detect Lesion Regression After Correction of Dyslipidemia.
Arterioscler Thromb Vasc Biol (2004) 24:1714–9. doi: 10.1161/01.atv.
0000139313.69015.1c

142. Feig JE, Pineda-Torra I, Sanson M, Bradley MN, Vengrenyuk Y, Bogunovic
D, et al. LXR Promotes the Maximal Egress of Monocyte-Derived Cells From
Mouse Aortic Plaques During Atherosclerosis Regression. J Clin Invest
(2010) 120:4415–24. doi: 10.1172/jci38911

143. Feig JE, Parathath S, Rong JX, Mick SL, Vengrenyuk Y, Grauer L, et al.
Reversal of Hyperlipidemia With a Genetic Switch Favorably Affects the
Content and Inflammatory State of Macrophages in Atherosclerotic Plaques.
Circulation (2011) 123:989–98. doi: 10.1161/circulationaha.110.984146

144. Trogan E, Feig JE, Dogan S, Rothblat GH, Angeli V, Tacke F, et al. Gene
Expression Changes in Foam Cells and the Role of Chemokine Receptor
CCR7 During Atherosclerosis Regression in ApoE-Deficient Mice. Proc Natl
Acad Sci USA (2006) 103:3781–6. doi: 10.1073/pnas.0511043103

145. Härdtner C, Kornemann J, Krebs K, Ehlert CA, Jander A, Zou J, et al.
Inhibition of Macrophage Proliferation Dominates Plaque Regression in
Response to Cholesterol Lowering. Basic Res Cardiol (2020) 115:78.
doi: 10.1007/s00395-020-00838-4

146. Potteaux S, Gautier EL, Hutchison SB, Rooijen Nv, Rader DJ, Thomas MJ,
et al. Suppressed Monocyte Recruitment Drives Macrophage Removal From
Atherosclerotic Plaques of Apoe-/- Mice During Disease Regression. J Clin
Invest (2011) 121:2025–36. doi: 10.1172/jci43802

147. Pagler TA, Wang M, Mondal M, Murphy AJ, Westerterp M, Moore KJ, et al.
Deletion of ABCA1 and ABCG1 Impairs Macrophage Migration Because of
Increased Rac1 Signaling. Circ Res (2011) 108:194–200. doi: 10.1161/
circresaha.110.228619

148. Feig JE, Shang Y, Rotllan N, Vengrenyuk Y, Wu C, Shamir R, et al. Statins
Promote the Regression of Atherosclerosis via Activation of the CCR7-
Dependent Emigration Pathway in Macrophages. PLoS One (2011) 6:e28534.
doi: 10.1371/journal.pone.0028534

149. Sharma M, Schlegel MP, Afonso MS, Brown EJ, Rahman K, Weinstock A,
et al. Regulatory T Cells License Macrophage Pro-Resolving Functions
During Atherosclerosis Regression. Circ Res (2020) 127:335–53.
doi: 10.1161/circresaha.119.316461

150. Mueller PA, Zhu L, Tavori H, Huynh K, Giunzioni I, Stafford JM, et al.
Deletion of Macrophage Low-Density Lipoprotein Receptor-Related Protein
1 (LRP1) Accelerates Atherosclerosis Regression and Increases CCR7
Expression in Plaque Macrophages. Circulation (2018) 138:1850–63.
doi: 10.1161/circulationaha.117.031702

151. Fullerton JN, Gilroy DW. Resolution of Inflammation: A New Therapeutic
Frontier. Nat Rev Drug Discov (2016) 15:551–67. doi: 10.1038/nrd.2016.39

152. Gautier EL, Ivanov S, Lesnik P, Randolph GJ. Local Apoptosis Mediates
Clearance of Macrophages From Resolving Inflammation in Mice. Blood
(2013) 122:2714–22. doi: 10.1182/blood-2013-01-478206
Frontiers in Immunology | www.frontiersin.org 16114
153. Rajavashisth TB, Andalibi A, Territo MC, Berliner JA, Navab M, Fogelman
AM, et al. Induction of Endothelial Cell Expression of Granulocyte and
Macrophage Colony-Stimulating Factors by Modified Low-Density
Lipoproteins. Nature (1990) 344:254–7. doi: 10.1038/344254a0

154. Sinha SK, Miikeda A, Fouladian Z, Mehrabian M, Edillor C, Shih D, et al. Local
M-CSF (Macrophage Colony-Stimulating Factor) Expression Regulates
Macrophage Proliferation and Apoptosis in Atherosclerosis. Arterioscler
Thromb Vasc Biol (2020) 41:220–33. doi: 10.1161/atvbaha.120.315255

155. Baba O, Huang L-H, Elvington A, Szpakowska M, Sultan D, Heo GS, et al.
CXCR4-Binding Positron Emission Tomography Tracers Link Monocyte
Recruitment and Endothelial Injury in Murine Atherosclerosis. Arterioscler
Thromb Vasc Biol (2021) 41:822–36. doi: 10.1161/atvbaha.120.315053

156. Nahrendorf M, Swirski FK, Aikawa E, Stangenberg L, Wurdinger T,
Figueiredo J-L, et al. The Healing Myocardium Sequentially Mobilizes
Two Monocyte Subsets With Divergent and Complementary Functions.
J Exp Med (2007) 204:3037–47. doi: 10.1084/jem.20070885

157. Hilgendorf I, Gerhardt L, Tan TC, Winter C, Holderried TAW, Chousterman
BG, et al. Ly-6chighMonocytes Depend on Nr4a1 to Balance Both Inflammatory
and Reparative Phases in the Infarcted Myocardium. Circ Res (2014) 114:1611–
22. doi: 10.1161/circresaha.114.303204

158. Duffield JS, Forbes SJ, Constandinou CM, Clay S, Partolina M, Vuthoori S,
et al. Selective Depletion of Macrophages Reveals Distinct, Opposing Roles
During Liver Injury and Repair. J Clin Invest (2005) 115:56–65. doi: 10.1172/
jci200522675

159. Goren I, Allmann N, Yogev N, Schürmann C, Linke A, Holdener M, et al. A
Transgenic Mouse Model of Inducible Macrophage Depletion: Effects of
Diphtheria Toxin-Driven Lysozyme M-Specific Cell Lineage Ablation on
Wound Inflammatory, Angiogenic, and Contractive Processes. Am J Pathol
(2009) 175:132–47. doi: 10.2353/ajpath.2009.081002

160. Lucas T, Waisman A, Ranjan R, Roes J, Krieg T, Müller W, et al. Differential
Roles of Macrophages in Diverse Phases of Skin Repair. J Immunol (2010)
184:3964–77. doi: 10.4049/jimmunol.0903356

161. Rahman K, Vengrenyuk Y, Ramsey SA, Vila NR, Girgis NM, Liu J, et al.
Inflammatory Ly6Chi Monocytes and Their Conversion to M2Macrophages
Drive Atherosclerosis Regression. J Clin Invest (2017) 127:2904–15.
doi: 10.1172/jci75005

162. Thomas GD, Hanna RN, Vasudevan NT, Hamers AA, Romanoski CE,
McArdle S, et al. Deleting an Nr4a1 Super-Enhancer Subdomain Ablates
Ly6C(low) Monocytes While Preserving Macrophage Gene Function.
Immunity (2016) 45:975–87. doi: 10.1016/j.immuni.2016.10.011

163. Ikeda N, Asano K, Kikuchi K, Uchida Y, Ikegami H, Takagi R, et al.
Emergence of Immunoregulatory Ym1+Ly6Chi Monocytes During
Recovery Phase of Tissue Injury. Sci Immunol (2018) 3:eaat0207.
doi: 10.1126/sciimmunol.aat0207

164. Van den Bossche J, Baardman J, Otto NA, van der Velden S, Neele AE, van
den Berg SM, et al. Mitochondrial Dysfunction Prevents Repolarization of
Inflammatory Macrophages. Cell Rep (2016) 17:684–96. doi: 10.1016/
j.celrep.2016.09.008

165. Khallou-Laschet J, Varthaman A, Fornasa G, Compain C, Gaston A-T,
Clement M, et al. Macrophage Plasticity in Experimental Atherosclerosis.
PLoS One (2010) 5:e8852. doi: 10.1371/journal.pone.0008852

166. Arnold L, Henry A, Poron F, Baba-Amer Y, Rooijen Nv, Plonquet A, et al.
Inflammatory Monocytes Recruited After Skeletal Muscle Injury Switch Into
Antiinflammatory Macrophages to Support Myogenesis. J Exp Med (2007)
204:1057–69. doi: 10.1084/jem.20070075

167. Locatelli G, Theodorou D, Kendirli A, Jordão MJC, Staszewski O,
Phulphagar K, et al. Mononuclear Phagocytes Locally Specify and Adapt
Their Phenotype in a Multiple Sclerosis Model. Nat Neurosci (2018)
21:1196–208. doi: 10.1038/s41593-018-0212-3

168. Lavine KJ, Epelman S, Uchida K, Weber KJ, Nichols CG, Schilling JD, et al.
Distinct Macrophage Lineages Contribute to Disparate Patterns of Cardiac
Recovery and Remodeling in the Neonatal and Adult Heart. Proc Natl Acad
Sci USA (2014) 111:16029–34. doi: 10.1073/pnas.1406508111

169. Epelman S, Lavine KJ, Beaudin AE, Sojka DK, Carrero JA, Calderon B, et al.
Embryonic and Adult-Derived Resident Cardiac Macrophages Are
Maintained Through Distinct Mechanisms at Steady State and During
Inflammation. Immunity (2014) 40:91–104. doi: 10.1016/j.immuni.2013.
11.019
October 2021 | Volume 12 | Article 718432

https://doi.org/10.1371/journal.pone.0173975
https://doi.org/10.1371/journal.pone.0173975
https://doi.org/10.1161/circresaha.117.311361
https://doi.org/10.1161/atvbaha.107.142570
https://doi.org/10.1161/atvbaha.107.142570
https://doi.org/10.1161/01.atv.19.9.2162
https://doi.org/10.1056/nejmoa1701329
https://doi.org/10.1056/nejmoa1701329
https://doi.org/10.1056/nejmoa1715944
https://doi.org/10.1161/01.atv.0000139313.69015.1c
https://doi.org/10.1161/01.atv.0000139313.69015.1c
https://doi.org/10.1172/jci38911
https://doi.org/10.1161/circulationaha.110.984146
https://doi.org/10.1073/pnas.0511043103
https://doi.org/10.1007/s00395-020-00838-4
https://doi.org/10.1172/jci43802
https://doi.org/10.1161/circresaha.110.228619
https://doi.org/10.1161/circresaha.110.228619
https://doi.org/10.1371/journal.pone.0028534
https://doi.org/10.1161/circresaha.119.316461
https://doi.org/10.1161/circulationaha.117.031702
https://doi.org/10.1038/nrd.2016.39
https://doi.org/10.1182/blood-2013-01-478206
https://doi.org/10.1038/344254a0
https://doi.org/10.1161/atvbaha.120.315255
https://doi.org/10.1161/atvbaha.120.315053
https://doi.org/10.1084/jem.20070885
https://doi.org/10.1161/circresaha.114.303204
https://doi.org/10.1172/jci200522675
https://doi.org/10.1172/jci200522675
https://doi.org/10.2353/ajpath.2009.081002
https://doi.org/10.4049/jimmunol.0903356
https://doi.org/10.1172/jci75005
https://doi.org/10.1016/j.immuni.2016.10.011
https://doi.org/10.1126/sciimmunol.aat0207
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.1371/journal.pone.0008852
https://doi.org/10.1084/jem.20070075
https://doi.org/10.1038/s41593-018-0212-3
https://doi.org/10.1073/pnas.1406508111
https://doi.org/10.1016/j.immuni.2013.11.019
https://doi.org/10.1016/j.immuni.2013.11.019
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tomas et al. Arterial Macrophage Dynamics
170. Tavian M, Peault B. Embryonic Development of the Human Hematopoietic
System. Int J Dev Biol (2003) 49:243–50. doi: 10.1387/ijdb.041957mt

171. Godin I, Cumano A. The Hare and the Tortoise: An Embryonic
Haematopoietic Race. Nat Rev Immunol (2002) 2:593–604. doi: 10.1038/
nri857

172. Enzan H. Electron Microscopic Studies of Macrophages in Early Human
Yolk Sacs. Acta Pathol Jpn (1986) 36:49–64. doi: 10.1111/j.1440-1827.
1986.tb01460.x

173. Migliaccio G, Migliaccio AR, Petti S, Mavilio F, Russo G, Lazzaro D, et al.
Human Embryonic Hemopoiesis. Kinetics of Progenitors and Precursors
Underlying the Yolk Sac—-Liver Transition. J Clin Invest (1986) 78:51–60.
doi: 10.1172/jci112572

174. Bian Z, Gong Y, Huang T, Lee CZW, Bian L, Bai Z, et al. Deciphering
Human Macrophage Development at Single-Cell Resolution. Nature (2020)
582:571–6. doi: 10.1038/s41586-020-2316-7

175. Doebel T, Voisin B, Nagao K. Langerhans Cells – The Macrophage in
Dendritic Cell Clothing. Trends Immunol (2017) 38:817–28. doi: 10.1016/
j.it.2017.06.008

176. Bigley V, Haniffa M, Doulatov S, Wang X-N, Dickinson R, McGovern N,
et al. The Human Syndrome of Dendritic Cell, Monocyte, B and NK
Lymphoid Deficiency. J Exp Med (2011) 208:227–34. doi: 10.1084/
jem.20101459

177. McGovern N, Schlitzer A, Gunawan M, Jardine L, Shin A, Poyner E, et al.
Human Dermal CD14+ Cells Are a Transient Population of Monocyte-
Derived Macrophages. Immunity (2014) 41:465–77. doi: 10.1016/j.immuni.
2014.08.006

178. Hu Z, Liu W, Hua X, Chen X, Chang Y, Hu Y, et al. Single-Cell
Transcriptomic Atlas of Different Human Cardiac Arteries Identifies Cell
Types Associated With Vascular Physiology. Arterioscler Thromb Vasc Biol
(2021) 41:1408–27. doi: 10.1161/atvbaha.120.315373

179. Li Y, Ren P, Dawson A, Vasquez HG, Ageedi W, Zhang C, et al. Single-Cell
Transcriptome Analysis Reveals Dynamic Cell Populations and Differential
Gene Expression Patterns in Control and Aneurysmal Human Aortic Tissue.
Circulation (2020) 142:1374–88. doi: 10.1161/circulationaha.120.046528

180. Waltner-Romen M, Falkensammer G, Rabl W, Wick G. A Previously
Unrecognized Site of Local Accumulation of Mononuclear Cells.
J Histochem Cytochem (1998) 46:1347–50. doi: 10.1177/002215549804601202

181. Stary HC, Blankenhorn DH, Chandler AB, Glagov S, Insull W, Richardson
M, et al. A Definition of the Intima of Human Arteries and of Its
Atherosclerosis-Prone Regions. A Report From the Committee on
Vascular Lesions of the Council on Arteriosclerosis, American Heart
Association. Circulation (1992) 85:391–405. doi: 10.1161/01.cir.85.1.391

182. Wick G, Romen M, Amberger A, Metzler B, Mayr M, Falkensammer G, et al.
Atherosclerosis, Autoimmunity, and Vascular-Associated Lymphoid Tissue.
FASEB J (1997) 11:1199–207. doi: 10.1096/fasebj.11.13.9367355

183. Bobryshev YV, Lord RS. Ultrastructural Recognition of Cells With Dendritic
Cell Morphology in Human Aortic Intima. Contacting Interactions of
Vascular Dendritic Cells in Athero-Resistant and Athero-Prone Areas of
the Normal Aorta. Arch Histol Cytol (1995) 58:307–22. doi: 10.1679/
aohc.58.307

184. Millonig G, Malcom GT, Wick G. Early Inflammatory-Immunological
Lesions in Juvenile Atherosclerosis From the Pathobiological Determinants
of Atherosclerosis in Youth (PDAY)-Study. Atherosclerosis (2002) 160:441–
8. doi: 10.1016/s0021-9150(01)00596-2

185. Dutertre C-A, Clement M, Morvan M, Schäkel K, Castier Y, Alsac J-M, et al.
Deciphering the Stromal and Hematopoietic Cell Network of the Adventitia
From Non-Aneurysmal and Aneurysmal Human Aorta. PLoS One (2014) 9:
e89983. doi: 10.1371/journal.pone.0089983

186. Kortelainen M-L, Porvari K. Adventitial Macrophage and Lymphocyte
Accumulation Accompanying Early Stages of Human Coronary
Atherogenesis. Cardiovasc Pathol (2014) 23:193–7. doi: 10.1016/j.carpath.
2014.03.001

187. Watanabe M, Sangawa A, Sasaki Y, Yamashita M, Tanaka-Shintani M,
Shintaku M, et al. Distribution of Inflammatory Cells in Adventitia Changed
With Advancing Atherosclerosis of Human Coronary Artery. J Atheroscler
Thromb (2007) 14:325–31. doi: 10.5551/jat.e489

188. Kanitakis J, Petruzzo P, Dubernard J-M. Turnover of Epidermal Langerhans’
Cells. N Engl J Med (2004) 351:2661–2. doi: 10.1056/nejm200412163512523
Frontiers in Immunology | www.frontiersin.org 17115
189. Kanitakis J, Morelon E, Petruzzo P, Badet L, Dubernard J. Self-Renewal
Capacity of Human Epidermal Langerhans Cells: Observations Made on a
Composite Tissue Allograft. Exp Dermatol (2011) 20:145–6. doi: 10.1111/
j.1600-0625.2010.01146.x

190. Bajpai G, Schneider C, Wong N, Bredemeyer A, Hulsmans M, Nahrendorf
M, et al. The Human Heart Contains Distinct Macrophage Subsets With
Divergent Origins and Functions. Nat Med (2018) 24:1234–45. doi: 10.1038/
s41591-018-0059-x

191. Pryshchep O, Ma-Krupa W, Younge BR, Goronzy JJ, Weyand CM. Vessel-
Specific Toll-Like Receptor Profiles in Human Medium and Large Arteries.
Circulation (2008) 118:1276–84. doi: 10.1161/circulationaha.108.789172

192. Iwata H, Manabe I, Fujiu K, Yamamoto T, Takeda N, Eguchi K, et al. Bone
Marrow–Derived Cells Contribute to Vascular Inflammation But Do Not
Differentiate Into Smooth Muscle Cell Lineages. Circulation (2010)
122:2048–57. doi: 10.1161/circulationaha.110.965202

193. Caplice NM, Bunch TJ, Stalboerger PG, Wang S, Simper D, Miller DV, et al.
Smooth Muscle Cells in Human Coronary Atherosclerosis can Originate
From Cells Administered at Marrow Transplantation. Proc Natl Acad Sci
USA (2003) 100:4754–9. doi: 10.1073/pnas.0730743100

194. Martin K, Weiss S, Metharom P, Schmeckpeper J, Hynes B, O’Sullivan J,
et al. Thrombin Stimulates Smooth Muscle Cell Differentiation From
Peripheral Blood Mononuclear Cells via Protease-Activated Receptor-1,
RhoA, and Myocardin. Circ Res (2009) 105:214–8. doi: 10.1161/circresaha.
109.199984
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Motility is a crucial activity of immune cells allowing them to patrol tissues as they
differentiate, sample or exchange information, and execute their effector functions.
Although all immune cells are highly migratory, each subset is endowed with very
distinct motility patterns in accordance with functional specification. Furthermore
individual immune cell subsets adapt their motility behaviour to the surrounding tissue
environment. This review focuses on how the generation and adaptation of diversified
motility patterns in immune cells is sustained by actin cytoskeleton dynamics. In particular,
we review the knowledge gained through the study of inborn errors of immunity (IEI)
related to actin defects. Such pathologies are unique models that help us to uncover the
contribution of individual actin regulators to the migration of immune cells in the context of
their development and function.

Keywords: leukocytes, cell migration, chemotaxis, actin, cytoskeleton, actin regulators, inborn errors of
immunity, IEI
INTRODUCTION

Understanding how the diverse motility strategies of immune cells are controlled at the molecular
level is of paramount importance when investigating immune cell responses in the context of health
and disease and when designing cell-based immunotherapies. Motility is inherent to leukocyte
development and differentiation for proper positioning in specific regions of lymphoid organs (1, 2).
Moreover, motility is essential for mature immune cells to travel across organs and ensure their
immuno-surveillance function (3, 4). Given the diversity of tissue environments and barriers
crossed by any given leukocyte along its life cycle, motility needs to be regulated as a highly
adaptable function (5). The intrinsic regulation of leukocyte motility relies on the integration of
motility signals into adapted cell shape remodelling. This process is governed by the actin
cytoskeleton that promotes the protrusive and contractile activities necessary for cell movement
(6). Furthermore actin remodelling sustains other motility-related activities, such as organelle
recycling, mitochondria positioning and nuclear envelope deformation (7). The molecular
machinery responsible for actin remodelling comprises actin-binding proteins as well as
upstream regulators accounting for a few hundreds of proteins (8, 9). In the context of leukocyte
migration, the knowledge we have today about the specific roles of actin regulators stems in part
from the study of rare inborn errors of immunity (IEI) caused by mutations in corresponding genes.
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The elucidation of molecular mechanisms underlying IEIs has
revealed that more than 20 are either directly caused by, or
associated with, defective actin cytoskeleton remodelling (10–
14). These disease entities might therefore be considered as
actinopathies specific to the immune system (from here
onwards referred to as actinopathies). In this review, we
present updated knowledge on actinopathies with a focus on
leukocyte motility defects. In the first part of the review, we
assemble knowledge on leukocyte circulation through the
organism affected by actinopathies. In the second part, we turn
to the cellular scale and present some of the motility challenges
leukocytes face while executing their function. Finally, in the
third part of the review, we zoom in on the subcellular scale and
examine how actin remodelling shapes diverse cellular
protrusions and ultrastructures to propel cell through dense
environments following migration stimuli.
SUMMARY OF IDENTIFIED MOTILITY
DEFECTS ACROSS ACTINOPATHIES

Table 1 presents an updated list of 23 actinopathies with a focus
on the leukocyte motility defects characterized so far in each of
these pathologies. In addition, we sorted identified defects in
motility by the experimental model used in the study: primary
material from patient versus cellular and animal models of the
specific gene defect. The molecular mechanisms affected in
actinopathies span multiple facets of the molecular machinery
responsible for actin remodelling, as detailed in (14). Since
multiple molecular layers operate upstream of actin
remodelling, it is not obvious to define a threshold for the
inclusion of gene defects falling under the umbrella of
actinopathies. We here focus on actin itself (b-actin), actin-
binding proteins or subunits of actin-binding protein complexes
(ARPC1B, CORO1A, DIAPH1, HEM1, MKL1, MSN, MYH9,
WASP, WDR1 and WIP), direct regulators of actin-binding
proteins (CARMIL2, PSTPIP1 and STK4/MST1), RHO
GTPases (CDC42, RAC2, RHOG and RHOH) and GTPase
regulators (ARHGEF1, DOCK2, DOCK8, RASGRP1 and
TTC7A). Table 1 highlights crucial contribution of
actinopathy discovery to our understanding of the role of
individual molecular regulators in the motility and specific
functions of immune cells.
MOTILITY DEFECTS IN ACTINOPATHIES
AT THE ORGANISM LEVEL

The life journey of leukocytes is indissociable from their
trafficking across the organism. From their differentiation in
primary lymphoid organs to their homing and recirculation in
secondary lymphoid organs and peripheral tissues, immune cells
navigate through various tissues (Figure 1). They use both blood
and lymphatic systems to commute between the organs they visit
or colonise. To date, most actinopathies have been found to be
associated with impaired migration of immune cells within and
Frontiers in Immunology | www.frontiersin.org 2118
between organs (Figure 1). This section will review data collected
on actinopathies and complementary animal models that have
provided fundamental knowledge about leukocyte trafficking at
the organism scale.

Bone Marrow Colonisation and Positioning
During Hematopoiesis
The foetal liver is the initial site of hematopoiesis. After the
development of bones, hematopoietic stem cells migrate to the
bone marrow (BM), which then becomes the major site of
maturation of most immune cells (106). The precise
positioning within BM niches of developing hematopoietic cell
subsets (Figure 1A) is important for the tuning of differentiation
(107). This is controlled, at least in part, by chemokine receptors,
adhesion molecules and local concentrations of Ca2+ and
oxygen (108).

The earliest motility defect in immune cell ontogeny reported
in the context of actinopathies applies to the Wiskott-Aldrich
syndrome (WAS). Indeed, hematopoietic progenitors fromWas-
KO mice displayed reduced migration from foetal liver to BM
(93). Impaired colonisation of BM byWASP-deficient cells could
explain biased X-inactivation observed in WAS female carriers.
Although the complex orchestration of hematopoietic cell
positioning within the BM is expected to require motility steps
and acquisition of specific motility properties as cells
differentiate, little is known about the function of actin
regulators in these processes. In the context of actinopathies,
reported bias in peripheral blood cel l counts and
immunophenotype in patients may reflect defects in BM
migration and positioning. Indeed, in the context of WASP
deficiency, the proportion of immature B cells in the BM is
decreased, while that of transitional B cells in the periphery is
increased (77). Such bias in B cell development has been
proposed to result from the defective ability of B cells from
WAS patients to respond to CXCL12, which plays a major role in
immature B cell retention in the BM.

Differently, deficiency in MSN appears to be associated with a
defective egress of B cells from the BM, at least in the murine KO
model (39). Interestingly, in the context of B cell development,
MSN expression peaks in immature B cells. Analysis of B cell
subpopulations in BM and peripheral blood point to a defective
egress of immature B cells from the BM parenchyma into
the sinusoids.

Deficiency in WDR1, a key actin severing protein, causes an
even more severe defect in B cell differentiation (99). Indeed,
patient BM displayed very low frequency of CD20+ B cell
precursors, which was accompanied by a marked peripheral B
cell lymphopenia. However, in contrast to WASP deficiency,
WDR1 deficiency did not appear to affect the ability of B cells to
respond to CXCL12. Rather, defective activation and regulation
of apoptosis upon BCR engagement might explain the early B cell
development defect in this actinopathy.

As highlighted by the Wiskott-Aldrich syndrome, proper
positioning of megakaryocytes in the BM is a key step in the
control of platelet production. Megakaryocytes from WASP-
deficient mice displayed impaired CXCL12-evoked migration
upon interaction with fibrillar collagen I (95). This combined
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TABLE 1 | Actin-related inborn errors of immunity and associated leukocyte motility defects.

Actin-related inborn errors of immunity Leukocyte motility defects

Gene
(Protein)*

Protein
function

Clinical symptoms Patient cells Cellular and animal models

ACTB
(b-actin)

Non-muscle
actin isoform;
polymerises to
F-actin

Mental retardation,
recurrent bacterial and
viral infections

Neutrophils: impaired chemotaxis in response to fMLP and
zymosan-activated serum (15)

Mice CD4+ T cells: defective chemotaxis
towards CCL21 (16)

ARHGEF1 GEF; regulates
RhoA activity

Airway infections,
defective antibody
production

B cells/T cells: ↓ CXCL12-evoked migration (17)
T cells: ↓ RhoA/ROCK mediated actin polymerisation
upon LPA/S1P stimulation, ↓ de-adhesion on fibronectin,
increased uropod length (17)

Mice germinal centre B cells:
aberrant dissemination associated with inability
to transduce S1P-evoked inhibition of
migration (18)

ARPC1B ARP2/3
complex
subunit;
polymerises
F-actin
branches

Failure to thrive, platelet
abnormalities, eczema,
infections, vasculitis,
hepatosplenomegaly,
thrombocytopenia

Macrophages: defective podosome assembly (19)
T cells: ↓ spontaneous motility, weak IS (20), defective
lamellipodium during migration and aberrant emission of
filopodia-like protrusions (21)
Platelets: defective spreading and lamellipodia assembly (22)

THP1 cells: defective podosome assembly
(19)

CARMIL2 Regulates
F-actin
polymerisation
at the barbed
end

Malignancy (EBV+), IBD,
recurrent skin and
upper airway infections,
failure to thrive

T cells: dispersed polarity and increased spontaneous
migratory speed but ↓ directness; defective CXCL12
chemotaxis (23)

not reported**

CDC42 GTPase;
regulates cell
motility and
polarity

Autoinflammation, HLH,
malignant
lymphoproliferation

PBMC, BM CD34+ cells: ↓chemotaxis toward CXCL12,
abnormal filopodial pattern and cell polarization (24)

Mice neutrophils: ↓ neutrophil infiltration into
interstitial tissues (25), loss of polarity during
migration and aberrant filopodia emission
instead of lamellipodium (26)

CORO1A Inhibits the
Arp2/3
complex;
enhances
F-actin
disassembly
via cofilin

Bacterial and viral
infections, aggressive
EBV-associated B cell
lymphoproliferation, T
cell lymphopenia, T-B+
SCID

T cells: SCID condition with visible thymus (27); severely
impaired thymic output (28)

Mice thymocytes/T cells: impaired egress of
mature thymocytes, patch-like talin-rich and
abnormally distributed clusters instead of
uropod (29, 30); cell-intrinsic migration defect
toward SIP1, CCL21, CXCL12, defect in lymph
nodes entry/egress (28)
Mice neutrophils: defective LFA-1-dependent
adhesion under flow; defective extravasation (31)

DIAPH1 Nucleates and
elongates
F-actin

Seizures, cortical
blindness, microcephaly
syndrome (SCBMS),
mitochondrial
dysfunction and
immunodeficiency

T cells: impaired adhesion and inefficient microtubule-
organizing centre repositioning to the immunologic
synapse (32)

Mice thymocytes: ↓ chemotaxis to CCL21
and CXCL12, impaired egress from thymus (33)
Mice T cells: impaired trafficking to secondary
lymphoid organ, reduced chemotaxis (CCL21,
CXCL12), ↓ production of F-actin, impaired
polarity in response to chemotactic stimuli (33)

DOCK2 GEF; activates
RAC1 and
RAC2

Severe invasive bacterial
and viral infections

T, B and NK cells: defective chemotaxis in response to
CCL21 and CXCL12, ↓ actin polymerisation (34), low density
of B cells, plasma cells and T cells in the lamina propria of the
colon (34)

Mice T and B cells: ↓ motility inside T cell
area and B cell follicle, ↓ S1P-induced cell
migration, delayed lymphocyte egress from LN,
↓ cell motility of T cells in close proximity to
efferent lymphatic vessels (35, 36)

DOCK8 GEF; activates
CDC42

Upper airway infections,
susceptibility to viral
infection

T and NK cells: abnormally elongated shape leading to
cytothripsis in confined spaces (37)

Mice DCs: ↓ traffic to the draining LN (38)
Mice CD4 thymocytes: defective thymic
egress and ↑ migration to CXCL12 (39)
Mice T cells: defective transmigration and
homing in LN (40)
Mice Tfh: impaired migration to germinal
centre (41)
Mice microglia: ↓ filopodia formation (42)

NCKAP1L
(HEM1)

WAVE2
complex
subunit;
activates the
ARP2/3
complex to
promote
branched
F-actin
networks

Fever, recurrent
bacterial and viral skin
infections, severe
respiratory tract
infections, poor
antibody responses,
autoimmune
manifestations

T cells: defective membrane ruffling, loss of lamellipodia,
reduced F-actin density at the leading edge with abnormal
puncta, spikes, and blebs, ↓ migratory velocity (43, 44),
lack of polarization (45)
B cells: aberrant morphology, defective directional
migration when exposed to CCL19 gradient (44)
Neutrophils: ↓ velocity, ↓ directional persistence, misdirected
competing leading edges (43), abnormal distribution of F-actinat
at the leading edge instead of the lamellipodium (45)

Mice neutrophils and macrophages:
defective migration (46, 47), spiky shape (47) and
defect in actin polymerisation (46), accumulation
within and near blood vessels and defective
migration in 3D chemokine gradient (47)
Mice DC: lack of lamellipodia, ↑ speed, ↑
directional persistance and migration speed paths
in 3D collagen gels (48)
Zebrafish neutrophils: defective migration (45)
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TABLE 1 | Continued

Actin-related inborn errors of immunity Leukocyte motility defects

Gene
(Protein)*

Protein
function

Clinical symptoms Patient cells Cellular and animal models

MKL1 Regulates
transcription of
actin and actin
cytoskeleton
related genes

Severe bacterial
infections, skin
abscesses

Neutrophils: actin polymerisation defect, ↓ motility and
chemotactic response, failure in firm adherence and
transendothelial migration under shear flow conditions (49)
DCs: unable to spread normally or to form podosomes (50)

Neutrophil-like HL-60 cells: failure of uropod
retraction (50)

MSN
(moesin)

Links
membrane
proteins to
actin filaments

Eczema, episodic
bacterial and VZV
infections, lymphopenia

T cells: impaired chemotaxis in response to CCL21 and
CXCL12 (51)

Mice thymocytes: defective thymic egress (39)
Mice B cells: defective egress from the BM (39)
Mice T cells: defective egress from the LN, ↓ of
microvilli density failed internalization of S1PR1
(52), impaired ability to exit the bloodstream (53)
Mice neutrophils: ↑ rolling velocity in inflamed
blood vessels (54)

MYH9 F-actin
dependent
motor protein

May-Hegglin anomaly,
Sebastian syndrome,
Fechtner syndrome,
Epstein syndrome, mild
macrothrombocytopenia

not reported** Mice neutrophils: ↓ in migration velocity and
euclidean distance during mechanotactic
migration, transmigration and migration in
confined 3D environments (55)
Mice T cells: ↑ adhesion, impaired interstitial
migration (56)
Human primary T cells (siRNA,
blebbistatin): aberrant uropod elongation (57)

PSTPIP1 Adaptor
protein;
interacts with
WASP

Oligoarticular pyogenic
arthritis, acne,
pyoderma
gangrenosum-like
lesions

Macrophages: impaired chemotaxis to M‐CSF, impaired
invasion into gel, defect in podosome formation (replaced by
filopodia-like protrusions) (58, 59)
CD4+ T cells: faster motility in collagen matrix, ↑ F-actin
content (60)

not reported**

RAC2 GTPase;
regulates cell
migration and
polarisation

Lymphopenia, recurrent
respiratory infections,
poor wound healing,
leukocytosis

Neutrophils: ↓ actin polymerisation and chemotaxis, failure
to assemble lamellipodium (43, 61), defective migration to
fMLP (62)

Zebrafish T lymphoid progenitors: inability
in homing to the thymus because of defective
cell-autonomous motility (63)
Zebrafish neutrophils: impaired migration to
infection site (64)
Mice T cells: reduced chemotaxis (65)
Mice neutrophils: decreased infiltration into
interstitial tissue (66)

RASGRP1 GEF; activates
RAS

Severe
pneumonia, failure to
thrive, EBV
susceptibility

CD8 T cells: ↓ migration speed in response to CXCL12 (67) not reported**

RHOG GTPase;
activates
RAC1

HLH features, fever,
cytopenia, low
haemoglobin

not reported** NK-92 cells: migration defect in response to
CXCL12, CXCL13, CCL21 (68)

RHOH GTPase;
inhibits RAC1,
RHOA &
CDC42

Persistent EV-HPV
infections, skin lesions

T cells: defect in skin-homing, ↓ percentages of T cells
expressing tissue-homing markers (CLA, CCR4, CCR6,
CCR10, a4b7) (69)

HPC cells: ↑CXCL12-induced chemotaxis and
chemokinesis (70)

STK4/
MST1

Serine-
threonine
protein kinase;
Regulates the
actin-bundling
protein L-
plastin

Recurrent infections,
EBV infections, skin
lesions and infections

PBMCs and B cells: defect in LFA-1-mediated adhesion
and chemotaxis in response to CXCL11 (71)
T cells: defective chemotaxis in response to CCL19 and
CCL21 (72), ↓ expression of the homing receptors CCR7,
CD62L (72)

Mice thymocytes: defect in thymic egress
(73, 74), defect in response to CCL21 and
CCL19 (73), and to CXCL12 and CCL25 (74)
Mice T and B cells: impaired homing to
peripheral lymph nodes and emigration from
LN to blood, impaired arrest on HEV, problem
in cell polarization, defective interstitial
migration (73, 74)
Mice DCs: impaired retention and/or homing
of DCs in the spleen, ↓skin DC migration into
draining LN (73)

TTC7A Regulates the
RHOA
pathway

Early-onset IBD,
lymphocytopenia and
alopecia

T cells: ↑ spreading and adhesion, impaired chemotaxis
toward CCL21 and CXCL12 (but ↓ receptor expression) (75)

not reported**

WAS
(WASP)

Activates the
ARP2/3

Thrombocytopenia,
eczema, recurrent

B cells: thinner and shorter protrusions, ↓ chemotactic
migration to CXCL13 (76), CXCL12 (77). reduction of area in

Mice B cells: ↓ chemotactic migration to
CXCL13, CCL19, CXCL12, abnormal spleen

(Continued)
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adhesion and motility defect was shown to be associated with an
inability of these cells to assemble actin-rich podosomes (see
chapter 4 for detailed description). As a result of these defects,
WASP-deficient megakaryocytes appeared to shed platelets
ectopically within the BM space, which might explain the
severe thrombocytopenia characteristic of WAS.

Beyond the few reports cited above, we currently lack insight
in the relevance of actinopathy-related proteins in the
multiplicity of motility steps occurring in the context of
Frontiers in Immunology | www.frontiersin.org 5121
hematopoietic development in the BM. Certainly, the
application of intravital imaging (109) to relevant murine
models is expected to help filling this knowledge gap.
Leukocyte Migration During Thymopoiesis
Thymopoiesis is initiated upon the migration of progenitor
T cells from the BM to the thymus. Then, the negative and
positive selection steps of T cell differentiation occurring in the
TABLE 1 | Continued

Actin-related inborn errors of immunity Leukocyte motility defects

Gene
(Protein)*

Protein
function

Clinical symptoms Patient cells Cellular and animal models

complex to
promote
branched F-
actin networks

infections, increased
incidence of
autoimmunity and
lymphomas

LN (78)
DCs: defective migration (79), unstable lamellipodia (79), fail
to maintain polarization at the leading edge, inability to form
podosomes, extreme elongation of uropod (80)
Monocytes: defect in cell polarization, reduced migration to
fMLP, MCP-1 and MIP-1a (81)
NK cells: ↓ chemotactic migration and transendothelial
migration toward CXCL12 and CX3CL1 (82)
Neutrophils: impairment in integrin clustering, normal rolling
but defect in arrest and firm adhesion under shear flow (83)
Macrophages: ↓ of podosomes and abnormal polarization, ↓
number and abnormal distribution of filopodia, defective
assembly of podosomes (84)
T cells: ↓ migration in response to CXCL12 (85), depletion of
lymphocytes from LN paracortical regions (78), normal
localization of revertant T cells in secondary lymphoid organs
(86), aberrant actin cytoskeleton dynamics at the IS (87),
defective stop behaviour upon antigen encounter (88), inability
to form invasive podosome, defect in trans-endothelial
migration (89), disrupted lamellipodium irradiating in different
directions (87, 90)

architecture, delayed GC reaction, deficient
homing to spleen and LN, aberrant microvilli
formation upon anti-CD40+IL-4 stimulation (76)
Mice DCs: no dominant leading edge, inability
to detach appropriately, ↓ migration toward
CCL21, delayed migration from skin to draining
LN, DC abnormally retained in the MZ (91),
reduced migration toward CCL3 (92)
Mice BM precursors: impaired migration in
response to CXCL12 and deficient homing (93)
Mice neutrophils: impaired firm arrest under
shear stress, ↓ migratory capacity under shear
stress, delay in migration into an inflamed site
in vivo (83)
RAW/RL5 macrophages: ↓ of podosomes and
impaired chemotactic migration to CSF1 (94)
Mice megakaryocytes: defect in migration on
CXCL12 (95)
Mice T cells: impaired migration in response to
CCL19, compromised adhesion under shear
flow (96)

X-linked neutropenia
(activating mutations in
WASP)

Neutrophils, increased migration into tissues, ↑ adhesion
under shearing flow, increased in adhesion footprint and
spreading area (97)

Mice DC: abnormal speed fluctuations and ↓
global displacement, impaired entry into the
draining LN (98)

WDR1 Promotes
severing of
F-actin
together with
cofilin

Autoinflammation, skin
and airway infections

B cells: defect in differentiation, no defect in CXCL12 (99)
Neutrophils: nuclear hernations, failure to polarize in
response to fMLP; impaired random and fMLP-directed
migration, increased F-actin (99–101)
DCs and monocytes: enlarged actin-rich podosomes, high
number of podosome-like structures (99, 100)

Mice neutrophils: impaired chemotaxis
toward MIP-2 (102)

WIPF1
(WIP)

Stabilizes
WASP

Eczema, T cell
lymphopenia and
thrombocytopenia

T cells: impaired migration toward CCL19 and CXCL12,
filamentous appearance and abnormal lamellipodium (103)
B cells: impaired migration toward CCL19, ↓ cell speed and
directional migration; emission of multipolar filopodia (103)
DCs: defective polarization, ruffles in place of leading edge
(104)

B cell line: unstable lamellipodium and
defective directional migration in CCL19
gradient (103)
THP1 cells: defective podosome formation
and impaired transendothelial migration (105)
Mice DCs: defective podosome formation with
abnormal structure, failed to develop a major
leading front and instead formed multiple
simultaneous and unstable lateral lamellae and
ruffles (104)
*protein name specified only when distinct from gene name.
**no data on defects in motility of immune cells in primary or animal model has been reported.
3D, three-dimensions; BM, bone marrow; CCL, Chemokine (C-C motif) ligand; CLA, cutaneous lymphocyte antigen; CSF1, colony stimulating factor 1; CXCL, C-X-C motif chemokine
ligand 10; DC, dendritic cell; EBV, Epstein-Barr virus; EV-HPV, Epidermodysplasia verruciformis-human papillomavirus; fMLP, n-formyl-méthionyl-leucyl-phénylalanine; GEF, guanine
exchange factor; GTPase, guanosine triphosphate hydrolysing enzyme; HL-60, human neutrophilic cell line; HLH, hemophagocytic lymphohistiocytosis; IBD, inflammatory bowel disease;
IS, immune synapse; LFA-1, lymphocyte function-associated antigen 1; LN, lymph node; LPA, lysophosphatidic acid; MCP1, monocyte chemoattractant protein 1; M-CSF, Macrophage
colony-stimulating factor; MIP1-a, macrophage inflammatory protein-1 alpha; MZ, marginal zone; RL-5, macrophage cell line; S1P, sphingosine 1-phosphate; S1PR1, sphingosine 1-
phosphate receptor 1; SCID, severe combined immunodeficiency; THP-1, Tohoku Hospital Pediatrics-1 (human monocytic cell line); VZV, varicella zoster virus.
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thymus are intimately associated with regulated trafficking from
cortico-medullary junction to the cortex, followed by migration
to the medulla (Figure 1B). This trafficking is governed by
several chemokine gradients and parallel up-regulation of
chemokine receptors throughout the differentiation process (2).
Once T cells reach the single positive stage, they initiate
expression of S1PR1, the receptor of sphingosine-1 phosphate,
a molecule crucial for egress from the thymus (110).

To date, only one actinopathy, RAC2 deficiency, has been
suggested to be associated with a defect of migration of T cell
precursors to the thymus. Depending on the effect of the
mutation, RAC2-deficient patients present with severe T cell
lymphopenia, suggestive of a defective thymic function (111).
Interestingly, the use of a Rac2-deficient zebrafish model has
revealed defective migration of T cell progenitors from the caudal
hematopoietic tissue to the thymus (63), pointing to an early
migration defect as the reason for T cell lymphopenia.
Frontiers in Immunology | www.frontiersin.org 6122
The migration within the thymus, in particular from the
thymic cortex to the medulla area (promoted by CCL21), has
been studied in CD4+ T cells from Actb knock-out mice. An
in vitro transwell migration assay revealed a lack of response of
these cells to CCL21, suggesting that b-actin would be necessary
for this aspect of T cell motility (16).

Defect of T cell egress from thymus has been documented for
CORO1A deficiency (27). CORO1A deficiency was first
described in a child with a T-B+NK+ severe combined
immunodeficiency (SCID) phenotype. However, unlike many
SCID patients with absent or undetectable thymus, the patient
had a thymic image on CT-scan, suggesting defective thymic
egress rather than developmental impairment. This finding
agrees with previous research of CORO1A deficiency in
murine models which documented defective thymic egress as
well (29, 30). This defect has been shown to be related to
impaired migration of T cells toward S1P, although low
A

B

D

E

C

FIGURE 1 | Motility defects in actinopathies at the organism level. (A) Leukocyte trafficking in the bone marrow. (B) T lymphocyte trafficking in the thymus.
(C) Recirculation of leukocytes through blood, lymphatic system and lymph nodes. (D) Migration of leukocytes within the skin. (E) Migration of leukocytes within the
lungs. Red lines indicate steps of leukocyte trafficking affected by actinopathies with affected genes displayed in corresponding bubble. Lymphatic vessels are
depicted in green, while red vessels are depicted in red.
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survival of the CORO1A-deficient T cells might contribute to the
severity of the defective thymic output (27).

In addition to CORO1A deficiency, defects in T cell egress
from the thymus have been documented in murine models
defective in a number of actinopathy-related molecules:
DOCK8 (112), DIAPH1 (33), STK4/MST1 (73, 74) and MSN
(39, 52). T cells from DOCK2-deficient mice failed to migrate
toward S1P, which resulted in defective thymic egress and
peripheral lymphopenia (35). The T cell lymphopenia observed
in DOCK8-deficient mice was associated with accumulation of
mature single positive T cells in the thymus, as a result of
increased chemotaxis in response to CXCL12 (112). Knock-out
of Diaph1 in mice caused impaired chemotaxis toward CCL21
and CXCL12, associated with reduced T cell numbers in spleen
and lymph node (LN), but normal cellularity and cell
distribution in the thymus (33). A defective egress of Diaph1-/-
thymocytes in response to CCL21 was identified using an organ
culture of the thymus. Patients with STK4/MST1 deficiency have
a profound CD4 lymphopenia with very low circulating naive
CD4 and CD8 T cells. In addition, patient CD4 T cells displayed
a defective migration toward CCL19 and CCL21 (72). STK4/
MST1-deficient mice were shown to accumulate mature
thymocytes in the thymus, which was associated with
peripheral T cell lymphopenia. A transwell assay with thymic
lobes was used to show that Mst1-/- T cells have impaired
emigration from the thymus in response to CCL19 (73). In a
complementary study, STK4/MST1-deficient thymocytes
exhibited defective migration in response to CCL19, CCL21,
CXCL12 and CCL25 but not S1P (74). Thus, STK4/MST1 could
act as a signalling hub for several chemokines. Finally, Msn-/-
mice exhibited an accumulation of mature single positive
thymocytes with peripheral lymphopenia (39), in line with the
finding that MSN expression is induced at the single positive
stage at which it regulates the response to S1P via the
downregulation of S1PR1 (52).

In conclusion, a number of actinopathies associated with T
cell lymphopenia are associated with perturbations in the egress
of mature T cells from the thymus. Whether some of the
considered actinopathies might also be associated with more
subtle alterations in the precise positioning of developing T cells
in the different regions of the thymus remains to be investigated.

Leukocyte Homing and Positioning in
Secondary Lymphoid Organs
The architecture of secondary lymphoid organs is defined by
specialized areas, the organization of which highly depends on
the selective migration programs of immune cell subsets
interacting in these areas (Figure 1C). Therefore, histological
analysis of lymphoid organ biopsies in actinopathies, when
available, can be informative to reveal leukocyte migration
defects. This is the case for WAS patients in whom
examination of LNs and spleen pointed out a reduction in T
and B cell areas (78). This abnormal architecture was partly
recapitulated in Was-KO mice that harbour reduced B cell areas
and slower germinal centre reaction after immunization (76).
This defect was found to be B cell intrinsic since homing capacity
Frontiers in Immunology | www.frontiersin.org 7123
was impaired when WASP-deficient B cells were transferred into
wild-type recipients.

Histological examination of the lamina propria of the colon of
a child with DOCK2 deficiency suffering from colitis showed low
density of B cells, plasma cells, and T cells (34). This was
suggestive of a defective homing of lymphocytes to local
lymphoid tissues in the context of inflammation. In agreement,
data on isolated B and T cells from DOCK2-deficient patients
have revealed defects in RAC1 activation, actin polymerization
and migration towards chemokines. The major role of DOCK2
in driving leukocyte trafficking to the LN had previously been
established in Dock2-/- mice (36). Indeed, the accumulation of
Dock2-/- cells in LNs was reduced upon adoptive transfer.
Multiphoton intravital microscopy has been successfully used
to investigate the intra-nodal migratory behaviour of Dock2-/- T
and B cells (35). Although these cells localized properly, they
featured reduced motility with erratic oscillations in contrast to
the random walk pattern observed in control cells. DOCK2-
deficient T and B cells also exhibited a two-fold increase in
dwelling time caused by a defect in LN egress with impaired
response to S1P signalling.

DOCK8 deficiency is also associated with combined defects of
lymphocyte subsets in the context of secondary lymphoid organs.
Defective homing of Dock8-KO T cells to LNs was suggested to
be attributable to the role of DOCK8 in activating WASP via
CDC42 (40). A genetic screen revealed that DOCK8 is required
for the formation of marginal zone B cells, the persistence of B
cells in germinal centres and their affinity maturation. However,
these B cell intrinsic defects were associated neither with homing
nor with chemokine-induced motility, but rather with a defect in
LFA-1 polarization at the immunological synapse (IS) (113). T
cell defects in the Dock8-KO mice were also shown to contribute
to the poor antibody responses to T cell dependent antigens. In
particular the migration of T follicular helper cells to B cell
follicles was severely reduced (41). The role of DOCK8 in T and
B cell function is further highlighted by cases of somatic
reversion showing clinical improvement as a consequence of
partial functional restoration of the T and B cell memory
compartments (114).

Patients with MSN deficiency typically have very low T cell
count in their peripheral blood but do not experience as many
severe infections as SCID patients (51). A possible explanation
for this discrepancy might be an abnormal retention of MSN-
deficient lymphocytes in LNs. In support of this possibility,
lymphocyte entry into the spleen and LNs was documented to
be only minimally impacted in the Msn-/- model, while
lymphocytes egress from LNs was reduced (39). Such
differential defect in LN entry as opposed to egress might be
due to a preponderant role of MSN in regulating S1P-dependent
egress, as suggested by the recent finding that ezrin-radixin-
moesin (ERM) proteins are particularly important to spatially
control a bleb-based motility mechanism, specifically triggered
by S1P (53).

STK4/MST1 deficiency in humans is associated with reduced
expression of the homing receptors CCR7 and CD62L on
lymphocytes and impaired migration towards CCL19 and
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CCL21 (72). These defects are expected to severely impact
lymphocyte homing to secondary lymphoid organs, in
agreement with the reduced cellularity found in the secondary
lymphoid organs of STK4/MST1-deficient mice at steady state
and upon adoptive transfer of B and T cells (73). Furthermore,
evidences suggest that STK4/MST1 contributes to LN and non-
lymphoid tissue egress (74). In addition to its role as a
transcriptional regulator, STK4/MST1 has been shown to exert
a direct function on actin cytoskeleton remodelling in T cells
through phosphorylation of L-plastin (115). It is therefore
possible that the extended role of STK4/MST1 in regulating
lymphocyte trafficking might result from its combined function
as a regulator of both actin cytoskeleton and transcription.

Dendritic cells (DCs) are of critical importance for mounting
an adaptive immune response. After antigen uptake in the
peripheral tissue, these antigen-presenting cells migrate to the
draining LNs through the lymph to activate specific T cells. It was
shown in mice that WASP-deficient DCs exhibit a delayed
migration from the skin to the draining LNs. In WASP-
deficient animals, LNs do not increase in size and cellularity,
reflecting the absence of lymphocyte traffic modification (91).
Bone marrow-derived DCs were also studied in a mouse model
of X-linked neutropenia (XLN), caused by gain-of-function
mutations in the WAS gene (L272P). Unlike WAS-KO DC,
WAS L272P DC show abnormal speed fluctuations and reduced
global displacement. When tested in vivo, both seem to impair
skin DC entry into the draining LN (98). In addition to WASP, a
correct expression of DOCK8 in DCs seems to be a prerequisite
for efficient T cell priming in vivo. Indeed, DOCK8 deficiency
does not impact antigen uptake nor its presentation, but
decreases DC trafficking to the draining LNs (38). A defect of
skin DC migration to the draining LNs was also observed in
STK4/MST1-deficient mice (73). Of note, STK4/MST1- and
DOCK8-deficient patients share a common susceptibility to
cutaneous warts, which could be explained by impairment of
skin DC homing to the LNs.

In conclusion, a number of actinopathies are associated with
alterations in the homing of lymphocytes and DCs to LNs
(WASP, DOCK2, STK4/MST1) and/or in the egress of
antigen-experienced lymphocytes from LNs (DOCK2, MSN,
STK4/MST1). Interestingly, each examined deficiency appears
to impact non-redundant mechanisms and steps accounting for
LN homing and egress.
Leukocyte Migration in Peripheral Organs
Because of their contact with the environment, the skin and the
lungs represent the main sites of pathogen entry (Figures 1D, E).
It is therefore not surprising that most IEIs are associated with
increased susceptibility to skin and lung infections (116). In the
context of actinopathies, defective recruitment to these sites of
both innate immune cells and primed lymphocytes may account
for reduced ability to fight local infections.

During the primary phase of an infection, innate cells (e.g.,
neutrophils and monocytes) migrate to the site of inflammation.
The infection spectrum observed in WAS patients may be
Frontiers in Immunology | www.frontiersin.org 8124
suggestive of a neutrophil defect. This was confirmed in
WASP-deficient mice where impaired integrin-dependent
function in neutrophils was linked to a delay in migration into
an inflamed site (83). On the contrary, despite a severe
neutropenia, XLN patients are not at high risk of infections
(117). This could be explained by normal numbers of neutrophils
in peripheral sites, as exemplified in XLN patients saliva (97).
Interestingly, neutrophils from XLN mice exhibit an increased
infiltrating capacity with a competitive advantage over WT
neutrophils in mixed bone marrow chimeras. The study of
HEM1-null macrophages and neutrophils suggested an
impaired migration in vitro (46, 47). More precisely, the
knock-down of nckap1l, the gene encoding for HEM1, in
zebrafish was responsible for a defective neutrophil migration
after tail injury along with a decrease in circulating neutrophils
(45). In a model of lipopolysaccharide (LPS)-induced lung
inflammation, a prominent role of CDC42 was discovered in
neutrophil emigration. Murine marrow cells with inducible KO
of Cdc42 were infused in irradiated mice. After LPS challenge,
neutrophil counts in the lungs were significantly lower for
Cdc42-/- reconstituted mice, revealing a defect in neutrophil
infiltration (25). RAC2-deficient mice presented a decrease in
cellular inflammatory exudate despite a persistent neutrophilic
leukocytosis. This phenotype was reminiscent of leukocyte
adhesion deficiency and thus suggested a defect in migration to
the site of inflammation (66). To recapitulate the phenotype
observed in humans, Deng and colleagues engineered a zebrafish
model harbouring the inhibitory D57N mutation in Rac2 (64).
This model allowed the observation of an impaired neutrophil
migration to the site of infection with high neutrophil counts in
peripheral blood. Interestingly, researchers discovered the role of
RAC2 signalling in neutrophil retention in the bone marrow as
Rac2 D57N mutation was able to partially rescue a zebrafish
model of WHIM with constitutive CXCR4 signalling.

Once activated, effector T cells have to move to the site of
infection (e.g., lung or skin) to exert their helper or cytolytic
function. For this purpose, they express tissue homing
chemokines receptors or specific integrin. Some of these T cells
will acquire a tissue residency program to respond rapidly to a
second antigen encounter (118). Interestingly, DOCK8-deficient
patients suffer from numerous skin infections (119, 120). This
peculiar infectious phenotype motivated studies on the role of
DOCK8 in migration into the skin constrained environment, as
we will detail in part 3. In DOCK8 deficiency, non-DC
mononuclear phagocytes are prone to migration-induced cell
death. This drives the skewing of the CD4+ T cell response to a
Th2 profile in the context of respiratory tract infection with
Cryptococcus neoformans (121). RHOH-deficient patients also
display susceptibility for skin infections with persistent
Epidermodysplas ia verruci formis l inked to human
papillomavirus infections (EV-HPV), that could be explained
by a defect in lymphocyte skin-homing (69). The study of
RHOH-deficient patients evidenced several differences in
tissue-homing markers compared to healthy donors. In
particular, a defect in b7+ T cells was documented and
confirmed in RhoH-/- mice.
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In conclusion, the study of actinopathies has uncovered a
number of key molecules driving effective trafficking and
localization of immune cells within the organism. In these
pathologies, defective recruitment of effector cells to tissues
particularly exposed to infectious agents, such as the lungs and
the skin, is at least in part accounting for the susceptibility of
patients to infections.
MOTILITY DEFECTS IN ACTINOPATHIES
AT THE TISSUE LEVEL

To gain insight into the actual leukocyte motility defects
underlying actinopathies, it is important to consider the
precise steps accounting for the translocation of leukocytes to
tissues and their navigation within those tissues [as reviewed in
(122)]. As described in chapter 2 (organism scale), among the
trafficking defects associated with actinopathies are navigation of
naïve lymphocytes to secondary lymphoid organs and migration
of activated lymphocytes to infection sites. Although each subset
of immune cells tends to migrate along a specific route, four
migration steps are shared as depicted in Figure 2: 1) adhesion to
the blood vessel at the site of priming or infection, 2) trans-
endothelial migration (TEM), 3) navigation through the
interstitial space and 4) interaction with a target (e.g.,
pathogens, antigen presenting cell or other cells of the
immune system).
Adhesion to the Endothelium
The mechanism of exit from blood circulation used by immune
cells is well-studied and has been reviewed in detail elsewhere
(123). In case of infection, tissue-resident sentinel cells (e.g.,
macrophages, dendritic and mast cells) release cytokines
(including TNF-a, IL-1b or histamine), which, in turn, activate
endothelial cells in proximal blood vessels. Activated
endothelium increases expression of key adhesion molecules,
such as selectins and integrin ligands, at its surface. Selectins are
responsible for initial low-affinity adhesion of immune cells
leading to rolling of immune cells along the activated
endothelium (Figure 2-1). Rolling helps immune cells to
sample chemokines bound at the surface of endothelium and
eventually leads to activation of integrin receptors (e.g., LFA-1)
in immune cells. Activated integrin receptors bind to
endothelium with much higher affinity and allow immune cells
to resist the blood flow following initial adhesion at the exit site
(Figure 2-2).

Studies in a murine model of WAS has revealed compromised
ability of WASP-deficient T cells to adhere under shear flow
(Figure 2-6) (96). Further study of XLN found that neutrophils
in both XLN patients and XLN mouse models displayed
dramatic increase in adhesion under shearing flow and
increased migration into tissue (97). These studies suggest
WASP to be important for proper adhesion of immune cells at
the exit site of blood vessels. DOCK8 deficiency was also
documented to result in defective attachment of T cells to
Frontiers in Immunology | www.frontiersin.org 9125
ICAM-1 under flow, resulting in LN homing defects (40). In
that study, DOCK8, WIP and WASP were reported to form a
molecular complex positioning DOCK8 as a major guanine
nucleotide-exchange factor to activate WASP.

MKL1 is a myocardin-related transcription factor, which
regulates transcription of actin and multiple cytoskeleton-
related genes (124, 125). Recent study of MKL1-deficient
neutrophils demonstrated role of MKL1 in leukocyte adhesion
under shear flow (49). Specifically, neutrophils lacking MKL1
displayed lower amount of F-actin following stimulation by an
adhesive substrate.

Trans-Endothelial Migration
Following arrest at the exit site, immune cells exit the blood
vessel via the complex process of TEM. This can occur by two
major mechanisms: para-cellular transmigration (Figure 2-3A)
and trans-cellular transmigration (Figure 2-3B). During para-
cellular TEM immune cells leave the blood vessel between
endothelial cells using transient disruption of adherens
junctions. In contrast, cells using trans-cellular TEM leave the
blood vessel by pushing directly though endothelial cells using
invasive podosomes (89). By probing the physical properties of
the endothelium, leukocytes may opt for the path of least
resistance, as shown by manipulating junctional integrity (126).
Breaching of endothelial cell junctions or foraging through
endothelial cells require protrusive activities and high
deformability, both coordinated by actin remodelling (127).

Seminal study of trans-cellular TEM mechanism revealed a
key role of WASP in T cell migration (89). Researchers
demonstrated that invasive podosomes (reviewed in detail in
chapter 4) are crucial for trans-cellular TEM of T cells.
Furthermore, results showed that WASP-deficient lymphocytes
were unable to form invasive podosomes and failed to migrate
through endothelial cells by trans-cellular TEM. These findings
suggest that immune cells lacking WASP are restricted to para-
cellular TEM to exit blood vessel. It is, however, unclear if
compromised adhesion of WASP-deficient immune cells under
shear flow discussed in chapter 3.1 is linked to inability of these
cells to form podosomes.

In addition to WASP deficiency, studies of immune cells from
patients deficient in proline-serine-threonine phosphatase
interacting protein 1 (PSTPIP1), a scaffolding protein involved
in the regulation of WASP activity (128, 129), showed defective
podosome formation as well (58). Further experiments would be
required to clarify whether PSTPIP1 deficiency compromises
TEM in vivo.

Recently, 3 additional actin-related deficiencies have been
added to the list of actinopathies affecting TEM of immune cells:
MKL1 (49), HEM1 (47) and ERM (53) deficiencies. MKL1
deficiency led to poor adhesion and TEM of patient
neutrophils (49). Studies of HEM1 deficiency in murine
models showed drastic accumulation of HEM1-deficient
myeloid cells both within and near the blood vessels (47). It is
unclear, however, which step of immune cell migration (trans-
endothelial or interstitial) might be affected in HEM1-deficient
cells. Finally, recent study of ERM-deficient mice revealed crucial
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role of proper coupling between actin cytoskeleton and plasma
membrane in TEM of murine T cells (53). Specifically authors
showed impaired ability of T cells from MSN and moesin/ezrin-
deficient mice to exit the blood stream.

Interstitial Migration
After crossing the endothelial barrier, leukocytes migrate to their
targets through interstitium and tissue environments (Figure 2-4).
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Immune cells may employ two major modes of migration:
adhesion-dependent and adhesion-independent [reviewed in
(122)]. Both modes of migration are extremely dependent on
active and precise remodelling of actin cytoskeleton but differ in
mechanism of action. Adhesion-dependent migration involves
attachment of plasma membrane receptors at the leading edge
(such as integrins) to the extracellular substrate followed by
crosslinking of membrane receptors and actin cytoskeleton.
FIGURE 2 | Migratory challenges and actinopathy-associated defects of effector CD8+ T cells on the tissue level. (1) Weak adhesion (rolling) of effector T cells after
interaction with activated endothelium. (2) Adhesion at the site of exit. (3) Exit of the blood vessel by migration between (3a) or through (3b) endothelium cells.
(4) Interstitial navigation following chemokine gradient. (5) Execution of cytolytic activity at the site of infection. (5a) Interaction with target cells. (5b) Kynapse-based
scanning of target cells. (5c) Development of IS with infected cells and delivery of cytotoxic compounds. (5d) Destabilization of immune synapse (IS) and detachment
from targeted cell. (6) Compromised attachment of WASP-deficient T cells to the endothelium at the exit site. (7) Reduced capacity of directional migration in tissue
environment of HEM1-deficient T cells. (8) Cytothripsis of DOCK8-deficient T cells during migration through confined environment. (9) Impaired formation of IS by
WASP-deficient T cells.
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Resulting link of extracellular matrix to actin cytoskeleton allows
cells to use a molecular clutch mechanism for propulsion of the
cell body forward (130, 131). In contrast, adhesion-independent
migration uses combination of reward actin flow and contractility
of actomyosin cortex to match the topology of surrounding 3D
environment. Such mechanism allows for a “chimneying” type of
directional motion that applies to lymphocytes, neutrophils and
DCs (132). Although adhesion-dependent and adhesion-
independent migration modalities have classically been opposed,
leukocytes appear to be able to use a continuum of strategies, as
shown by the use of channels with variable geometries (132).

To date, studies of virtually all actin-related IEIs revealed
defects in immune cell migration in vitro (Table 1). In contrast,
data on ability of immune cells to migrate in vivo is available for a
handful of gene defects: DOCK8 (37), DOCK2 (35), NCKAP1L
(47) andMYH9 (55). Deficiency of DOCK8, an atypical immune
system specific guanine nucleotide-exchange factor, is probably
one of the best described actin-related IEIs affecting interstitial
migration of immune cells. Ex vivo studies of DOCK8-deficient T
cells migrating in the skin revealed dramatic stretching of the cell
leading to cell death by stretching-induced rupture termed
cytothripsis (37) (Figure 2-8). The exact mechanism of
DOCK8 deficiency induced cell rupture remains to be clarified.
Interestingly, studies of other DOCK deficiencies (e.g., DOCK2)
found normal interstitial migration of immune cells (35).
Specifically, lymphocytes from DOCK2-null mice successfully
navigated through complex 3D environment albeit with
decreased velocity.
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Recent studies of HEM1 (47)- and MYH9 (55)- deficient cells
expanded the number of actin-related IEIs affecting interstitial
migration of immune cells. Mouse models of both HEM1 and
MYH9 deficiencies demonstrated compromised ability of
leukocytes to migrate in a 3D chemokine gradient (Figure 2-
7). Directionality of immune cell migration, however, was
preserved in both deficiencies.
Dynamic Assembly of the
Immunological Synapse
The immunological synapse (IS) describes a tight junction formed
by a T cell with either an antigen-presenting cell or an infected cell.
At the tissue level formation of IS consists of 4 major phases
(Figures 2-5 A~D): a) initial contact, b) spreading, c) mature
synapse and d) destabilisation and termination [reviewed in (14)].
All phases of IS formation are controlled by a complex network of
activatory and inhibitory stimuli and require sophisticated
orchestration of actin-cytoskeleton [reviewed in (133)]. In
accordance, numerous actin-related IEIs have been associated
with defects in morphology and functions of IS, such as T cell
activation, cytokine secretion and cytolytic activity (reviewed in
(14); summarized in Table 1). In addition to T cells, the other
subsets of lymphocytes including B cells, NK cells and innate
lymphoid cells (ILCs) also assemble IS with partner cells or target
cells. Although the molecular composition of the IS might vary
among those lymphocyte subsets, its dependence on actin
remodelling is a shared property. Exemplified by WASP
A B C

FIGURE 3 | Actin-based protrusions affected in actinopathies on the ultrastructural level. (A) Migrating lymphocyte with uropod, filopodia and lamellipodium.
(B) Adhering DC emitting an array of podosomes. (C) Circulating neutrophil decorated with microvilli. Red arrows indicate direction of movement. Protein names
listed in red indicate their involvement in the corresponding protrusions.
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deficiency, it is therefore expected that IS defects across numerous
lymphocyte subsets are associated with numerous actinopathies.

To date, little is known about the impact of actin-related IEIs
on interaction dynamics between lymphocytes and their targets
in the context of tissue environments. One may speculate that
deficiencies in WASP and DOCK2 for example might alter
lymphocyte scanning activity. Indeed the roles of WASP in the
stabilization and termination of the IS (88, 134–136) are
expected to translate into biased interaction of lymphocytes
with antigen-presenting cells or target cells in peripheral
organs (Figure 2-9). The over-stabilization of the IS observed
between CD4+ T cells and DCs in the DOCK2-deficient mice
(137) is also expected to alter the serial scanning behaviour of the
CD4+ T cells. More in vivo studies however, would be needed to
clarify the impact of the actinopathy-related proteins to the
motility behaviour of various lymphocyte subsets in the
context of antigen search and IS dynamics.
MOTILITY DEFECTS IN ACTINOPATHIES
AT THE ULTRASTRUCTURAL LEVEL

The highly adaptable motility property of leukocytes is supported
by their ability to emit a variety of highly dynamic actin-rich
protrusions (Figure 3). Protrusions such as leading-edge
lamellipodia and filopodia may exert an exploratory function.
Others like podosomes and microvilli may rather promote and
regulate adhesion. The uropod at the trailing edge is the site of
contractile activities that regulates cell detachment in the context
of motility. In addition, the actin cytoskeleton is involved in
controlling the squeezing of the nucleus in the context of
migration through confined spaces. Section below summarizes
cellular protrusions affected in actinopathies. These natural
deficiencies thereby highlight the key function of actin
regulators in control l ing leukocyte moti l i ty at the
ultrastructural level.

Lamellipodium
Located at the leading edge, the lamellipodium is a large
expansion of the plasma membrane, generated by actin
polymerization and branching (Figure 3A-Lamellipodium)
[see (138) for review]. In lymphocytes it supports not only the
exploratory behaviour during migration but also IS assembly
during APC encounter (139). In accordance with the major role
of actin cytoskeleton remodelling in lamellipodium formation,
defects in its development and organization have been reported
in deficiencies affecting the ARP2/3 complex-dependent process
of actin branching. ARPC1B is an essential subunit of the ARP2/
3 complex that is critical for its assembly and maintenance (140).
Upon interaction with a surface coated with ICAM-1 and a-CD3
antibodies to mimic APC encounter, ARPC1B-deficient T cells
fail to assemble a circular lamellipodium and instead emit
aberrant thin filopodia (20, 21, 90). ARPC1B deficiency in
human T cells is also associated with defective migration in
response to chemokines (20), presumably because of a defective
Frontiers in Immunology | www.frontiersin.org 12128
lamellipodium. Indeed, ARP3 subunit knock-down, which also
leads to a destabilization of the ARP2/3 complex, results in a
reduced exploratory behaviour of murine T cells in both 3D
collagen matrices and zebrafish embryos (141). Interestingly,
reduced motility of ARP3-deficient T cells is associated with
reduced cortical tension and a switch from the leading-edge
lamellipodia to blebs.

Although WASP operates as an ARP2/3 activator, its
involvement in the regulation of lamellipodial protrusion is not
as prominent as it is for ARP2/3 (142, 143). Indeed, WASP is not
essential for lamellipodium emergence, but rather controls its
stability and dynamics, as shown in T cells in the context of IS
assembly (134, 135). Instead of emitting a radially distributed
lamellipodium, WASP-deficient CD8+ T cells display a disrupted
lamellipodium that irradiates in different directions (87, 90).
Alternation of arrest phases at the contact with APC and motility
phases to search for new APC is key to the tuning of lymphocyte
activation and function. In this context WASP appears to play a
particularly central role since its ubiquitination-dependent
degradation activated upon TCR ligation sets the turnover of
the IS (136). In line with the role of WASP in stabilizing the
lamellipodia of T cells and DCs isolated from WAS patients
emitted unstable lamellipodia (79) and failed to maintain
polarization at the leading edge (80). On the other hand, a
study of neutrophils carrying a gain-of-function mutation in
WASP (L270P) showed an increase of the spreading area of the
lamellipodia compared with normal neutrophils, which was
correlated with an increase in the adhesion footprint (97).

In agreement with its function as a chaperone of WASP (144),
WIP plays a prominent role in lamellipodial assembly as well.
Upon interaction with surfaces coated with ICAM-1 and a-CD3
antibodies or fibronectin and chemokines, T cells derived from a
WIP-deficient patient failed to assemble lamellipodia (103).
Furthermore, upon exposure to a CCL19 gradient, WIP-
depleted B cells emitted multipolar filopodia and pseudopodia,
which were associated with reduced speed and directional
migration (103). Comparably, WIP-deficient DCs displayed
defective polarization due to unstable lamellae and ruffles in
place of the leading edge (104).

The pentameric WAVE complex is a key ARP2/3 activator in
addition to WASP, albeit sustaining distinct cellular activities
(61, 145, 146). HEM1 is a hematopoietic-specific subunit of the
WAVE complex. Recent studies found deficiency in HEM1 to be
a novel form of immune-related actinopathy (43–45). In the
absence of HEM1 the other subunits of the WAVE complex are
unstable and degraded. Deficiency of the WAVE complex
severely affects actin branching and consequently lamellipodial
dynamics. HEM1-deficient T cells struggle to spread and lack
lamellipodial protrusions. In addition, HEM1 deficiency leads to
a decrease in F-actin density at the leading edge (43, 44). Upon
stimulation with ICAM-1, HEM1-deficient T cells isolated from
patients, present lack of a leading edge or an abnormal
distribution of F-actin at the leading edge instead of the
lamellipodium (45). HEM1-deficient B cells also displayed an
aberrant morphology associated with defective directional
migration when exposed to a CCL19 gradient (44). As
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reported above for ARP3 knock-down, HEM1-deficient B cells
adopted a bleb-driven type of motility. Before the discovery of
HEM1 deficiency in humans, its role had been studied in the
context of murine DC migration (48). Interestingly, the lack of
lamellipodia in Nckap1l-/- immature DCs was associated with
increased speed and unusually straight migration paths in 3D
collagen gels. Preserved motility of HEM1-deficient cells suggests
that the lamellipodium of leukocytes acts as an exploratory
device allowing change in direction rather than as a force
generating structure (48). This notion is sustained by TIRF
analysis of the actin cytoskeleton in migratory DCs,
neutrophils , T and B cel ls which showed that the
lamellipodium undulates at the front of the cells and makes
only transient and limited contacts with the substrate (48, 147).
A recent study widened the role of HEM1 in supporting
lamellipodia assembly in macrophages and platelets. In
particular, HEM1-deficient macrophages adopted a spiky shape
with filopodia emitted instead of lamellipodia, which was
associated with reduced motility in collagen gels (47). Taken
together, studies on HEM1 deficiency indicate that the WAVE
complex is a crucial driver of ARP2/3-dependent lamellipodia
assembly in hematopoietic cells.

The RHO GTPases RAC1 and RAC2 act as upstream
regulators of lamellipodia assembly by activating the WAVE
complex. Studies of patients suffering from severe disease
associated predominantly with neutrophil dysfunction
identified dominant negative mutations in RAC2, altering the
activity of both RAC2 and RAC1 (148, 149). Upon stimulation
with fMLP, patient-derived neutrophils failed to assemble a
lamellipodium and to polarize. Similarly, neutrophils with
mutated RAC2 failed to migrate in response to zymosan-
activated serum. Study of a loss-of-function mutation in RAC2
in patients suffering from common variable immunodeficiency
revealed impaired chemotaxis of RAC2-deficient neutrophils
(150). Preserved activity of RAC1 in these patients could result
in residual neutrophil function and, thus, explain the distinct
clinical phenotype of RAC2 deficiency. Furthermore, recent
study of 3 patients with a gain-of-function mutation in RAC2
showed defective migration of neutrophils to fMLP as well (62).

Filopodia
Filopodia are usually described as thin protrusions, composed of
bundles of parallel actin filaments, that emerge from the tip of
the lamellipodia of migrating cells (Figure 3A-Filopodia) [see
(151) for review]. Lamellipodia-associated filopodia are
considered as sensors. In leukocytes, filopodia are more often
dissociated from the lamellipodia and may emerge as
micrometre-long protrusions from different parts of the cell
body. In addition to their role as environment sensors,
filopodia play a role in phagocytosis in macrophages (152).

CDC42 is considered the main RHO GTPase involved in
filopodia assembly (153). Recent study of the distinct
immunological syndrome with immune dysregulation and
inflammation identified mutation in CDC42 (R186C) leading
to impaired ability of the protein to interact with its binding
partners: IQGAP1 and, to a lesser extent, WASP (24). In the
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affected patients, both fibroblasts and immune cells displayed
lack of cell polarization associated with aberrant density and
distribution of filopodia. In addition, hematopoietic stem cells,
peripheral blood mononuclear cells (PBMCs) and NK cells from
affected patients displayed reduced migratory capacity
towards CXCL12.

An early study on the CDC42 activator DOCK8 (42), showed
that disruption of actin polymerisation induced by Cytochalasin
D treatment of mice microglia led to accumulation of DOCK8 at
the sites of filopodia formation. However, similar treatment of
cells from DOCK8-deficient mice led to a 30% reduction in
number of cells with filopodia compared to cells from WT mice.

As a further support of the role of the CDC42 axis in
regulating filopodia assembly and dynamics, WASP deficiency
was reported to result in a decrease in the number of filopodia in
macrophages. The remaining filopodia occupied a large
distribution around the cell instead of being concentrated in
one specific edge (84). Moreover, a reduction of the length of
filopodia-type protrusions in B cells has been observed in the
context of WASP deficiency (76).

Uropod
The uropod is a highly contractile structure at the rear of
migrating cells, and plays a decisive role in cellular migration
[see (154) for review] (Figure 3A-Uropod). The cell propulsion
relies on myosin-based contractions at the uropod that allow
detachment from the substrate and rearward squeezing (155).

A number of studies in cell lines and murine models have
assessed the role of MYH9 in leukocyte motility. A study on
human lymphocytes observed that the uropod of migrating T
cells is enriched in MYH9 (57). Chemical inhibition of MYH9
activity with blebbistatin and genetic inhibition with siRNA
resulted in aberrant elongation of the uropod, suggesting that
the de-adhesion process was impaired upon the loss of MYH9
activity. Other studies showed that T lymphocytes can rapidly
switch between an adhesion-dependent sliding motility and an
amoeboid walking motility that depends on MyoIIA (156).Myh9
conditional knockout in T cells impaired the turnover of
adhesion sites, resulting in increased adhesion and impaired
interstitial migration in vivo (56). Interestingly, a downregulation
of MYH9 in mice neutrophils showed no defect in term of
cellular shape (with a rear comparable to a normal uropod), but
caused decrease in migration (55). MYH9 mutations in humans
have been found to be the cause of heterogeneous group of
diseases, mostly characterized by macrothrombocytopenia,
hearing loss and renal disease (157). Whether defects in the
motility of leukocytes and in particular uropod dynamics might
contribute to yet uncharacterized immune cell defects in
individuals with MYH9 mutations remains to be investigated.

Although CDC42 is mainly localized at the cell leading edge,
it is also involved in the modulation of the myosin light-chain
pathway at the uropod (26). Via its control over WASP
activation, CDC42 has also been reported to regulate CD11b
reorganization at the uropod (25). In line with a role of the
CDC42-WASP axis in uropod dynamics, WASP-deficient
leukocytes displayed extreme elongation of uropods (80).
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Abnormally elongated uropods in T cells have also been
described in the context of deficiency in ARHGEF1, a regulator
of RHOA GTPase. This defect was associated with a decrease in
the mean square displacement of migrating T cells (17). A failure
of uropod retraction was also reported in MKL1-deficient
neutrophil-like HL-60 cells, presumably because of a reduced
expression of myosin light chain 9 (MYL9), a component of the
myosin II complex (50). Deficiency in CORO1A in mice has also
been reported to impair uropod assembly in T cells. Instead of
this structure, CORO1A-deficient T cells formed several patch-
like talin-rich clusters, abnormally distributed around the cell
cortex (30). The uropod has also been reported to be affected in
RAC2 deficiency (148) and STK4/MST1 deficiency (73),
highlighting the complexity of the molecular control of actin
dynamics in the context of this cellular structure.

Podosomes
Podosomes are actin-driven micron-scale cellular adhesive
protrusions and are crucial for adhesion, migration and
degradation of the extracellular matrix. The actin cytoskeleton
within podosomes is mostly composed of branched actin
filaments. Moreover, podosomes are linked together by a
network of unbranched actin filaments [see (158) for review]
(Figure 3B-Podosomes).

In this context, the WASP-ARP2/3 pathway appears crucial
in the assembly of podosomes, while the WAVE complex is
dispensable. Indeed both WASP and ARPC1B deficiencies are
associated with the defective assembly of podosomes by
monocyte-derived macrophages (19, 84). In contrast,
macrophages from Nckap1l-KO mice have a preserved ability
to assemble podosomes although they display multiple defects in
lamellipodia, focal adhesions and endocytosis (47). The
specificity of WASP in activating ARP2/3 towards podosome
assembly might be related to its specific location in podosome
priming areas and its ability to recruit ARP2/3 at such sites (84).
Reconstitution experiments in WAS patient-derived
macrophages using micro-injections of full-length human
WASP sequence suggested that the chemotactic response to
the cytokine colony stimulating factor-1 is dependent on
WASP-driven assembly of podosomes (159). To date, studies
of WASP revealed its key role in podosome assembly in multiple
cellular systems beyond macrophages: immature DCs (80), THP-
1 (19) and T cells (89). Moreover, experiments using RNA
interference to induce partial down-regulation of the
intracellular WASP level in DCs led to compromised
podosome formation (160), indicating that a precise regulation
of WASP expression might be crucial for assembly
of podosomes.

As an essential partner of WASP, WIP has been reported to
be essential for podosome assembly as well. In WIP-deficient
mice, DCs formed few podosomes associated with loss of
podosomal structure, including the actin core and the vinculin
rings (104). Moreover, the authors found that lack of podosome
formation in WIP-deficient DCs is compensated by assembly of
large vinculin-rich focal adhesion contacts. In human
macrophages, WIP localizes to the core of podosomes, where it
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co-localizes with F-actin (105). To date, however, defects in
podosome formation have not been examined in WIP-deficient
patient cells.

Studies of patients with mutations in PSTPIP1 found
decreased numbers of macrophages emitting podosomes as
well (58). Similar to WASP-deficient cells, deficiency in
PSTPIP1 led to increase in the number and the size of
vinculin-containing focal complexes compared to normal cells.
A follow-up study proposed that defect of migration of PSTPIP1-
deficient macrophages resulted in a switch from formation of
podosomes to filopodia (59).

MKL1 deficiency is associated with a severe defect in
podosome formation resulting in impaired adhesion (50).
Indeed, a complete absence of podosomes has been reported in
MKL1-deficient DCs on fibronectin. Conjointly, the spreading of
MKL1-deficient cells was reduced, and the F-actin staining was
severely decreased compare to normal DCs.

As opposed to deficiencies in ARPC1B, WASP, WIP,
PSTPIP1, and MKL1, deficiency in WDR1 is associated with a
reinforcement of podosomes in myeloid cells (100). WDR1,
together with cofilin, promotes actin severing and is important
for actin filament turnover. Its impact on leukocyte podosomes
has been initially described on monocyte-derived DCs (100).
In these cells, the number of podosomes was close to that of
normal cells, but their volume and F-actin content were
increased. A complementary study on WDR1-deficient
monocytes on fibronectin found an abnormally high number
of actin-rich podosome-like structures compared to normal
monocytes (99). These findings support the notion that
WDR1-mediated actin filament turnover is particularly
important for podosome formation.

Microvilli
Microvilli are very thin finger-like protrusions that tend to
decorate most of the cell surface (Figure 3C-Microvilli). In
leukocytes, they have initially been described by scanning
electron microscopy in B and T cells (161), macrophages (162)
and DCs (163). Their function in leukocytes is to help migration
and assist antigen sensing [see (164) for review]. In particular, in
T cells most of the TCR molecules are localized at the surface of
the microvilli, increasing the probability to detect antigen (165).

Initial studies have reported WASP as a key regulator of
microvilli. Lymphocytes from WAS patients were shown to
harbour reduced density of what appeared as blunted
microvilli (166, 167). However, in a more recent study
microvilli density was found to be unaltered in fresh WASP-
deficient human lymphocytes (168). Furthermore, Was-KO B
cells were observed to have aberrant microvilli formation upon
anti-CD40 plus IL-4 stimulation, but not upon LPS stimulation
(76). These studies suggest that the WASP-dependent assembly
of microvilli in lymphocytes is dependent on the activation status
of these cells. In addition to WASP, MSN appear to also regulate
microvilli assembly. Indeed, experiments using scanning electron
microscopy on murine MSN-deficient lymphocytes revealed a
decrease of microvilli density, as well as defective development of
these structures (39).
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Nucleus and Organelles
Deformability is an essential property of leukocytes that allows
probing narrow interstices and migrating through very
constrained environments. Whereas the plasma membrane is
extremely deformable, the nucleus is more rigid, thereby
imposing a physical checkpoint for leukocyte motility. The
squeezing of the nucleus is well described in multiple cell types
[see (169–171) for reviews]. In leukocytes, this process is
associated with an act ive mechanism of pore-s ize
discrimination facilitated by frontward positioning of the
nucleus (172). Indeed, to facilitate crossing of the endothelial
barrier, T cells use MyoIIA-driven contractility to squeeze the
nucleus through the endothelial junctions (173). In addition, a
formin-dependent actin polymerization mechanism was shown
to push the nucleus at the back of effector T cells migrating in
constrained inflamed tissues (174). In particular, FMNL1 was
shown to promote actin polymerization at the back of the cell to
enable translation of the rigid nucleus through restrictive barriers
of extracellular matrix. DIAPH1, a formin highly expressed in
leukocytes, has recently been shown to be associated to immune
cell defects in humans when mutated (32). Whether DIAPH1
also contributes to nucleus squeezing has not yet been
investigated. A further striking evidence for the role of actin
remodelling in the integrity of the nucleus in the context of
leukocyte migration stems from the DOCK8 deficiency. As
described in chapter 3, DOCK8-deficient T cells migrating in
dense environments display abnormally elongated shapes
leading to cytothripsis. Interestingly, pieces of deformed nuclei
were observed in the cellular fragments resulting from this
atypical cell death process. This suggests that DOCK8 plays a
key role in nucleus integrity by regulating the mechanical forces
imposed on migrating T cells (37).

Multiple aspects of intracellular vesicle trafficking are
sustaining cell polarity and motility (175). These mechanisms,
such as endo- and exocytic pathways, are increasingly recognized
as being dependent on vesicle-associated actin remodelling
activities (176).

In the context of actin-related IEI, we currently lack direct
evidence that the involved molecules might control immune cell
motility via the regulation of vesicle trafficking.

However, given the fact that proteins such as WASP regulate
endosome trafficking (177), it would be interesting to further
investigate the possible contribution of vesicle trafficking to the
actinopathy-associated cell motility defects.

OUTLOOK

The generalization of exome sequencing as an approach to
identify the genetic aetiology of rare IEIs has led to the recent
characterization of multiple actinopathies. This review highlights
23 gene defects related to actin cytoskeleton remodelling in
immune cells and highlighted the motility impairments
associated with these defects. Although alteration of leukocyte
motility is not the sole explanation for the complex immune
dysfunction associated with actinopathies, it certainly plays a
major role. Leukocyte motility, when viewed through the prism
of actinopathies highlights gaps in our knowledge of molecules
Frontiers in Immunology | www.frontiersin.org 15131
and pathways crucial for the integrity of the immune system.
Many actinopathies share defects in leukocyte motility (e.g., T
cell egress from the thymus, homing of lymphocytes to
secondary lymphoid organs, migration towards chemokines,
assembly of the uropod of migrating lymphocytes) while others
display unique defects specific to certain molecules (e.g.,
cytothripsis in DOCK8-deficient T cells during interstitial
migration). Partial overlap of defects in immune cell motility
among different actinopathies suggests that multiple leukocyte
motility steps require the combination of multiple actin
remodelling activities.

Research on actinopathies provided unique insight into the
regulation of leukocyte motility. However, our current picture of
the role of individual disease-related molecules remains very
fragmented. Lack of detailed understanding is related to both
novelty of many of the deficiencies and the amount of work it
takes to apprehend the multiplicity of motility steps that immune
cells undergo. Moreover, studies of immune cell motility are
further complicated by the diversification of motility strategies
adopted by the different immune cell subsets and restricted
amount of patient material available. In an effort to address
some of those limitations we have recently introduced
morphological profiling of leukocytes via high-content cell
imaging (90). Such approach can be applied to restricted
sample sizes, can be used in standardizing the comparison of
morphological defects in primary leukocytes from patients and
has proven to be efficient at discriminating defects in closely
related deficiencies such as ARPC1B and WASP deficiencies.
Beyond high-content cell imaging, recent advances in super-
resolution microscopy and design of probes and micro-patterned
surfaces for live imaging are expected to probe cell migration
more precisely and identify novel actinopathy-related leukocyte
defects. Furthermore, a more systematic application of live tissue
imaging in murine or zebrafish models is expected to
complement in vitro studies with patient cells and fill the gap
in our understanding of leukocyte motility across the different
cellular and tissue scales.
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Defect in Hematopoietic Stem Cell Migration Explains the Nonrandom X-
Chromosome Inactivation in Carriers of Wiskott-Aldrich Syndrome. Blood
(2003) 102:1282–9. doi: 10.1182/blood-2002-07-2099

94. Dovas A, Gevrey JC, Grossi A, Park H, Abou-Kheir W, Cox D. Regulation of
Podosome Dynamics by WASp Phosphorylation: Implication in Matrix
Frontiers in Immunology | www.frontiersin.org 18134
Degradation and Chemotaxis in Macrophages. J Cell Sci (2009) 122:3873–82.
doi: 10.1242/jcs.051755

95. Sabri S, Foudi A, Boukour S, Franc B, Charrier S, Jandrot-Perrus M, et al.
Deficiency in the Wiskott-Aldrich Protein Induces Premature Proplatelet
Formation and Platelet Production in the Bone Marrow Compartment.
Blood (2006) 108:134–40. doi: 10.1182/blood-2005-03-1219

96. Snapper SB, Meelu P, Nguyen D, Stockton BM, Bozza P, Alt FW, et al.
WASP Deficiency Leads to Global Defects of Directed Leukocyte Migration
In Vitro and In Vivo. J Leukoc Biol (2005) 77:993–8. doi: 10.1189/jlb.0804444

97. Keszei M, Record J, Kritikou JS, Wurzer H, Geyer C, Thiemann M, et al.
Constitutive Activation of WASp in X-Linked Neutropenia Renders
Neutrophils Hyperactive. J Clin Invest (2018) 128:4115–31. doi: 10.1172/
JCI64772

98. Oliveira MMS, Kung S, Moreau HD, Maurin M, Record J, Sanséau D, et al.
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The role of Pannexin (PANX) channels during collective and single cell migration is
increasingly recognized. Amongst many functions that are relevant to cell migration,
here we focus on the role of PANX-mediated adenine nucleotide release and associated
autocrine and paracrine signaling. We also summarize the contribution of PANXs with the
cytoskeleton, which is also key regulator of cell migration. PANXs, as mechanosensitive
ATP releasing channels, provide a unique link between cell migration and purinergic
communication. The functional association with several purinergic receptors, together
with a plethora of signals that modulate their opening, allows PANX channels to integrate
physical and chemical cues during inflammation. Ubiquitously expressed in almost all
immune cells, PANX1 opening has been reported in different immunological contexts.
Immune activation is the epitome coordination between cell communication and
migration, as leukocytes (i.e., T cells, dendritic cells) exchange information while
migrating towards the injury site. In the current review, we summarized the contribution
of PANX channels during immune cell migration and recruitment; although we also
compile the available evidence for non-immune cells (including fibroblasts,
keratinocytes, astrocytes, and cancer cells). Finally, we discuss the current evidence of
PANX1 and PANX3 channels as a both positive and/or negative regulator in different
inflammatory conditions, proposing a general mechanism of these channels contribution
during cell migration.

Keywords: cell communication, leukocytes, cancer, inflammation, Ca2+ signaling, amoeboid migration,
mesenchymal migration, mechanotransduction
1 INTRODUCTION

Cell communication and cell migration are key phenomena for development, tissue repair, and
immune response; thus coordination of these responses are key for sustaining life (1–4). Indeed, a
fine coordination of leukocyte communication is required for migration to clear an infection, or
recruit other migrating cells towards an injury site. Interestingly, immune cells use different
migratory strategies associated with their immune function and location (5–7). For example, under
resting conditions immune cells would randomly patrol the tissue, but upon activation undergo
directional migration to reach the secondary lymphoid organs (8). Despite presenting unique
features, immune cell migration follows the general rules of cell migration, and depends on
org December 2021 | Volume 12 | Article 7504801137
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cytoskeletal dynamics (actin, non-muscular myosin II [MyoII]),
and microtubules, as described in detail in the following reviews
(6, 9–11). The study of immune cell migration is directly linked
to development of new techniques to monitor the behavior of
these cells in their native microenvironment (5, 12, 13), although
this is still very challenging. However, researchers have
developed ex vivo (i.e., tissue slices), and in vitro systems that
mimic some tissue properties (i.e., confinement, properties of the
extracellular matrix, etc). Thus, motility has been studied in
models with different levels of microenvironment complexity
(i.e., 1D, 2D, and 3D), topographies (that do or do not impose
cellular deformation), or that mimic their transmigration
through tissue layers (6, 13, 14).

1.1 Danger Signals and the Role
of Purinergic Signaling
Immune cell migration is also controlled by microenvironmental
chemical cues, such as chemokines and danger signals, affecting cell
positioning along the tissue (15–17). Danger signals are molecules
that trigger the immune system, and are classified due to their origin:
damage-associated molecular patterns (DAMPs) [such as
extracellular adenosine-5′-triphosphate (ATP)], and pathogen-
associated molecular patterns (PAMPs) [such as lipopolysaccharide
(LPS) (16). Both DAMPs and PAMPs trigger immune cell
maturation, and expression of receptors (i.e. chemokine receptors)
promoting directional migration towards the injury site.
Interestingly, extracellular ATP acts both as a DAMP when
released from damaged cells, or as signaling molecule when
released from healthy cells. In both cases, ATP activates purinergic
receptors (P2) triggering subsequent downstream signaling that
depends on the activated receptor.

P2 receptors are classified into ionotropic (P2X) receptors
that allow calcium ions (Ca2+) influx, and metabotropic (P2Y)
receptors that trigger Ca2+ release from intracellular stores (18).
Both families of P2 are widely expressed on immune cells,
controlling a plethora of functions (18), including cell
communication. The activation of specific P2X and P2Y
receptors family members depends on the exposure time and
agonist concentration, which allows the spatiotemporal
regulation of the signaling (19). In addition to the differential
activation of P2 receptors the concentration of adenine
nucleotides, such as ATP, is integrated by immune cells and
decoded as low or high inflammatory state (18). Immune cells
use different cell communication mechanisms dependent or
independent on cell contacts, which amplify signals according
to that inflammatory state (2, 6, 7, 20). The release of small
molecules via plasma membrane channels, such as connexins
(CXs) and pannexins (PANXs), and its coupling to purinergic
signaling represents a widely used mechanism for cell
communication, which plays a role in paracrine (between cells)
and autocrine (cell autonomous) signaling (2, 18, 21).

1.2 Cell Polarity and PANX-
Dependent Signaling
CXs and PANXs are membrane proteins that allow the exchange
of small molecules (i.e., glucose, ATP) and ions between the
Frontiers in Immunology | www.frontiersin.org 2138
cytoplasm and the extracellular milieu (22). Upon docking, CX
channels of adjacent cells form intercellular channels that
connect their cytoplasm, namely gap junction channels,
although PANX channels until now are shown to form only
hemichannels at the plasma membrane. The latter puts PANX
channels and purinergic signaling in the center stage of both cell-
autonomous signaling and contact-independent cell
communication (23), which are required for efficient motility.
Migrating cells use cellular polarity, the asymmetric organization
of intracellular components, as the navigation system that
determines the direction of migration (6, 10, 11). Cell polarity
is dynamically set by changing the position of organelles,
cytoskeleton, and signaling proteins (10, 24). Thus,
polarization of the actin cytoskeleton allows the establishment
of a front-rear migration axis, which subsequently polarizes
other proteins (10). Interestingly, F-actin and its regulator
Arp3 directly interact with PANX1 (25–27), suggesting that F-
actin polarization and nucleation of new microfilaments might
directly control PANX1 localization. Indeed, actin flow and
polarization permits the concomitant polarization of PANX1
to the leading edge in migrating immune cells (28–30). Similarly,
PANX3 stability at the plasma membrane requires intact actin
cytoskeleton (25), suggesting that a similar mechanism might
take place during cell migration.

Altogether, the co-polarization of PANXs with the actin
cytoskeleton, and their indirect functional impact on microtubules,
via protein-protein interaction with a microtubule stabilizer (31),
could imply a polarization of the PANX-dependent signaling.
Therefore, ATP and other molecules that permeate through
PANX-channels will be released in a polarized manner that might
sustain the cell polarity and direction of migration (28, 30, 32).

In this review, we summarize the contribution of PANX1
channels during cell migration. The first part of this review is
focused on different immune cells, as example of PANX1
channel contribution to leukocyte migration and recruitment.
Then, we describe PANX1 and PANX3 contribution to
migration of non-immune cells, such as astrocytes, skin cells,
and cancer cells, as well as the few available evidence for the
PANX2 and its putative role during cell migration. Afterwards,
we dedicate a final section of PANX1 contribution to cell
migration during neuroinflammatory conditions, and aging.
2 IMMUNE CELL MIGRATION

Most leukocytes use amoeboid migration to move within tissues.
This migration mode is characterized by limited adhesion to the
extracellular matrix with little (or non-) proteolytic activity,
preventing extracellular matrix modification (5). Therefore, in
order to undergo fast migration after damage, immune cells must
deform their cellular body while facing microenvironment
obstacles (6, 9). Leukocytes highly rely on acto-myosin
cytoskeleton contractility, and mechanosensitive channels,
including PANXs channels (6, 9, 30). Interestingly, PANX1 is
required for homing of bone-marrow derived immune cell
precursors (33), suggesting that these channels are required
December 2021 | Volume 12 | Article 750480
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from early stages of development. Moreover, since leukocytes
reside in different tissues and are exposed to different mechanical
and chemical signals, these cells exhibit different migration
strategies. Despite this cell-specific migratory behavior, the
contribution of PANX1 channels to purinergic and Ca2+

signaling, and to cytoskeleton regulation is well established. In
general PANX1 channels are positive regulators of immune cell
migration as summarized in this section (Table 1).
Frontiers in Immunology | www.frontiersin.org 3139
2.1 Neutrophils
Neutrophils, key components of the innate immune system, are
polymorphonuclear phagocytic cells found in the bloodstream.
Upon danger signal (i.e. chemokine/cytokine detection after
infection or injury) neutrophils leave the bloodstream to
invade vascular tissues (52). In the tissue, neutrophils have
phagocytic activity, producing reactive oxygen species, forming
neutrophil extracellular traps (NETs), and releasing cytokines,
TABLE 1 | Summary of CXs and PANX channels contribution to immune cell migration.

Cell type Channel Channel blockers//receptor inhibitors P2R,
AR

Migratory stimuli Migration techniques Ref.

DCs
BMDCs (m) CX43 aGA, CX43 KO n.e. CCL21 3D chemotaxis in collagen (34)
DEC205+ DCs (m) CX43, CX45 n.e. n.e. BaCl muscle

damage
In vivo homing to LNs (35)

BMDCs (m) PANX1 PANX1 KO//
A-740003, Apyrase, BAPTA, KN-62, oATP

P2X7 Extracellular ATP microchannels, 3D collagen, in vivo
homing to LNs

(32)

Macrophage
Peritoneal
macrophages (m)

PANX1-
indep.

PANX1 KO//P2Y2 KO, P2Y12 KO, AR-C69931
MX, 8-SPT, MRS-2179, NF449

P2Y2,
P2Y12

2D chemotaxis 2D chemotaxis (36)

Cortical CX3CR1+

microglia (m)
und. Cbx, FFA//Apyrase, RB2, PPADS, Suramin P2Y Laser ablation,

extracellular ATP
In vivo recruitment to injury site 2PEF (37)

Retinal CX3CR1+

microglia (m)
PANX1 Pbc//Apyrase, Suramin P2 AMPA Ex vivo retinal explants process

dynamics
(38)

Cortical CD68+

microglia (m)
PANX1 Trovafloxacin n.e. Controlled cortical

impact
In vivo recruitment to injury site (39)

BV-2 microglia cell
line

PANX1 Trovafloxacin, BBFCF, 10PANX1 P2 C5a Transmigration in transwells (39)

Monocytes
PBMCs (m) CX43 aGA, octanol n.e. MCP-1 Transmigration through endothelial

layer
(40)

PBMCs (h), THP-1
cell line

PANX1? P2Y6 siRNA, BMSCCR222, PTX, U73122, BAPTA,
Apyrase, MRS2578

P2Y6 CCL2, fMLP Transmigration in transwells (41)

Neutrophils
PMNs (m) PANX1 Cbx, 10PANX1, P2Y2 KO, DIDS, Suramin P2Y2 fMLP Chemotaxis in 2D release from a

pipette
(42)

PMNs (h), HL-60
cell line

PANX1 Cbx, 10PANX1//CSC, CGS21680, H89 A2a fMLP Chemotaxis in 2D release from a
pipette

(43)

Lung neutrophils
(m)

CX43 CX43+/-, Gap26 n.e. LPS Counting of in vivo homing to the
lungs

(44)

HL-60 cell line CX43 (as
neg. reg.)

Gap19, 10PANX1//P2Y1 KO, SB 203580 P2Y1 LPS Chemotaxis in 2D confined under
agarose

(45)

Neutrophils (z.f.) CX43 Cbx, CX43 morphans, lyz:cx43DN-T2A-mCherry n.e. Laser ablation In vivo recruitment to injury site 2PEF (46)
T cells
Innate lymphoid
cells (ILCs)

PANX1 PANX1 KO n.e. House dust mite No direct effect (47)

CD4+ T cells (m) PANX1 PANX1 KO n.e House dust mite In vivo recruitment to lung (47)
CD4+ PMBCs (h) PANX1 Cbx, PANX1 KD, 10PANX1//Apyrase, suramin,

CCCP
P2X4 CXCL12 Chemotaxis in 2D, transmigration in

transwells
(29,
48)

CD4+ splenocytes
(m)

PANX1 PANX1 KO n.e. Tissue CXCL12 Counting of in vivo spinal cord
recruitment

(29)

CD4+ T cells (m) PANX1 Cbx P2Y10 CCL19 Transmigration in transwells (49)
CD3+ cells (m) PANX1 Pbc n.e. und. Counting of in vivo spinal cord

recruitment
(50)

Other
Brain mast cells (m) CX43,

PANX1
n.e. n.e. Amyloid b-Peptide Cortical recruitment in APPswe/

PS1dE9 Alzheimer’s model.
(51)

HSPCs (m) PANX1 10PANX1 und. G-CSF, AMD3100 In vivo homing to tissue (33)
D
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2PEF, 2-photon excitation microscopy; aGA, a-glycyrrhetinic acid; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid; BMDCs, Bone-marrow derived DCs; Cbx,
Carbenoxolone; HSPCs, hematopoietic stem/progenitor cells; FFA, flufenamic acid; G-CSF, granulocyte colony-stimulating factor; h, human; fMLP, N-formyl-Met-Leu-Phe peptide; KD,
knock-down; KO, knock-out; LPS, lipopolysaccharide; LN, lymph node; m, mouse; N.E., not evaluated; oATP, oxidized ATP; PBMCs, peripheral blood mononuclear cells; PTX,
Pertussis toxin; PMNs, Polymorphonuclear cells; Pbc, Probenecid; und., undetermined; z.f., zebra fish.
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chemokines and bactericidal peptides (17, 53). PANX1 channels
are highly expressed in neutrophils and contribute to their
activation (42, 43, 54, 55). For instance, after exposure to non-
esterified fatty acids (i.e., oleic and linoleic acid), NET formation
requires activation of P2X1 receptors by extracellular ATP,
released via PANX1 channels (55).

Indeed, adenine nucleotide release and purinergic signaling
cascade activation are key for neutrophil migration, particularly
when the release of ATP is used as a navigational cue (43, 54).
Accordingly, several purinergic receptors regulate neutrophil
migration, including P2X1 (45), P2Y2 (42, 54, 56), P2Y6 (57),
P2Y11 (58), P2Y14 (59), A1 (60), and A2a (61). Interestingly,
components of the purinergic signaling that contribute to
migratory response are polarized (Figure 1), and therefore
provide a spatio-temporal dimension to this phenomenon (43, 54).

Neutrophils migration towards a N-formyl-Met-Leu-Phe
(FMLP) gradient, which mimics a bacterial-induced chemotactic
Frontiers in Immunology | www.frontiersin.org 4140
response, also depends on extracellular ATP sensing. During
FMLP-induced migration ATP is released in a polarized manner,
as PANX1 is polarized to the leading edge together with F-actin
(42). This polarization towards the leading edge relies on the direct
interaction between F-actin and the C-terminus of PANX1
previously described (25, 27). ATP released via PANX1 leads to
the subsequent activation of P2Y2 and A3 receptors, which are also
localized at the leading edge generating an autocrine feedback loop
required to maintain the polarization of the cell and to amplify the
gradient sensing (42, 54). Interestingly, PANX1 channels also
contribute to the inhibitory signals at the rear of the cell (43).
The continuous degradation of ATP by ectonucleotidases produces
adenosine, which activates adenosine A2a receptors at the cell rear,
leading to intracellular cAMP/PKA signaling, and inhibiting
excitatory signals from the leading edge (43). Since adenosine
activates both A3 and A2a, PANX1 indirectly contributes to
excitatory and inhibitory signals required for cell migration, as
FIGURE 1 | Regulation of immune cell migration by PANX1 channels. Redistribution of surface PANX1channels have been described during migration of immune
cells. (A) In neutrophils after FMLP gradient sensing, opening of PANX1 channels polarize towards the leading edge (right side of the cell) allowing ATP release,
subsequently activating local purinergic P2Y2 and -upon ATP degradation- adenosine A3 receptors. Then, at the rear of the migrating cell, activation of the adenosine
A2a receptors by adenosine (Ado) promotes inhibitory cascades mediated by cAMP/PKA, leading to an orchestrated cytoskeleton rearrangement required for
migration. (B) In T cells activation of CXCR4 receptor with SDF-1 triggers controlled burst of ATP after PANX1 channels opening, which is accompanied by
mitochondria and P2X4 translocation to the leading edge where Ca2+ influx occurs. (C) In DCs, ATP-induced fast migration requires an autocrine feedback
loop between PANX1 channels and P2X7 receptor, which triggers Ca2+ influx and subsequent activation of CaMKII, which maintains PANX1 channels opened.
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shown in Figure 1. So far, polarization of positive and negative
signals regulated by PANX1 has only been reported on neutrophils,
although is tempting to assume it as a general mechanism for
immune cell migration.

Moreover, neutrophils present additional pathways to release
ATP, such as CXs and tweety family member 3 (TTYH3) maxi
anion channels (2, 42), but it seems that different channels and
purinergic receptors are recruited depending on the stimuli of
the immune response. For example, in a mouse model CX43
hemichannels contribute to LPS-induced neutrophil recruitment
in the lungs (44). Similarly, CX43 hemichannels provide a path
for ATP release that promotes neutrophil swarming during laser
wound tissue damage in zebrafish (46). However, when CX43-
mediated ATP release is coupled to activation of P2X1 receptors,
this reduces the migration of human neutrophils and HL-60
neutrophil-like in an under agarose assay, and then acts as a stop
signal (45).

Overall, PANX1 contributes to neutrophil cell migration by
establishing a polarity axis, which is supported by re-localization
of the actin cytoskeleton, and the purinergic signaling-related
proteins involved in the migratory response. However, the
putative role of PANX2 and PANX3, and in pathological
conditions remains largely unexplored.

2.2 T Cells
T cell migration is a key step during the adaptive immune
response, and its pattern varies with the activation state and
the microenvironmental context. Before antigen exposure, and
during antigen-presenting cells (APC) search in the lymph
nodes, T cells have a diffusive and random migration
(Brownian type), whereas less diffusive chemotactic
movements (Lévy type) is exhibited by recently activated T cell
to migrate into secondary lymphoid organs for priming; or
highly directional migration (ballistic) induced by haptotaxis
cues and chemotaxis gradient caused by cognate APC at the
peripheral tissues (8). Adaptive immune response progression
requires purinergic signaling to modulate T cell functions (28).
For example, P2X7 receptor modulates the balance between the
number of differentiated Th17 and Treg lymphocytes (62).
Accordingly, PANX1 and purinergic receptors are essential for
T cell activation and cell death (63–65). In both cases, ATP is
released through PANX1 channels activating purinergic
receptors, triggering intracellular cascades, and inducing the
corresponding T cell response.

Acute chemokine stromal-derived factor 1a (SDF-1a, also
known as CXCL12) stimulation induces PANX1 channel
opening, cell polarization, and migration of CD4+ immature T
cells (29, 48), as shown in Figure 1. Particularly SDF-1a
recognition leads to a well-controlled PANX1 channel opening
by a G protein-coupled receptor mechanism, leading to a rapid
burst of ATP release, and subsequent focal adhesion kinase
(FAK) phosphorylation (29). In this context, SDF-1a promotes
translocation of P2X4 and mitochondria to the leading edge,
increasing Ca2+ influx and pseudopod protrusion needed for cell
polarization and migration (48). Polarized at the back of the cells,
P2Y11 receptors are also activated, triggering inhibitory signaling
via cAMP/PKA activation (Figure 1), and preventingmitochondria
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activity at the cell rear (66). Thus, polarized migratory T cells might
present mitochondria at both leading edge (48), and/or at the cell
rear (67), suggesting that specific chemical (i.e. chemokine
treatments) and physical (i.e. adhesion of the surface) cues of the
microenvironment differentially shape intracellular organelle
location and migratory function. In fact, supporting the role of
PANX-mediated signaling in T cell polarity, protein-protein
interaction of PANX1 and collapsin response mediator protein
2 (CRMP2), indirectly controls microtubule stability (31).
Interestingly, CRMP2 polarization towards the cell rear is
required for T cell chemotaxis (68).

In freshly isolated naïve T cells subsets, CD4+ and CD8+ cells,
PANX1 is abundantly present at the plasma membrane, whereas
PANX2 abundance is much lower (65). Therefore, it is
conceivable that upon stimulation the abundance of PANX2,
and/or PANX3, could increase under specific conditions.
Accordingly, in vivo data in murine model of experimental
autoimmune encephalomyelitis disease suggests that stimulated
T cells require functional PANX channels to transmigrate into
the spinal cord (29, 50). PANX contribution during cell
migration of specific T cell subsets remains largely unknown,
but there is evidence that regulatory T cells required PANX1 to
downregulate the response of effector T cells in vivo in a model of
allergic airway inflammation (47). The latter data is very
provocative, because it suggests that when PANX1 acts as a
cell communication effector protein, it contributes to limit
immune cell recruitment (47). Alternatively, PANX1 could
promote T cell infiltration when is acting as a migration
effector protein, likely by sustaining local signaling, which
subsequently permits the polarization of the actin cytoskeleton
or microtubule stability. Whether this migratory versus cell
communication role of PANX1 is affected by the expression of
other PANXs, or whether this is a mechanism present in other
cell types is yet to be explored.

2.3 Dendritic Cells
Immature dendritic cells (DCs) normally reside in peripheral
tissues where they scan the microenvironment in search of
danger signals (69, 70). After antigen uptake, DCs migrate to
secondary lymphoid organs, to initiate adaptive immune
responses (69, 70). Resident DCs constantly internalize
extracellular material, by phagocytosis or micropinocytosis, but
upon danger signal detection these processes are downregulated
and the migratory strategy changes from slow/random to fast/
persistent (6, 30). Purinergic signaling is key for DCs response, as
several P2X and P2Y receptors are expressed. In particular, P2X7

receptor together with PANX1, are required to sustain fast
migratory phases (30, 32, 71). Transient exposure to high
extracellular ATP concentrations activates P2X7 receptor,
opening PANX1 channels to release ATP establishing an
autocrine loop (32). This autocrine loop triggers Ca2+ influx
via P2X7, calmodulin kinase II (CaMKII) activation and F-actin
cytoskeleton to the cell rear (Figure 1), and is necessary to
sustain DC fast migration (32). Interestingly, CaMKII directly
controls the opening of PANX1 channels providing a direct link
between purinergic and Ca2+ signaling that might be responsible
for maintaining DCs migration (72). PANX1 appears to be
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equally distributed in migrating DCs, suggesting that this protein
does not need to polarized to control DC speed. Since CaMKII
regulates actin dynamics (73), its activity directly impacts on
acto-myosin contractility, which is required for DC migration
(30, 74). Thus, PANX1 contributes to DC migration by
sustaining Ca2+ signaling via P2X7, which activates CaMKII
maintaining actin polarization at the cell rear and
subsequent contractility.

Activating signals trigger a maturation program in which
several phenotypic changes, including the decrease of
macropinocytosis, are required for the fast migration of DCs
(6, 69). Interestingly, in other cells (i.e. neuroblastoma) ATP
induces the internalization of PANX1 into macropinosomes
(75), but it is not known whether the exact mechanism takes
place during DC maturation and migration. Upon maturation,
DCs increase the expression of cell surface molecules related to
antigen presentation and directional migration, such as CCR7
chemokine receptor (6, 69). Directional migration in DCs largely
depends on CCL19/CCL21 activation of CCR7 with the
concomitant activation of CX43 channels (34). In the same
line, migratory DCs increase the expression of CX43 and CX45
during homing to lymph nodes (35). Conversely, PANX1
channels were dispensable for this response as shown by the
lack of effect observed with PANX blockers (34).

These data suggest that PANX1 channels might contribute to
the early stages of DC migration upon danger signal detection,
and that later stages including CCR7-dependent chemotaxis
relies in the activity of CXs. This putative functional
distinction between CXs and PANXs during DC migration
might rely in different protein turnover at the plasma
membrane, and/or the non-channel signaling function, as is
shown for CX43 (76).

2.4 Monocytes and Macrophages
Although monocytes and macrophage originate from a common
myeloid precursor and share several markers, they differ in their
location, as monocytes are generally found in the bloodstream,
while macrophages are tissue-resident cells. However, circulating
monocytes differentiate into monocyte-derived macrophages
(MMs) or monocyte-derived DCs (Mo-DCs) upon sensing of
danger signals at the injury site (77). During CCL2-induced
chemotaxis, monocytes release ATP, thus generating an
autocrine loop with subsequent activation of P2Y6 receptors
that is required for efficient migration (41), similar to other cells
(see section Dendritic Cells, DCs). However, the molecular
mechanism for ATP release was not elucidated. Monocytes,
and macrophages, express both CXs and PANXs, but only CXs
role has been shown during extravasation and migration.
Particularly, CXs contribute by forming gap junction channels
between monocytes and the endothelium (2, 40, 78). However,
the functional role of PANXs expressed in monocytes (22),
remains unaddressed.

Resident macrophages are named according to the different
tissues in which they reside, although in general these cells share
their primary functions: cellular detritus clearance, phagocytosis
of pathogen particles, and in a lesser extent, antigen presentation
(79). Resident brain macrophages, named microglia, quickly
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reacting to danger signals to prevent neuronal damage (80).
ATP released during tissue damage acts as a chemoattractant of
microglia in vivo, which extend their processes towards the
injury site, a response that might require PANX1 channel
activation (37). However, this need to be confirmed as only
general blockers were used. Similarly, retinal microglia process
extension induced by a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptor activation is prevented with
Probenecid, a general PANX channel blocker (38). In addition,
trovafloxacin another proposed PANX1 blocker (81), reduces
microglia recruitment after traumatic brain injury (39). In a
similar model PANX1 is required to induced the recruitment of
microglia and other myeloid cells, and the lack of PANX1
improved the posttraumatic recovery of the mice (82). In
addition, C5a-induced transmigration of microglia depends on
PANX1-dependent ATP release, likely via an autocrine loop
(39), such as the one shown in DCs (see section Dendritic Cells,
DCs). However, this response might be specific different
macrophage subsets, as PANX1 channels have only a mild
contribution to C5a-induced chemotaxis in peritoneal
macrophages, which was dependent on P2Y2 and P2Y12

receptors (36). Conversely, CX43 contributes to LPS-induced
migration of peritoneal macrophages (83), suggesting that
different channels might be required under other conditions.

Depending on the chemical cues of the microenvironment
(i.e. cytokines), macrophages polarize to M1 or M2
macrophages, which exhibited different migratory properties
(84). Interestingly, macrophage M1 polarization reduces
PANX1 expression, whereas M2 polarization induces its
upregulation (85). However, whether PANX channels play a
role during the migration of these cells is still unknown.
3 ROLE OF TISSUE PANXs ON
LEUKOCYTE RECRUITMENT

Immune cell migration is not only induced by activation of
PANX expressed in the migrating cell, but also can be indirectly
promoted by PANX channels activated in the tissue. Initial
observations by Chekeni et al, revealed that PANX1 channels
were required for the release of “find me” signals (i.e., ATP and
UTP) during T cell apoptosis, which triggered monocyte
recruitment (86).

In liver, recruitment of monocytes is a hallmark of hepatic
inflammation, involving apoptosis of hepatocytes induced by
saturated free fatty acids (lipoapoptosis). Exposure to
lipoapoptotic supernants elicits monocyte recruitment in an
ATP-dependent chemokine-independent manner (87). PANX1
channels release ATP during lipoaptosis leading to c-Jun NH2-
terminal kinase (JNK) activation in liver cells, revealing that
hepatocytic PANX1 is key regulator of immune recruitment
during nonalcoholic steatohepatitis (NASH) progression. In
the same line, during obesity progression there is also
accumulation of unsaturated fatty acids, which induce skeletal
muscle inflammation and recruitment of immune cells. Thus,
in vitro experiments with a muscle cell line that form myotubes
show that treatment with palmitate induces ATP release from
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myotubes, which triggers monocyte recruitment (88).
Interestingly, the release of ATP from the myotubes was
independent of PANX1, but dependent on PANX3 channels
(88). Consequently, myotubes that lack of PANX3 are unable to
release ATP upon palmitate treatment, and do not trigger
monocyte migration (88). A similar mechanism could occur
during wound healing in a dorsal skin mouse model (89).
PANX3 KO mice presented a delayed healing and inflammation
resolution at the injury site. Indeed, the number of CD4+ T cells,
neutrophils and macrophages was reduced in PANX3 KO mice,
suggesting that tissue PANX3 was required for immune cell
recruitment (89).

In the central nervous system the choroid plexus, located in
the brain ventricle, is a key immune barrier between the
cerebrospinal fluid and the blood. Epiplexus cells, resident
innate immune cells of the choroid plexus, share markers and
function with macrophages, DCs and other phagocytic cells (90).
Under resting conditions epiplexus cells are sessile, but upon
detection of extracellular ATP these cells increase their motility
(91). This response depends on the ATP release via PANX1
channels from the epithelium of the choroid plexus, although
epiplexus do not express PANX1 (91). Whether if during chronic
inflammation or infection PANX expression is induced
remains unknown.

Moreover, adipocyte-derived ATP release during adrenergic
stimulation triggers macrophages recruitment (92). In addition,
PANX1 opening is required for insulin-stimulated glucose
uptake in adipocytes (93). Since insulin activates PANX1
channels causing the release of ATP, which in turn results in a
signaling cascade indirectly allowing the transport of glucose into
adipocytes, PANX1 might play a role in sustaining the
inflammation observed during insulin resistance.
4 ROLE OF PANXs ON MIGRATION
OF NON-IMMUNE CELLS

Unlike most immune cells that alter and deform little/transiently
the extracellular matrix, mesenchymal cells require proteolytic
enzymes to modify the microenvironment to undergo migration
(5). Moreover, mesenchymal migratory cells use their actin
cytoskeleton, form focal adhesion, and align with the
extracellular matrix, with which and form focal adhesion (5,
10). However, despite these differences with amoeboid cell
migration, mesenchymal cell migration also depends on acto-
myosin contractility to move, although the motility of these cells
is significantly slower (10). Another key protein for migration is
the extracellular-signal-regulated protein kinase (ERK), a
mitogen-activated protein kinase (MAPK), is a serine/
threonine kinase, which modulates migration through
phosphorylation of myosin light chain kinase (MLCK), calpain
protease, paxillin, and focal adhesion kinase (FAK) (94). ERK
activation can be triggered by cell matrix proteins (fibronectin,
vitronectin, and collagen), growth factors (VEGF, FGF, EGF,
insulin) and also indirectly by mechanical stress (94, 95). Indeed,
mechanical stretch activates ERK through EGF receptor
Frontiers in Immunology | www.frontiersin.org 7143
activation, triggering cell contraction (95). PANX1 channel
opening is also affected by mechanical stress, although some
evidence suggests that this occurs in an indirect fashion (96).
However, regardless of the pathways activated PANX channel
activity is affected by mechanotransduction and therefore these
channels might contribute during cell migration and
deformation of extracellular matrix, as it occurs during
mesenchymal migration.

During the past years, increasing interest have grown on
study PANX1 role during mesenchymal migration, particularly
in the context of cancer progression (Table 2). For this
reason, we decided to include in the following section, the
latest publications associating PANX1 with non-immune
cell migration.

4.1 Fibroblasts and Keratinocytes, Role of
PANXs During Skin Cell Migration
The skin forms an active barrier and provides the first layer of
defense by preventing the entry of foreign agents. This organ is a
complex multilayer organization of cells with different but
complementary functions, such as keratinocytes, melanocytes,
fibroblasts, and immune cells (106, 107). During tissue damage
skin resident cells communicate by using contact-dependent and
independent mechanisms to quickly heal the wound (108).
Consequently, ATP release and associated purinergic signaling
play a key role during skin inflammation and wound healing
(108). In particular, PANX1 is expressed in keratinocytes and
fibroblasts from human and mice skin, as discussed below (98,
105, 109–111).

PANX1 levels decrease during adulthood, but increase after
tissue damage (98). PANX1 is required for skin wound healing,
as shown in a murine model of skin punch biopsies with a lack of
PANX1 reduced tissue repair, but simultaneously increased
fibrosis (98). Surprisingly, in vitro experiments revealed that
the lack of PANX1 in keratinocytes increases their migratory
potential. In contrast isolated skin fibroblasts from PANX1
knockout mice were more proliferative but showed decreased
contractile properties in comparison to control conditions (98),
suggesting that PANX1 expression is cell type specific, and that
tissue interaction controls the overall migratory response in a
cell-type specific and tissue specific manner. In the same line,
PANX1 negatively regulates human dermal fibroblast migration
when kept in monocultures. Indeed, fibroblasts lacking PANX1
or those treated with PANX1 channel blockers increase their
speed of collective migration in wound healing assays, a similar
but smaller response occurs when cells lack PANX3 (105). The
decrease in cell migration during wound healing in fibroblasts is
linked to decreased ATP release and activation of purinergic
receptors. Consequently, P2X7 receptors blockade increases the
speed of migration in human dermal fibroblasts (105). However,
this last data should be considered carefully depending on the
working model to be compared with, as the authors also report
no effect over migration with P2X7 blockade in murine dermal
fibroblasts (105). Additionally, in vivo experiments in a mice
model reveal that PANX3 was required for proper wound
healing (89). This suggests that different models of study might
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require different purinergic receptors. In any case, PANX1- and
PANX3-dependent ATP release was consistently associated with
a decrease in the collective and single migration of dermal
fibroblasts, a response that relies in reorganization of the actin
cytoskeleton (105).

These data reveal that PANX1 channels contribute to cell
migration as a positive or negative regulators depending on the
cell type and components of the microenvironment, including
the available adenine nucleotides (Figure 3). However, the
analysis of specific downstream signaling, and how the
chemical cues of the microenvironment affect the role of
PANX1 during migration remains largely unexplored.

4.2 PANXs Role During Astrocytic
Migration Under Inflammation
Astrocytes are themorenumerous glial cell in the brain,where these
cells protect and feed the neurons (112). Astrocytes are crucial for
tissue repairing during brain injury, and avoid spreading of
neuronal damage by glial scar formation (112). During
inflammation reactive astrocytes exhibit functional and
morphological changes, as well as an increase in the expression of
DAMPs receptors (112). Neuronal interaction with astrocytes
controls cell migration via direct interaction of membrane
proteins, such asThy-1 (CD90) (113, 114). Thy-1 is a membrane
glycophosphatidylinositol (GPI) anchored protein that binds to
aVb3-containing integrin and syndecan-4 to stimulate FAK and
actin reorganization (i.e. stress fibers formation), leading to
morphological changes and migration in DITNC1 cell line. This
astrocyte like cell line express high levels of aVb3 Integrin and
Frontiers in Immunology | www.frontiersin.org 8144
Syndecan-4, which resemble those observed in reactive astrocytes
after tissue damage (115, 116). In DITNC1 cells Thy-1 stimulation
triggers activation of intracellular signaling (PI3K and PLCg)
leading to Ca2+ release from intracellular stores opening CX43
and PANX1 channels. The ATP released via these channels
activates P2X7 receptors and subsequent Ca2+ influx (117, 118),
revealing that Thy-1 induction of DITNC1 cell migration depends
on PANX1 channels.

Under resting conditions primary astrocytes express very low
levels of aVb3 Integrin and Syndecan-4, but their expression is
induced during neuroinflammation (97). TNF is a cytokine
associated with neuroinflammation and accordingly triggers
expression of aVb3 Integrin and Syndecan-4 in astrocytes,
accompanied by PANX1, CX43, P2X7 receptors allowing the
establishment of molecular toolkit required for Thy-1 signaling
(97). Indeed, TNF-stimulated astrocytes respond to Thy-1,
which leads to astrocyte cell migration by triggering PANX1
and CX43 ATP release and subsequent P2X7 receptor activation
(Figure 2) (97), supporting the data obtained in DITNC1 cells.

In another pro-inflammatory context, reactive astrocytes
derived from Amyotrophic Lateral Sclerosis (ALS) model
hSOD1G93A transgenic mice present an increased abundance
of several migration-related molecules, including avb3 Integrin,
syndecan-4 proteoglycan, P2X7 receptor, PANX1, and CX43
(97). Thy-1 recognition induced both adhesion and migration
of hSOD1G93A astrocytes (97). Intriguingly, TNF stimulation,
and in ALS models triggers Thy-1 associated signaling
expression, which pre-set a migratory phenotype in astrocytes,
to which it is possible to speculate that, in general, pro-
TABLE 2 | Summary of PANX1 contribution to non-immune cell migration.

Cell type PANX1 effect on
migration

Channel blockers//receptor
inhibitors

P2R Migratory
stimuli

Migration techniques Ref.

Astrocyte DITNC1 cell line Increase BBG, Apyrase n.e. Thy-1 2D wound healing (97)
Cortical astrocytes (m) Increase n.e. n.e. Thy-1 2D wound healing (97)
Dermal fibroblasts No effect PANX1 KO n.e. Wound In vivo wound healing (98)
I-10 Leydig tumor cell line Increase Cbx, Pbc, PANX1 siRNA, U0126 n.e. None 2D wound healing, transmigration in

transwells
(99)

MDA-LM2 and CN-LM1A breast
cancer cells (h)

Increase 10PANX1, Cbx, Panx1 siRNA n.e. None Counting of in vivo metastatic foci (100)

BICR-M1Rk breast cancer cells
(rt)

Increase Cytochalasin B n.e. None 2D random migration (25)

hTCEpi corneal epithelial cells (h) Increase 10PANX1, BBG, NF157, Suramin,
Apyrase, PPADS

P2X,
P2Y

Electric field 2D galvanotaxis (101)

N2a cells, neuroblastoma (m) Increase PANX1 siRNA n.e. Wound 2D wound healing (26)
Rh18 eRMS, Rh30 aRMS cell
line

Overexp. decrease
migration

PANX1 loss of function mutants,
AHNAK siRNA

n.e. Wound 2D wound healing, 3D spheroid growth,
in vivo tumor growth

(102,
103)

C6 glioma cells (rt) Overexp. decrease
migration

n.e. n.e. None Transmigration in transwells, 3D spheroid
growth

(104)

Keratinocytes from neonatal skin
(m)

decrease PANX1 KO n.e. Wound In vivo wound healing (98)

HDF (h), MDF (m) decrease Pbc, 10PANX1,
PANX1 siRNA, A-740003,

P2X7 Wound 2D wound healing (105)

PANX3 effect on
migration

HDF (h) decrease PANX3 siRNA P2X7 Wound 2D wound healing (105)
Increase n.e. Wound In vivo wound healing (89)

HaCaT keratinocyte (h) Increase PANX3 siRNA n.e. TFG-ß1 Transmigration in transwells (89)
December 2021 | Volume 12 | Article
aRMS, Alveolar rhabdomyosarcoma; BBG, Brilliant blue G; eRMS, embryonal rhabdomyosarcoma; h, human; HDFs, human dermal fibroblasts; m, mouse; MDFs, murine dermal
fibroblasts; Overexp, Overexpression; rt, rat.
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inflammatory conditions will induce a similar response
preparing reactive astrocytes to migrate if needed, but whether
PANX channels play a role during astrocyte migration in all pro-
inflammatory conditions will require further studies.

4.3 Cancer Cells, Differential Contribution
of PANXs to Tumor Progression
Tumor progression involves a series of sequential steps, which
lead to tumor growth and metastasis. Cancer cell migration is the
key step that allows invasion and colonization of new tissues. The
stimulation of this response occurs during the epithelial to
mesenchymal transition (EMT) (119, 120). Interestingly,
dichotomic contribution of PANX1 on cancer cell migration
has been reported (summarized in Table 2). Particularly, PANX1
can acts as a negative regulator for C6 cells motility, which are
derived from rat glia. Indeed, overexpression of PANX1 reduces
C6 glioma cell migration in different levels of complexity models
Frontiers in Immunology | www.frontiersin.org 9145
of study (i.e. 2D, 3D spheroids, and in vivo) (104). In the same
line a similar response is observed in rhabdomyosarcoma cells, in
which inducible expression of PANX1 prevents cell migration
(102). However, in this model PANX1 seems to play a role
independent of its channel function, because it requires PANX1
physical interaction with AHNAK, a large scaffold protein (102,
103). Thus, at least in this rhabdomyosarcoma model it seems
that PANX1 contribution might be related either to cytoskeleton
re-organization and signaling, as shown for CX43 C-terminus
(76). Interestingly, PANX1 expression induces gene and protein
level upregulation of CX43, which has a tumor suppressive role
in rhabdomyosarcoma (121). Altogether, these data supports the
notion that PANX1 is a negative regulator tumor suppressor
factor in cancer cells. However, in other cancer cell lines, PANX1
acts as a pro-migration factor as we discuss below (Figure 3).

Pioneer studies that revealed PANX1 interaction with the
actin cytoskeleton, suggested its pro-migratory phenotype in
FIGURE 2 | Role of PANX1 channels in mesenchymal cell migration. Intracellular regulation of PANX1 channels during migration of mesenchymal non-immune cells
is described as a positive or negative regulation, here we summarize the positive regulation. (1) Increased cell migration is correlated with PANX1 overexpression via
activation of ERK1/2 pathway, which could also play a major role during collective cell migration (not included in this figure). (2) Thy1/CD90, a surface protein
expressed in normal cells, but overexpressed in certain pathologies, interacts with aVb3-containing integrin and Syndecan 4, which promotes cell migration. The
downstream signaling involves focal adhesion kinase (FAK) activation, PI3K, PLCg and IP3 production, leading to Ca2+ release from intracellular stores, and opening
of both CX43 and PANX1 channels. The latter promotes extracellular ATP release and subsequent P2X7 activation, Ca

2+ influx and PKCa activation leading to Rac1
activation and RhoA inhibition. (3) Mechanical deformation during transepithelial migration lead to PANX1 channel activation, releasing ATP and activation of P2X7
receptors, leading to cell death by caspase 3/7 activation. Alternatively, PANX1 mutations that change its function lead to P2Y activation, preventing caspase
activation and cell death.
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breast cancer (25). Indeed, PANX1 promotes motility,
transmigration, and in vivo invasion in melanoma, breast and
testicular cancer cells: B16-BL6, B16-F10; CN34, CN-LM1A,
MDA-MB-231 MDA-MB-468, MDA-LM2, and I-10 cells,
respectively (99, 100, 122, 123). In some cases, such as
testicular cancer PANX1 activity was required for ERK1/2
activity, E-cadherin and metalloproteinase 9 (MMP-9)
revealing that these channels contribute with different aspects
of cell migration (99).

Like normal fibroblasts (see section above), MDA-MB-231 cells
are sensitive toThy-1 that increases cellmigration by releasingATP
via PANX1 channels with subsequent activation of P2X7 receptors
in a positive feedback loop (123). Consequently, a mutation that
increases the permeability of PANX1 channels leading to an
exacerbated ATP release, also promotes cell motility, but not
trans-endothelial migration (100), suggesting that PANX1
contributes to specific steps during tumor progression.

Which are the signals that lead to a positive or negative
modulation of PANX1 on migration? As reviewed in this section,
we hypothesize that it might depend on the cell type (Table 2),
but the exact molecular mechanisms and signaling pathways that
determine the outcome of the response remain unknown
(Figure 3). The involvement of the other membrane channels
that share functional and structural similarities with PANXs,
such as the Leucine-rich repeat-containing 8 (LRRC8) proteins
(124), is largely unexplored. Indeed, LRRC8A acts as a positive
regulator of cancer cell migration (125), but how the activity of
these channels affect the opening of PANXs, and how LRRC8
protein expression changes during cancer progression is not
yet shown.
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4.4 PANXs and Cell Migration During
Aging, Senescence, and Neurodegeneration
Cellular changes progressively alter immune function during
chronic inflammation and natural ageing, increasing
susceptibility to infections and tumors (126). Associated with a
chronic low-grade inflammatory state, is well accepted that cell
motilitydecreasesover time,whichon immunecellsmight bedue to
accumulation of DNA damage after nuclear breakage (127).
However, studies of cell migration in aging models are still
scattered. Impaired phagocytosis and migration of DCs have been
reported in aged humans (128). Not only cell decline (129), but also
naiveCD8+ andCD4+T cell fromoldmice present lowermigration
and microtubules gene expression (130). Migration of aged
marginal zone B cells at the spleen has also been reported to be
impaired, consequently affecting immunoglobulin production
(131). Human monocytes form elder volunteers showed altered
gene profile of cellular motility (132), while bone marrow
mesenchymal stem cells from aged human donors also present
lower proliferation and migration abilities (133).

In the central nervous system, with smaller branches and slower
motility process, microglia from aged mice exhibit reduced
protrusion activity and cell migration after acute injury (134).
During chronic neuroinflammation, aged mice of an Alzheimer’s
disease model present increased mast cell infiltration in the brain
parenchyma(51).Conversely, agedneutrophilsmigrate faster to the
injury (135, 136), despite having impaired phagocytic and
degranulation activity (137, 138). Similarly, myoblast have
augmented migratory features (speed and directionality) during
wound healing (139). Aging is likely to exert a cell-specific effect,
and therefore it is hard to anticipate whether PANX1, and other
FIGURE 3 | Proposed model for PANX1 channel regulation of cell migration. PANX1 channels act as positive or negative regulators of cell migration, despite the fact
that some pathways and proteins are shared by those opposite responses. We propose that different outcomes are likely to occur due difference in Ca2+ and/or
purinergic signaling (i.e. agonists, concentrations, etc). In particular, for Ca2+ signaling, the local (microdomain, nanodomain) regulation of it might activate different
signaling cascades leading to increase or decrease of cell migration. In addition, the decoding of Ca2+ signals by Ca2+-sensitive enzymes (i.e. CaMKII) could directly
modify the opening of PANX1, leading to changes in cytoskeleton dynamics directly or indirectly (i.e. cytoskeleton -Cytosk.- regulators) will result in signaling
cascades that promote or inhibit cell migration. Therefore, the main contribution of PANX1 channels would be to amplify the initial response, and this would be
downstream of the intrinsic cell-type specific Ca2+ response that ultimately determines the migratory outcome.
December 2021 | Volume 12 | Article 750480

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Harcha et al. Pannexins and Cell Migration
PANXs, will contribute as a positive or a negative regulator as this
will depend on the spatiotemporal regulation and accumulation of
different ligands in the microenvironment.

5 CONCLUDING REMARKS

In the present review, we summarize the contribution of PANX
channels during cell migration, emphasizing PANX1, that has been
more widely studied. We have focused on immune cells as the
integration of cell communication and cell migration is key for
their function, despite mainly migrating as single cells. An
interesting aspect of PANX-dependent purinergic signaling is the
possibility that single migrating cells would have an impact on their
neighbors. Using a mathematical model, Agliari et al. explored the
hypothesis that ATP release and autocrine signaling during immune
cell migration might impact neighboring cells while migrating as a
groupof single cells (140). The statistical inference approach revealed
that migrating DCs have no instantaneous cell communication via
release of small soluble molecules, such as ATP (140). However, the
model only predicts immediate interactions and the release of
adenine nucleotides or other small molecules will act with a delay
considering thediffusion timeandotherparameters.The latter shows
the need for the simultaneous study of cell communication and cell
migration in a coordinatedmanner by using computationalmethods
and theoretical frameworks, as it has been done for chemotaxis, or
collective cell migration (141–143).

Another key aspect to link PANX1 and cellmigration is the direct
association between PANX channels and cytoskeletal components
(actin, MyoII, microtubules), which are master regulators of cell
migration. There is evidence of direct and indirect modulation of
PANX channels by the cytoskeleton, which modifies membrane
dynamics (144). In addition, PANX1 channels are somehow
mechanosensitive, although in a lesser extent in comparison to
other channels such as Piezo1 and Piezo2 (145). Still PANX1 could
quickly react to changes in the membrane tension (96, 100, 146),
providing a fast feedback mechanism in which the opening of the
channel can be controlled by the mechanical cues of the
microenvironment that surrounds the migrating cell. This could be
sustained in timeby theactivationofenzymes thatdirectlymodify the
opening of the channel, such as Ca2+-sensitive CaMKII (72), or by a
positive feedback with P2 receptors (147, 148) (Figures 2, 3). In
addition, some evidence suggests a non-channel contribution of
PANX1 during migration of rhabdomyosarcoma (102, 103), which
has been observed in other channels that can act as signaling proteins
such as CX43 (76), or as enzymes and therefore receive the name of
‘chanzymes’, such as TRPM7 (149).

PANX channels interplay with purinergic signaling and
indirectly with Ca2+ signaling is well established (2, 30), but its
direct contribution with Ca2+ influx seems to be cell specific (32,
51, 65, 150). Then, local Ca2+ signaling regulation could lead to
different migratory outcome (Figure 3). Moreover, whether
other ions, such as K+, could be relevant for the migratory is
not yet demonstrated, although PANX1 channels directly
contribute to migration induced by changes in the electric
field, process named galvanotaxis (101). On the other hand,
whether the opening of PANX channels contribute to ion flux
and membrane voltage of the migrating cell is yet unexplored.
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It is tempting to speculate about the necessity of PANX
polarization during migration of leukocytes, but this should be
carefully verified for each cell and stimuli. In neutrophils there is
PANX1 polarization during migration (43, 86), but the same is
not clear in T cells (29), and polarization seems to be not
required for fast DC migration (32) (Figure 2). Therefore, the
use of recently developed techniques, such as super resolution,
optogenetics, and the development of new tools for live cell
imaging monitoring of PANXs, will greatly improve our
understanding of their role during cell migration.

Lastly, most of the studies have focused on PANX1, which
seems to be a leading player during cell migration, but it is unclear
the role of the other PANXs. Do PANXs have redundant
functions? Are these cell-type specific? For example glioma cell
migration is unaffected when changing the expression of PANX2,
although cell growth was directly impacted (151). These data
suggests that PANX2 and PANX3 might have other roles
unrelated to cell migration and might be associated to cell
growth and volume as recently reviewed (152). In the case of
PANX3, which seems to act as a negative regulator of collective cell
migration, it will be interesting to explore whether also prevent
single cell migration. Finally, the role of PANXs has not yet been
elucidated during chronic inflammation (i.e. obesity) or during
aging (23, 152), conditions that change the responsiveness of
immune cells (153). We propose that both conditions, chronic
inflammation and aging, might induce the expression of different
PANX isoforms in immune cells, leading to an increased
migratory potential. However, how different PANXs isoforms
orchestrate single and collective cell migration is still an
unexplored field.
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The trafficking of T-cells through peripheral tissues and into afferent lymphatic vessels is
essential for immune surveillance and an adaptive immune response. Glycogen
synthase kinase 3b (GSK3b) is a serine/threonine kinase and regulates numerous cell/
tissue-specific functions, including cell survival, metabolism, and differentiation. Here,
we report a crucial involvement of GSK3b in T-cell motility. Inhibition of GSK3b by CHIR-
99021 or siRNA-mediated knockdown augmented the migratory behavior of human T-
lymphocytes stimulated via an engagement of the T-cell integrin LFA-1 with its ligand
ICAM-1. Proteomics and protein network analysis revealed ongoing interactions among
GSK3b, the surface receptor Notch1 and the cytoskeletal regulator CRMP2. LFA-1
stimulation in T-cells reduced Notch1-dependent GSK3b activity by inducing
phosphorylation at Ser9 and its nuclear translocation accompanied by the cleaved
Notch1 intracellular domain and decreased GSK3b-CRMP2 association. LFA-1-
induced or pharmacologic inhibition of GSK3b in T-cells diminished CRMP2
phosphorylation at Thr514. Although substantial amounts of CRMP2 were localized
to the microtubule-organizing center in resting T-cells, this colocalization of CRMP2 was
lost following LFA-1 stimulation. Moreover, the migratory advantage conferred by
GSK3b inhibition in T-cells by CHIR-99021 was lost when CRMP2 expression was
knocked-down by siRNA-induced gene silencing. We therefore conclude that GSK3b
controls T-cell motility through interactions with CRMP2 and Notch1, which has
important implications in adaptive immunity, T-cell mediated diseases and LFA-1-
targeted therapies.

Keywords: GSK3b, NOTCH1, T-lymphocytes, LFA-1, T-cell migration
INTRODUCTION

In a healthy human under physiological conditions, T-lymphocytes continuously recirculate
between the peripheral lymphoid tissues via the blood and lymphatic systems to perform an
active immune surveillance as well as mount an adaptive immune response. Dysregulation of T-cell
recruitment can result in impaired adaptive immunity, recurrent infections, chronic inflammation,
and a diverse range of autoimmune diseases (1).
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T-cell trafficking is mediated by an active engagement of cell
surface receptors, cytoskeletal remodeling, and a broad array of
signal transduction processes, including activation/deactivation
of kinases and phosphatases (2). In particular, the T-cell aLb2
integrin lymphocyte function-associated antigen-1 (LFA-1;
CD11a/CD18) binds to its ligand intercellular adhesion
molecule-1 (ICAM-1) expressed on the endothelium, and this
adhesive interaction is crucial for T-cell migration and effector
functions (3). The molecular machinery and the downstream
pathways triggered by LFA-1 attachment to the ICAM-1
facilitating T-cell motility remain unclear.

The glycogen synthase kinase 3 (GSK3) is a ubiquitous
constitutively active serine/threonine kinase that exists in two
isoforms, GSK3a and GSK3b, and targets over hundred proteins
to regulate context-specific cellular functions (4). Initially uncovered
as a key enzyme involved in glycogen synthesis, GSK3b is now
known to regulate cell cycle, development, survival, metabolism,
and inflammation in multiple cell types (5–8). However, GSK3b
involvement in T-cell motility is yet to be fully understood.

The functional activities of GSK3b are regulated by its post-
translational modifications, nuclear localization, and interactions
with other proteins. The phosphorylation of a Ser9 residue in the
N-terminus of the GSK3b protein (pGSK3b-S9) by other kinases,
such as Akt, phosphatidylinositol-3-kinase (PI3K), and protein
kinase C (PKC) isoforms, inactivates GSK3b (4). This, in turn,
drives dynamic fluxes of primed substrates contributing to the
regulation of cell/tissue-specific functions. We have previously
reported that LFA-1/ICAM-1 ligation in human peripheral
blood lymphocyte (PBL) T-cells promotes Th1 polarization
through a GSK3b-dependent pathway (9). Here, we identify
GSK3b-interacting proteins and show that GSK3b interacts
with the Notch1 and collapsing response mediator protein 2
(CRMP2) and regulates T-cell motility.
MATERIALS AND METHODS

Human T-Cell Isolation and Culture
Human primary PBL T-cells were isolated from healthy
volunteers or leukocyte reduction system (LRS) cones obtained
from the Health Sciences Authority (HSA) of Singapore using
Lymphoprep™ density gradient medium (STEMCELL
Technologies) and centrifugation as described previously (10).
All experiments involving human peripheral blood or
components were approved by the Nanyang Technological
University Singapore Institutional Review Board (IRB-2018-05-
034 and IRB-2014-09-007). The human T-cell line HuT78 was
obtained from the American Type Culture Collection (ATCC,
Manassas, VA) and cultured in Gibco™ RPMI 1640 medium
supplemented with 10% fetal bovine serum, 1 mM sodium
pyruvate and antibiotics (penicillin 100 units/ml, streptomycin
100 mg/ml) at 37°C and 5% CO2 as described (11).

Antibodies and Reagents
Anti-GSK3b, anti-pGSK3b-S9, anti-CRMP2, and anti-rabbit
antibodies were from Cell Signaling Technology. Anti-
Frontiers in Immunology | www.frontiersin.org 2153
pCRMP2-T514 and anti-pericentrin antibodies were from
Abcam. Anti-GM130 was from MBL International. IL-2 and
stromal cell-derived factor 1 (SDF-1a) were obtained from
PeproTech. The GSK3b inhibitor CHIR-99021 was obtained
from STEMCELL Technologies. The g-secretase inhibitor N-
[(3,5-difluorophenyl) acetyl]-L-alanyl-2-phenylglycine-1,1-
dimethyl ethyl ester (DAPT) was from Merck Millipore.
Recombinant human ICAM-1 (rICAM-1) was procured from
Sino Biological. Anti-mouse antibody was from Agilent
Technologies. Dimethyl sulfoxide (DMSO), poly-l-lysine (PLL),
Phalloidin-Alexa Fluor® 647, CellMask™ (Orange), Hoechst-
33342, anti-rabbit and anti-mouse fluorescent secondary
antibodies, Gibco™ RPMI 1640 and cell culture supplements
were purchased from Thermo Fisher Scientific.

LFA-1/ICAM-1-Induced T-Cell Migration
We used our well-characterized T-cell migration in vitro model,
where primary or cultured T-cells were seeded on rICAM-1-
coated plates and cells were allowed to migrate as described
previously (12). Briefly, 5 µg/ml anti-human IgG (Fc specific) in
sterile phosphate buffered saline (PBS, pH 7.2) was coated on 6-
or 96-well tissue culture plates or 18 mm coverslips overnight at
4°C. After washing with PBS, 1 µg/ml rICAM-1 was added into
the wells of the plates/coverslips and incubated for another 2 h at
37°C. Wells of the plates/coverslips were washed with PBS before
seeding T-cells (20×103 cells/well in 96-well plate; 200×103 cells/
well in 6-well plate) in an activation medium. The activation
medium consisted of cell culture medium with added 5 mM
MgCl2 and 1.5 mM EGTA.

Live Cell Imaging of LFA-1/ICAM-1-
Stimulated Migrating T-Cells
We used an established live cell imaging protocol to quantify T-
cell migration by an automated microscopy (13). Briefly, control
or pretreated T-cells were stained with CellMask™ and added on
an rICAM-1-coated 96-well flat-bottom plate (2×104 cell per
well) and cells were allowed to migrate as described above. Live
cell migration was recorded using an automated microscope IN
Cell Analyzer 2200 (GE Healthcare) equipped with temperature
and environmental controls. Cell tracking and measurements of
distance were performed using the Imaris software (Andor-
Bitplane, Zurich).

Real-Time Monitoring of T-Cell Migration
in 2D and Through Transwell Membranes
Kinetic monitoring of T-cell migration on rICAM-1-coated 2D
surfaces and through transwell membrane towards the
chemokine SDF-1a was performed using xCELLigence E-Plate
16 and CIM-Plate 16, respectively, and the Real-Time Cell
Analysis (RTCA) instrument (Agilent). The E-Plate 16 plates
contain gold microelectrodes embedded in the bottom of each
well that can continuously monitor the adhesion and spreading
of motile T-cells by automatic measurement of the changes in
impedance signals. For T-cell 2D migration assays, bottom
surfaces of the E-Plate 16 wells were coated with 1 µg/ml
rICAM-1 at 37°C for 2 h. T-cells that have been pre-treated
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under various experimental conditions, as indicated in the
corresponding figure legends, were added in the wells of the
rICAM-1-coated E-Plate 16 (2×104 cells/well) in 100 µl
activation medium in triplicates. Changes in T-cell migratory
phenotypes in 2D, including cell adhesion and spreading, were
automatically recorded by impedance measurements using the
RTCA system. For transwell migration assays, upper chambers
of the CIM-plate 16 plates containing electronically integrated
microporous membranes (pore size 8 µm) were coated with 1 µg/
ml rICAM-1 at 37°C for 2 h, as describes earlier (14). T-cells that
have been pre-treated under various experimental conditions, as
indicated in the corresponding figure legends, were loaded in the
upper chambers of the CIM-Plate 16 (1×105 cells/well) in 100 µl
activation medium in triplicates. Cells were allowed to
transmigrate through the membrane toward 100 ng/ml SDF-
1a-enriched medium in the lower wells at 37°C. T-cells passing
through the pores of the rICAM-1-coated membrane were
immediately detected by gold electrodes, covering the lower
side of the membrane, and quantified by the RTCA system in
terms of impedance changes in real-time. The kinetic data
(baseline cell index) automatically recorded by the RTCA
system over the course of the entire experiment was plotted
against time and presented.

siRNA-Induced Knockdown of
GSK3b and CRMP2
SMARTpool® siRNA targeted against GSK3b, CRMP2 and non-
specific control siRNA (Dharmacon ON-TARGETplus siRNA
Reagents, Thermo Fisher Scientific) were used. Actively growing
HuT78 and PBL T-cells (1.2×106 cells) were mixed with siRNA
molecules (100 nM) in the SF Cell Line and P3 Primary Cell 4D-
Nucleofector™ X Kit, respectively. Cells were the nucleofected
using the 4D-Nucleofector™ system (Lonza) according to the
manufacturer’s instructions and used for experiments after 72 h.

Co-Immunoprecipitation and
Western Immunoblotting
T-cells treated under various experimental conditions were
washed with PBS (4°C) and lysed in the cell lysis buffer as
described earlier (15). The protein content of the cell lysates was
determined by the Bradford protein assay (Bio-Rad). For co-
immunoprecipitation assays, whole cell lysates (WCL, 500 µg
each) were gently mixed with 3 µg of the target antibody or an
isotype control IgG. Protein A/G plus agarose beads (25 µl/
sample) were added to the antibody/cell lysate mix and
incubated for 4 h at 4°C on a benchtop rotating/rocking
shaker. The immune complexes were gently washed with the
buffer containing 0.1% Triton X-100, 20 mM HEPES (pH 7.4),
130 mM NaCl, 10% glycerol, 1 mM phenylmethylsulfonyl
fluoride, 10 mM sodium fluoride, 2 mM sodium vanadate and
a cocktail of protease inhibitors. WCL or immunoprecipitated
protein samples were heated in Laemmli sample buffer (95°C for
5 min), separated by gel electrophoresis, and then transferred to a
nitrocellulose or PVDF membrane. Membranes were blocked
using 5% Blotto or 2.5% bovine serum albumin (BSA) (Thermo
Frontiers in Immunology | www.frontiersin.org 3154
Fisher Scientific) in PBS-0.05% Tween 20 for about 1 h at room
temperature. Membranes were then incubated with primary
antibody overnight at 4°C on a rotating shaker. After three
washes, membranes were probed with corresponding HRP-
conjugated secondary antibody for 1-2 h at room temperature.
After washing, membranes were developed using an enhanced
chemiluminescence reagent (Thermo Fisher Scientific) and
imaged using ChemiDoc™ Gel Imaging System (Bio-Rad) or
light sensitive films.
GSK3b Interactome Analysis by
LC-ESI-MS/MS
GSK3b-interacting proteins were co-immunoprecipitated from
cellular lysates of resting (unstimulated) or LFA-1/ICAM-1-
stumulated migrating T-cells using anti-GSK3b antibody and
peptide identification was carried out by LC-MS/MS analysis.
Briefly, GSK3b co-immunoprecipitated samples (from 2 mg
protein each) were resolved by native gel electrophoresis and
the proteins were digested in-gel with trypsin (Promega) after
reduction and alkylation. Tryptic peptides were desalted using a
C18 SPE cartridge (Waters, Singapore). The peptides were dried,
reconstituted with 3% acetonitrile and 0.1% formic acid, and
then separated and analysed using a coupled to a Q-Exactive
tandem mass spectrometry coupled with Dionex Ultimate™

3000 RSLCnano system (Thermo Fisher Scientific). Separation
was performed on an EASY-Spray™ column (75 µm × 10 cm)
packed with PepMap C18 3 µm, 100 Å (Thermo Fisher
Scientific) using solvent A (0.1% formic acid) and solvent B
(0.1% formic acid in 100% acetonitrile) at flow rate of 300 nL/
min with a 60 min gradient. Peptides were then analysed on the
Q-Exactive apparatus with the EASY-Spray™ Source (Thermo
Fisher Scientific) at an electrospray potential of 1.5 kV. A full MS
scan (350–1,600 m/z range) was acquired at a resolution of
70,000 and a maximum ion accumulation time of 100 ms.
Dynamic exclusion was set as 30 s. The resolution of the
higher energy collisional dissociation spectra was set to 350,00.
The automatic gain control settings of the full MS scan and the
MS2 scan were 5E6 and 2E5, respectively. The 10 most intense
ions above the 2,000-count threshold were selected for
fragmentation in higher energy collisional dissociation, with a
maximum ion accumulation time of 120 ms. An isolation width
of 2 m/z was used for MS2. Single and unassigned charged ions
were excluded from MS/MS analysis. For higher energy
collisional dissociation, the normalized collision energy was set
to 28. The underfill ratio was defined as 0.3%. Raw data files were
processed and converted to Mascot generic files format and
submitted for database searching against the UniProt Human
database with Mascot (v2.4.1, Matrix Science). The criteria used
to filter results included 1% false positive threshold, expect
value < 0.05 for significant peptide matches and the emPAI
score was calculated as per a standard Mascot protein family
report. Moreover, identification of peptides required at least two
unique peptides under the standard search parameters. The
mascot results were exported as.csv files for further analysis in
Excel program (Microsoft Singapore Pte Ltd.).
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Ingenuity Pathway Analysis (IPA®)
The IPA® software program (Qiagen) is a well-established
bioinformatics tool facilitating identification of molecular
relationships, mechanisms, and functions through dynamic
pathway modelling. An updated repository of biological
interactions (Ingenuity® Knowledge Base) is utilized to create
functional annotations from individually modelled relationships
among proteins, genes, cells etc. We employed IPA® to decipher
dynamic molecular changes in GSK3b protein-protein
interactions between resting T-cells and LFA-1/ICAM-1-
stimulated migrating T-cells. To generate biological networks,
protein dataset obtained from Mascot analysis was uploaded
onto the IPA® software and IPA® protein networks were created
and scored based on a Fisher’s exact test, indicating the
likelihood of proteins associating into the GSK3b network by
random chance. The core analysis was restricted to the immune
cells to extract the relationships.

Confocal Microscopy, High Content
Imaging and Analysis
T-cells were allowed to migrate on rICAM-1-coated (migrating)
or PLL-coated (resting control) coverslips for 2 h and then cells
were fixed with 4% (v/v) formaldehyde for 10 min as described
(11). After permeabilization using 0.3% Triton X-100 (prepared in
PBS) and blocking in 5% BSA, cells were immunostained for
selected proteins. Hoechst-33342 was used to stain the nuclei.
Fluorescently stained cells on coverslips were then mounted onto
clear glass slides with the help of the Fluoromount™ Aqueous
Mounting Medium (Sigma-Aldrich). A Zeiss LSM800 Airyscan
microscope attached with 405, 488, 561, and 647 nm lasers and a
63X/1.4 numerical aperture (NA) oil immersion objective lens
(Carl Zeiss, Inc.) was used for confocal imaging. At least 3 images
were acquired under each treatment condition and ZEN lite 2.1
(Carl Zeiss) software was used for image processing, analysis, and
presentation. Intensity profiles of selected molecular signals in the
confocal images were generated using the ZEN lite 2.1 and were
replotted using the GraphPad Prism software. To quantify the
colocalization of the CRMP2 and pericentrin proteins, Pearson
Correlation Coefficient (PCC) was calculated using the ZEN Black
software (Carl Zeiss). Cellular/nuclear location of GSK3b,
pGSK3b-S9, and CRMP2 in motile T-cells was quantified by
high content imaging and automated analysis. Briefly, T-cells
were allowed to migrate on the wells of the rICAM-1-coated 96-
well tissue culture plate (2×104 cells/per well) for multiple time-
points up to 2 h and fixed. Cells were then fluorescently labelled
for GSK3b, pGSK3b-S9 or CRMP2 and co-stained with
Rhodamine-Phalloidin and Hoechst to demarcate cytoplasmic
and nuclear regions. Fluorescently labelled cells were then
imaged by an automated microscope IN Cell Analyzer 2200 (GE
Healthcare) using 20X objective (6 fields/well). Acquired image-
sets containing >500 cells/well were subsequently analyzed cell-by-
cell using the IN Cell Investigator software.

Statistical Analysis
The level of statistical significance was computed using one-way
analysis of variance (ANOVA) with Dunnett’s correction among
Frontiers in Immunology | www.frontiersin.org 4155
experimental groups and the t-test using GraphPad Prism
(v8.4.3, GraphPad). Difference with p < 0.05 was considered
as significant.
RESULTS

GSK3b Inhibition Promotes T-Cell Motility
We first investigated the involvement of GSK3b in T-cell
migration by real-time monitoring of motile T-cells in the
presence of an established GSK3b inhibitor, CHIR-99021,
using an automated live cell imaging. CHIR-99021 specifically
inhibits GSK3a/b and its IC50 concentration is 7-10 nM in cell-
free in vitro assays (16, 17). The effective inhibitory
concentrations of CHIR-99021 in cultured mammalian cells
have been reported to be in the range of 3 to 10 µM (18–31).
Here we choose to pre-treat T-cells with 5 µM CHIR-99021 for 2
h to inhibit GSK3b in our experiments. Cellular treatment with
CHIR-99021 significantly enhanced the migratory behaviour of
T-cells following stimulation by LFA-1/ICAM-1 engagement
(Figure 1A and Videos 1, 2 in Supplementary Material)
without impacting T-cell viability (Supplementary Figure S1A
in Supplementary Material). Quantification of the trajectories
taken by motile T-cells over the course of 2 h showed that CHIR-
99021-treated T-cells travelled significantly (>20%) longer
distance compared to control (Figure 1B). GSK3b inhibition
significantly increased the chemotactic potential of motile PBL
T-cells as analysed by transwell assay using real-time impedance-
based measurements (Figure 1C). Similarly, siRNA-induced
knockdown of GSK3b in HuT78 T-cells (Figure 1D) enhanced
their migratory action (Figure 1E) without impacting cell
viability (Supplementary Figure S1B in Supplementary
Material). Notably, CHIR-99021 treatment did not impact the
ability of T-cells to proliferate or produce cytokines (IL-2 and
IFN-g) in response to activation via the T-cell receptor
(Supplementary Figure S2 in Supplementary Material).

GSK3b Interactome in LFA-1-Stimulated
Migrating T-Cells Identifies Notch1 and
CRMP2 Interactions
We next determined intracellular proteins that interact with
endogenous GSK3b in LFA-1-stimulated motile T-cells by
co-immunoprecipitation with anti-GSK3b antibody and
subsequent mass spectrometry analysis as illustrated in
Figure 2A. We detected 1,168 unique proteins directly or
indirectly pulled down by anti-GSK3b [Mascot protein database
search against Human Uniprot protein database, false discovery
rate (FDR) ≤1%]. Based on protein abundance exponentially
modified Protein Abundance Index (emPAI) scores (32) of
GSK3b interactome, 256 candidate proteins were identified to be
differentially associated with GSK3b (82 protein IDs with ≥2-fold
higher emPAI score and 174 protein IDs with ≥2-fold lower
emPAI score in LFA-1/ICAM-1-stimulated migrating T-cells
compared to unstimulated resting cells, Supplementary
Table 1). Of the 256 protein ID’s, 243 were “analysis ready”
consistent with Ingenuity® Knowledge Base and generated
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multiple canonical pathways, upstream regulators, associated
diseases, and cellular functions. The top diseases and functions
associated with the GSK3b interactome included cellular
compromise, cellular movement, inflammatory response, and
immune cell trafficking. Of the major canonical pathways with a
positive Z-score among the protein networks were RhoGDI
signaling, sirtuin signaling pathway, hippo signaling and Wnt/b-
catenin signaling pathways (Supplementary Figure S3 in
Frontiers in Immunology | www.frontiersin.org 5156
Supplementary Material). Four direct interactions of GSK3b
identified in the enriched network were i) Notch1, ii)
dihydropyrimidinase-related protein 2 (DPYSL2, also called
CRMP2), iii) ribosomal protein S6 kinase beta-1 (RPS6KB1),
and iv) caspase recruitment domain-containing protein 11
(CARD11) (Figure 2B). Of note, based on empirical abundance
scores, the CRMP2-GSK3b association was more pronounced in
resting T-cells in comparison to migrating T-cells.
A B
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FIGURE 1 | Inhibition or depletion of GSK3b enhances T-cell motility. (A) Human primary T-cells were pre-treated with 5 µM CHIR-99021 for 2 h to inhibit GSK3b or
DMSO (solvent control). Cells were then allowed to migrate on rICAM-1-coated plate and tracked in live cell microscopy. Spider plots showing the traced tracks of
cells are presented. (B) Distance travelled by migrating T-cells over a 2-h period in mm. (C) Transwell chemotaxis of primary T-cells towards the chemokine SDF-1a,
as determined using CIM-Plate 16 and real-time impedance-based measurements by the RTCA instrument. (D) HuT78 T-cells were nucleofected with 100 nM
siRNA targeting GSK3b or non-specific (NS) siRNA. After 72 h, cells were lysed and the expression levels of GSK3b was determined by Western immunoblotting.
Blots were re-probed for GAPDH as a loading control. The relative densitometry values for GSK3b were determined and plotted (mean ± SEM). (E) Transwell
chemotaxis of control (NS siRNA) and GSK3b-depleted (GSK3b siRNA) HuT78 T-cells towards SDF-1a was determined using CIM-Plate 16 and real-time
impedance-based measurements. Baseline was drawn automatically for wells without SDF-1a. Data represent at least three independent experiments. ***p < 0.001.
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GSK3b Interaction With Notch1 and
CRMP2 in LFA-1/ICAM-1-Stimulated
Motile T-Cells
Concurrent with an increased phosphorylation of GSK3b
(pGSK3b-S9) and cleavage of Notch1 intracellular domain
(NICD) following LFA-1 stimulation (Figures 3A, B),
pGSK3b-S9 translocated to the nucleus in LFA-1/ICAM-1-
stimulated migrating T-cells (Figure 3C and Supplementary
Figure S4 in Supplementary Material). The LFA-1-induced
translocation of pGSK3b-S9 to the nucleus occurred in a time-
dependent manner reaching to maximum in a time-window of
Frontiers in Immunology | www.frontiersin.org 6157
10 to 30 min of stimulation (Figure 3D). This pGSK3b-S9
translocation was accompanied with cleaved NICD in motile
T-cells (Figure 3C). Blocking Notch1 cleavage by the g-secretase
inhibitor DAPT (Figure 3B) inhibited LFA-1-induced pGSK3b-
S9 phosphorylation (Figure 3A) and its nuclear translocation
(Figure 3C, middle vs lower panels), and reduced T-cell
migration (Figure 3E).

To comprehend an interaction between GSK3b and CRMP2,
T-cells were stimulated to migrate via LFA-1/ICAM-1 and lysed.
Cellular lysates were then immunoprecipitated using an anti-
CRMP2 antibody or IgG (control) and probed for GSK3b and
A

B

FIGURE 2 | Identification of GSK3b interactome in migrating T-cells. (A) Schematic representation of workflow employed in mass spectrometry-based proteomics
analysis of GSK3b interacting proteins in human HuT78 T-cells. (B) Image output from IPA Ingenuity Knowledge Base indicating statistically probable interactions of
GSK3b in LFA-1-stimulated T-cells. Proteins depicted in red are high abundance in migrating T-cells and proteins shown in green are low in abundance, compared
to resting T-cells. The protein symbols in purple highlight proteins curated from Ingenuity Knowledge Base with potential roles in cellular movement and modelled
relationships among known functional networks in immune cells. The type of proteins, network, shapes, and relationships in IPA are provided in the legends.
December 2021 | Volume 12 | Article 680071

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Fazil et al. GSK3b Regulates T-Cell Motility
CRMP2. Consistent with protein abundance scores from mass
spectrometry, immunoblotting revealed a decreased interaction
between GSK3b and CRMP2 in LFA-1-stimulated T-cells in
comparison to unstimulated resting cells (Figure 4A). LFA-1
stimulation resulted in decreased phosphorylation of CRMP2 at
the Thr514 residue, which could be partially rescued by DAPT
Frontiers in Immunology | www.frontiersin.org 7158
(Figure 4B). The decreased phosphorylation of CRMP2 was also
evident in T-cells treated with the GSK3b inhibitor CHIR-99021
(Figure 4C). While pGSK3b-S9 translocated to the nucleus
following LFA-1 stimulation, CRMP2 remained in the
cytoplasm (Figures 4D, E and Supplementary Figure S5 in
Supplementary Material).
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FIGURE 3 | GSK3b-Notch1 interactions in motile T-cells. (A, B) Human primary T-cells, untreated or pre-treated with 10 mM DAPT, were stimulated to migrate on
rICAM-1-coated plates for 30 min and lysed. Cellular lysates were Western immunoblotted for pGSK3b-S9, GSK3b, NICD and total Notch1. The expression levels of
proteins were quantified by determining relative densitometry (mean ± SEM) of pGSK3b-S9/GSK3b and NICD/Notch1. (C) Resting and LFA-1-stimulated HuT78 T-
cells were immunostained with anti-pGSK3b-S9/Alexa Fluor® 488 (green), anti-NICD/Alexa Fluor® 568 (red), Phalloidin-Alexa Fluor® 647 (actin, cyan) and Hoechst
(nucleus, blue) and then imaged by confocal laser scanning microscopy, 63X oil objective. Overlay images with intensity profiles (replotted using the GraphPad Prism
software) of nucleus, pGSK3b-S9, NICD and actin are shown. Scale bar = 5 mm. (D) T-cells (2×104 cells/per well) were allowed to migrate on rICAM-1-coated 96-
well plate for multiple time-points up to 2 h and fixed. Cells were stained for pGSK3b-S9 or GSK3b and imaged by an automated IN Cell Analyzer 2200 microscope
using 20X objective (6 fields/well). Cellular images containing >500 cells/well were subsequently analysed cell-by-cell by the IN Cell Investigator software. (E) HuT78
T-cells were pre-treated with 10 µM DAPT, nocodazole (positive control), or DMSO (solvent control) and then allowed to migrate on rICAM-1-coated E-Plate 16. Cell
migration was recorded in real-time using impedance-based measurements by the RTCA instrument. Wells without cells were used to automatically draw the
baseline. Data represent at least three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 compared to corresponding resting T-cells (0 min) control; RFU,
relative fluorescent intensity.
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To examine cellular localization of CRMP2 in motile T-cells,
we performed confocal microscopy and subsequent image
analysis. In resting T-cells, substantial amounts of CRMP2
were localized in close proximity to the microtubule-organizing
Frontiers in Immunology | www.frontiersin.org 8159
center (MTOC), as determined by co-staining of cells with
pericentrin (an MTOC marker) (Figures 5A, B). We used
PCC to assess the overall proximity of CRMP2 and MTOC,
additional confirmation of colocalization that provides
A

B

D

E

C

FIGURE 4 | GSK3b-CRMP2 interactions in motile T-cells. (A) Human primary T-cells were stimulated to migrate on rICAM-1-coated plates for 30 min and lysed.
Cellular lysates from unstimulated or LFA-1/ICAM-1-stimulated T-cells were immunoprecipitated (IP) with anti-CRMP2 and Western immunoblotted for GSK3b and
CRMP2. The amounts of GSK3b co-precipitating with CRMP2 were quantified by densitometry analysis (mean ± SEM). (B) Human primary T-cells, untreated or pre-
treated with 10 mM DAPT, were stimulated to migrate on rICAM-1-coated plates for 30 min and lysed. (C) Human primary T-cells were treated with 5 mM CHIR-
99021 or an equivalent amount of DMSO (solvent control) for 2 h and lysed. Cellular lysates in “B” and “C” were Western immunoblotted for pCRMP2-T514 and total
CRMP2. The relative expression levels of pCRMP2-T514 were quantified by densitometry analysis (mean ± SEM). (D) Resting and LFA-1-stimulated migrating HuT78
T-cells were immunostained with anti-pGSK3b-S9/Alexa Fluor® 488 (green), anti-CRMP2/Alexa Fluor® 568 (red), Phalloidin-Alexa Fluor® 647 (actin, cyan) and
Hoechst (nucleus, blue), and then imaged by confocal laser scanning microscopy, 63X oil objective. Overlay images with intensity profiles (replotted using the
GraphPad Prism software) of nucleus, pGSK3b-S9, CRMP2 and actin are shown. Scale bar = 5 mm. (E) T-cells (2×104 cells/per well) were allowed to migrate on
rICAM-1-coated 96-well plate for multiple time-points up to 2 h and fixed. Cells were stained for CRMP2 or pGSK3b-S9 and imaged by an automated IN Cell
Analyzer 2200 microscope using 20X objective (6 fields/well). Cytoplasmic and nuclear intensities of CRMP2 and pGSK3b-S9, respectively, from >500 cells/well were
subsequently analysed cell-by-cell by the IN Cell Investigator software. Each dot represents mean intensity values from >500 cells. Data represent at least three
independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 compared to resting T-cells (0 min) control; RFU, relative fluorescent intensity.
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quantitative values ranging from +1.0 (total positive correlation),
0 (no correlation) to -1.0 (total negative correlation). The mean
PCC value for CRMP2 and pericentrin in unstimulated resting
T-cells was above 0.5 (Figure 5C), indicating a high instance of
Frontiers in Immunology | www.frontiersin.org 9160
colocalization. This MTOC colocalization of CRMP2 was lost
following LFA-1 stimulation in motile T-cells with the mean
PCC value significantly reduced to less than 0.1 (Figure 5C),
indicating no-to-low colocalization. No colocalization or
A

B
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FIGURE 5 | CRMP2 colocalization to the MTOC and the effect of CRMP2 depletion on T-cell motility. (A) Resting and LFA-1-stimulated HuT78 T-cells were
immunostained with anti-CRMP2/Alexa Fluor® 568 (red), anti-pericentrin/Alexa Fluor® 488 (green), phalloidin-Alexa Fluor® 647 (actin, pink) and Hoechst (nucleus,
blue). Cells were then imaged by confocal laser scanning microscopy, array scan 63X objective. (B) 3D and 2.5D projections, zoomed overlay and intensity profiles
(replotted using the GraphPad Prism software) of CRMP2 and pericentrin are shown. (C) Pearson Correlation Coefficient between CRMP2 and pericentrin was
assessed using Carl Zeiss ZEN Black software. Each dot represents a single T-cell, and the images were taken from at least three independent experiments; n=20
for resting T-cells and n=15 for migrating T-cells; error bar, mean ± SEM. (D) PBL T-cells were nucleofected with 100 nM siRNA targeting CRMP2 or non-specific
(NS) siRNA. After 72 h, cells were lysed, Western immunoblotted and probed for CRMP2. Blots were re-probed for GAPDH as a loading control. Relative
densitometry values for CRMP2/GAPDH were determined and plotted (mean ± SEM). (E) The control (NS siRNA) and CRMP2-depleted (CRMP2 siRNA) PBL T-cells
were treated with 5 µM CHIR-99021 for 2 h and then allowed to migrate on rICAM-1-coated E-Plate 16 for 4 h. Cell migration was recorded in real-time using
impedance-based measurements by the RTCA instrument. Wells without cells were used to automatically draw the baseline. Data represent at least three
independent experiments. ***p < 0.001.
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containment of CRMP2 with the Golgi was detected in either
resting or LFA-1-stimulated T-cells (Supplementary Figure S6
in Supplementary Material). No further change in LFA-1-
induced Notch1 cleavage or CRMP2 Thr514 phosphorylation
was observed in cells that were pre-incubated with CHIR-99021
(Supplementary Figure S7 in Supplementary Material). Most
importantly, the migratory advantage conferred by CHIR-99021
treatment was lost when CRMP2 expression was knocked-down
in T-cells (Figures 5D, E), indicating that GSK3b inhibition
favours CRMP2-dependent T-cell migration. CRMP2-depleted
cells exhibited an inhibition of migration compared to control T-
cells (Figure 5E), implying a crucial involvement of CRMP2 in
T-cell motility.
DISCUSSION

The current study demonstrates a crucial involvement of GSK3b
in T-cell migration, which is important for T-cells to respond to
environmental cues, such as chemokines, in order to mount an
effective immune response. We show that selective inhibition or
depletion of GSK3b enhances T-cell motility. GSK3b putatively
interacts with multiple proteins in the signaling pathways
triggered via LFA-1/ICAM-1 engagement in motile T-cells. In
particular, GSK3b interacts with Notch1 and CRMP2 during the
process of T-cell locomotion.

CHIR-99021 is the most selective commercially available
ATP-competitive inhibitor of GSK3a/b (16, 17). Cellular
treatment with CHIR-99021 significantly increased the rate of
migration and chemotaxis in human primary T-lymphocytes. In
contrast, a recent study using a different inhibitor of GSK3a/b,
SB415286, showed that prolonged (7 days) inhibition of GSK3 in
mouse T-cells reduced cell motility in the presence of target cells
(EL4-OVA) and decreased the number of cell-to-cell contacts
required to induce target killing (33). At the same time, long-
term inactivation of GSK-3a/b by SB415286 enhanced the tumor
killing potency of the resultant cytolytic mouse T-cells (33, 34).
Variable degree of inhibition of GSK3a/b due to inhibitor dose
or discrepancies in period of culture could be assumed as the
possible explanations for such divergent phenotypes. These
variations also suggest a species-specific role of GSK3b in T-
cell signaling and functioning. It has also been reported that the
biological effects of CHIR-99021 are counteracted by the
inhibition of Notch signaling (30).

GSK3b is one of the downstream substrates of the nutrient-
sensing kinase, AMP-activated protein kinase (AMPK). This
kinase is important in promoting glucose uptake and ATP
production to match energy demands in motile T-cells in
response to chemokines, such as CCL5 (35). Dynamic
interactions among GSK3b, AMPK and b-catenin have been
found to be important in controlling metabolic reprogramming,
migration, and invasion in anoikis-resistant prostate cancer cells
(36). Moreover, in a cultured glioma cell line U-251, GSK3b was
shown to interact with Akt and snail and CUX1 pathway and
regulate ionizing radiation-induced epithelial-mesenchymal
transition as well as migration and invasion (37). In mice, an
Frontiers in Immunology | www.frontiersin.org 10161
impaired inducible inactivation of the GSK3b, due to the loss of
mDia1 and diminished microtubule dynamics, has been
associated with compromised T-cell adhesion, migration, and
in vivo trafficking (38). A regulatory role of GSK3b in the
migration of high-glucose-induced human skin fibroblasts and
neural crest lineage in mouse and Xenopus has also been
reported (39, 40).

Notch1 is an important substrate for GSK3b (41) and plays a
role in T-cell homeostasis and differentiation (42, 43). At the
same time, GSK3b functions positively within the Notch
pathway and protects the NICD from proteasome-mediated
degradation (44). Notch signaling was found to be impaired in
GSK3b-null embryonic fibroblasts (44). We have earlier reported
GSK3b as an upstream regulator of Notch1 in the LFA-1
signaling pathway leading to T-cell Th1 polarization (9). In the
present study, we showed that DAPT, in addition to inhibiting
Notch1 cleavage, inhibited LFA-1-induced GSK3b Ser9
phosphorylation and its nuclear translocation. These suggest
that GSK3b is also positioned downstream of Notch1 in the
LFA-1-induced signaling cascade during the process of T-cell
locomotion. We argue that the dynamic and interactive nature of
LFA-1-stimulated signaling cascades dictate that downstream
signals are in receipt of multiple communications at any given
time. T-cell motility represents a net response to these
intracellular signals and therefore the pathways mediating
LFA-1 responses are frequently integrated. Simultaneous
triggering of multiple pathways by LFA-1 stimulation could
coincide with GSK3b Ser9 phosphorylation in potentiating
Notch-dependent responses. We could also argue that
bidirectional interactions exist between GSK3b and Notch
pathways. Since GSK3b prefers prior phosphorylation of its
substrates (45), NICD is likely to be primed by other kinases
that are concurrently activated following LFA-1 stimulation. For
example, the cyclin-dependent kinase 8 (Cdk8), Cdk5, and the
dual-specificity tyrosine-regulated kinase 2 are known to
phosphorylate NICD in various cell types (46–48). Earlier
genetic studies using the Drosophila GSK3 ortholog, shaggy,
and the rat GSK3 isoforms placed GSK3b downstream of the
Notch in the transmission of intracellular signals and upstream
of the Notch in the regulation of a cell’s ability to communicate
(49). These suggest that GSK3b integrates cell’s signal
transmitting and receiving abilities and that Notch1 exerts its
influence on GSK3b, a kinase known to phosphorylate and
regulate Notch signals. It would therefore be interesting to
explore whether LFA-1 signaling-induced Notch1 cleavage
primes subsequent interactions between NICD and pGSK3b-
Ser9 or GSK3b Ser9 phosphorylation occurs during interaction
with NICD with potential feedback loops that stimulate Notch-1
activity in motile T-cells.

Of the four direct relationships observed in the GSK3b
interactome, CARD11 and RPSK6B1 regulate antigen-induced
lymphocyte activation and signaling relays involving the mTOR
pathway (50, 51). Studies suggest a correlation between GSK3b
and mTORC1 in the regulation of energy-reliant transcriptional
networks by mitogenic or metabolic signals like PI3K-Akt or
ATP (52). In response to chemotactic stimulation, GSK3 directly
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phosphorylates RacE-GDP at the Ser192 residue, which controls
mTORC2-mediated phosphorylation of Akt and directed cell
migration (53). In this context, further exploration of GSK3b
interaction with CARD11, RPSK and mTOR pathways would
provide vital inputs on energy-dependent mechanisms in T-cell
motility. The proteomics database presented in this study thus
provides a foundation for more detailed studies to uncover
GSK3b involvement in T-cell migration.

CRMP2 (also known as CRMP-62, Ulip2, TOAD-64 and
DRP-2), initially reported exclusively in the developing nervous
system, plays an important role in specifying axon/dendrite fate,
possibly by promoting neurite elongation via microtubule
assembly. This protein was later found to be expressed in
peripheral T-cells and involved in T-cell polarization,
recruitment and neuroinflammation (54–57). In particular, the
upregulation of CRMP2 expression was recorded in subsets of T-
cells bearing early and late activation markers, CD69+ and HLA-
DR+, respectively (55). An involvement of CRMP2 in T-cell
migration mediated via the chemokine CXCL12 (SDF-1a) and
the extracellular signaling protein semaphorin has also been
reported earlier (55, 56). In addition, previous studies noted a
polarized distribution of CRMP2 at the uropod and its binding to
the cytoskeletal protein, vimentin, following CXCL12-induced
signaling (55, 56). In the current study, we observed substantial
amounts of CRMP2 localized to the MTOC in resting T-cells,
which was lost following LFA-1 stimulation in motile T-cells.
These findings further confirm a role of CRMP2 in dynamic
remodeling of the cytoskeletal systems during T-cell motility.

CRMP2 has been described as a microtubule-associated protein
(58) that regulates microtubule dynamics in multiple ways. It
associates with a/b-tubulin heterodimers and promotes their
transport to the plus end of the growing microtubule (59). It
serves as an adaptor to bring together motor proteins (e.g., kinesin-
1) and tubulins to promote microtubule elongation (60). It
enhances the GTPase activity of the b-tubulin and promotes the
polymerization of a/b-tubulin heterodimers on the curved sheets
of the microtubule ends (61). As microtubules elongate, CRMP2
moves along the growing plus end to stabilize newly polymerized
microtubules (61). The phosphorylation of CRMP2 impedes the
binding between CRMP2 and the microtubule (58, 62, 63). In
neural cells, sequential phosphorylation of CRMP2 at the C-
terminus by several serine/threonine kinases has been shown to
be crucial for CRMP2 function (62). For example, Rho-kinase
phosphorylates CRMP2 at Thr555 (64, 65) and the Cdk5 kinase
phosphorylates CRMP2 at Ser522 (57, 66). Differential
phosphorylation of CRMP2 at multiple sites by multiple kinases
is thus a crucial regulatory mechanism for the dynamic
reorganization of cytoskeleton required for the movement of
different cell types. Structural studies have shown that the C-
terminus phosphorylation of CRMP2 (e.g., Thr514) confers
negative charges adding repulsive forces between the CRMP2
and the E-hook of tubulin, that reduces its tubulin binding
affinity and negatively regulates microtubule growth and
stability, thus having the opposite effect of unphosphorylated
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CRMP2 (61, 67). CRMP2 dephosphorylation at Thr514
improves CRMP2 binding and stabilization of microtubules (63).
In this regard, it can be inferred that observed decrease in CRMP2
Thr514 phosphorylation following LFA-1 stimulation or GSK3b
inhibition by CHIR-99021 treatment promotes microtubule
polymerization and facilitates T-cell migration. It would be
fascinating to investigate, in future, whether decreased motility
of CRMP2-depleted T-cells is due to microtubules being more
susceptible to catastrophes in the absence of CRMP2.

In previous studies, Giraudon and colleagues reported
CXCL12-induced decrease in CRMP2 phosphorylation at the
Thr509/514 residues in motile T-cells (56). They further showed
that this decrease in CRMP2 Thr509/514 phosphorylation was
mediated via the GSK3b kinase (57). In addition, CXCL12
signaling was also found to enhance CRMP2 Tyr479
phosphorylation, a potential target site for the Src-family kinase
Yes (56). It has been suggested that initial phosphorylation events
in CRMP2 prime this protein for subsequent Thr509/514
phosphorylation by the GSK3b (68). In hippocampal neurons,
inactivation of GSK3b by neurotrophin-3 was found to cause
CRMP2 dephosphorylation leading to axon elongation and
branching (63). Moreover, promotion of axonal regeneration
was observed following genetic inhibition of CRMP2
phosphorylation at the Ser522 residue in a mouse model of
optic nerve injury (69). Decreased interaction between GSK3b
and CRMP2, diminished colocalization of CRMP2 with MTOC,
and reduced CRMP2 phosphorylation (pCRMP2-T514) following
LFA-1 stimulation and GSK3b inhibition by CHIR-99021
demonstrated in the current study provide a novel regulatory
mechanism in T-cell motility.

Heightened CRMP2 expression in T-cell clones derived from
patients that were infected with the retrovirus HTLV-1 has been
associated with pathological T-lymphocyte CNS infiltration,
implicated in virus-induced neuroinflammation (54, 57). The
decreased interaction between GSK3b and CRMP2 facilitated by
GSK3b Ser9 phosphorylation and NICD-GSK3b nuclear
translocation observed in the current study could explain
enhanced T-cell infiltration in neuroinflammation due to high
levels of active CRMP2. Since multiple priming kinases and
phosphatases contribute to differential regulation of CRMP2 by
GSK3b (68), it is possible that, in addition to GSK3b, other
enzymes are also activated by LFA-1/ICAM-1 cross-linking
which phosphorylate/dephosphorylate CRMP2 in motile T-
cells. In this context, ongoing interactions among GSK3b,
Notch1, and CRMP2 are crucial in the maintenance of polarity
and motility in human T-lymphocytes.

In conclusion, we demonstrate that LFA-1-induced Notch1
cleavage, GSK3b interaction with NICD and its inactivation by
S9 phosphorylat ion (pGSK3b-S9) , and consequent
dephosphorylation of CRMP2 facilitate T-cell migration
(Figure 6). Our work thus presents a novel mechanism involving
GSK3b interaction with CRMP2 and Notch1 in the regulation of
T-cell motility. These findings also imply that non-canonical
GSK3b signaling plays a crucial role in the rapid response of T-
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cells to the extracellular signals. Targeting this multitier signaling
interactions may therefore be considered to fine-tune T-cell
motility, which has important implications in adaptive immune
responses, chronic inflammation, and autoimmunity.
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The tumour microenvironment (TME) presents a major block to anti-tumour immune
responses and to effective cancer immunotherapy. The inflammatory mediators such as
cytokines, chemokines, growth factors and prostaglandins generated in the TME alter the
phenotype and function of dendritic cells (DCs) that are critical for a successful adaptive
immune response against the growing tumour. In this mini review we discuss how tumour
cells and the surrounding stroma modulate DC maturation and trafficking to impact T cell
function. Fibroblastic stroma and the associated extracellular matrix around tumours can
also provide physical restrictions to infiltrating DCs and other leukocytes. We discuss
interactions between the inflammatory TME and infiltrating immune cell function, exploring
how the inflammatory TME affects generation of T cell-driven anti-tumour immunity. We
discuss the open question of the relative importance of antigen-presentation site; locally
within the TME versus tumour-draining lymph nodes. Addressing these questions will
potentially increase immune surveillance and enhance anti-tumour immunity.

Keywords: tumour microenvironment (TME), inflammatory cytokines, dendritic cells, anti-tumour immunity,
draining lymph nodes, Tertiary Lymphoid Structures (TLS), immune infiltration
INTRODUCTION

Anti-tumour immunity is the ability of the body’s immune system to recognise and eliminate
tumour cells. This phenomenon has the potential to cure cancer even if cells are widely disseminated
through multiple metastatic sites and has been harnessed to develop different immunotherapy
drugs. With increased understanding of immune surveillance process by innate immune cells and
discovery of T cell immune checkpoints, such as PD-1, PD-L1, and CTLA-4; cancer
immunotherapy has significantly improved patient survival and quality of life (1–5). Treatments
aim to promote successful infiltration and activation of antigen presenting cells and boost T-cells
cytotoxic activity to promote anti-tumour immunity. However, despite promising results, not all
tumour types or patients respond equally to immunotherapy (6–8). The major reasons for failure of
immunotherapy are (1) reduced antigenicity (9–11) and (2) immunosuppressive tumour
microenvironment (TME) (12–15). The TME is highly heterogeneous; consisting of tumour cells,
stromal cells, extracellular matrix (ECM) and immune cell types including macrophages, dendritic
cells, T and B lymphocytes, Natural killer (NK) cells, mast cells, myeloid derived suppressor cells
Abbreviations: APC, Antigen Presenting cells; LNs, Lymph nodes; TDLN, Tumour draining lymph node; TME, Tumour
microenvironment; DCs, Dendritic cells; PGE2, Prostaglandin E2; ECM, Extracellular matrix; CAF, Cancer associated
fibroblasts; TLS, Tertiary lymphoid structures.
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(MDSCs) and neutrophils (16–20). The anti-tumour immune
response relies on the antigen presenting cells (APCs) to prime
naïve T cells. Tissue resident macrophages can activate T cells
locally in the tumour; whereas dendritic cells (DCs), the
professional APCs, are thought to migrate into the tumour
draining lymph nodes (TDLNs) to prime T cells (21).
However, immune surveillance by APCs and T-cell infiltration
can be impaired by dynamic changes within the tumour
microenvironment such as induction of chemokines, cytokines,
growth factors, inflammation, ECM modulators and immune
checkpoint proteins (22–27). This review focuses on the
immunosuppressive properties of the TME and how these
mechanisms alter activation, maturation and trafficking of
dendritic cells to enable immune escape and tumour progression.

DC Maturation and DC Gene Signatures
in Tumours
DCs are the professional APCs responsible for activation and
maintenance of tumour-specific cytotoxicity by T cells (28, 29).
Tumour infiltrating conventional DCs (cDC1 and cDC2) scan
and phagocytose tumour antigens (30–32); and subsequently
migrate to secondary lymphoid tissues to prime naïve CD8+ and
CD4+ T cells (33–39). The phenotype and function of highly
motile DCs is influenced by co-stimulatory molecules (CD80,
CD86), chemokine receptors such as CCR7 and cell adhesion
molecules (integrins, ICAM-1 and VCAM-1) (40–43). It has
been well established that the interaction between CC chemokine
receptor 7 (CCR7) upregulated on activated DCs and its ligand
CC chemokine ligand 21 (CCL21) expressed by lymphatic
endothelial cells (LECs) is essential for directional DC
migration towards the lymph nodes (44–46). Upon entry to
the LN, DCs use the C-type lectin CLEC-2 to migrate through
the fibroblastic reticular network to reach the paracortex to
stimulate the T cells (47–50). Secondary lymphoid tissues are
structurally specialised to facilitate effective adaptive immune
responses; however, the microenvironment of the tumour-
draining lymph nodes (TDLNs) can be immune-suppressed in
cancer patients and can display low DC count, defects in DC
development, low levels of costimulatory molecules or
accumulation of immature T cells (51, 52). DCs evaluated
from TDLNs of an immunized B16F10 melanoma-bearing
mice showed decreased functionality and expressed higher
CD86 and lower CD206 levels (53). Similarly, in a study by
Caronni et al., LNs draining lung tumours exhibited DCs with
reduced antigen presentation due to downregulation of the
SNARE VAMP3 and failed cytokine (IL12 and IFN-I)
secretion. They reported lactic acid formation in the TME to
be the main cause of DC function impairment (54). In addition,
damage-associated molecular patterns (DAMPs) released from
dying cells in the TME can also influence dendritic cells and
other immune cells by interacting with toll-like receptors (TLRs)
contributing to immunosuppressive phenotype (55). Lack of
mature, migratory DCs in tumours correlates with poor
prognosis in cancer patients and failure of immunotherapies
(56–58). Recent development of single cell transcriptome
profiling of tumour infiltrating DCs has proven to be a very
Frontiers in Immunology | www.frontiersin.org 2167
powerful tool to map tumour-driven immune changes and to
design future immune therapies leveraging DC biology. scRNA-
seq studies on various human tumours, including non–small cell
lung cancer (NSCLC) (59–62), head and neck squamous cell
carcinoma (63), hepatocellular carcinoma (64), melanoma (65,
66), cutaneous squamous cell carcinoma (67), colorectal cancer
(61, 68), ovarian cancer (61), and breast cancer (61) have
identified tissue-specific DC subsets as well as those conserved
across cancer types. By comparing tumour infiltrating DC states
across various tumour studies, five major DC subsets have been
defined that are conserved in most tumour types (69, 70)
(Table 1). Four major ones are cDC1, cDC2, migratory DC3
(mDC3) and plasmacytoid DC (pDC); and the DC subset (DC5)
that were less conserved, mostly contained cDC2 state (CD1C+)
but additionally either expressed Langerhans cell-specific
markers (CD201, CD1A) or monocyte markers (CD14,
CD11b) such as in case of NSCLC (61, 62, 69, 70). DC5 were
also referred as inflammatory DCs as these have phenotypic
similarities to monocytes but are functionally different due to
their cDC2-specific antigen presentation properties (71). On the
other hand, classical monocytes (CD14+ CD16-) play a key role
in tissue homeostasis and inflammation (72). Like monocytes,
inflammatory DCs are also capable of releasing TNF-a and
inducible nitric oxide synthase (iNOS) upon pathogen
recognition. In addition, there is a subset of cDCs that induce
antigen-specific tolerance in dLNs; known as regulatory DCs
(DCregs) (73, 74). These are characterized by low MHC
expression and therefore weaker antigen presentation
capability to effector T cells. Instead, they can induce
proliferation of regulatory T cells (Tregs) resulting in immune
tolerance. These properties have led the use of DCregs in organ
transplantations (75).

Overall cDC2 phenotype is the most abundant, while the
other DC subtypes vary in each cancer type (61, 76). Single cell
sequencing and clustering analysis have identified transcription
factors underlying each DC phenotype, including BATF3 for
cDC1s, CEBPB for cDC2s, NFKB2 for migratory cDCs and
TCF4 for pDCs (61, 77). Another study reports differential
expression of costimulatory molecules and immune
checkpoints on different DC subsets present in the TME (78).
Although these phenomena are tightly regulated, heterogeneity
of TME can influence the transcriptional factor activity,
expression of costimulatory molecules and hence DC
maturation and/or migration (78–82). This new in-depth
knowledge of DC gene signatures can facilitate the design of
a favourable antitumour response or identification of response
biomarkers for targeted therapies (83).
TABLE 1 | Tumour infiltrating DC subsets detected in various human solid
tumours – Liver, Ovarian, Lung, Breast and Colorectal (69, 70).

DC subsets Markers

cDC1 XCR1, CLEC9A, CADM1, CD141, CD103
cDC2 CD11b, SIRPa, CLEC10A, FCER1A, CD1c
mDC3 MARCKS, CCL19, LAMP3, BATF3, CCR7, CD40
pDC TCf4, CXCR3, LILRA4, CLCEC4C, IRF7
DC5 or inflammatory DCs CD1c, CD201, CD1A, CD14
March 2022 | Volume 13 | Article 733800
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TME FACTORS AFFECTING DC
DEVELOPMENT IN TUMOURS

Pro- and Anti-Inflammatory Factors
The immunosuppression of tumour-infiltrating DCs can be
facilitated by various soluble factors secreted in the TME such as
IL-6, IL-10, IDO, M-CSF, transforming growth factor-b1 (TGF-
b1), PGE2, VEGF (Figure 1) (84–91); although promisingly some
of these defects in DC development or function have been proven
to be reversible in pre-clinical models and clinical trials (27, 91–
94). Mature DC numbers or functions were improved leading to
better immune control of the tumour in several mouse models: IL-
6 KO mice (95); tumours treated with anti-VEGF antibody (96,
97); and treatment with anti-IL-8 monoclonal antibody (98, 99).
On the other hand, pro-inflammatory cytokines such as IFN-a,
IL-2, IL-15, IL-21 and GM-CSF are also present in the TME
(Figure 1) that contribute to enhanced antigen priming, improved
DC maturation and increased immune infiltration in tumours
(100–103). Therefore, the complex balance of inflammatory
signals in the TME is an area of intense research interest but is
not trivial to target currently. One of the recent studies on human
melanoma reported the correlation of pro-inflammatory cytokine
FLT3L production (by NK cells) with abundant intratumoral
stimulatory DCs, improved patient responsiveness to anti-PD-1
therapies and better overall survival (104).

The inflammatory factors described above can be derived from
tumour cells, immune cells or stromal cells such as fibroblasts
surrounding tumour (61, 88, 105, 106). Various subtypes of
fibroblasts based on different tissue specific identity, localization,
function, transcription factor expression, collagen factors, cancer
hallmark genes etc. make up the total tumour mass. CAFs or
cancer associated fibroblasts represent a major population in the
TMEofmany solid tumours, however their origin and role in tumour
progression is complex and they can generate pro-tumourigenic and
anti-tumourigenic secretory factors. Phenotypically and functionally
different CAF subtypes based on cell-surface markers such as
podoplanin (PDPN), a-smooth muscle actin (aSMA), fibroblast-
activated protein (FAP), fibroblast-specific protein-1 (FSP-1/
S100A4), THY1 (also known as CD90), and platelet-derived
growth factor receptor-a, and b (PDGFRa and PDGFRb) have
been associated with different tumour types, stages and patient
survival (107–111). Recently, the ability of CAFs to modulate the
immune responses has been discovered and is being explored to
improve cancer therapies. CAFs also share some properties with
fibroblasts in lymphnodes that already have awell-established role in
DC migration (47, 112, 113); and therefore, parallels can be drawn
between the two to better understand theDC trafficking in the TME.
For example, PDPN present in fibroblasts interacts with CCL21 and
promotesCCL21/CCR7 axismediatedDCmigration in lymphnode.
This knowledge was exploited to study the role of PDPN+ CAFs
under the influence of hypoxia in tumour progression (114). The
study reportedPDPNoverexpression due tohypoxia in fact favoured
invasionofCCR7+tumour cell intoCCL21+peripheral lymphnodes
leading tometastasis (114,115).Tumoursassociatedwithhypoxiaare
immunosuppressive and lack high expression of CCL21 and
therefore therapeutic use of recombinant chemokines (such as
Frontiers in Immunology | www.frontiersin.org 3168
CCL21) to stimulate immune cell recognition in tumours is being
considered as a novel treatment approach (116, 117). Also, more
research is required to understand the transition of a ‘normal’
fibroblast into an immunosuppressive phenotype such as S100A4+

PDPN+ CAFs as reported in breast cancer patients (109) or into an
inflammatory CAF (iCAF) phenotype producing IL-6, IL-10, and
IDO (118, 119) linked to poor patient survival. Authors of Fang et al.
(118) have shown the role of the urokinase-type plasminogen
activator, PLAU in conversion of fibroblasts to iCAFs in esophgeal
cancer (118), but much is still unknown about fibroblast
differentiation in TME.
TERTIARY LYMPHOID STRUCTURES (TLS)

TLS are established at sites of chronic inflammation and can
structurally and functionally resemble secondary lymphoid organs
(120–122). Recent studies onmurine models of TLS have shown the
role of PDPN+FAP+ immunofibroblasts indriving thedevelopment
and expansion of TLSs (123, 124). These form part of the TME and
can benefit from quick surveillance and locally primed immune
response against tumour antigens (Figure 2). Occurrence of TLS
correlatedwithhighnumber ofmatureDCs, strongT-cell infiltration
and long-term survival in human primary lung, breast, colorectal,
melanoma andother tumours (120, 125–128).However, factors such
as TLS location, tumour stage, tumour mutations, treatment history
can affect immune cell infiltration and anti-tumour response (128,
129). The cells residing in TLS in tumours are known to express Th1,
CD4, CD8, CD31, CD23, FOXP3, chemokines (CCL19, CCL21) and
clusters of DC-Lamp+ mature dendritic cells (120, 130, 131)
providing an immune-supportive niche (132–134). Typically, TLS
at the periphery of the tumour havemore organised anddistinctDC/
T-cell and B-cell zones than intratumoral TLS which containmostly
B cells (133). Future research understanding the immunological
features of extratumoral versus intratumoral TLS will be useful to
predict responsiveness to immunotherapy and overall survival.
IMMUNE CHECKPOINT GENES

Theothergroupofmolecules responsible for causingdysfunction in
tumour-infiltrating DCs are immune checkpoint proteins PD-L1,
PD-1, ILT2, CTLA4, TIM3 expressed by tumour cells or other
immune cells (135–141). As mentioned before, expression of these
inhibitory molecules is variable among DC subsets. For example,
PD-1 and TIM-3 are mostly expressed on cDC1s; PD-1 expression
specifically has been shown to inhibit NF-kB activation which is
critical for DC functions including costimulatory molecule
expression, antigen presentation and cytokine release leading to T
cell inactivation (78, 135, 137, 139, 140). On contrary, ILT2 is
expressed on pDCs and cDC2s, but not on cDC1s (78). The central
goal of immunotherapies is inhibition of immune checkpoint genes
and the expansion of mature cDCs and cytotoxic CD8+ T cells
within tumours. It is associated with positive patient outcomes in
multiple cancer types when combined with chemotherapy or
radiotherapy treatments (28, 135, 142, 143). Despite this, many
patients still fail to respond to immune checkpoint blockade. A
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better understanding of the role of inflammatory mediators in
determining tumour progression will also provide therapeutic
avenues to improve immunotherapy outcomes (144–147).

Different labs have reported direct inhibition of pro-
tumourigenic inflammation in combination with immune
Frontiers in Immunology | www.frontiersin.org 4169
checkpoint blockade as a powerful strategy to improve the patient
survival rates (27, 148–150). One such example is the use of aspirin
that blocks the COX-2/PGE2 pathway and has shown promising
results in preclinical melanomamodels (27, 149). Prostaglandin E2
(PGE2), catalysed by the enzyme COX-2 is elevated in many
FIGURE 1 | Cancer inhibitory and cancer-promoting signals within the tumour microenvironment (TME). Anti-tumour response is initiated by antigen recognition and
trafficking by mature DCs to the tumour draining lymph node (TDLN) which involves upregulation of chemokine receptors (CCR7), MHC class II, co-stimulatory
molecules (CD80 and CD86), inflammatory molecules (IL-12, INF-1) and adhesion molecules (ICAM-1) (listed in green). Having said that, immunosuppressive nature
of TME secretes tumour promoting inflammatory mediators (listed in red) such as prostaglandin E2, cytokines (IL-10, IL-6, TGFß), chemokines (CXCL1) and growth
factors (VEGF) that impede anti-tumour response by altering DC phenotype, T-cell infiltration and ECM remodelling. These differences result in poor surveillance by
DCs and lower infiltration of T cells in tumours with immunosuppressive molecules (red).
FIGURE 2 | Alternate sites of antigen presentation and T-cell priming. Three different sites for presentation of tumour associated antigens have been described:
Tumour draining lymph node (TDLN), Tertiary lymphoid structures (TLS) and Tissue resident memory T cells. A population of memory precursor cells are believed to
differentiate into CD103+ tissue resident memory T cells. These cells reside in the tumour and can recognize tumour antigens followed by killing the target tumour
cell. In addition, tertiary lymphoid structures (TLS) also present a potential site for T cell priming. TLSs are organised cell aggregates formed within or at tumour
margins in response to local inflammation and numerous cell-cell interactions occurring within the TME. Since these contain various immune cell types, TLSs can
activate local immune response against the tumour, however the mechanism for T-cell priming within the TLSs is unknown.
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tumours (151) and plays a role in tumour evasion by directly
inhibiting cytotoxic immune responses and subsequently
mediates expression of other inflammatory molecules such as
CXCL9, CXCL10, CXCR4, CXCL12, IDO1 and interferon (IFN)-
g (27, 144, 148, 150, 152–154). Induction of CXCL12, CXCR4 and
IDO1 in tumours have been associated with accumulation of
myeloid derived suppressor cells (90, 155). Moreover, direct
interaction of EP2/EP4 receptors (present on DCs) with the
available PGE2 can modulate DC maturation, metalloprotease-
drivenDCmotility, and immune response in tumours (27, 149, 152,
156–158). Thus, targeting the inflammatory environment of the
tumour is important to restore DC function to harvest the full
potential of immunotherapy.
LEVERAGING DC BIOLOGY IN CANCER
THERAPIES

Anti-tumour immunity relies on cross-presentation of tumour
antigens by DCs to elicit a CD8+ T cell response. Among various
DC subsets, cDC1s (XCR1+, CD103+) play a critical role in anti-
tumour immunity. CLEC9A, (also known as DNGR1) is highly
expressed on cDC1s and binds necrotic cell debris and promotes
antigen processing in tumours (159–161). One of the reasons for
checkpoint blockade failure is poor antigen presentation due to
absence of co-stimulatory molecules and therefore modulation of
DC function could increase responses to these therapies. One
method to address this issue is the development of DC vaccines
for cancer treatment, bypassing the need to activate and mature
DCs within the tumour. DC-based cancer vaccines work by
recruiting ex-vivo generated dendritic cells (or monocyte derived
patient DCs) that are genetically engineered, matured, and
loaded with tumour-specific antigens (162–164) or by
reprogramming endogenous DCs by injecting biomaterial-
based scaffolds providing favourable microenvironment for the
recruitment of activated DCs (165, 166). An ideal DC vaccine
must be able to increase cross-presentation by DCs, express high
levels of co-stimulatory molecules, induce tumour-specific T cells
with high migratory and cytolytic capabilities. Furthermore, the
use of dendritic growth factor Flt3L in combination with
checkpoint inhibitors or DC vaccines has improved number of
activated intratumoural cDC1s and enhanced anti-tumour
immunity to BRAF and checkpoint blockade in preclinical
models (167–170).

Presence of co-inhibitory signals (e.g., IL-10, IL-6, PGE2,
TGF-b) or absence of co-stimulatory molecules (e.g. CD80 and
CD86) can result in inefficient antigen presentation by DCs and
poor induction of antigen-specific CD8+T cells. Therefore,
inflammatory cytokines secreted by tumour cells and tumour-
associated stroma have been identified as promising candidates
to potentiate current immunotherapies including immune
checkpoint blockade and CAR-T therapy (149, 171–173).
Stroma present around most tumours can also magnify
inflammation and impede DC phenotype (174–177) and hence
manipulating stroma/DC crosstalk in the TME could help
improve DC function.
Frontiers in Immunology | www.frontiersin.org 5170
DISCUSSION

It is now established that tumours can exploit their surroundings
to create an immunosuppressive microenvironment to control
DC function within both the TME and TDLNs (178, 179). These
signals including cytokines, chemokines, prostaglandins, growth
factors, immune checkpoint genes, etc., may target different DC
subsets infiltrating tumours and influence DC maturation,
antigen uptake and DC migration (53, 180). Although the
success of immunotherapy relies on enhanced T cell activity,
activation of tumour-specific T cells cannot be achieved without
prior antigen presentation by professional DCs. To overcome
immunosuppressive signals, personalized vaccines loaded with
patient-derived engineered DCs or delivery of innate stimulus
such as TLR3 ligand or a STING agonist to DCs at the tumour
site are being developed and have shown promising results (181,
182). Repurposing of existing anti-inflammatory drugs such as
aspirin along with DC vaccines or immunotherapies has also
been successfully tested in pre-clinical models (149).

This review also addresses the importance of local versus TDLN
priming of anti-tumoural T cell responses. Tissue resident memory
CD103+ CD8+ T cells residing in the non-lymphoid tissues have
shown to provide local immunosurveillance and enhanced immune
responses in melanoma, lung and breast tumours (183–187).
Moreover, melanoma patients with higher resident T cell population
respondedbetter toanti-PD-1 immunotherapywith improvedsurvival
(188, 189). However, what is still unclear is how are tissue resident
memoryCD8+Tcellsprimed(Figure2) andwhether there is adistinct
population of DCs required to activate them. Although the exact
regulatory mechanisms remain to be explored further, it is
hypothesized that crosstalk between tissue resident memory T cells,
tumour cells, stromal cells and DCs within the TME potentiate
secondary T-cell responses against tumours (Figure 2). This also
opens discussion on the role of tumour associated tertiary lymphoid
structures (TLSs) in intra-tumoural DC maturation; and sourcing T
cells andB cells to the tumour (190). AlthoughTLShas been positively
correlated with anti-tumour responses, there are still many questions
remain to be answered such as TLS composition andTLS induction at
tumour site before TLS can be adopted as a predictive tool or as a
therapeuticoption.Ourdiscussiondemonstrates the importanceof site
of antigen presentation in DCmaturation and trafficking which must
be exploited therapeutically to enhance immune response
against cancer.
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163. León B, López-Bravo M, Ardavıń C. Monocyte-Derived Dendritic Cells
Formed at the Infection Site Control the Induction of Protective T Helper 1
Responses Against Leishmania. Immunity (2007) 26:519–31. 10.1016/
j.immuni.2007.01.017

164. Palucka AK, Ueno H, Connolly J, Kerneis-Norvell F, Blanck J-P, Johnston
DA, et al. Dendritic Cells Loaded With Killed Allogeneic Melanoma Cells
can Induce Objective Clinical Responses and MART-1 Specific CD8+ T-Cell
Immuni ty . J Immunothe r (2006) 29 :545–57 . do i : 10 .1097/
01.cji.0000211309.90621.8b

165. Dranoff G, Jaffee E, Lazenby A, Golumbek P, Levitsky H, Brose K, et al.
Vaccination With Irradiated Tumor Cells Engineered to Secrete Murine
Granulocyte-Macrophage Colony-Stimulating Factor Stimulates Potent,
Frontiers in Immunology | www.frontiersin.org 10175
Specific, and Long-Lasting Anti-Tumor Immunity. Proc Natl Acad Sci
(1993) 90:3539–43. doi: 10.1073/pnas.90.8.3539

166. Mach N, Dranoff G. Cytokine-Secreting Tumor Cell Vaccines. Curr Opin
Immunol (2000) 12:571–5. doi: 10.1016/S0952-7915(00)00144-8

167. Bhardwaj N, Friedlander PA, Pavlick AC, Ernstoff MS, Gastman BR, Hanks
BA, et al. Flt3 Ligand Augments Immune Responses to Anti-DEC-205-NY-
ESO-1 Vaccine Through Expansion of Dendritic Cell Subsets. Nat Cancer
(2020) 1:1204–17. doi: 10.1038/s43018-020-00143-y

168. Hammerich L, Marron TU, Upadhyay R, Svensson-Arvelund J, Dhainaut M,
Hussein S, et al. Systemic Clinical Tumor Regressions and Potentiation of
PD1 Blockade With in Situ Vaccination. Nat Med (2019) 25:814–24. doi:
10.1038/s41591-019-0410-x

169. Lai J, Mardiana S, House IG, Sek K, Henderson MA, Giuffrida L, et al.
Adoptive Cellular Therapy With T Cells Expressing the Dendritic Cell
Growth Factor Flt3L Drives Epitope Spreading and Antitumor Immunity.
Nat Immunol (2020) 21:914–26. doi: 10.1038/s41590-020-0676-7

170. Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S, et al.
Expansion and Activation of CD103 + Dendritic Cell Progenitors at the
Tumor Site Enhances Tumor Responses to Therapeutic PD-L1 and BRAF
Inhibition. Immunity (2016) 44:924–38. doi: 10.1016/j.immuni.
2016.03.012

171. Hou J, Karin M, Sun B. Targeting Cancer-Promoting Inflammation — Have
Anti-Inflammatory Therapies Come of Age? Nat Rev Clin Oncol (2021)
18:261–79. doi: 10.1038/s41571-020-00459-9

172. Ritter B, Greten FR. Modulating Inflammation for Cancer Therapy. J Exp
Med (2019) 216. doi: 10.1084/jem.20181739

173. Zappavigna S, Cossu AM, Grimaldi A, Bocchetti M, Ferraro GA, Nicoletti
GF, et al. Anti-Inflammatory Drugs as Anticancer Agents. Int J Mol Sci
(2020) 21:1–29. doi: 10.3390/ijms21072605

174. Chen X, Song E. Turning Foes to Friends: Targeting Cancer-Associated
Fibroblasts. Nat Rev Drug Discov (2019) 18:99–115. doi: 10.1038/s41573-
018-0004-1

175. Kobayashi H, Enomoto A, Woods SL, Burt AD, Takahashi M, Worthley DL.
Cancer-Associated Fibroblasts in Gastrointestinal Cancer. Nat Rev
Gastroenterol Hepatol (2019) 16:282–95. doi: 10.1038/s41575-019-
0115-0

176. Liu T, Han C, Wang S, Fang P, Ma Z, Xu L, et al. Cancer-Associated
Fibroblasts: An Emerging Target of Anti-Cancer Immunotherapy. J Hematol
Oncol (2019). doi: 10.1186/s13045-019-0770-1

177. Ziani L, Chouaib S, Thiery J. Alteration of the Antitumor Immune Response
by Cancer-Associated Fibroblasts. Front Immunol (2018) 9:414. doi: 10.3389/
fimmu.2018.00414

178. Wang J-B, Huang X, Li F-R. Impaired Dendritic Cell Functions in Lung
Cancer: A Review of Recent Advances and Future Perspectives. Cancer
Commun (2019) 39(1):43. doi: 10.1186/s40880-019-0387-3

179. Wculek SK, Cueto FJ, Mujal AM, Melero I, Krummel MF, Sancho D.
Dendritic Cells in Cancer Immunology and Immunotherapy. Nat Rev
Immunol (2020) 20(1):7–24. doi: 10.1038/s41577-019-0210-z
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