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SUMMARY

The lymph node plays a critical role in mounting an adaptive immune response to infection,
clearance of foreign pathogens and cancer immunosurveillance. Within this complex
structure, intranodal migration is vital for CD8" T cell activation and differentiation.
Combining tissue clearing and volumetric Light Sheet Fluorescent Microscopy of intact
lymph nodes has allowed us to explore the spatial regulation of T cell fates. This has

determined that short lived effector (Tsigc) are imprinted in peripheral lymph node
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interfollicular regions, due to CXCR3 migration. In contrast, stem-like memory cell (Tscm)
differentiation is determined in the T cell paracortex. Here, we detail the inflammatory and
chemokine regulators of spatially restricted T cell differentiation, with a focus on how to
promote Tscm. We propose a default pathway for Tscy differentiation due to CCR7-directed
segregation of precursors away from the inflammatory effector niche. Although volumetric
imaging has revealed the consequences of intranodal migration, we still lack knowledge of
how this is orchestrated within a complex chemokine environment. Towards this goal, we
highlight the potential of combining microfluidic chambers with pre-determined complexity

and subcellular resolution microscopy.

Keywords: T cells, Chemokines, Cell Differentiation, Cell Trafficking, Ex Vivo Imaging,
Lymph nodes

1. INTRODUCTION

CD8* T cells are vital effectors of the adaptive immune system and play a crucial role in
combating intracellular pathogens and cancers. During primary viral infection, CD8" T cells
form terminally differentiated, short-lived effector cells (Ts gc) to mediate pathogen clearance
through production of effector molecules such as interferon-y (IFNy), granzyme-B (GZMB)
and tumour necrosis factor-a (TNFa). Tspgc also facilitate direct killing of infected cells via
perforin/GZMB release or Fas-receptor activation.!™ Tgp gc differentiation is instructed by the
expression the transcription factor T-bet (encoded by Tbx21).¢ Alongside Tsigc, memory
cells are formed and maintained after pathogen clearance. A potent subpopulation of CD8*
central memory, termed stem-like memory cells (Tscvm), defined by expression of L-selection
(CD62L) and the transcription factor T cell factor 1 (TCF1, encoded by Tcf7), are
programmed to promote self-renewal and repress terminal differentiation.”-® Both Tspgc and
Tscwm offer distinct therapeutic potential. Promotion of effector cells can be utilised during an
immediate challenge, such as ongoing infection, or cancer.’ In contrast, Tscy cells seed the
effector cell pool to provide long-term immunity, provide enhanced secondary response to
infection and control tumour growth following immunotherapy.'®!3 Thus, harnessing the
potential of Tgcvm offers a new approach to enhance efficacy of vaccines and overcome T cell

exhaustion in cancer.!%15

The precise positioning, immune interactions and extrinsic factors that control T cell

differentiation within lymph nodes is only beginning to be understood. We have recently
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combined chemokine reporters with tissue clearing and 3D Light-Sheet Fluorescent
Microscopy (LSFM) of intact lymph nodes to determine the spatial requirements of CD8* T
cell fate.!¢ In this review we discuss the disparate T cell positioning that imprints T gc and
Tscm differentiation. In doing so, we highlight imaging advances that have enabled these
discoveries. Additionally, we discuss the distinct factors in the effector and memory lymph
node niches that promote CD8" T cell fate bifurcation. We propose a default theory for Tscm
differentiation which is established by spatial separation of precursors away from the

inflammatory effector niche.

While volumetric imaging has greatly enhanced our understanding of immune cell location
and how this specifies function, the fixed nature of this imaging and low-resolution dictates
that this method is insufficient to dissect distinct cell migration decisions. Thus,
understanding how T cells integrate diverse and competing gradients that underpin intranodal
migration and fate decisions is a key ongoing challenge. Towards this goal, we discuss the
development and potential of combining microfluidic chambers with pre-determined
complexity that mimics the lymph node environment with subcellular resolution microscopy,

such as Lattice Light-Sheet Microscopy (LLSM).

2. SPATIAL REQUIREMENTS FOR CD8+ T CELL DIFFERENTIATION

The lymph node is a highly organised structure that serves many roles; to compartmentalize
and confine immune cells to distinct regions, facilitate lymphocyte positioning, cellular
interactions and presentation of antigen, contain pathogens and maintain immune memory.'”
The lymph node comprises of a collagen rich fibrous outer capsule, beneath which resides the
subcapsular sinus, the cortex containing B cell follicles and interfollicular regions (IFRs).
Below the cortex lies the cortical ridge, the deep paracortex (T cell zone), and the
medulla.!®!” Within this structure, T cell priming and differentiation occurs in a coordinated
and dynamic fashion. These events have been captured using 2-photon imaging which has
allowed the nascent events following antigen recognition and T cell priming to be viewed and
quantified.?>?! Following antigen recognition, T cells are primed during close interactions
with antigen-specific dendritic cells (DCs)*'"2* As 2-photon microscopy offers limited
imaging depth and field of view, the next steps of T cell bifurcation have been complemented
with 2D confocal imaging to understand the spatial regulation of this process within the 3D
lymph node. This work established that, following viral infection, CD8* T cells rapidly form
clusters with conventional type 2 DCs (cDC2s) in the IFR and cortical ridge of draining
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lymph nodes.?*2” Subsequent to this, CD8" T cells encounter conventional type 1 DCs
(cDCI1) in the paracortex and these interactions correlate with differentiation towards
memory.?*?> Combined, this work has revolutionised our understanding of how T cells are
activated in vivo.?!?® However, this also raised important questions about how movement
around the lymph node is instructed, and ultimately if this positioning was required for the

differentiation fates of either effector or memory CD8" T cells.

2.1 Chemokine receptor requirements for CD8+ T cell differentiation

To address the question of how T cells coordinate intranodal migration to come into contact
with distinct DC sources following infection, we adopted an experimental strategy that
combined tissue clearing with LSFM.!® One of the largest issues facing light-based 3D
imaging of intact lymph nodes is their complex composition, with biomolecules such as
lipids, proteins and nucleic acids causing light absorption and light scattering which interferes
with image acquisiton.? Optical tissue clearing maintains tissue and cellular morphology,
while reducing the lateral scattering of light upon illumination. Light scattering is reduced by
minimizing the refractive index mismatches between the immersion media and various tissue
components, such as lipids and proteins.’®3! We and others have used the Ce3D clearing
method to conserve endogenously expressed fluorophores and enable additional epitope
staining using directly labelled antibodies.3%3? These features were essential to allow tracking
of antigen-specific CD8" T cells and identify essential lymph node landmarks to identify
B220" B cell follicles and the CD31" endothelial cell network. Paired with LSFM to optically
section intact lymph nodes, these methods provided an integrated, scalable experimental
pipeline that overcame the constrains of depth and field of few with 2-photon imaging and
reduces tissue damage and loss of landmarks that can be problematic in 2D section-based
imaging. As its name suggests, LSFM employs a sheet of light to sequentially illuminate the
planes of a sample to provide volumetric imaging.>> LFSM enables 3D imaging at higher
speeds than confocal or multiphoton imaging, with a lower signal to noise ratio.>> Combining
these methods allowed us to determine the regulators of intranodal migration in response to

acute, system lymphocytic choriomeningitis virus (LCMYV) infection.!6-32.34

The chemokine receptor CXCR3 is an inflammatory receptor that is rapidly upregulated on T
cells following viral infection.’> CXCR3 is transcriptionally regulated by T-bet following
high affinity antigen viral infection.’%37 CXCR3 had previously been shown to instruct the

balance between CD8" effector and memory fates, making it a prime candidate to investigate
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spatial imprinting of CD8" T cell fate.’® 4% Transferring antigen-specific CD8" T cells and
assessing lymph node positioning six days later, we found a bimodal positioning of cells, with
most cells found in the extreme periphery of the lymph node, in the IFRs, while fewer cells
were located in the paracortex in the centre of the node. This contrasted to CXCR3-deficient

CD8" T cells, where the majority were retained in the paracortex.!®

How to quantify cell location in 3D posed a new challenge. Common methods for this adopt
strategies similar to those for 2D section-based imaging, such as quantifying cells within a
region of a set size and location, or the spatial relationship between cells and structural
landmarks within the tissue, such as ‘distance to capsule.?*3%4 To quantify antigen-specific
T cell location in 3D, we originally attempted a method similar to Ozga et al. to count cells in
specific regions near the lymph node capsule.’® However, this approach did not consider the
non-uniform lymph node shape and expansion over the course of the viral infection. Instead,
we adapted the Imagel script TANGO, a quantification technique based on the measurement
of lymph node eroded volume fraction (EVF) to analyse global changes in T cell location in
the lymph node. This quantification tool normalizes lymph nodes for to allow for the change
in size that occurs during infection. Lymph node images were segmented using manually set
global thresholding to define total lymph node volume. The EVF values were then divided
into 100 3D layers of equal volumes from O (near the lymph node periphery) to 1 (lymph
node centre) to create a 3D distance map inside the lymph node.!'® The positioning of antigen-
specific T cells was determined within this map. This allowed us to plot the density of CD8*
T cells within the entire lymph node as a normalized curve spanning from centre to periphery.
With this tool, we were able to quantify global changes in T cell positioning within an
infected lymph node, and directly compare the 3D location of wildtype and CXCR3-deficient
CDS8* T cells. This revealed that loss of CXCR3 led to reduced overall T cell migration to the
periphery of intact lymph node, with a high proportion of T cells remaining in the T cell
paracortex. Combining 2D and 3D imaging with flow cytometry platforms, we established a
correlation with the peripheral IFR location and differentiation towards Tg;gc, while central
paracortex retention, resulted in a specific increase in Tgcp.!® Importantly, we showed that
loss of CXCR3 does not lead to an increase in the overall CD8" central memory population,
but rather a specific increase in Tscy. Additionally, we found that WT and CXCR3-deficient
T cells diverge in Ts gc and Tsey fates at day six post LCMV infection. This window of
opportunity to imprint a specific cell differentiation fate was longer than initially suspected.

Combined, a major question for future investigation will involve pinpointing the specific
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spatiotemporal requirements for the earliest precursors that seed other members of the

heterogeneous memory pool, such as resident memory T cells. 4?43

Despite distinct positioning and differentiation between WT and CXCR3-deficient T cells,
CXCR3 expression alone was insufficient to discriminate T cells that migrate into the IFRs
and those that remain in the paracortex.'® We therefore examined other chemokine receptors
that may play a role. The homeostatic chemokine receptor CCR7 is co-expressed on Tgcp 444
Supporting this role, Tscy cells exhibited greater migration towards the CCR7 ligand, CCL21
than T gc in vitro. As expected, this migration was unchanged in the CXCR3-deficient cells,
suggesting that in the absence of CXCR3, cells were retained in the paracortex, due to CCR7
expression.'® This work is consistent with previous CCR7 over-expression studies, where the
memory fate is expanded.’® Combined, the use of tissue clearing and LSFM and with
reporters to track 3D T cell location established that CD8* Tgpgc and Tscy fates are imprinted
in distinct regions and that modulating migration into the lymph node IFR results in increased

Tgcum differentiation. 1646

2.2 Chemokine requirements for CD8+ T cell differentiation

Given the complexity of the CXCR3 chemokine system, where the single receptor, CXCR3,
can bind two individual interferon (IFN)-inducible ligands - CXCL9 and CXCLI10 - in
C57BL/6 mice, it was unclear the precise migration cue that was drawing CXCR3" cells into
the IFR during infection. Here, it is important to note that CXCR3 can also bind CXCLI11,
however C57BL/6 mice contain a point mutation and a single-base deletion which results in a
reading frame shift that introduces a stop codon early within the Cxcl//] gene, making these
mice deficient for CXCL11.35 Therefore, much of the in vivo work on CXCR3 examines the
role of CXCL9 and CXCLI10 only. To investigate this, we made use of dual reporter mice that
identify the ligands of CXCR3, the REX3 transgenic reporters.*’ Generation of these mice
have been incredibly useful in visualising the cellular sources of CXCL9 and CXCLI10 in
multiple infection and inflammatory based settings.*®° Additionally, as the expression of
CXCL9 and CXCLI10 are primarily induced by type I IFNs (IFN-I), this tool has also been

used as a spatiotemporal indicator of the IFN inflammatory signature.>!-32

In our system, use of Ce3D tissue clearing preserved the RFP and BFP expression that
identifies the cellular sources of CXCL9 and CXCL10 respectively.!64” 3D analysis of REX3

reporter mice following viral infection, revealed that the cells producing these ligands were
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positioned in spatially distinct regions of the lymph node. This positioning was quantified
using EVF analysis to demonstrate that CXCL10-producing cells positioned in the lymph
node periphery in the IFRs. In contrast, CXCL9-producing cells were more evenly distributed
through the lymph node with expression in the lymph node paracortex (Figure 1). Using BM
chimeras where REX3 cells accounted exclusively for either the haematopoietic compartment
or the radio-resistant compartment, we demonstrated that this 3D spatial segregation of the
CXCR3 ligands was seen in both compartments.!¢ The cellular DC and stromal cell sources of
CXCL9 and CXCL10 were identified via flow cytometry. Interestingly, cDC2s primarily
produced CXCL10 over the course of infection, while cDC1 cells had a strong preference for
CXCL9 expression. The spatial distribution and cellular sources were confirmed using 2D
section based confocal microscopy to identify CXCLI10-producing cDC2s in the IFR, and
CXCL9-producing ¢DCls in the paracortex.!® In the stromal cell compartment, fibroblastic
reticular cells and lymphatic endothelial cells showed high expression of both chemokines,
but with a preference of higher CXCL10. This was confirmed by confocal microscopy which
demonstrated high CXCL10 expression by CD31°LYVE-1" lymphatic endothelial cells in
found in the IFR. Consistent with this spatiotemporal regulation of CXCR3 ligands, analysis
of CD8" T cell positioning and differentiation demonstrated that CXCL10 is the ligand
responsible for effector cell recruitment into the IFR. Importantly, in the absence of host
CXCL10, CD8" T cells accumulate in the paracortex, similar with CXCR3-deficiency, and
differentiation of Tscym is promoted. Confirming the connection between 3D CD8" T cell

positioning and the imprinting of cell fate in distinct lymph node niches (Figure 1).1¢

The spatially distinct expression of CXCR3 ligands was surprising in several ways. Firstly,
these ligands are generally thought to be induced via similar IFN cytokines.?’ Indeed, we have
shown in an in vitro system that blocking IFN-I suppresses the over 80% of CXCL9 and
CXCL10 in ¢DCI and ¢DC2 cells following TLR7 stimulation.’> Secondly, these chemokine
ligands are generally thought to act in a collaborative manner.’>473!  Despite this, some
differences have been described for the upregulation of CXCL9 and CXCL10.>*> This
disparity relates to CXCL9 being more strongly induced by IFNy, relative to IFN-L#
Combined, this suggests that there may be niches within lymph nodes where distinct IFN
cytokines accumulate following viral infection, and that this determines the upregulation of

individual CXCR3 ligands.
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In contrast to CXCL10, the expression of CXCL9 in either the haematopoietic compartment
or the radio-resistant compartment did not significantly contribute to CD8" T cell positioning
or determination of fate. These observations led to our investigation of CCR7, which binds
the ligands CCL19 and CCL21.°* As discussed below, these ligands are presented in the
lymph node distinctly. While we tested the responsiveness of Tscyv to CCL21 in vitro, we did
not define if one or both ligands was required for T cell location in vivo. The requirement for
these chemokines in retaining memory may also explain observations in the p/t/plt (paucity of
lymph node T cells) mice, which lack CCR7 ligands but demonstrate increased effector
differentiation.>> Presumably these T cells would be positioned deep in the IFRs of draining

nodes of plt/plt mice.

2.3 Transcriptional requirements for intranodal T cell position

The upregulation of the transcriptional regulator, T-bet has long been associated with antigen-
specific priming of T cells.”® More recently, its role as a molecular switch to specify CD8"
effector cell differentiation has been established.>® To investigate this, we used the
ZsGreen_T-bet reporter to track effector differentiation in the 3D lymph node.*” This showed
that three days post infection, the very first cells committed to effector differentiation were
already located within the IFR at the periphery of the 3D lymph node.!® CXCR3 is a key
transcriptional target of T-bet and deficiency in either of these phenocopies the other,
suggesting a shared mechanism in the regulating CD8" effector differentiation.>33-%40 In
searching for a mechanism for Tscy retention in the lymph node centre, we followed a similar
path of investigation to identify that the transcriptional regulator of Tscym, TCF1, also
regulated the chemokine receptor, CCR7 that reinforced this differentiation.!®® Together this
work identified the transcriptional regulation for T cell location within distinct lymph node

niches.*¢

3. SPATIAL MODULATION OF CELL FATE

Our work highlights a tension between the differentiation of Ty gc and Tscym, such that in the
absence of effector differentiation, there is a reciprocal increase in memory formation. We
identified multiple levers for this process; CXCR3 expression, CXCL10 and IFN-I
expression.'® Deficiency in each of these migration and cytokine cues results in retention of
cells within the T cell paracortex and increases in Tscy. In contrast, the migration to and
positioning within the IFR facilitates differentiation towards Ts gc differentiation. Many of

the potential cellular contacts and inflammatory cues that specify effector differentiation of
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both CD4" and CD8" T cells in the IFRs have been reviewed elsewhere.!833° Given the
therapeutic potential of Tscy and their role in both chronic infection and cancer, a more
critical question is to understand the fate decisions occurring in the lymph node centre. In this
section, we discuss the comparison of the modulators of T cell fate in spatially distinct lymph

node regions, with a focus on understand the factors that imprint Tgcy.

3.1 Modulation of fate by antigen load and inflammation.

During viral infection, antigen arrives to the lymph node via two distinct, but not mutually
exclusive paths. Firstly, virions can directly drain into the lymph node subcapsular sinus
(SCS) via the afferent lymphatics. This leads to uptake by SCS macrophages and lymph node
resident DCs that enter the IFRs to travel deeper into the lymph node through reticular
conduits to the paracortex.!326:6061 Tn the case of acute LCMV infection with promiscuous
host tropism, these events lead to local infection of the in the IFR, increased viral load and
local inflammation.®® Alternatively, migratory DCs sample antigen in the peripheral tissues
and traffic to the lymph node. DCs transmigrate though the SCS, into the IFRs via CCL21
gradients.®? Both of these events concentrate the initial location of viral antigens to the IFRs.?’
Increased antigen dose and affinity have been shown to yield a larger effector pool.3%63
Specifically, Ozga et al. demonstrated that CD8" T cells migrate towards IFR in a manner that
is dependent on high antigen affinity.3® While our study used T cell receptor (TCR) transgenic
CDS8" T cells, such that all cells responded with the consistent affinity for antigen, migration
into the IFR may similarly correlate with antigen dose. Combined, these previous studies and
ours suggest that early deposition of viral antigens in the IFR acts to imprint effector

differentiation in this location.

During infection, the IFR is an inflammatory site with high antigen load and inflammatory
cytokines.?6-1:60 We investigated the role of IFN-I as a predominant inducer of CXCR3
ligands that directs CD8" differentiation away from Tgcpm.'®** LCMV-induced CD8" T cell
differentiation was skewed away from Tg gc and towards Tscy differentiation in host mice
deficient for the IFN-I receptor, IFNAR. Cleared, LSFM imaged lymph nodes identified this
altered differentiation was associated with increased retention of CD8" T cells in the central
paracortex of IFNAR”- lymph nodes. This further demonstrates that Ts; gc and Tscy fates can
be directed by extrinsic factors, and that limiting the inflammatory environment of T cells
promotes Tscy.'® Importantly, we demonstrated that restricting IFN-I during primary viral

infection imprints increased stemness and robust secondary responses, even when IFNAR
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was intact during these proliferative and secondary challenges. Thus, further demonstrating
the therapeutic potential of tuning specific T cell precursors blocking IFN-I, increases both

the numbers of Tscy and their functional capacity.'®

Along with IFN-I, other inflammatory cytokines balance CD4* and CD8" fates. 3% Type II
IFN, IFNy along with IL-2 and IL-12 promote effector differentiation and limit the expansion
of CD8" memory.%% [L-2 decreases the formation of memory CD8" T cells in a dose
dependent manner, and IL-2R deficiency leads to a reduced effector pool.67-%8 TL-12 elicits a
similar graded response between CD8" T effector and memory formation.%>® IL-2 and IL-12
and possibly other inflammatory cytokines, such as IL-12, IL-6, and IFNy may act together at
the time of T cell priming, or shortly after, to impair the formation of memory.”®’! The before
mentioned increase in local viral load in IFRs suggests that multiple inflammatory cytokines
may be produced in distinct niches, within inflamed lymph nodes. The identification of an
axis between spatially separated fates leads to an intriguing hypothesis; that differentiation to
Tscm 1S established as a default state due to decreased inflammation via the retention in the
paracortex, rather than any specific memory-inducing network.*® Therefore, the continued
expression of CCR7 may act primarily to keep Tscy precursors separated from the IFR. Thus,
T cell differentiation orchestrated in distinct regions, would establish Tscy differentiation as a
default pathway that is amplified in the absence of inflammatory cues (Figure 2). This
concept would establish spatiotemporal regulation as a necessary source of heterogeneity
within the CD8" T cell response, and highlights similarities with B cells, where a default

pathway for memory differentiation has also been proposed.”

3.2 Modulation of fate by distinct cell contacts.

The discovery that CD8" T cell fates are imprinted in distinct lymph node regions, leads to
questions regarding the nature of dynamic interactions that may take place each niche. The
cellular partners that directly interact with CD8" T cells in a niche-dependent manner have not
yet been identified.!® However, we did demonstrate that the chemokine-producing
conventional DC populations that dominate in the IFR and paracortex are distinct as are their
preferential expression for either CXCL9 or CXCLI10. In addition to different chemokine

expression, these DC populations also deliver distinct co-stimulation.”?

We observed that while cDC2 cells present in the IFRs predominantly expressed CXCL10, it
was stromal cells lacking CXCL10 that promoted Tscm. It is likely that these stromal cells
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produce the bulk of chemokine to draw T cells into the IFR. Thus, this observation doesn't
discount direct interaction between CD8* T cell effectors and CXCL10-expressng cDC2 cells.
Indeed, several studies have used dynamic 2-photon imaging to demonstrate that direct
clustering of CD8* and ¢cDC2s promotes effector differentiation.?*?° Furthermore, using a DC
transfer model, we previously observed that the number and duration of T cell:DC
interactions during priming was increased by DC derived CXCL10.#” Although this study pre-
dated defining the DC-cellular sources of CXCR3 ligands, given our recent findings, it is
likely that these interactions were with cDC2 cells. Together this highlights the importance of
cDC2 derived CXCL10 in T cell priming effector cells. In contrast, cDCl1s in the lymph node
paracortex predominantly produced CXCL9. Hor et al. and Erickson et al. demonstrated
direct clustering of memory precursors around cDCls, however it currently remains unclear if
this interaction is essential for memory formation or if cDCI-CXCL9 expression plays any
role in mediating these interactions.?*?> Certainly, we found no evidence of a direct role for
CXCL9 in mediating Tscp,'® There are several experimental strategies that could be used in
future work to identify the direct interaction between Tscy precursors and cDC1 cells in the
paracortex.*® The ligands of CCR5 have also been shown to promote CD8" T cell:DC
interactions that promote memory differentiation.?6:747> However, similar to our observations
with CXCL9, disrupting these does not alter memory differentiation, suggesting either no

role, or redundant roles for chemokines in mediating these interactions.”®

In addition to DC interactions, innate lymphocytes are found within distinct regions of the
lymph nodes. NKT, NK, and ydT and innate lymphocytes that produce IL-17-producing
innate cells can all be found principally in the IFRs.””-7® Although the role of these in CD8*
bifurcation is largely unexplored, it is worth noting that these innate lymphocytes sparse in
the T cell paracortex, again suggesting disparate levels of inflammatory mediators in this

region.”

The stromal cell compartment is a major producer of lymph node chemokines. How stromal
cells support CD8" T cell differentiation is still relatively unclear. Some studies indicate a
context-dependent role for fibroblastic reticular cells, where they can either promote CD8" T
cell differentiation to effectors or to support long lived memory formation.?° This area would
benefit from the identification of distinct populations of cells where defined functions can
established. Towards this goal, several studies have used scRNA to dissect the lymph node

stromal cell compartment.*®8! One of these characterised a distinct population of fibroblastic
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reticular cells that are identified by GremI expression and are positioned in the lymph node
cortical ridge and IFR.%® Deletion of this population impacted in vivo CD8" T cell
proliferation, although no markers of differentiation were included in this study. This result
may be indirect regulation, as deficiency in Greml-stromal cells directly supported DC
homeostasis and lymph node retention. Indeed, given the essential role of the fibroblastic
network in supporting interactions between T and DCs, this plays a primary role in
influencing T cell fate.8?3* However, a population of CCL21-expressing gp38* fibroblastic
reticular cells located in the splenic T cell zone can directly contact CD8" memory cells.?
Our work suggests that this, or a similar population, is also present in the lymph node to

support Tsceum.

Although multiple factors including antigen deposition, DC subsets and innate partners, and
inflammatory cytokines can skew CDS8" effector and memory differentiation, those that
amplify Tscy are predominantly ones that block inflammatory effector formation, resulting a
default memory pathway (Figure 2). Given this, the interactions between CCR7 and stromal-
produced CCL19 or CCL21 are the most likely to directly foster the differentiation towards
Tscm. Therefore, it is essential to understand how T cells integrate and respond to the multiple

chemokine signals present in the lymph node during infection.

4. T CELL INTERGRATION OF COMPLEX MIGRATION CUES

Our work suggests that the CXCR3 axis and the cytokines that induce CXCR3 ligands can be
used as levers to modulate T cell fate in a therapeutically tractable manner. Still, many
essential points remain unknown regarding how complex migration cues are integrated by

individual T cells to drive migration to distinct locations.

A key issue in understanding how cells interpret migration cues to make decisions on cell
positioning is the inherent complexity of the chemokine superfamily. Combined there are
approximately 20 chemokine receptors that bind 50 ligands.>* An additional layer of
complexity is added by the existence of four atypical chemokine receptors that act in part to
establish chemokine gradients.®8% It has been proposed that this complexity leads to
redundancy of many chemokine ligands, and why, despite promise, limited chemokine
therapeutics have reached clinical usage.’* However, redundancy may not be the only
outcome of chemokine superfamily complexity. An alternative hypothesis, that there is

exquisite specificity between ligands and their receptors has also been proposed.?® This
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specificity can be achieved by distinct spatial and cellular sources of chemokines, or
individual structural elements that determine how a chemokine is presented and gradients are
formed within tissues. As discussed, we have demonstrated that CXCL9 and CXCL10 are
expressed in spatially distinct lymph node regions, by disparate cell types.'® Much of this
work has been based on observations using REX3 reporter mice.*” These reporters precisely
identify the individual cells that produce both CXCL9 and CXCL10, but how these
chemokines are distributed across the tissue is unknown (Figure 1). Furthermore,
mechanistically, why T cells destined to become CD8" T cell effectors preferentially follow

CXCLI10 gradients, is unclear.

4.1 Chemokine binding and gradient formation

Chemokines can be soluble or insoluble and some exist in both forms.?® Soluble chemokines
that are released from their cellular source passively diffuse across extracellular space and
form gradients with higher concentration at the source and lower concentrations with
distance. In contrast, insoluble chemokine can be presented on cell surface of its cellular
source, or as it diffuses within the tissue, binds to glycosaminoglycan (GAG) extracellular

matrix or stromal cells.”!

Within CXCR3 family, CXCL9 has a separate C-terminus GAG and N-terminus CXCR3
binding domains, whereas CXCL10 has partially overlapping GAG binding and CXCR3
binding domains.?>?? The third member CXCL11, although not expressed in C57BL/6 mice,,
also binds to GAG and induces most potent CXCR3 desensitization.”* % In addition, these
chemokines are subject to post-translational modifications by matrix metalloproteases, which
alters binding affinity to CXCR3 and GAG.** The details of these modifications have been
reviewed elsewhere.”” These disparities suggest distinct binding properties of CXCR3
chemokines to the extracellular matrix and lead to individual ligand function.> It is suggested
that MyD88 signalling interference in liver sinusoidal endothelial cells eliminates CXCL9
gradient by modifying GAG, which consequently disrupts immune niches for resident
immune cell localization and function.”® A compensatory increase in CXCL10 and CXCL11
expression was observed, but cannot re-establish the niches, indicating the importance of
GAG-dependent chemokine gradient and specificity. Further research could investigate
CXCR3 chemokines binding and gradient in other settings such as the lymph node, where

they also play a role in establishing immune niches.'®
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Similar to CXCR3, the ligands of CCR7 bind the extracellular matrix in distinct ways. Early
work demonstrated that CCL21, together with CXCL12 and CXCL13, binds to collagen IV at
basal lamina of HEVs.”® This binding promotes naive T cells adhesion and homing into the
lymph node paracortex. CCL21 forms an increasing gradient from the T cell:B cell border and
is maintained at similar level within paracortex and cortical ridge.”® The increasing CCL21
gradient is also established from IFR to the cortical ridge, which is shaped by the atypical
receptor ACKR4 (previously CCRL1).'% Deficiency in ACKR4 allows CCL21 to fill the IFR
niche, which interferes with DC migration and entry into the lymph node migration.!® It is
likely this effect extends to defects in T cell differentiation, as transgenic overexpression of
CCL21 results in reduced T cell chemotaxis and defects in LCMV clearance.!?! Further,
CCL21 has recently been shown to exist in two forms, a full-length insoluble and a cleaved
soluble form. Both of these forms can be scavenged by ACKR4 to establish gradients.!?? In
contrast, the other CCR7 receptor ligand, CCL19, is predominantly expressed by lymph node
fibroblastic reticular cells.!931% Importantly, CCL19 exists only in soluble form, leading to
increased CCR7 desensitization and reduced chemotaxis (Figure 1).19%-19 Ablation of CCL19
expressing lymphoid stromal cells results in impaired T cell responses against viral
infection.!%” Further studies from the Sixt group directly compared the properties and
functions of CCL21 and CCL19, indicating their distinct roles in regulating DC migration and
immune responses.'%10 This work provides the strongest evidence to date that differences
between soluble and insoluble chemokine gradients lead to distinct integration of migration

cucs.

4.2 Chemokine detection

An alternative to visualising chemokine sources using reporter animals, such as REX3 mice,
is to use antibody labelling and imaging to directly visualise the chemokine location. While
detecting chemokines can be difficult, multiple studies have identified the presence of
chemokines in various disease and tissue settings.!'%113 For insoluble CCL21, this has also
identified gradients and binding to the extracellular matrix across a large region.%100:112,114,115
However, for chemokines that exist only in soluble forms, such as CCL19, the detection is
less optimal with antibody staining.'!'® Information and quantification with respect to the
distribution and location of CXCR3 chemokines in extracellular space is still limited. A
recent study shows that CXCL9 and CXCL10 levels increase in the B cell follicle of lymph
nodes during influenza infection, which stimulates CD4" T cells to migrate to this T cell:B

cell border to provide B cell help. The authors quantify chemokine concentration by
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normalising the fluorescent intensity of CXCL9/10 antibody over time.!'> While other studies
have focused on chemokine reporter or chemokine deficient models to understand the
functional outcome of chemokines, the spatiotemporal regulation of chemokines established
in this study provides a platform to investigate T cell migration within lymph nodes, and how
chemokine gradients are formed and impact determine cell fate decisions.!'> This antibody
staining method has been adapted to preserve chemokines produced by endothelial cells
within the tumour microenvironment. Mikucki et al. used intravital injection of chemokine
antibody conjugated to microbeads to identify CXCL9 and CXCL10 expression on tumour
blood vessels.!'7 Visualisation of CXCR3 chemokines in this context demonstrated their role
in T cell transmigration across endothelial cells into tumour.!!'” To date, studies detecting
chemokine distribution have been acquired without volumetric imaging. Instead, this work
provides gradient information across a single plane 8 or along a line®?, however this does not

fully reflect distribution in a 3D organ. 100-118.119

Recent studies have offered new strategies to overcome limitations of chemokine detection.
An adapted proximity ligation assay was used to effectively amplify CXCL12 chemokine
binding signalling by linking a repetitive DNA sequence to the staining antibody and
detecting this sequence with fluorescently labelled oligonucleotides.!?® Promisingly, this
approach allows for 3D imaging and analysis in a range of tissues.'?? This protocol allowed
for higher sensitivity of detection for each chemokine molecule, but with lower resolution,
due to the steric hinderance generated in the proximity ligation assay. Three-dimensional
analysis provided additional insight to CXCL12 distribution within the bone marrow. Instead
of forming a long-range gradient, CXCL12 molecules were shown to accumulate in distinct
niches.'?? Another study used computational modelling to map CXCL13 producing cells in
tonsils and define the chemokine gradients in their microenvironment. This showed that due
to GAG-CXCL13 interaction, the model with each cell generating insoluble CXCLI13
gradient is more similar to physiological environment compared to linear diffusion
gradient.!?! Combined these advances in 3D imaging and analysis for chemokine distribution
have potential to improve the accuracy and robustness of chemokine detection. Applying
these methods to the CXCR3 and CCR7 families within a lymph node, will enable mapping
of the complex chemokine patterns from all angles of a cell, to understand or predict

migration trajectories during infection or cancer.
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Fluorescently labelled chemokines are often employed to visualise chemokine uptake and
receptor internalisation by atypical or classical chemokine receptors in tissues.!'?? This enables
the identification of cells that present and form chemokine gradients and establish the role
these cells play in modifying cell chemotaxis in tissues. Binding of fluorescent chemokines to
cell surface receptors can also visualise receptor movements and internalisation kinetics in
different chemokine and extracellular environments. In epithelial-like CHO-K1 cells, GAG
has been identified as an important coreceptor for CCR7 and CXCR4 to facilitate effective
chemokine binding to receptor.!?> An adaption of this method is the use of fluorescent-
activatable-AND-gate chemokine, which allows detection of functional receptor activity
intracellularly. Compared to fluorescently labelled chemokines, fluorescent-activatable-AND-
gate chemokines identify only the activated target cell, allowing differentiation of chemokine
binding to conventional and atypical chemokine receptors.'”> Combined, fluorescently
labelled chemokines provide useful tools to understand chemokine-receptor and GAG-
chemokine binding, while preserving chemokine functions on target cells both in vitro and in

Vivo.

5. COMPLEXITY OF MIGRATION CUES IN 3D

There exist multiple levels of chemokine complexity within 3D tissues.’390124125 First,
lymphocytes can express multiple chemokine receptors at the same time and each receptor
can bind to multiple ligands.”® The co-expression of CXCR3 and CCR7 on Tscy is an
important example of this.'® An additional layer of complexity is that co-expressed competing
receptor expression can also form chemokine receptor heterodimers, which exhibit unique
binding, internalization and B-arrestin recruitment compared to individual receptors.!?6:127 The
cellular sources of CXCR3 and CCR7 chemokines, which total four primary chemokines in
C57BL/6 mice, are varied, meaning chemokines are released in different lymphoid regions
and establish complex, 3D gradients.!® In this setting, the highest level of chemokine is
predicted to be close to the cellular source of each chemokine. However, as discussed, stromal
cells and some immune cells express atypical chemokine receptors that act as scavengers to
bind, internalise and degrade respective chemokines without generating a migratory
response.888 This efficiently reduces chemokine concentration in a precise region and
generates a negative gradient, thus promoting directional cell migration away from that
region. In addition, allosteric chemokines such as CXCL14, act in concert with existing
chemokine gradients to promote chemotaxis, while having no individual effect.?® Combined,

lymphocytes need to incorporate multiple chemokine signals from different directions and
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make a collective decision on migratory direction. It is not well understood, how T cells make

these decisions (Figure 1).

More than just the overall number of distinct chemokines and receptors, the distinct
presentation of chemokines to cells likely plays an important role in establishing migration
response hierarchy. As discussed, these differences exist both with chemokine families that
bind the same receptor and between chemokines that bind distinct receptors. GAG-chemokine
interactions, such as chemokine binding of heparan sulphate, have increasingly been seen as
an important factor for regulating chemokine distribution and oligomerisation.’%!?° However,
our understanding of the binding capacities of individual chemokines to GAGs is still in its
infancy. Chemokine binding also occurs to other extracellular structural components, such as
collagen IV.?® Chemokine binding alters the gradient distribution from diffusive to partially
immobilised, increasing gradient stability and potentially increasing the steepness gradient.!?!
Binding to the extracellular matrix also prevents chemokines from cleavage by protease and
prolongs their functionality.'3 The presentation of immobilized chemokines by GAGs and
other extracellular matrix components creates an additional level of complexity. The cellular
dynamics of chemotaxis (migration towards a soluble cue) or haptotaxis (migration towards
an immobilised cue) differ.!'®!13! This regulation is not static, indeed along with changes in
chemokine and chemokine receptor expression, the extracellular matrix of the lymph node is
also modified during the course of infection.!3? In turn, this alters both chemokine and antigen
binding and diffusion, potentially causing less efficient directional cell migration. Cancer also
modifies tissue structure and chemokine composition to a large extent.!33 For example, GAG
composition can be altered within some tumours leading to a lower heparan sulphate profile
on cell surface.'34135 This feature disrupts normal chemokine binding and promote cancer cell
metastasis.!3¢138 In addition to this, within tumours chemokine or chemokine receptors can be
additionally influenced by anti-inflammatory cytokines or inhibitory checkpoint signals.!33
Therefore, it is unclear how chemokine distribution is altered in an infection- or disease-
dependent manner and promotes lymphocyte migration to either appropriate or inappropriate
locations to guide cell-cell interactions for the generation of a tailored or inhibited immune

response.!'

6. DECONSTRUCTION OF LYMPH NODE TO UNDERSTAND T CELL
MIGRATION DYNAMICS
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Cell migration is a fundamental process in immunology. While other cellular systems are
spatially restricted, the immune system inherently relies on chemotaxis to be effective. Upon
stimulation by chemokine, the respective receptor initiates a signal cascade that results in
cellular cytoskeleton changes. These changes together lead to cell migration or chemotaxis
towards the target cell or region within the lymph node.'3%'%0 The lymph node
microenvironment is composed of highly complex tissue and multiple migration cues. This
presents many challenges in adapting microscopy to the optically incompatible environment
to study cell migration dynamics directly, in high resolution and in vivo. The location of
critical migration events is beyond the reach of 2-photon imaging. While the development of
3-photon microscopy will greatly increase the depth of imaging, this remains a relatively low-
resolution platform. We and others have demonstrated the utility of volumetric imaging to
determine the consequence of cell migration (Figure 3).1936.141 However, these studies pose
questions regarding motility, timing and the integration of complex cues to determine the
underlying mechanisms that lead to cell migration. Investigating this will require updated
experimental platforms to image high resolution dynamic cell migration. This section will
explore cell migration research that deconstructs the lymphatic system using in vitro devices
and high resolution imaging. Combined, these will allow us to convert what we have learnt
from tissue level imaging, to dissect critical migration scenarios in in vitro experiments and

then apply these learnings back into the tissue.

6.1 Capturing cells in motion

Multiple microscope platforms enable the visualisation and analysis of moving cells in 2D
and 3D.'*? Early imaging work by 2-photon microscopy enabled observation of cell
behaviours in intact organs or tissues in vivo or ex vivo.'* Issues arise when imaging cell
motility in whole tissues with a complex network of structures, components and density, such
as the lymph node. Due to recent advances in high resolution microscopy, such as the Lattice
Light-Sheet Microscopy (LLSM), it is now possible to investigate cell migration dynamics at
subcellular resolution, in 4D with minimal phototoxicity (Figure 3).!4 Using the LLSM, Cai
et al demonstrated that T cells survey the majority of a DC’s surface within one minute to
detect specific antigen and potentially form an immunological synapse.'*> Small membrane
extensions known as microvilli are observed during this process, formed by actin
polymerisation and are essential for contact and effective scanning of the DC surface. As the
antigen-TCR interaction establishes, microvilli act as a hub for TCR clustering and

recruitment of signalling molecules.'#® Higher antigen specificity forms stronger and shorter
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bonds with the respective TCR, leading to extensive clustering of TCR and associated
signalling molecules.!*” This result was validated using LLSM and Total Internal Reflection
Fluorescence Microscopy (TIRF) to show that TCR clusters indicate T cell activation states
and antigen strength. This study used high spatiotemporal resolution to identify the sequence
of signal transduction events and precise timing of Ca?" flux.!*® Furthermore, the authors
developed a robust and automatic analytical pipeline to establish the correlation discovered in
this study. However, how the signal strength affects the efficiency of T cell survey and the
mechanism that leads to differentiation outcome is currently unknown. Importantly, these
observations are linked to the potential of cells to migrate, as antigen-signal strength, plays a
central role in the upregulation of CXCR3 and positioning and intranodal migration.!#
Combined, these studies demonstrate the underexplored utility in combining in vitro and ex
vivo analysis with high and low resolution microscopy platforms to understand complex
immune cell interactions (Figure 3). This same combined effort will be fruitful in addressing
multiple questions regarding cell morphology or intracellular cytoskeleton organisation as the
T cell becomes activated and migrates. Given the different chemokine receptor expression,
this dynamic cell migration may be distinct for Tsygc and Tscy cells and how chemokines are

presented to them.!3°

The clearance of infected or cancerous tissues also requires antigen recognition and
migration. As naive CD8" T cells differentiate into effector cytotoxic T cells, they migrate to
peripheral tissues and induce apoptosis in infected or cancerous cells. High spatiotemporal in
vitro imaging by LLSM has detailed the process and timing of antigen recognition and
cytotoxic granule secretion.!>! Similar to T cell:DC interactions, the TCR forms clusters at T
cell-cancer synapse. The actin cytoskeleton is found to be indispensable for cytotoxic granule
secretion and can act as an indicator for antigen binding strength. Although higher antigen
specificity can lead to faster Ca?' flux, the sequence of events in antigen recognition is
identical regardless of its specificity.!3?> This series of studies highlight the essential roles 4D
imaging plays in our understanding of effector T cell function, which provides critical
information to potentially optimise immunotherapy such as CAR T cell therapy. The
exquisitely high resolution of the LLSM platform allows these same imaging and analysis
pipelines to be repurposed towards understanding how to cells reach their infected or
cancerous targets. However, this approach needs to be paired with a highly reproducible assay

to establish complex migration gradients.
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6.2 Establishing gradients for cell migration imaging

Chemokine gradients are the major factor in guiding directional cell migration. As discussed
above, multiple factors are at play within a tissue to establish complex gradients. Chemokines
may diffuse passively in soluble form or bind to the extracellular matrix as an insoluble
gradient. In addition, the lymph node is a high-density structure, which creates disunified
refractive index for light beams, and limits the resolution and depth of dynamic in vivo
imaging.!¥* Therefore, new methods are required to replicate physiological tissue
environments in an in vitro system where the environment is controlled and homogeneous. By
deconstructing the imaging environment, there is a potential to achieve higher spatiotemporal

resolution.

In the early 1960s, the Boyden Chamber or transwell assay was invented to compare the
chemotactic preferences between chemokine concentrations, different chemokines or cellular
subsets.!>3 However, individual cell trajectory and morphology are not assessable in this
device. Microfluidic chambers improve on this system introduce a small amount of fluid and
chemical gradient to cell culture or cell migration systems. The development of microfluidic
chips and assays allows the deconstruction physiological tissues or organs allows controlled
questions about cell migration to be asked in a system with pre-determined complexity.!5415
These devices can be used to form chemokine gradients that mimic those found in tissues
such as the lymph node.'>* This enables the chemokine environment to be precisely controlled
in vitro so that dynamic T cell responses to gradients one or two chemokines can be
assessed.!’%157 These systems use transparent materials that are compatible with high
resolution, live imaging, such as the commercially available Ibidi chambers.!*® These are
generally highly reproducible devices, which allow researchers to establish a consistent
chemokine gradient for cells to migrate in. Microfluidic devices also are compatible with high
resolution microscopes by attaching glass coverslip onto the device.'” The incorporation of
polydimethylsiloxane material in the manufacture of microfluidic chambers has further
advanced the field by increasing the capacity to alter device shape and dimension.!6%16! This
allows bespoke designs that allow individual migration questions to be assessed, such as the
use pillar arrays, microchannel devices and the formation of persistent rising
gradients.!37-162.163 For other studies, collagen matrix and other hydrogels can be incorporated

to form porous 3D structures in chamber through which cells can navigate.

Recent modifications of single chemokine gradients include converting vertical migration

This article is protected by copyright. All rights reserved



pores to horizontal migration chamber, formation of more consistent gradient and improved
compatibility for microscopy imaging.'94-16¢ Currently, many cell migration studies focus on
cell kinetics and migration index towards a chemokine, which can be achieved by using low-
resolution imaging.'” The advent of high spatiotemporal resolution imaging allows
subcellular detail that requires intensive image data processing and provides bespoke
migration quantification analysis with far more detail than the traditional readouts of
migration index, speed and directionality alone. Using TIRF microscopy, Hons et al.
analysed naive T cell 2D morphology in various CCL19 concentrations and surface
conditions.”>! The authors found that increased CCL19 concentration is associated with
elongated cell shape and higher retrograde actin flow. However, this and other studies are
limited to the analysis of 2D T cell migration morphology.!68-170 More complex 3D T cell
migration, remains largely unexplored in response to specific chemokine cues.!”! Since
understanding 3D morphology and cytoskeleton during T cell antigen recognition has shown
promising results, its application to cell migration research is garnering interest. Recent
studies examining neutrophils and dendritic cells with a combination of imaging and
microfluidics have recently provided significant level of detail.!’>!73 The dynamic changes of
cell protrusions, the actin cytoskeleton modification and the interplay between cell and extra
cellular matrix during cell migration were imaged with subcellular resolution.!”>!73 The
datasets at this resolution additionally require a bespoke methods to analyse and quantify the
data in a hypothesis-driven manner. Parameters for analysis in this field needs to be

standardized to produce robust, comparable and statistically significant data.!7+173

Some work has already been done to investigate redundant, collaborative or antagonistic
relationships of chemokines that bind the same receptor.”®124125 An interesting study by
Haessler et al. investigated DCs migration bias with competing gradient of CCL19 and
CCL21.176 To setup this assay, the authors designed a microfluidic device which established
chemokine gradients from two sides of migrating cells. They found that at high chemokine
concentrations, DCs showed more efficient migration towards CCL21. However, the
mechanism behind this phenomenon was not investigated. Since this study was restricted to
wide-field microscopy with low resolution capabilities,!3¢ using higher resolution and faster
imaging, such as LLSM or Spinning-disk Microscopy, would pinpoint the moment when DCs
alter their direction towards CCL21 and allow the study of dynamic cytoskeleton changes.!”®
Using a similar microfluidic device, another study suggested rising soluble chemokine

gradient is critical for persistent DCs chemotaxis due to receptor desensitization.!”’ The
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spatial and temporal chemokine sensing must both be considered in chemotaxis experimental
design and data collection. In contrast, this may not apply to insoluble or GAG-bound
chemokine gradients and haptotactic migration as the gradients are spatially more stable.!9%:177
Although T cells are not as morphologically variable as DCs!®!, this system is still highly
adaptable to understand multiple questions surrounding how CXCR3 and CCR7 mediate T
cell fate.!”! For instance how a cell expressing CXCR3 decides to follow a CXCL10 gradient,
that is spatially distinct from a simultaneous CXCL9 is currently unknown.!!3-178 Further, this

chemokine hierarchy or migratory preference may be altered between Tgpgc and Tscy cells.

A major unanswered question is how T cells respond differentially to either soluble or those
immobilized via GAG binding.'16:13%.17 This key source of variability may be central to
understanding the chemokine specificity. Previously, in vitro migration systems were unable
to mimic insoluble gradients. Some recent studies have mapped and quantified bound
chemokine gradients,!>®!> but limited studies have used this technology to investigate and
image haptotactic mechanisms in vitro.!8%181 With further advances of microfluidic chambers,
chemokines can be “printed” onto cover slip of the device with customised patterns.'®" This
can be coupled with soluble chemokine gradients to compare and contrast the mechanisms

used for chemotaxis and haptotaxis.

7. OUTLOOK AND FUTURE APPLICATIONS

In vitro migration assays are rapidly evolving. By combining with high resolution imaging,
such as LLSM, they can generate near-isotropic 3D data over time.'** These results provide
insights to the mechanism and timing of cell motility events during antigen recognition and
elimination.!4>13! Tt is also important to consider the physiological implications of the
findings to better understand cell differentiation and function. Since only limited research has
combined light-sheet imaging with microfluidics,'®® further studies may investigate the
sequence and timing of cell motion during chemokine sensing and continual migration.'8? The
current microfluidic devices can somewhat mimic the diffusive gradients of one or two
soluble chemokines. However, as chemokine binding to GAGs or other extracellular matrix
molecules changes the way immune cells sense and migrate towards a gradient, this may lead
to different chemotactic preferences and cytoskeletal modifications.!!6:120.121.180 Hence,
establishing of 3D insoluble chemokine gradients is a necessary feature for future

microfluidics development.
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As discussed throughout this review, the in vivo microenvironment is highly complex and
dynamic. Although in vifro imaging can provide significant details in the dynamic motility
and cellular interactions, the physiological microenvironment cannot be fully represented. The
3D stromal cell network, conduit system and functional niches of lymph nodes are not well
reflected in in vitro microfluidic systems.’>!40 Hence, it is critical to formulate hypotheses
from what we learn in vitro and take them back to tissues. For 4D intravital imaging, 2-
photon microscopy has provided fundamental knowledge in the migration kinetics and
cellular interactions (Figure 3).'®3 Emerging 3-photon technology will allow visualisation of
migration and cellular interactions deeper in the node. However, the subcellular and
molecular details and timing of these events are not fully elucidated due to the lack of
spatiotemporal resolution. Recent development of Adaptive Optics LLSM, achieve high
resolution imaging in live samples and animals.!®+-187 The application of these technologies in

immunology will produce promising results for years to come.

8. CONCLUSIONS

The powerful combination of chemokine and transcription factor reporters with 2D, 3D and
dynamic imaging has clarified our understanding of the spatial requirements for CD8" T cell
fate. 164147188 Volumetric imaging of intact lymph nodes has revealed the spatial requirements
that are instructed by CXCR3 to imprint cellular differentiation.!® This work highlights the
spatially distinct inflammatory axis between Tgspgc and Tscy formation that can be leveraged
for the promotion of either of these distinct outcomes. Still there is much to understand about
how this process is regulated. Key questions surround the inflammatory regulation of
chemokine expression, and the distinct cellular partners that instruct fate commitment in
spatial distinct lymph node niches. Although volumetric imaging has revealed the
consequences of intranodal migration, we still lack knowledge of how this is orchestrated
within a complex chemokine environment. Fundamentally, targeting of the chemokine system
has been difficult due to the assumption of redundancy and collaboration of ligands that share
a single receptor. However, we show that there is specificity in this system, at least at the
level of the cellular sources and spatial location of CXCL9 and CXCL10.'%47 Investigating
how T cells integrate distinct and competing chemokine gradients will likely identify further
specificities in the chemokine system. This will allow a deeper understanding of the
mechanism of T cell migration that determines fate: from tissue level analysis within the

lymph node, to analysis of dynamic cell migration at subcellular resolution, and back again.
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FIGURE 1 Complex chemokine gradients within the lymph node. The lymph node
microarchitecture is comprised of the SCS, B cell follicles and interfollicular regions (IFRs),
cortical ridge, T cell paracortex and the medulla. T cell migration is coordinated by complex
chemokine gradients within the lymph node, and this migration drives T cell differentiation.
Following LCMYV infection, Tsgc fates are imprinted in the IFR while Tscy cells are retained
in the T cell paracortex. CXCR3 ligands, CXCL9 and CXCL10 are produced in distinct
regions of the lymph node. CXCL10-producing cells are positioned in the lymph node
periphery, in the IFR while CXCL9-producing cells are more evenly distributed through the
lymph node, with an increased expression in the lymph node paracortex. Ts;gpc migration is
facilitated by CXCR3 dependent migration towards the CXCL10 producing cells in the IFRs.
Together CXCL9 and CXCL10 create competing gradients within the lymph node, but how
these chemokines are distributed across the tissue is unknown. CXCL9 and CXCL10 have
distinct GAG- and CXCR3- binding domains, suggesting they bind differently to the extra
cellular matrix which may lead to individual ligand function. Tscy express both CXCR3 and
CCR7, however they remain in the lymph node paracortex, despite CXCL10 gradients in the
periphery. Tscy are likely retained in the paracortex via CCR7 ligands, CCL21 and CCLI19.
CCL21 is produced by fibroblastic reticular cells and T cell stromal cells, and binds to
collagen IV at basal lamina of HEVs. This creates a CCL21 gradient across the endothelial

This article is protected by copyright. All rights reserved



cells, which facilitates entry of CCR7" naive T cells into the lymph node via HEVs. CCL19
is also expressed by FRCs, but in a lower concentration that CCL21. CCL21 and CCL19
chemokines differ in their ability to bind to heparan sulfate residues. Consequently, CCL21
exists in both a soluble and insoluble form (immobilized by GAGs) while CCL19 exists only

in soluble form.
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FIGURE 2 Proposed default theory for Tscy generation based on spatial T cell position. A.
Within an infected lymph node the IFR is a region with high inflammation, caused by virus
draining into and establishing local infection. This upregulates IFN-I, stromal and DC sources
of CXCL10, leading to the migration of Tbhet" CXCR3* CD8* T cells which are imprinted in
this region to form Tspgc. Within the paracortex, cells are segregated from peripheral lymph
node inflammation due to duel expression of CCR7. This reduced local inflammation leads to
default differentiation towards Tscy. B. In the absence of local lymph node inflammation or
reduced migration into the IFR (due to loss of CXCR3, CXCL10, or IFN-I signalling), CD8"
T cell retention in the paracortex is increased due to CCR7 expression and default Tscy

formation.
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FIGURE 3 Imaging methods to investigate CD8+ T cell fate decisions A. Lightsheet
fluorescence microscopy (LSFM), combined with tissue clearing, provides 3D information
about antigen-specific T cell location within an intact lymph node. This allowed
quantification of CD8" T cell positioning and cellular sources of chemokine at greater depths
than 2P and multiphoton microscopy. B. While LSFM is limited to fixed tissues, 2-photon
microscopy has enabled visualisation of dynamic T cell behaviour in intact organs in vivo.
Intravital 2-photon microscopy has revealed the initial events following antigen recognition
and T cell priming. However, the location of other critical T cell migration events in the
paracortex are beyond the reach of 2-photon imaging. C. 2D and 3D confocal microscopy
complements 2-photon imaging to visualise, in both cellular and subcellular resolution, the
spatial regulation of T cell fate within the lymph node. Confocal microscopy was critical in
understanding how and where T cells are activated. D. To further dissect the regulators of T
cell migration dynamics in vitro and ex vivo, lattice lightsheet microscopy (LLSM) provides
high spatiotemporal resolution with minimal phototoxicity. With this technology, critical T
cell behaviours in 4D during antigen recognition and immunological synapse formation have

been observed at subcellular resolution. Combined with rapidly evolving microfluidic
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devices, LLSM also provides a platform to examine how CD8" T cells integrate complex

chemokine signals.
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