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Abstract

Successful immunity to infection, malignancy, and tissue damage requires the coordinated
recruitment of numerous immune cell subsets to target tissues. Once within the target tissue,
effector T cells rely on local chemotactic cues and structural cues from the tissue matrix to
navigate the tissue, interact with antigen-presenting cells, and release effector cytokines. This
highly dynamic process has been “caught on camera” in situ by intravital multiphoton imaging.
Initial studies revealed a surprising randomness to the pattern of T cell migration through
inflamed tissues, behavior thought to facilitate chance encounters with rare antigen-bearing cells.
Subsequent tissue-wide visualization has uncovered a high degree of spatial preference when it
comes to T cell activation. Here, we discuss the basic tenants of a successful effector T cell
activation niche, taking cues from the dynamics of Tfh positioning in the lymph node germinal
center. In peripheral tissues, steady-state microanatomical organization may direct the location
of “pop-up” de novo activation niches, often observed as perivascular clusters, that support

early effector T cell activation. These perivascular activation niches appear to be regulated by
site-specific chemokines that coordinate the recruitment of dendritic cells and other innate cells for
local T cell activation, survival, and optimized effector function.
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INTRODUCTION

Cells of the immune system have a remarkable ability to mobilize, moving within and
between tissues for their development, for activation, and for the precise delivery of anti-
microbial effector function necessary for pathogen clearance. The ability to locate to specific
sites within a tissue is regulated by microanatomical display of chemotactic and adhesive
cues. Zonal organization of distinct stromal and immune cell types within lymphoid tissues
is critical for immune surveillance and rapid response to infection.1-3 The discovery of
compartmentalized chemokine expression that defined the major T and B cell zones of the
lymph node (LN) back in the 1990s established a paradigm for immune cell positioning that
remains central to our understanding of location-dependent immune function in lymphoid
and non-lymphoid peripheral tissues. With recent advances in intravital imaging and tissue-
wide high-definition histocytometry, the simple spatial map of T cell and B cell zones

in the LN has been redrawn with a network of new microanatomical zones, or niches,

that position immune cells for specialized function. These niches poise immune cells for
initial rapid detection and response to immune challenge, shape Th differentiation, and
coordinate delivery of anti-microbial function by effector T cells. Common features of
these niches include a distinct physical microenvironment established through cooperative
signaling between LN stroma and innate immune cells, and an ecosystem of cells clustered
together that serve as producers and consumers of chemotactic, growth, and survival factors.
Chemokines and lipid attractants act as molecular location pins for the recruitment and
retention of naive and/or effector T cells. In turn, local T cell recruitment and activation
leads to secretion of cytokines that amplify the niche through additional recruitment,
immune activation, and survival. These activation clusters in the LN increase the chances
that rare antigen-specific T cells will be optimally activated by cognate antigen-bearing
antigen-presenting cells (APC).

How effector T cells re-group once recruited to inflamed, infected, or malignant peripheral
tissues, in contrast to lymphoid tissues, is less well understood. Nonetheless, the challenges
for effector T cell activation in peripheral tissues remain similar to, if not heightened

from, those in the LN. Despite clonal expansion in the LN, effector T cells of distinct
specificities remain at low frequency among the pool of effector T cells entering an
inflamed site. Moreover, the location and frequency of specific antigen-bearing cells may
be random and rare, often in poorly organized tissues seemingly lacking discrete anatomic
compartmentalization. Extra challenges to productive activation are faced by effector T
cells at infected sites in which pathogens actively manipulate local microenvironments to
evade immune attack and at tumors sites where immunosuppressive microenvironments

are often established. Emerging studies in a variety of tissues, including the skin, brain,
liver, and lung, as well as tumors, suggest that T cell activation niches can be induced in
inflamed tissues under the control of localized chemokine signals emanating from tissue
resident or recruited innate immune cells. These activation niches are context and tissue
specific but serve the same purpose, to amplify the recruitment (and possible retention) of
effector T cells to microanatomical sites enriched for antigen presentation and activation.4-8
Positional cues that facilitate niche development and function include chemokines and other
chemotactic or chemo-repulsive factors, adhesive signals from integrins and their ligands,
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and antigen and costimulatory molecules (Figure 1). Restricting effector activation events to
a physically defined microenvironment in tissues may help to separate potentially damaging
immune responses from vital functions of the surrounding tissue.

SPATIAL PREFERENCE FOR ACTIVATION IN THE LN

The LN is poised to rapidly respond to immune challenge through the strategic positioning
of LN stroma and resident innate immune cells, located to best capture incoming lymph-
borne particulate material.%-11 In the steady state, macrophages line the subcapsular sinus
(SCS) floor and trap antigen, immune complexes, and viral particles and can deliver these
antigens to follicular B cells.12-24 Similarly, DCs (of the cDC2 subset) line the lymphatic
sinuses for rapid particulate antigen capture, 1216 while other DCs position along the LN
conduit network for soluble antigen uptake in the paracortex.17-19 Intranodal repositioning
of lymph node-resident DCs to these sites, and non-random distribution of incoming
monocytes, may also potentiate the activation niches.2%21 With antigen capture optimized,
local niche-specific production of chemokines by stroma or APCs actively creates a road-
map for T cell recruitment to these areas of productive antigen presentation3 (Figure 2).

Initiating T cell activation

CD4* T cells and CD8* T cells, and respective stimulatory DC subsets, cDC2 and

cDCI, have been shown to be asymmetrically distributed in the LN prior to antigen
challenge,15:16:22-24 |eading to spatially distinct initial activation events (Figure 2A). XCR1*
cDCI cells specialized in cross-presentation for CD8" T cell priming were found more
centrally in the T cell zone paracortex, while cDC2 cells associated with CD4* T cell
priming were observed toward the periphery of the paracortex adjacent to the SCS and

the interfollicular area. The molecular signals that determine DC subset positioning in the
LN are incompletely understood, but likely result from cross-talk with spatially distinct LN
stromal cells.1 The zonal activation of CD4* T cells and CD8* T cells is also regulated

by the nature of the activating event (virally infected versus particulate-uptake) and timing
(early versus late during infection).1%-23 It is becoming clear that chemokine production

by these spatially distinct APCs is key to promoting initial T cell activation by reducing

the need for extensive search for antigen by rare antigen-specific naive T cells. Indeed,
prior to antigen challenge, there appears to be a steady-state spatial preference for naive
CD4™* T cells at the periphery of the lymph node paracortex, matching the position of

the cDC2s.24 The position of these CD4* T cells is regulated by their higher expression

of the GPCR Ebi2, compared to naive CD8" T cells.24 Loss of Ebi2, or one of its main
oxysterol ligands, 7a.,25-dihydroxycholesterol (7a.,25-OHC), disrupted the naive CD4* T
cell spatial preference. Changing the steady-state positioning of naive CD4* T cells delayed
antigen recognition, proliferation, and numerous effector functions. This study highlighted
the functional significance of these LN pre-positioned T:DC activation niches in optimizing
initial antigen-specific CD4* T cell activation and expansion. A central function for CD4*
T cells in the LN is the provision of local help to naive CD8* T cells, thought to depend

on CD4* and CD8* T cell activation by the same DC, or at least activation in close
proximity.2%:26 Such a need for spatial coordination of the two T cell types appeared at odds
with the asymmetry in naive CD4* and CD8" T cell distributions in the steady state. Once
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again, the production of chemokines by antigen-specific CD4* T cell:DC clusters appears
to provide a localization cue that increases the chances of CD8* T cells encountering areas
of productive antigen presentation. Inflammatory signals, prior to antigen encounter, led

to CD8* T cell upregulation of the chemokine receptor CCR5, enabling CD8* T cells to
localize to active CD4™ T cell:DC clusters producing the CCRS5 ligands CCL3 and CCL4.27
Disrupting this cognate antigen positioning mechanism reduced the ability of CD4* T cells
to promote CD8" T cell memory.

Th differentiation

Much of our knowledge of Th differentiation has been driven by in vitro studies of the
cytokine and costimulatory signals that imprint the distinct effector programs.28-30 When
and where these differentiation signals are encountered in vivo is less well understood

but the process can also be aided by chemokine-guided, non-random localization of
differentiating T cells from initial LN activation sites to LN niches that reinforce distinct
differentiation programs. The emergence of the CXCR5* T follicular helper (Tfh) CD4*

T cell subset,3! functionally defined based specifically on their ability to position to B

cell follicles, established a precedent for zonal regulation of Th differentiation (Figure 2B).
Distinct cellular sources and spatial expression of the chemokines CXCL9 and CXCL10
(ligands for CXCR3) are used to choregraph the CXCR3-dependent differentiation of CD4*
T cells into Th1 effector cells.32 Initial activation following immunization occurred via
CXCL10-producing DCs in the T cell zone, while further differentiation was dependent

on intranodal migration of Th1 cells to interfollicular regions enriched for CXCL9 and
CXCL10 produced by local stroma, DCs, and macrophages in response to pathogen
challenge. As discussed, the interfollicular region specializes in antigen capture but it is
also likely to provide important spatially restricted differentiation signals, as yet ill-defined,
that are induced, or preferentially collect, at the SCS from infected tissues.

In an analogous fashion, Th2 differentiation during infection with the nematode ~
polygyrus is optimized by upregulation of CXCRS5 on both DCs and CD4* T cells
facilitating their repositioning to the CXCL13-rich perifollicular regions of the LN. While
the Th2-differentiating signals proffered within the perifollicular region have not been
characterized, this Th2 differentiation niche was dependent on the upregulation of CXCL13
expression by lymphotoxin-expressing B cells.33 In the spleen, a similar chemokine-based
zonal segregation instructs CD8" T cell effector versus memory fate decisions following
viral or bacterial infection. In the absence of CXCR3, CD8 T cells failed to localize

to the inflammatory cytokine-rich splenic marginal zone to receive signals for effector
differentiation, resulting in preferential development of memory cells instead.34-36

These examples highlight the role of chemokines in directing T cells to distinct
differentiation niches within the LN. However, more work needs to be done to understand
the immune and stromal cell types and local signals in those niches that drive specific
differentiation programs. Also, as yet unclear is the molecular imprinting of CD4* T cells
for effector function that occurs at each microanatomical location, a multi-step process that
could see iterative or distinct epigenetic modifications in each location.
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2.3 1 Effector function

Delivery of effector function demands spatial precision to rapidly target areas of pathogen
infection and to avoid collateral damage to surrounding healthy tissues. As with the
differential pre-positioning of naive CD4* and CD8™ T cells, differences in naive and
memory CD8* T cell pre-positioning suggests CD8* central memory T cells (Tcm) are
poised in the interfollicular regions for prompt encounter with lymph-borne pathogens3’
(Figure 2C). Local, virally induced, chemokine expression facilitates additional rapid
intranodal trafficking of Tcm to the subcapsular and interfollicular sites of viral entry.37:38 In
the case of LCMV, CXCR3 ligands CXCL9 and CXCL10 were locally induced by distinct
arms of the immune response and synergized to accelerate Tcm repositioning for rapid
viral clearance.38 Viral infection of macrophages in the SCS triggered type 1 interferon-
dependent induction of CXCL10, while subsequent recruitment and cognate activation of
CXCR3* Tcm amplified local chemokine production through IFNy-mediated upregulation
of CXCL9. As will become apparent in our subsequent discussion of activation niches in
infected peripheral tissues, this coordinated response between stromal and innate cells and
the T cells themselves optimize and accelerate rapid repositioning and activation of effector
T cells for microanatomical pathogen containment.

31 THE GERMINAL CENTER: A BLUEPRINT FOR EFFECTOR T CELL
ACTIVATION NICHES

While knowledge of zonal activation for effector function in peripheral tissues is an
emerging field, the LN germinal center (GC) has been extensively studied and is arguably
the best characterized microanatomical activation niche, serving to position antigen and
immune cell subsets for optimal communication and effector function. The GC is formed
de novo within the LN B cell follicle following immunization or infection and coalesce

B cells and Tfh with antigen-bearing follicular dendritic cells (FDC). Within this niche, B
cells undergo repeated rounds of somatic hypermutation, with high-affinity B cells being
selected to survive based on strength of antigen binding and competition for limited T

cell help from Tfh. Close communication is critical for the development of high-affinity
protective antibody responses. Zones within the GC control specific events, with GC B
cell interactions with FDC and Tth optimized in the light zone and B cell proliferation
and somatic hypermutation occurring in the dark zone39 (Figure 3). The intravital study
of GC dynamics has also become a rich field for innovation with respect to discovery

of chemoattractant and repulsive receptor:ligand interactions that promote local cellular
confinement. Recent reviews by experts in the field provide a comprehensive account of
the organization and functional consequences of activation in the GC.3140-44 Here, we use
examples from the GC literature to highlight the core principles for a successful effector T
cell activation niche: antigen presentation, recruitment, and optimized function (Figure 1).

3.11 Antigen capture and delivery

As previously discussed, the strategic positioning of specialized macrophages at the LN SCS
optimizes particulate antigen capture from the lymphatics draining the site of infection. The
position of the B cell follicles underneath the SCS allows for B cell sampling of antigen
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from SCS macrophage projections.}2-14 The FDC are embedded in the B cell follicle, close
to the LN sinus, and are also highly effective at capturing and displaying immune complexes
in the form of antigens opsonized by antibody or complement, mediated by FDC expression
of Fc and complement receptors.*> FDC can directly acquire antigen transported via the

LN conduit system,*6 or can be “handed” antigen by follicular B cells that have acquired
antigen from the SCS macrophages. FDC form an extensive dendritic cell network that
provides a large surface area for antigen display, and are non-phagocytic enabling them to
retain antigen complexes on their cell surface for weeks (even months). Antigen display

is coupled with chemokine production (CXCL13) to attract CXCR5* GC B cells. B cells
were found to migrate along the FDC network and capture aggregated antigen along with
membrane fragments from the FDC surface.?’ It is thought that GC B cells with high affinity
for antigen can better “extract” opsonized antigen from the FDC. Those GC B cells are the
primary MHC-II* APC in the GC, where they internalize, process, and present antigen to
compete for limiting Tth help.

Recruitment and retention cues that colocalize immune effectors

The initiation of the GC reaction requires positioning of both Tfh and cognate antigen-
presenting B cells at the T:B border, followed by follicular entry and retention in the GC
itself. The study of the GC response has revealed local confinement to this niche requires a
complex balance of multiple positive and negative cues that recruit to the GC and exclude
from other regions of the LN (Figure 3). These confinement signals include chemokine and
lipid chemoattractants that recruit cells to a region, and an emerging set of receptors that
signal to stop migration and restrain movement to or within a region. The control of this
positioning is regulated by temporal regulation of chemotactic receptors, and the spatial
availability of ligand gradients, the production and processing of which is controlled by
micro-anatomically distinct stromal cell types.*8

The positioning of activated T and B cells at the T:B border is dependent on antigen-

driven upregulation of CXCRS5 and Ebi2 receptors. CXCL13, the CXCRS5 ligand, is locally
produced by the GC FDC and marginal reticular cells (MRC).4° Similarly, generation of the
oxysterol lipid ligand for Ebi2, 7a.,25-OHC, from cholesterol, is dependent on the enzyme
Ch25h that is more highly expressed by stromal cells positioned in the outer region of

the B cell follicle.39 This intranodal migration to the T:B border is also facilitated by the
downregulation of CCR7 and PSGL-1°1 to reduce responsiveness to chemokine ligands
CCL19 and CCL21 produced by fibroblastic reticular cells (FRC) in the T cell zone.

The GC forms centrally within the B cell follicle coincident with the FDC network,>2 and
requires movement of B cells and Tfh from the T:B border into the follicle and then to

the GC. This relocation requires both the downregulation of receptors that facilitated T:B
border positioning and the upregulation of receptors that actively maintain GC confinement.
Downregulation of Ebi2 enables CXCR5-dependent migration toward the FDC and away
from the Ebi2-ligand enriched in the outer B cell follicle. Both GC B cells and Tfh
upregulate S1IPR2, a receptor that exerts an inhibitory migration signal to its ligand the

lipid sphingosine-1-phosphate (S1P). S1P is abundant in lymph and blood and is required
for lymphocyte exit from the LN.53 Interestingly, S1P seems to be particularly absent within
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germinal centers. Therefore, enhanced S1PR2 expression by GC lymphocytes prevents
premature exit from the GC and LN.%* Recent studies in human have found an additional
inhibitory migration receptor that promotes GC retention, P2PY8.55:56 While the ligand for
P2PY8 (S-geranylgeranyl-L-glutathione, Ggg) is expressed broadly across the LN, it can be
metabolized to an inactive form by glutamyltransferase enzymes. In a fascinating addition to
the GC retention story, FDC were shown to express one of these enzymes (Ggtb), actively
playing a role in creating a gradient of P2PY8-ligand from the GC (low expression) to the
outer follicle (high expression) to constrain GB B cells to the GC.57%8 Additional positional
control for GC B cells comes with movement from the light zone to the dark zone. This
repositioning within the GC is once again regulated by expression of a chemokine receptor,
CXCR4, by the B cells that is responsive to CXCL12 enriched in the dark zone and made by
a specific subset of stromal cells, termed CXCL12-expressing reticular cells (CRCs).>®

In addition to secreted chemotactic and chemo-repulsive gradients, a number of cell:cell,
contact-dependent interactions also direct and maintain GC positioning. Interactions
between GC B cells and Tfh are promoted and stabilized by a variety of membrane
receptor:ligand interactions.4? Reciprocally, long-lasting signaling by Tfh:B cell conjugates
at the T:B cell border is critical for progression into the follicle and GC development.

For example, disruption of the adaptor signaling lymphocytic activation molecule (SLAM)-
associated protein (SAP) in T cells reduces the stability of Tfh:B cell interactions and leads
to a defect in localization to the GC.60.61 Similarly, expression of the adhesion guidance
receptor semaphorin 4C on the surface of Tfh facilitates the interaction with plexin B2
presented on GC B cells.52 Semaphorin 4C sensing of plexin B2 by Tfh biased their
movement into the GC, and the absence of semaphorin 4C on Tth led to mis-localization

to the edge of the GC. Additional integrin-based adhesive interactions between GC B cells,
Tfh, and the FDC may also help retain cells in the GC. FDC display distinct extracellular
matrix components, such as vitronectin, on their cell surface that may serve as adhesive
ligands for matrix-binding integrins on GC B cells and Tfh for GC retention.%3.64 Indeed,
loss of the integrin a, on Tfh cells led to mis-localization outside of the GC and impaired
GC-dependent long-lived plasma cell (LLPC) generation.54

Functional maturation

The interactions between T and B cells at the T:B border and within the GC play important
roles in stabilizing Tfh differentiation, and in shaping the functional maturation of the GC B
cells into LLPC or memory B cells.465 Tfh differentiation is a complex and incompletely
understood process, which requires both initial activation by DCs followed by secondary
interactions with antigen-bearing B cells.31:42 Tth differentiation begins with induction of
the master transcriptional regulator BCL6, which has been shown to be both necessary and
sufficient for phenotypic and functional Th.66-68 BCLS6 is a transcriptional repressor of
BLIMP-1 and directly or indirectly regulates the expression of many other target genes.%?
Interactions with DC are thought to induce BCL6 through synergy of TCR, ICQOS, IL-6,
and IL-12 signaling. This pre-Tfth program is sufficient for a fraction of the primed CD4

T cells to acquire CXCR5 expression; however, this program is lost rapidly in the absence
of cognate B cell interactions.”?:"1 Pre-Tfh form both cognate and non-cognate interactions
with B cells at the border of the follicle and within the interfollicular zone. Non-cognate
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interactions with B cells enhance pre-Tth motility at the T-B boarder effectively enhancing
the probability of interaction with cognate B cells.”2 Once cognate pairs of T-B cells form,
ICOSL expression by antigen-specific B cells is critical to maintaining and stabilizing the
Tfh program prior to entry into the germinal center.”® This interaction stabilizes BCL6
expression, downregulates EBI2, and upregulates S1IPR2 for migration into and retention
within the GC. Tfh deliver their effector function within the GC in the form of T cell

help for B cells. Tfh help is a summation of cognate signals between Tfh and GC B cells.
Key signals include CD40L-CD40 engagement’477 and the supply of the cytokines IL-21
and 1L-4.78.79 A number of factors enhance these “help” signals including ICOS-1COSL 80
and more recently, the level of BCL6 itself expressed in Tfh that appears to control the
degree of CD40L “delivered” to GC B cells.8! Thus, the GC niche both stabilizes the Tfh
differentiation program and supports Tfh effector function.82

T CELL ACTIVATION NICHES IN PERIPHERAL TISSUES

In contrast to the highly organized and functionally distinctzones present in the LN and
spleen for optimized T cell encounter with antigen presentation, inflamed peripheral tissues
are often disorganized and have been extensively remodeled by inflammatory cytokines,
infection, or malignancy. Ex vivo phenotyping of immune infiltrates and inflammatory
mediators has provided context-specific profiles of infection sites, but how these immune
cell types are positioned within the tissue to optimize re-activation of effector T cells and
targeted delivery of effector function has been difficult to dissect. Immune cell clusters

have been observed in static slices from infected tissue for decades, supporting the idea

that lymphocytes have the capacity to self-organize once recruited to the inflamed tissue.
However, basic organizational information at inflamed sites remains elusive, including:

the availability and distribution of cognate antigen-bearing APC; the source and three-
dimensional patterning of chemokine signals; the search capacity and range of incoming
effector T cells and the local manipulation of effective immune positioning by the pathogens
themselves. The ability to observe immunity in action, in situ, with the use of intravital
multiphoton imaging has provided an opportunity to study the tissue-specific dynamics of
cell movement and cell communication in a variety of disease states.83 Peripheral activation
clusters are often self-organized and require context-dependent sequential signals from
resident stromal/innate cells (macrophages, DC) and early attraction of additional innate cell
subsets (monocytes, neutrophils, and moDCs) followed by effector T cell recruitment.84-88
Observations of such dynamic behavior, combined with whole tissue histocytometry, have
shaped key mechanistic questions that will continue to lead to new insight into the molecular
basis of coordinated immunity in infected, inflamed, or malignant tissues. Parallels to the
LN are now being seen with both strategic tissue-specific pre-positioning of innate immune
cells for rapid response to pathogens, and induced hubs where chemokines orchestrate the
repositioning of innate cells, APCs, and effector T cells into peripheral activation niches
(Table 1, Figure 4).

Innate pre-positioned niches

It has long been appreciated that tissue-resident innate cells are positioned for rapid response
to pathogen challenge, with macrophages and dendritic cells poised beneath or between
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epithelial cell surfaces of the skin, lung, and gut. More recently, a series of studies focused
on innate lymphoid cells (ILCs)8% have revealed distinct innate activation niches in the
steady state, at barrier tissues. Innate activation in these niches appears to be facilitated

by the juxtaposition of tissue stroma, peripheral nerves, dendritic cells or macrophages

and the ILCs.99-93 |LC3s are found in the small intestines and colon in cryptopatches,
clustering among dendritic cells and fibroblastic stromal cells. The stromally produced
oxysterol 7a,25-OHC acts as a positioning cue for Ebi2* ILC3 recruitment into the niche
and is critical for tissue homeostasis and pathogen control.94:95 For ILC2s, cytokines such
as 1L-33, IL-25, and TSLP released from epithelium or tissue stroma expand and activate
the ILCs, while neural sensing regulates this process. Mucosal tissues are heavily innervated
and ILC2s express receptors for neurotransmitters and neuropeptides. ILC2s were found
positioned in close contact with neurons in the intestinal mucosa.?%:97 In support of active
cross-talk between ILCs and neurons, parasite and allergen challenge led to the rapid
production of the neuropeptide NMU, which was shown to amplify ILC numbers and
function.?6-98 Alternative neural signals have been identified as negative regulators of ILC2,
with enhanced ILC2 function in response to the helminth Nipgpostrongyrus brasiliensis in the
absence of B2 adrenergic receptors.%9 It is likely that the outcome of neuroimmune sensing
will differ depending on the tissue location and nature of the damage signal.

Here, we highlight two vascular-associated anatomical structures, the adventitial cuff and
the dural sinus, that appear to be particularly poised to facilitate microbial sensing and
antigen uptake by innate immune cells, and that may serve as important tissue “outposts”
for optimized presentation of antigens to newly recruited effector T cells. These spatially
distinct niches mark microenvironments primed for APC accumulation, immune cell
infiltration, and efficient T cell reactivation.190.101 |nnervation of the surrounding tissue
positions these immune cells to be directly receptive to nervous system triggering in
response to environmental stimuli during an inflammatory response.102 The colocalization
of draining lymphatics makes many of these perivascular niches also ideal antigen-rich
environments for effector T cell activation.

4.1.11 The adventitial cuff—The adventitial cuff forms an interesting microanatomical
site where tissue-derived signals (antigens, TLR ligands, and cytokines) carried in the
draining interstitial fluid meet specialized stroma and resident DCs and ILCs poised to
respond.92 Adventitial cuffs are the outer layer of ECM-rich extravascular space surrounding
medium to large-sized blood vessels, a vascular area responsible for supplying oxygen

to the muscular walls of the vessel and for the removal of tissue fluids. The anatomical

niche is enriched for lymphatics and peripheral nerves in addition to innate immune cells,
and therefore serves as an important steady-state surveillance site (Figure 4). Specialized
“adventitial” stromal cells (ASCs) in this niche respond to a variety of environmental stimuli
and secrete chemokines and cytokines to modulate local immune cells such as macrophages
and DCs. A recent study using tissue clearing and 3D imaging has identified the adventitial
cuff as a preferred site for ILC2s in the lung and other tissues including the brain and
adipose tissue.193 The ILC2s were found in close proximity to ASCs, the ASCs being
responsible for supporting resident ILC2 via IL-33 and TSLP secretion. Subsequent ILC2
production of IL-13 reciprocally regulated ASCs, enhancing IL-33 production. The ILC2
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population in the cuff may also be responsive to regulation by the nerves in this niche,
similar to the studies previously described.%6-98 Interestingly, regulatory T cells (Tregs) were
also enriched in the adventitial cuff and may help to maintain tissue homeostasis and limit
excessive immunity.

Important in the context of this review, the adventitial cuff was also a preferred site

of effector Th2 cell expansion following Nippostrongyrus brasiliensis infection.193 The
lymphatic drainage of antigen through these cuffs ensures rapid and efficient presentation by
the resident APC populations and local chemokine production from ASCs and ILCs promote
recruitment of T cells to these active sites of antigen presentation. Indeed, deletion of ASCs
reduced both the number of ILC2s and Th2 cells in the infected lung.19% ASCs express a
number of chemokines and the enzymes needed for the generation of oxysterols to help
guide effector T cell positioning. ASCs are able to secrete CCL8 to assist in Th2 homing

in allergically inflamed skin as part of an atopic dermatitis model.194 In addition, 1LC2-
derived IL-13 can stimulate DCs to produce the Th2 chemoattractant CCL17.105 Resident
macrophage populations, which expand during inflammation, can act as alternative APCs.

B cells have also been observed infiltrating the adventitia and accumulating in nodules in

a CXCL13-dependent manner, with CXCL13 being secreted by ASCs after IFN or I1L-6
stimulation.106.107 Thys, the innate activation niche of the adventitial cuff in the steady state
also provides a preferred niche for re-activation of effectors cells following infection. At
this stage, the route of lymphocyte trafficking to the adventitial cuff is not known. It is
unlikely that cells exit the bloodstream from these large vessels, so they may migrate from
the parenchymal of the tissue to this site in response to local chemokines.

What makes the adventitial cuff especially interesting is the potential to generate a “memory
niche,” reshaping the landscape for better effector function later on. ASCs are able to
develop a type of trained memory with IL-8 expression being modulated by prior IFN
exposure, VCAM-1 surface expression remaining elevated long after removal of stimuli, and
IL-33 expression remaining elevated months after helminth infection.92-108 Resident ILC2s
act as drivers for the accumulation of tissue-resident memory (TRM) Th2s to contribute

to the memory pool.193 In addition, the local lymphatics expand along with the influx of
immune cells at the adventitial cuff and persist long after the clearance of the infection.109
Lymphatic cells can express IL-7 and contribute to the survival of TRM Th2 cells following
allergic challenge in the airways.110

Overall, the evidence points to these adventitial cuffs, home to ASCs as well as innate and
adaptive immune cells, being potent modulators of immune surveillance and regional tissue
immunity. Their ability to monitor tissue antigen drainage through the locally expanded
lymphatic network, supporting ILCs, and maintaining TRM T cells makes them spatial
hotspots for immune response initiation, effector function, and memory.100

4.1.21 The dural sinus—The dural sinuses, spread throughout the dural meninges of
the brain, colocalize draining Ag with potent APCs in perivascular regions to allow for
optimized presentation to resident and patrolling T cells (Figure 4). The sinuses collect
blood from the cerebrum before emptying into the jugular vein and gather central nervous
system (CNS) derived antigens from the cerebral-spinal fluid (CSF)101 T cells, MHC-II*
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macrophages, and DCs are found to be highly localized to the dural sinus and in close
proximity to both blood vessels and lymphatics.111-113 Analogous to the adventitial cuff,
these niches rely on signals from resident stromal and endothelial cells to enhance antigen
presentation and recruit effector T cells. The recent generation of a cellular and molecular
atlas of the dural sinus revealed distinct region-specific signatures of the endothelium and
dural stroma.111 The dural sinus endothelium lacked tight junctions and preferentially
expressed adhesion molecules VCAM-1 and ICAM-1 to facilitate homeostatic T cell
leukocyte trafficking through the dural sinuses. The sinusoidal stroma homeostatically
expressed a range of chemokines including CXCL12 and CXCL16, which recruited
CXCR4- and CXCR6-expressing T cells, respectively. Basal levels of CX3CL1 expression
were also observed in the stroma, a chemokine known to attract CX3CR1+ macrophages.
Once recruited to the dural sinus, elegant studies tracing CSF solutes confirmed that brain-
enriched proteins can be captured by dural macrophages and DCs and presented to the
colocalized T cells.111

Acting as one of the main means of immune surveillance in the immune-privileged CNS,
the meninges and dural sinuses must maintain a balance of inflammation to prevent local
swelling and damage.14 Tregs have been shown to be key immunomodulators in the CNS,
using 1L-10 secretion to control TNF and IFN+y expression by local immune cells.11> A
population of Tregs is maintained in the sinuses and may be sustained by the expression of
IGF1 by the dural stroma.111.116 After dural APC presentation of Ag to patrolling T cells,
some cells are polarized into Tregs to bolster this population and can last for weeks as
resident long-lived effectors.

Thus, the dural sinuses serve as regional hubs of immune surveillance in the CNS.
The colocalization of vascular and lymphatic drainage makes this an ideal location
for monitoring of the CNS inflammatory environment, with resident stroma and APC
optimizing immune cell recruitment, activation, and regulation.

Induced activation niches

While the recent study of the adventitial cuff suggests this pre-positioned innate activation
niche can also serve as a site for subsequent effector T cell activation,193 it remains unclear
whether the induced clustering of effector T cells with APCs seen in many inflamed tissues
(Table 1) arises at predetermined locations within the tissue parenchyma. A growing body
of evidence points to the de novo assembly of microanatomical activation hubs located
perivascularly that are induced following immune challenge and that under-pin T cell
immunity within inflamed tissues.#:57:8.86.117-119

4.2.11 Perivascular activation niches—The perivascular activation niche has
emerged as a preferred site of initial effector T cell activation in a variety of inflamed,
infected, and malignant tissues. The niche is induced following immune challenge and has
been identified by the accumulation of myeloid cells with antigen presentation capacity
close to post-capillary venules and the colocalization of effector T cells. The specific
immune cells recruited to this niche will likely differ depending on the tissue and the

type of pathogen; however, common themes are emerging. The induction of innate signals,
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such as type 1 interferons, initiate the activation and recruitment of myeloid subsets

to the perivascular space, where local niche-specific chemokine production and antigen
presentation optimizes encounter with incoming effector T cells.# It is not yet known if
the induced perivascular niche arises from any strategic positioning that might optimize
enrichment of antigen, as seen in the SCS of the LN or the adventitial cuff. In the skin,
following complete Freund's adjuvant (CFA)-protein immunization, perivascular activation
niches “popped up” throughout the ear pinna, often thousands of microns away from the
antigen depot, suggesting they may be broadly induced to maximize opportunities for
antigen encounter.? Interestingly, in a contact hypersensitivity (CSH) model, the induced
perivascular activation niche occurred alongside focal areas of edema, which may locally
enhance interstitial flow and antigen accumulation.®

Sequential recruitment of leukocyte subsets to the perivascular niche is coordinated by a
cascade of chemokine signals. Macrophages appear to play a critical role in perivascular
APCs clustering. IL-1a signaling promotes macrophage CXCL2 release that triggers dermal
DC perivascular clustering, an essential prerequisite for highly localized activation of
effector T cells and IFNy release. CXCR3 expression by effector T cells was implicated

in positioning of T cells in the inflamed dermis through engagement with induced tissue
expression of CXCL10.120.121

In a recent study, the use of a CXCL9/CXCL10 dual reporter mouse (REX3)32 and

intravital multiphoton microscopy enabled dissection of the cellular dynamics within the
perivascular niche of the inflamed dermis.# Dermal inflammation induced the formation of
de novo perivascular CXCL10* cellular clusters, enriched for chemokine-producing CD11b*
CD11ct MHC-11M8h monocyte-derived DCs (moDCs). Perivascular expression of CXCL10
marked “hotspots” for CXCR3" Th1 effector T cell extravasation into the tissue. Upon entry,
Th1 cell motility was confined within the perivascular niche and Th1 cells made prolonged
contact with the CXCL10™* cells in the clusters. Chemokine signaling acted as a positioning
signal to locate to the niche, while MHC-II-dependent antigen presentation provided a
critical retention cue. Failure to enter the perivascular niche led to a marked reduction in Thl
activation and IFN-y production. Thus, the CXCL10-rich perivascular niche serves to link
effector T cell tissue entry with early tissue activation for Th1l effector function. Moreover,
early Th1 cell activation in the perivascular cluster amplified the CXCL9/10* niche via an
IFN+y-dependent feedback loop# and may encourage addition effector T cell recruitment.
Single-cell analysis of colorectal cancers in humans8 also identified a CXCL10" perivascular
niche associated with an accumulation of IFN+y*effector T cells (see discussion below).

Activation in these perivascular niches appears to be an important first step in T cell
activation in inflamed peripheral tissues. In a study following effector CD8" T cells through
the course of influenza infection, CD8* T cells were associated with prolonged contacts with
perivascular DC clusters during the early clearance phase of infection.122 In later stages,
CD8™ T cells shifted in behavior to rapid movement throughout the tissue likely allowing
them to survey and locate residual infected cells. A similar phenomenon was observed in a
model of fetal cerebral malaria in which T cells were initially associated with perivascular
APCs but were found to be moving rapidly throughout the tissue in later stages of the
disease.11® This points to a two-step process in peripheral tissues wherein antigen-specific
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T cells become reactivated at perivascular niches during the early response and then, as
functionally poised effectors, remain in the tissue to deliver effector cytokines that contribute
to pathogen control or immunopathology.

The advantage to spatial compartmentalization of effector T cell activation in the periphery
is perhaps best illustrated by recent reports describing perivascular niches in tumors. High-
resolution spatial imaging using histocytometry revealed perivascular niches containing
DCs, MHC-11* macrophages, and CD8* T cells in two murine tumor models.” These niches
resided in the outer vascularized region, away from the deeper tumor nest and increased in
abundance in response to bispecific T cell antibody therapy. Interestingly, the perivascular
niche was populated by TCF* PD1* T cells (non-exhausted, stem-like) while the deeper
tumor nest was populated by TCF~ PD1* terminal or exhausted effector T cells. TCF* PD1*
T cells are thought to be progenitors of the exhausted effector T cells'23 and responsive

to checkpoint blockade.124 Similarly, in a mouse model of melanoma, perivascular clusters
of CXCL16-producing DCs positioned CXCR6™ effector CD8" T cells in the activation
niche and provided an IL-15-dependent survival signal.® The expression of CXCR6 marked
a transition from stem-like TCF* PD1* T cells to TCF~ PD1* effector T cells. Taken
together,5-8 these studies indicate that perivascular niches may provide a protected activation
microenvironment that feeds the pool of anti-tumor effectors. This component of the tumor
microenvironment may be an effective target for expanding the pool of effector T cells for
subsequent infiltration and control of the tumor mass.

Thus, inducible perivascular activation niches can be found in a variety of tissues and
assemble in response to a host of immune challenges. The microanatomical location of
these “pop-up” activation hubs is poorly understood, but may be governed by an as yet
unidentified stromal cell type that is strategically poised to initiate activation of resident
innate cells such as the perivascular macrophages. The fate of effector T cells activated

in this niche is unclear, but emerging data suggest early activation upon tissue entry may
provide important signals that strengthen or maintain the effector T cell program for better
anti-microbial or anti-tumor immune responses. Whether these sites resolve with the general
resolution of the immune response remains to be determined. Drawing parallels with the
adventitial cuff and the dural sinus, it is tempting to speculate that stromal/innate cells
within the perivascular niche may retain some trained memory for efficient activation at that
particular spot in response to subsequent immune challenge, and/or provide a safe harbor for
TRM.

THE NICHE ADVANTAGE

In the fields of marketing and economics, a competitive niche advantage seeks to target
and expand a specific segment of the market. The advantage is that a company can focus
on quality engagement, customize offerings (or product/service), hone expertise, reduce
competition, and increase visibility. Using these “cues” from the economic world, we
speculate on the functional advantage of activation of effector T cells in spatially distinct
activation niches in inflamed tissues.
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Quality engagements, better visibility

Efficiency of immune activation is enhanced when trial and error is reduced. The random,
non-directional, patterns of T cell interstitial movement observed by intravital microscopy83
led to a series of studies aimed at determining cell intrinsic and extrinsic mechanisms that
might optimize the random search for APCs at inflamed sites.125-127 |_ack of information on
the distribution of cognate antigen-bearing APC and an inability to visualize the chemotactic
landscape has limited investigations. The identification of induced perivascular activation
niches in inflamed tissues suggests a model where local chemokine production is linked to
enriched hubs of antigen presentation. By effector T cells exiting the circulation directly
into these activation niches,* the chance of rapidly encountering antigen is increased and the
need for protracted search reduced.

Crosstalk between resident and recruited innate effectors and incoming effector T cells
likely enhances the quality of engagement signals in the niche. Thl cells in the CXCL10-
enriched perivascular niche had more prolonged contacts with CXCL10* cells in the niche
than CXCL10* cells outside of the niche suggesting the niche supports sustained T:APC
interactions.* APCs in the perivascular niche were enriched for high MHC-11 expression
and were more likely to co-express chemokines that have been implicated in stabilizing the
T:APC synapse and providing costimulatory signals.128:129 Fyrther analysis is needed to
determine niche-specific properties of the APC in these perivascular activation hubs.

There may also be a kinetic advantage to rapid TCR engagement on entry into the

inflamed milieu. The 3-signal model of CD4* T cell activation (antigen, costimulation,

and cytokines) results in optimal activation and expansion of antigen-specific CD4* T cells,
but if these signals are out of sequence a hyporesponsive state occurs in both naive and
memory CD4* T cells. 230 Specifically, exposure to inflammatory cytokine signaling before
antigen engagement impaired CD4" T cell function. A protracted search for APC in the
inflamed tissue may expose effector T cells to signal 3 cytokines in the absence of TCR
triggering. Thus, initial effector CD4™ T cell re-activation in the inflamed tissue may benefit
from provision of pPMHC/TCR signals in concert with the inflammatory signals of the
infected tissue. Indeed, for CD8* T cells, provision of inflammatory signals coincident with
pMHC/TCR was able to tune sensitivity to antigen, lowering the threshold requirements for
antigen density to trigger effector function.13!

Niche visibility appears to be enhanced by a T cell-mediated positive feedback loop, where
cytokines secreted by T cells in the niche upregulate local chemokine expression.* At

early stages in the immune response to infection, antigen-specific effector T cells entering
the infected tissue are at low frequency. These early T cell tissue pioneers may increase
visibility of the niche for more efficient recruitment of effector T cells that follow later in the
infection.

Reduce competition

Effector T cells are subject to functional competition from a variety of sources within the
inflamed tissue. Competition can arise from antagonizing effector or regulatory immune
cell types. Th2 cells can antagonize Th1 cell recruitment and activation, and myeloid
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suppressor cells and Tregs can locally block immune activation. Moreover, there is often
active tampering with immune function by pathogens with strategies to evade immune
detection. Insulating early effector T cell activation away from the tissue milieu, by

initial activation in a supportive niche that provides positive activation signals, is likely

to amplify the incoming antigen-specific pool and/or boost function. Indeed, in the dermal
CXCL10* perivascular niche enriched for Th1 cells, Th2 cells were excluded from the
niche.# In tumors, the chemokine-rich perivascular niche appears to provide a “safe haven”
microenvironment that supports the survival or activation of new, not yet exhausted, cohorts
of anti-tumor CD8" T cell effectors.® Of therapeutic interest, this niche appeared to expand
following immunotherapy, suggesting cells within the perivascular microenvironment may
be especially receptive to immune interventions aimed at boosting effector function.” In
contrast to the reduced competition in the induced perivascular niche that enhances immune
stimulation, the pre-positioned innate niche appears poised for homeostatic regulation. The
adventitial cuff and dural sinus are both associated with an enriched Treg population, that
likely limits immune activation by outcompeting potentially harmful effector T cells that
might respond to self-antigens.

Hone expertise

Initial peripheral activation in the inflamed tissue at these perivascular niches could hone
effector T cell expertise at two levels: by enrichment of “useful” antigen-specificities and/or
by enhancing functional gene programs. The entry of effector T cells into inflamed tissues
occurs in an antigen non-specific fashion. Therefore, having an early sorting mechanism that
expands those effectors with antigen-specificities that are relevant to the particular pathogen
would have an immediate impact, or rapid return on investment, on the anti-microbial
response. The coupling of targeted extravasation at perivascular niches enriched for antigen
presentation capacity may help to quickly hone the specificity of the effector T cell pool.

Effector T cells within the perivascular niche appear to be better stimulated and have
enhanced cytokine production compared to effector T cells outside the niche, but the
functional consequence of activation in the niche is yet to be fully investigated. Th
differentiation is inherently plastic282 and the inflammatory milieu of the infected tissue
has the potential to enforce or reprogram effector potential through epigenetic changes to
the effector transcriptome. Context-specific recruitment of innate effectors to the niche,
such as inflammation-modified macrophage and moDC populations, could provide potent
instructional cues for effector cytokine gene regulation. In this way, those innate cells
recruited to the niche may act a market analysts, having surveyed the target tissue they

are best placed to direct the most efficient functional strategy, the unmet need, which they
deploy through optimizing the effector T cell product in the activation niche. This idea that
the inflamed target tissue may ultimately be the site where stable effector programs are
established is not new,132 but these perivascular activation niches may provide an optimized
location for commitment to a particular effector program.

Immunol Rev. Author manuscript; available in PMC 2022 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 16

CONCLUSIONS AND FUTURE DIRECTIONS

The emergence of specialized niches that provide a platform for activation of effector

T cells in inflamed peripheral (non-lymphoid) tissues raises numerous questions, but at

the same time holds great promise for therapeutic targeting. The basic activation unit
appears to include niche-specific stroma, enriched antigen and antigen presentation, elevated
chemokine expression, access to the vasculature and targeted recruitment of functionally
distinct effector T cells. The main outcome being a robust and finely tuned (specificity

and function) effector T cell response for better pathogen or tumor clearance. The cellular
players and the molecular positioning cues will likely differ depending on the inflammatory
context and the target tissue. Current examples focus on the positive contributions that
activation within a specialized niche can provide, to bolster effector T cell numbers

and strengthen function in infected and malignant tissues. However, these niches in an
autoimmune or chronic inflammatory setting may serve to exacerbate disease. So, what
more do we need to know?

Position of activation niches?

Blood vessels appear to be key organizational hubs for peripheral activation niches that
expand the effector T cell pool in infected and malignant tissues. These inducible niches are
associated with post-capillary venules where leukocytes preferentially exit the circulation.

It is unclear at present if these sites originate from an existing pre-positioned steady-state
niche, akin to the advential cuff. At least in the skin,* they are seen “scattered” across large
areas of the inflamed tissue suggesting they may serve to cast a wide net for initial effector
T cell recruitment. Alternatively, the distribution of the activation niches could be stochasitic
and directed by the incoming T cells themselves. Initial tissue entry may be random, with
the niche being assembled de novo at sites where incoming effector T cells happen to
encounter cognate APCs in the perivascular space. The spatial relationship between these
initial activation hubs and the infection foci itself is also not known, but it is likely that the
initial activation event upon entry into the tissue will necessitate a subsequent relocation of
that expanded effector T cell pool to the infection site for pathogen clearance, as previously
predicted.119.122

Positional cues?

Recent studies have utilized spatially distinct hubs of chemokine production as markers of
the perivascular niche, namely CXCL10%8 and CXCL16.% Manipulating these chemokines
or their receptivity disrupted effector T cell positioning to the activation niche, establishing
that the chemokines play an active role in directing effector T cell location. Studies revealing
the complex combinatorial control of cell positioning in the GC highlight that spatial
confinement is controlled by balancing multiple positive and negative signals. These include
cell- and location-specific generation and processing of chemoattractants and adhesins. The
GC field is at the forefront of understanding such microanatomical confinement, and their
continued discovery of new positioning cues suggests our current studies of spatially distinct
chemokine hubs are just scratching the surface of a complex set of signals that position
effector T cell for activation at infected sites.
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6.3 1 Exiting and reusing the niche?

While the perivascular, adventitial, and dural niches specialize in antigen presentation in
tissues, they are rarely the site of direct infection. As discussed, effector T cells activated in
the niche need to exit and move to the infection foci to deliver anti-microbial activities. This
requires desensitization to the attractants that enabled niche recruitment in the first place and
possible upregulation of receptors that enable interstitial migration and the “search” for the
pathogen itself. How this may be achieved is not well understood. Interestingly, terminating
TCR-signaling via upregulation of negative regulators such as PD1 or CTLA-4 may be

a sufficient trigger for the transition from arrest in the niche to resumption of migration
capacity, 133,134

Intravital imaging in combination with a photoactivatable fluorescent probe revealed
dynamic exchange of Tfh between GCs in the LN.”8 Tfh could move between neighboring
GCs and participate in B cell selection in multiple GC throughout the LN. It is not yet
known if effector T cells can similarly move between perivascular niches in the same tissue
and what function that might serve. To that end, understanding of the dynamic nature of

the niche itself would be informative: do the perivascular niches resolve following pathogen
clearance or do they persist to be reused upon subsequent pathogen challenge. There is also
the possibility the perivascular niche may transition into a T cell tissue-resident memory
niche, as seen for the adventitial cuff.

6.4 1 Technological solutions

Continued development of high-resolution spatial transcriptomic and multiplexed
histocytometry will fuel much discovery over the coming years. The ability to perform
whole tissue imaging will help determine the spatial relationship between immune activation
and immune function relative to pathogen or malignant foci. These tools will enable an
unprecedented look into diseased states in human tissues and direct mechanistic studies to
link position with function. Although powerful, this analysis will still represent a snap-shot
in a disease process. Parallel development of optogenetic tools that enable cells to be marked
in time and space, and novel ways to visualize antigen and chemokine presentation in situ,

in real-time, will be essential to determine the sequential steps in orchestrating successful, or
pathogenic, immunity.

The more we understand about the molecular cues that assemble and maintain these
peripheral activation niches the better informed we will be to target these microanatomical
sites to improved disease outcome.
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FIGURE 1.
Effector niche components
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FIGURE 2.

Lymph node positioning for activation, differentiation, and elicitation. Numbered locator
pins denote 1. CD4" T cell activation (Baptista et al, 2019; Gerner et al, 2015; Gerner et al,
2017); 2. CD8* T-cell activation (Bajenoff et al, 2003); 3. CD4* T cell help for CD8* T cells
(Castellino et al, 2006); 4. Thl differentiation (Groom et al, 2012); 5. Th2 differentiation
(Leon et al, 2012); 6. Tfh differentiation (Kerfoot et al, 2011); 7. CD8* Tcm activation
(Kastenmuller et al, 2013); 8. Tth help for B-cell maturation (Gitlin et al, 2014)
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FIGURE 3.

Germinal Center guidance signals. Dendritic cell-activated CD4 T cells downregulate
receptors for T cell zone localization cues (PSGL-1 and CCR7), while increasing the
expression of receptors that bind follicular cues (Ebi2 and CXCR5) enabling pre-Tfh to re-
locate to the T-B border and interfollicular zone to interact with B cells. Stable interactions
with B cells presenting cognate antigen result in the reinforcement of the Tfh program and
migration into GCs, directed by expression of SIPR2 and repression of EBI2 chemotactic
receptors. GC localization of Tth is further refined by physical interactions with B cells,
controlled by surface receptors that can either have an attractant or retention function.
Expression of integrin a3 enhances Tfh localization to GC through interactions with
FDC coated with RGD ligands. After B cells receive T cell help in the GC they upregulate
CXCR4 and move toward a gradient of CXCL12 expressed by dark zone (DZ) CXCL12-
expressing reticular cells (CRC). Within the DZ, B cells proliferate before downregulating
CXCR4 and becoming responsive to CXCL13. They return to the light zone (LZ) by
following a follicular dendritic cell (FDC)-generated CXCL13 gradient for further rounds of
T cell help and somatic hypermutation. B cells that survive this rigorous process of mutation
and selection in the GC differentiate into either long-lived plasma cells (LLPCs) or memory
B cells (Bmem)
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FIGURE 4.
Peripheral activation niches. 7he Perivascular Niche. Induced following foreign antigen

challenge, perivascular macrophages recruit APCs (DCs and moDCs) for de novo assembly
of the perivascular niche. APCs secrete chemokines that locally induce effector T cell
extravasation. Within the perivascular niche, local antigen presentation reactivates effector
T cells to secrete effector cytokines. Secretion of cytokines by effector T cells further
upregulates chemokine secretion by the moDCs to enhance the niche and attract and activate
additional effector T cells. Right panel, rendered image of the inflamed dermis obtained by
intravital multiphoton microscopy: red, CD31 vessels; green, effector T cells (Th1); blue,
chemokine-producing APC (CXCL10%) (Prizant et al, 2021). The Adventitial Cuff. Pre-
positioned prior to foreign antigen challenge at the confluence of blood vessels, lymphatics,
nerves, and niche-specific stromal cells. Adventitial stromal cells support a population

of ILCs which modulate stromal secretions, and together support resident immune cells.
During inflammation, ILCs stimulate local DCs to secrete a T cell chemoattractant.
Resident macrophages act as alternative APCs. 7he Dural Sinus. Pre-positioned prior

to foreign antigen challenge at the confluence of blood vessels, lymphatics, and niche-
specific endothelium and stroma. Homeostatic patrolling by T cells is mediated through

the expression of adhesins and chemokines by vascular endothelia and dural stroma,
respectively. Once in the dural sinus, T cells rely on DC/macrophage antigen presentation
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for activation and retention cues. Resident Tregs rely in part on stromal-derived cytokines
for long term survival
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