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Chemo- and mechano-sensing by dendritic cells facilitates
antigen surveillance in the spleen

Dan Liu, Lihui Duan, Jason G Cyster
Howard Hughes Medical Institute and Department of Microbiology and Immunology, University of
California, San Francisco, CA 94143, USA

Summary

Spleen dendritic cells (DC) are critical for initiation of adaptive immune responses against

blood borne invaders. Key to DC function is their positioning at sites of pathogen entry, and

their abilities to selectively capture foreign antigens and promptly engage T cells. Focusing on
conventional DC-2 (cDC2), we discuss the contribution of chemoattractant receptors (EBI2 or
GPR183, S1PR1, and CCRY7) and integrins to cDC2 positioning and function. We give particular
attention to a newly identified role in cDC2 for adhesion G-protein coupled receptor E5 (Adgre5
or CD97) and its ligand CD55, detailing how this mechanosensing system contributes to splenic
cDC2 positioning and homeostasis. Additional roles of CD97 in the immune system are reviewed.
The ability of cDC2 to be activated by circulating missing self-CD47 cells and to integrate
multiple red blood cell (RBC)-derived inputs is discussed. Finally, we describe the process of
activated cDC2 migration to engage and prime helper T cells. Throughout the review, we consider
the insights into cDC function in the spleen that have emerged from imaging studies.

Keywords
Dendritic cells; Cell surface molecules; chemokines; integrins; cell trafficking; sleen

Introduction

The spleen and its DC subsets

The spleen is the largest secondary lymphoid tissue, and it acts as a filter of the blood,
surveying for blood-borne pathogens (1, 2). It also has a role in clearing defective red blood
cells (RBCs). It is organized into lymphocyte-rich white pulp cords, and surrounding RBC-
and macrophage-rich red pulp. The white pulp cords have a T cell-rich core and surrounding
B cell follicles, and in rodents they are separated from the red pulp by the marginal zone
(M2), an area densely populated by specialized macrophages and MZ B cells. The spleen is
unusual in having an open blood circulation, where terminal arterioles release blood into the
MZ, or directly into the red pulp (3, 4). Blood then flows from these regions into red pulp
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sinuses to return to circulation (1). White pulp cords have a region where the T cells connect
to the red pulp, and this is known as the MZ bridging channel (BC). Building from earlier
spleen slice studies (5), recent intravital microscopy showed that after their release in the red
pulp T cells undergo directional migration on perivascular tracks through the BC to the T
zone (6).

Conventional dendritic cells (cDC) are stationed in most tissues of the body where they
continually sample their microenvironment for antigens (7-9). The spleen contains two main
classes of cDC, cDC1 and cDC2, that have propensities to support CD8 and CD4 T cell
responses, respectively (7-9). By promoting CD4 T cell activation and T follicular helper
(Tth) cell generation, cDC2 are important for B cell responses. At homeostasis, cDC2 in the
spleen are most enriched in the BC (7, 10) (Fig. 1). Some cDC2 are also present within the
MZ, red pulp and T zone. Conventional DC1 are found in the T zone, MZ and red pulp (2).

The cDC2s that are positioned in the outer regions of the BC are rapidly labeled by
intravenously injected antibodies and are readily exposed to circulating cells, including
RBCs, and to blood-borne antigens (10-15) (Fig. 1). Following exposure to stimuli that
provoke DC activation such as TLR ligands or particulate antigens, cDC rapidly undergo an
activation program that includes upregulation of CCR7, MHCII, and CD86. In the spleen,
upregulation of CCR7 promotes cDC2 movement into the T zone where they can initiate T
cell responses (7-9).

Several surface markers are used to identify splenic cDC2. SIRPa. (CD172a.) is broadly
expressed by cDC2 in the spleen and in other tissues (7-9). In accord with their original
designation as myeloid DC, the majority of cDC2 are CD11b*. Heterogeneity in the
compartment emerges when the CD4 marker is used, with about a third of splenic cDC2
lacking CD4. The significance of splenic cDC2 heterogeneity is still being determined,

as detailed further below. The lectin DCIR2 (Clec4A4) is enriched on the majority of
splenic cDC2 (16, 17). Because few other cell types in the spleen express DCIR2 it

enables assessment of cDC2 distribution in sections without a requirement for multicolor
DC staining. The precise function of DCIR2 is unclear, though cDC2 themselves display
oligosaccharides that can bind its lectin domain (18). DCIR2 harbors an immunoreceptor
tyrosine-based inhibitory motif (ITIM) in its cytoplasmic domain and DCIR2 knockout (KO)
DC show deregulated cytokine responses to TLR ligands and augmented T cell responses

to antigen (18). Artificially targeting antigen to DCIR2 using an antibody-antigen conjugate
leads to efficient antigen acquisition by B cells and strong extrafollicular T-dependent B cell
responses (19).

FIt3l, Lymphotoxin, Notch, and cDC2 heterogeneity

Precursors of splenic cDC travel via the blood from the bone marrow (BM) as pre-DC1
and pre-DC2 and undergo maturation in the spleen (7-9). Transcription factors established
to have roles in cDC2 development include IRF4, ZEB2 and KLF4 while cDC1 depend

on ID2, BATF3, NFIL3 and IRF8 (7, 8, 20). The cytokine FIt3l is required for the normal
development and homeostasis of cDC (9). Sources of FIt3l supporting splenic cDC include
both hematopoietic cells, in particular T cells, and non-hematopoietic cells (21, 22) (Fig.
2). The broad expression of FIt3l suggests that access to this cytokine may not be limited
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to a specific niche, though the differential functions of membrane versus secreted FIt3l are
incompletely understood (23). PI3K signaling downstream of FIt3, the FIt3l receptor, is
important for maintenance of splenic cDC2 numbers (24). The cDC compartment is a major
consumer of peripheral FIt3l and when cDC are depleted, FIt3l availability increases leading
to compensatory increases in spleen cDC proliferation (25, 26).

Splenic cDC homeostasis depends on LTa1p2 engagement of DC LTBR and triggering of
NFxB activation. The required sources of LTa1p2 include B cells and ILC3 (27, 28). B
cells are abundant in the spleen and cDC2 in BC and MZ are situated adjacent to B cells
(Fig. 1). ILC3 are rare but imaging showed that splenic ILC3 often colocalize with cDC2
(28). The role of LTa1p2 appears to be multifaceted, helping establish a DC supportive
niche and providing a cDC intrinsic signal that is most critical for the cDC2 compartment.
LTa1p2 is also important for cDC homeostasis in lymph nodes (LN) and gut (27, 29). RelB
deficiency leads to a strong reduction in splenic cDC2 and this NFxB family member is
likely to be functioning at least in part downstream of LTBR, though RelB deficiency has

a more selective effect on spleen cDC2 than LTBR deficiency (30, 31). A reporter study
revealed constitutive RelB activity in splenic cDC2 (32). The key LTBR and RelB regulated
genes that are needed for cDC homeostasis remain to be elucidated.

Notch2 is intrinsically required for cDC2 maturation into a state distinguished by expression
of the surface marker Esam (33-35). These cells strongly express a range of Notch target
genes including Dtx1. The key required Notch ligand, DLL1, is present on stromal cells

in both white pulp and red pulp (36, 37). The exact location of the required DLL1*

stromal cells is not defined but thought to be in the marginal sinus and B cell areas,

though expression by CCL19* cells in BC is not excluded (37). Indeed, spleen stromal cell
scCRNA-seq data (38) indicates DLL1 is expressed by T zone reticular cells (TRC) as well

as by marginal reticular cells (MRC), follicular dendritic cells (FDC), red pulp stromal cells
and endothelial cells (Fig. 2). Notch activation depends on metalloproteases and ADAM10 is
critical for processing Notch while also playing additional still to be defined roles in cDC2
(35, 39, 40). One study suggested this may include processing of FIt3l (39) but this was

not supported by another study (35). The kinase TAOK3 is required for Notch2 function in
cDC2, possibly acting to augment ADAM10 expression or activity (40).

Recent single cell genomic analysis has more clearly resolved splenic cDC2 into two
subsets: cDC2A are marked by Tbet and enriched for Esam and Dtx1, while cDC2B have
measurable RORyt and are marked by Clec12A and Mgl2 (CD301b) (41). Differences in
TLR, chemokine and cytokine transcript levels between the subsets were also observed.
Mgl2 staining of spleen sections showed Mgl2~ cDC2A are localized mostly in BC while
Mgl2* ¢cDC2B are more enriched in the red pulp (42). Further analysis is needed to
definitively establish if cDC2A and cDC2B have distinct tropism within the spleen, although
the suggestion that these states arise due to environmental signals (41), perhaps including
spatially restricted DLL1 signals, would be consistent with occupancy of different niches.
In accord with cDC2B being Notch independent, in the absence of ADAM10 there was an
accumulation of Clec12A* ¢cDC2B (35). Functionally, cDC2A and cDC2B promote similar
extents of CD4 T cell proliferation in vitro, but cDC2A had a reduced ability to polarize

T cells toward an IFNy and IL17A effector state (41). Instead, their higher expression
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of amphiregulin (Areg) and MMP9 (a potential TGFp activator) was taken to suggest
arole in tissue repair. Discerning how these differing properties influence the types of
immune responses in the spleen, for example the ability to support Tfh cell generation and
T-dependent antibody responses, requires tools to ablate or modulate the function of one or
other cDC2 subset.

Positioning the sentinels

EBI2 and its oxysterol ligands position cDC2 in bridging channels

Enrichment of CD11c* DC in MZ BC was perhaps first observed by Steinman and
coworkers (43). They referred to these DC-rich structures as ‘doors’ since they (rightly)
inferred T cells pass through them en route to the T zone (or periarteriolar lymphoid sheath).
They also noted a lack of the cDC1 marker DEC205 in this area. Positioning of cDC2 in

BC is dependent on the chemoattractant receptor EBI2 (GPR183) (10, 44). This Gi-coupled
receptor is highly expressed on cDC2 and present in lower amounts on cDC1, and splenic
cDC2 show a vigorous migratory response to EBI2 ligands in vitro (10, 44). When mice
lack EBI2 or when it is deleted in CD11c+ cells, there is a significant reduction in splenic
cDC2, and they are almost absent from BC. DC from mice lacking ADAMZ10 have reduced
EBI2 function in vitro, an unexplained defect that may contribute to their cDC2 deficiency
(35). EBI2 responds to the oxysterol ligand 7a,25-dihydroxycholesterol (7a,25-HC) with
nanomolar sensitivity. 7a,25-HC is synthesized from cholesterol by the action of two
enzymes, Ch25h and Cyp7b1 (45). Both enzymes are needed for splenic cDC2 homeostasis
and positioning in BC (10). A second oxysterol, 7a.,27-HC, also contributes to splenic cDC2
positioning and homeostasis (12, 46). EBI2 supports splenic cDC2 homeostasis at least

in part by promoting their interaction with cells expressing LTa 182 (10, 27, 47) though
additional pathways are likely involved as EBI2 deficiency and LTBR deficiency do not
cause fully overlapping changes in cDC2 gene expression (unpubl. obs.).

By in situ hybridization, Ch25h is expressed by marginal-sinus lining cells as well as by
cells in BC and at the follicle-T zone interface (12). Cyp27al is expressed more broadly

by cells in the T zone but with evidence of concentrated expression in the BC. Cyb7bl is
expressed by a scattering of cells in the white pulp, including cells associated with BC. BM
chimera experiments showed that each of these enzymes were required in radiation resistant
cells to support cDC2 homeostasis (12). The nature of the BC stromal cells that express
Ch25h, Cyp27al or Cyp7bl are not yet well understood. Analysis of spleen stromal cell
scRNAseq data (38) confirmed strong expression of Ch25h by a cluster with features of
MRC, while Cyp27al was broadly expressed and Cyp7b1 showed stronger expression in the
TRC and FDC clusters (Fig. 2). Cells co-expressing Ch25h and Cyp7b1, perhaps the most
potent EBI2 ligand producers, were enriched in the MRC cluster (Fig. 2). Cyp27al Cyp7bl
co-expressing cells were present in this cluster but also in the FDC and TRC clusters (Fig.
2). We suggest that BC stromal cells are encompassed within one or more of these clusters
and include enzyme co-expressing cells.

So far, the contribution of 7a,27-HC to ¢cDC2 positioning is the only well-defined in vivo
example of this oxysterol acting as a ligand for EBI2. It remains of interest to understand
whether 7a,,25-HC and 7a,27-HC operate in a fully overlapping (additive) manner, or
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whether they act in adjacent regions and thus in a complimentary manner. Moreover, it
remains to be determined whether EBI2 ligand concentrations are higher in BC than in
adjacent zones, or whether it is a composite of signals via EBI2 and other receptors that
enable cDC2 to navigate to and reside within BC. Matrix-assisted laser desorption ionization
(MALDI)-mass spectrometry imaging approaches are improving in sensitivity and have
recently been used to determine metabolite distribution in tissues (48, 49). Further advances
in such technology will be needed to define the in situ distribution of oxysterols.

S1P’s indirect influences on splenic DC distribution

The actions of S1P on spleen cDC have been difficult to discern. Gene expression

data indicates minimal expression of S1IPR1 by spleen cDC1 or ¢cDC2 (Immgen.org and
(13)). Treatment with the SIPR1 modulating drug FTY720 causes displacement of cDC,
predominantly cDC2, from BC into the MZ (51). However, in accord with the minimal
S1PR1 transcripts in spleen cDC2, this action is indirect and appears to be a consequence

of displacement of MZ B cells from the MZ (13). FTY 720 treatment and genetic studies
established S1PR1 is required intrinsically in B cells for positioning in the MZ. When
S1PR1 function is lost, MZ B cells become lodged within the follicle in a CXCR5
dependent manner (52, 53). Real-time spleen imaging revealed that MZ B cells continually
shuttle between MZ and follicle (14). This shuttling occurs because the blood bathed MZ
contains high amounts of S1P, and S1PR1 undergoes rapid ligand-induced desensitization in
this zone; after moving into the follicle due to CXCRS5 function, the B cells become shielded
from S1P and can recover S1IPR1 expression and return to the MZ (54). In experiments
where MZ B cells were lacking from the MZ due to B cell intrinsic S1IPR1 deficiency

or other perturbations, there was a redistribution of cDC2 into the MZ (13). In contrast,
S1PR1 deficiency in CD11cCre-expressing cells did not alter cDC2 distribution in the
spleen (13). Further studies are needed to determine how MZ occupancy by B cells restrains
cDC2 access to this compartment. Cannabinoid receptor-2 (CNR2) contributes to MZ B cell
retention in the MZ (55) but this receptor was not required for cDC2 access to this zone (13).
The high expression of Ch25h by MRC suggested EBI2 may be involved in cDC2 accessing
the MZ but it also was not required (13).

The mouse MZ contains a dense compartment of MZ macrophages (MZM) many of

which are SIGN-R1* and CD169* (1). The relationship between MZM and splenic cDC

is complex. One study found that ablation of macrophages from the MZ using either
clodronate liposomes or diphtheria toxin (DT) treatment of CD169-DTR mice did not alter
splenic cDC2 distribution (13). However, in another study involving clodronate liposome-
mediated depletion of MZM, cDC2 occupied the MZ (56). The basis for this discrepancy
is unclear. Since the studies were performed in different institutions, the microbiome of the
mice was most likely different, and this might have been associated with altered circulating
microbiome-derived metabolites that could influence properties of MZ-associated cells.

In neonatal mice there are fewer MZ B cells and cDC2 preferentially occupy the MZ

(13). This “niche opportunism’ might allow compensation for the lack of MZ B cells
during responses to systemic pathogens, or it might have tolerogenic or immunoregulatory
roles. Indeed, while displacement of cDC2 into the MZ of adult mice was correlated with

Immunol Rev. Author manuscript; available in PMC 2023 March 01.
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augmented early CD4 T cell responses in one study (13), it was correlated with a defective
ability to generate a GC-supporting Tfh cell response in another study (56). In adult mice,
the role of cDC in the MZ maybe better defined for cDC1. MZ cDC1 functionally interact
with CD169" marginal metallophillic macrophages (MMM) during bacterial infection (57—
59) and with NK cells during viral infection (60). CD169" MMM also facilitate cDC1
capture of circulating apoptotic cells in a process that contributes to maintenance of self-
tolerance (61, 62)

In a remarkable recent finding, during influenza infection a subset of cDC emigrated from
lung mediastinal LN and trafficked to the spleen to prime splenic CD8 T cell responses (63).
These cells may correspond to a Ccr7M migratory cDC subset detected in the spleen by
SCRNA-seq analysis (41). FTY720 treatment strongly blocked the migratory cDC trafficking
from mediastinal LN to spleen. Migratory cDC in the mediastinal LN of influenza infected
mice expressed elevated S1prl mRNA compared to nonmigratory resident cDC making

it likely that S1IPR1 is acting in a cDC intrinsic manner to promote LN egress, though
experiments with conditional SIPR1 KO mice will be needed for this conclusion to be
definitive. DC trafficking via efferent lymph to reach blood circulation is rare and it might
be speculated that this occurs in the case of the lung because of the limited number of

LN draining the lung despite it being a frequent site of pathogen encounter. Including the
spleen as a priming site for lung antigens achieves a marked increase in the repertoire of
recirculating T and B cells available for recruitment into the response.

The spleen may also be a site of cDC homing via blood from the heart. In mouse

cardiac allograft studies, heart-derived cDCs are observed within the spleen where they
can contribute to the allogeneic response (64, 65). Whether heart cDC that have captured
foreign antigens travel to the spleen to engage with T cells in the non-transplant setting
needs investigation. In contrast to the mouse where circulating cDC frequencies are very
low, in humans they are abundant (9). It seems possible that some of these cells are derived
from heart or lung and are en route to the spleen.

Integrins and DC retention

Using intravascular antibody labeling approaches, approximately 40% of splenic cDC2 and
20% of cDC1 are labeled and thus inferred to be exposed to blood flow (10, 11, 13) (Fig.
1). MZ B cells show an even higher proportion of cells that are blood exposed (50-60%).
Integrin-mediated adhesion is crucial for MZ B cells to be retained against the shear forces
of blood flow in the MZ compartment (14). The MZ contains stromal cells that express
ICAM1 and VCAML and both ligands contribute to MZ B cell retention (66). LTa1p2 is
required for expression of ICAM1 and VCAML, providing an explanation for the strong
LTa1p2 dependence of the MZ compartment (66). Splenic cDC2 retention in blood exposed
regions similarly depends on Itgb1 and Itgh2 and blocking antibody data indicate the key
integrins are a4p1 and aLp2. Talin is a cytoskeletal adaptor downstream of many integrins
and splenic cDC depend on Talin for positioning in blood exposed regions (13). This
contrasts with the lack of a critical requirement for Talin in LN ¢DC (67). Loss of integrin
B1 or B2 or deficiency in Talin are all associated with increased frequencies of cDC2 in the

Immunol Rev. Author manuscript; available in PMC 2023 March 01.
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blood, indicating that integrin-mediated adhesion is necessary to retain the cells in the spleen
against the shear forces exerted by blood flow (13).

Following activation by signals from, for example, chemokine receptors, some ligand-bound
integrins can reach a more stable open configuration during exposure to shear forces (68).
Imaging of MZ B cells in a flow chamber system where the cells are exposed to shear forces
revealed different roles for a4p1 and aLp2 (69). Cells adhering via aLp2-ICAM1 migrated
against the direction of shear flow whereas cells adhering via a4p1-VCAML1 tended to move
in the direction of flow. In vivo antibody blocking of aLp2 showed increased movement of
MZ B cells towards the red pulp and beyond the normal confines of the MZ, consistent with
this integrin promoting migration against blood flow in vivo (69). It will be of interest to
determine if cDC2 distribution in flow-exposed regions of the BC as well as the MZ employ
these two differentially acting integrins to fine tune cell localization. Real time imaging of
CD11c* ¢DC in spleen slices indicated that some of the cells in the BC area are motile

(57), but determining how ¢DC behavior is influenced by shear stress will require intravital
imaging.

CD97 mechanosensing allows cDC2 to detect blood flow

Adhesion GPCR (aGPCR) are a 33-member family of GPCR that have unique features
compared to the much larger rhodopsin family GPCR (70-72). They are typified by a long
N-terminal extracellular domain that can contain various motifs and that divides them into

9 subfamilies. This domain is connected to the GPCR domain by a GPCR-autoproteolysis-
inducing (GAIN) domain. The GAIN domain facilitates autocatalytic cleavage of the N-
terminal fragment (NTF) from the GPCR domain at the GPCR proteolysis site (GPS) within
the GAIN domain, and the NTF and GPCR domains remain non-covalently bound as a
heterodimer (Fig. 3). Adhesion GPCR have a sequence immediately following the GPS (and
before the first transmembrane domain) called the Stachel/ (German for ‘stinger’) peptide
that is thought to function as a tethered ligand (71-73). For several aGPCR, activation is
believed to occur due to force being exerted on the NTF that leads to its removal, exposing
the Stachel sequence for binding to the GPCR domain (71-75).

Adhesion GPCR family member E5 (Adgre5), more commonly known as CD97, is
abundantly expressed by many immune cell types including mouse and human c¢DC (76—
79). The NTF of CD97 is alternatively spliced and in mouse includes three or four EGF
domains (EGF1-2-3-4 or EGF1-2-4) or four EGF domains and a spacer sequence (EGF1-2-
x-3-4) while the three human splice variants encode three to five EGF domains (EGF1-2-5,
EGF1-2-3-5 and EGF1-2-3-4-5) (80)[ref]. Early studies found that CD97 transfected cells
rosetted RBCs and an antibody screen showed that this occurred through RBC CD55
binding CD97 (81). Mapping revealed that CD55 binding to CD97 requires EGF domains
1 and 2. Human CD97 also binds chondroitin sulfate (CS), Thy1 and integrins a5p1 and
avP3 (70). CS binds the 4™ EGF domain of human CD97; the CS binding domain is not
conserved in mouse CD97 (82). Thy1 is thought to bind the stalk region between the EGF
and GAIN domains, though this has only been shown in one study for human CD97 (83).
The integrin binding site is lacking in mouse CD97 (84).

Immunol Rev. Author manuscript; available in PMC 2023 March 01.
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Several studies have provided evidence that CD97 may function as a mechanosensitive
receptor. CD55-deficient mice have elevated CD97 surface levels on lymphocytes,
monocytes, and neutrophils in blood, spleen and BM (85). Moreover, when lymphocytes
from these mice were transferred to WT mice, there was a rapid loss of surface CD97 that
was thought to reflect mechanically induced NTF shedding upon contact with CD55+ cells
under conditions of shear stress (85). This effect could be mimicked in vitro by incubating
CD97+ B cells with CD55+ RBCs and subjecting the cells to vibrational shear stress (85). In
accord with CD55-inducing CD97 shedding, soluble CD97 NTF is detectable in circulation
(85). In vitro experiments in HEK293T or Cos-7 cell lines provided evidence that expression
of CD97 truncated at the GPS to remove the NTF but have an intact Stache/ sequence led

to constitutive signaling via Rho (86, 87). This and other work provided evidence that CD97
could signal via Ga12/13 (these Ga proteins are highly related) (88). Despite these striking
observations, it had been unclear whether CD55 engagement of CD97 triggers functionally
important signals /77 vivo. Exposure of cells expressing WT CD97 to vibrational shear stress
in the absence of ligand did not activate the Rho-inducible serum response element (SRE)
reporter (87).

Our recent finding that CD97 is required for splenic cDC2 homeostasis (17) emerged from
experiments asking whether there were signals that countered chemoattractive receptors to
achieve more precise control of cDC distribution. Given the key role of the Ga.13 containing
heterotrimeric G proteins and the downstream RhoA-activating effector ArhGEFL1 in
promoting B cell confinement to specific compartments (89), we asked if this pathway had
arole in cDC. Mice lacking ArhGEF1 or Ga 13 in CD11c* cells had a selective deficiency
in splenic cDC2 but not cDC1 or in cDC at other sites. In accord with a confinement

defect, ArhGEF1 and Ga 13 deficient cDC2 were reduced in splenic BC and increased in
circulation. Intravascular labeling showed that the cDC2 remaining in the spleen were less
blood exposed, consistent with loss of the most blood exposed cells into circulation (and
their rapid clearance, likely by cell death or phagocytosis). A CRISPR-based knockdown
screen of 20 candidate GPCR (selected based on their expression in cDC2 and lack of
well-defined function) revealed that knockdown of CD97 caused a reduction in cDC2.
When this knockdown was done in cells that were ArhGEF1 deficient, there was no further
cDC2 reduction, indicating that these molecules are in the same pathway. Analysis of

CD97 KO mice showed a similar cDC2 deficiency to ArhGEF1 and Ga.13 conditional KO
(cKO) mice. Moreover, RNAseq analysis of sorted cDC2 showed strong similarity in their
gene expression profiles. All three mutants also had elevated F-actin content and reduced
expression of F4/80 (Adgrel) on their surface. Deficiency in CD55, the best defined and
only well conserved CD97 ligand, phenocopied CD97 deficiency in its impact on the splenic
cDC2 compartment (17). By contrast, treatment with a Thy1 depleting antibody did not alter
cDC2 homeostasis (unpubl. obs.).

CD55 as complement regulator and CD97 ligand

CD55 is the decay accelerating factor (DAF) of complement. First purified from RBCs,
it is a glycosylphosphatidylinositol (GPI) anchored protein with four extracellular short
consensus repeat (SCR) domains that is widely expressed by hematopoietic and non-
hematopoietic cells (90). Notably, CD55 is minimally expressed by cDC1 or cDC2 (17).

Immunol Rev. Author manuscript; available in PMC 2023 March 01.
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CD55 protects from complement by accelerating the degradation of both the classical
(C4b2b) and alternative (C3bBb) pathway C3 convertases, enzymes involved in complement
activation (90). Deficiency in CD55 is a cause of the human condition complement
hyperactivation, angiopathic thrombosis, and protein-losing enteropathy (CHAPLE) (91).
RBC CD55 also serves as a receptor for Plasmodium falciparum malaria parasites (90).
Paroxysmal nocturnal hemoglobinuria (PNH) occurs due to acquired mutations in the
phosphatidylinositol glycan A (PIGA) gene that is needed for generating GPI anchors. This
causes a deficiency in both CD55 and CD59 (an inhibitor of the membrane attack complex
of the complement system) causing RBCs to become hypersusceptible to complement
mediated lysis (90).

Recent structural work has shown that the first 3 SCRs of human CD55 bind to EGF1-2-5 of
CD97 via extensive contacts with EGF1 and 2 and a small area of contact with EGF5 (92).
These observations help explain why the EGF1-2-5 isoform of human CD97 binds most
strongly to CD55 than the EGF1-2-3-5 and EGF1-2-3-4-5 isoforms. In accord with a large
interaction surface, CD97 binds to CD55 with a Kd of 3.2uM and with relatively slow on
and off rates. The large interface and antiparallel binding mode are suggested to establish

a geometry that resists force applied to the protein interface, consistent with an ability of
CD55 to extract the CD97 NTF (92).

Several lines of evidence support the conclusion that CD55 on RBC activates CD97
signaling in cDC2 by physical extraction of the NTF. First, transfers of WT RBC into
CD55 KO mice restored the cDC2 compartment in matter of days. Cell transfer and genetic
experiments showed that CD55 on lymphocytes and platelets was not required for cDC2
homeostasis. Second, CD97 surface levels were elevated on cDC2 (as well as B cells) from
CD55 KO mice. When splenocytes were transferred intravenously into mice that then had
their inferior vena cava (I\VC) tied off, transferred cells in the I'\VC that lacked blood flow
maintained higher CD97 surface levels than cDC2 in regions with flow (17). Third, while
transduction with WT CD97 could rescue cDC2 numbers in CD97 KO BM chimeras, a form
of CD97 mutated in the GPS motif such that it could not undergo autoproteolytic cleavage
(87, 93) was unable to rescue cDC2 numbers despite being expressed equivalently to WT
(17). Similar mutations in the GPS of other aGPCR disrupt autoproteolysis and receptor
function (94, 95). Fourth, incubation of cDC2 with WT but not CD55 KO RBC under
conditions of shear stress led to a reduction in the CD97 NTF on the cell surface without
affecting the amount of the CD97 GPCR domain (17).

While the in vivo data indicate that CD97 function in cDC2 depends on Ga.13 and
ArhGEF1, it has not yet been shown that RhoA is activated in cDC2 following CD55-
mediated CD97 NTF extraction. However, in vitro data have shown that an NTF-deleted
form of CD97 can activate RhoA in 293T cells (87) and ArhGEF1 is well defined as a GEF
only for RhoA (96, 97). Consistent with CD97 acting via RhoA, when RhoA was deleted
from CD11c* cells /n vivothere was a reduction in ¢cDC (26). The DC phenotype was

more severe than that caused by CD97-deficiency, likely reflecting a requirement for RhoA
downstream of additional surface molecules (26). Whether the Stachel peptide in CD97 acts
as a tethered ligand in cDC2 needs investigation. Again, in vitro data in a cell line system
are consistent with this possibility as mutation of the Stache/ sequence in a deltaNTF CD97
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construct caused a loss of signaling (87). However, in our in vivo retroviral transduction
studies, this mutant form of CD97 failed to restore WT levels of surface expression and thus
the data were not interpretable (unpubl. obs.).

Influence of CD97 on splenic cDC2 migration dynamics

Using 2-photon microscopy to image CD11c-YFP* cells in Batf3”~ mice that lack cDC1
(58), CD11c™ cells (presumed cDC2) could be observed in the red pulp and in regions that
were likely proximal to the BC or MZ. Similar to an earlier imaging study (98), DC in these
regions showed little motility though occasional cells were highly motile. The fraction of
motile cells was increased in the absence of CD97 (17). More striking was the increased
frequency of cDC2 detected entering large vessels and migrating or flowing within them
(17) (Fig. 3). The spleen imaging data are consistent with CD97 being required to prevent
cDC2 loss into blood flow. The model we favor is that when cDC2 extend membrane
processes into regions with increased flow, engagement of CD97 by CD55 on passing

RBC leads to mechanical removal of the NTF and activation of CD97 and Ga.13 signaling
and the associated activation of RhoA then causes a membrane retraction event (99-101).
The role of RhoA activating receptors (including GPCR, Plexins and Eph receptors) in
triggering dendrite retraction is particularly well studied in the nervous system (102-106).
Higher resolution /n vivo imaging studies are needed to further test the model and observe
membrane retraction by WT but not CD97 KO ¢DC2 following encounter with passing
RBC. The imaging also needs improved landmarks to enable better definition of the types of
cDC2 under analysis. It will also be valuable to observe cDC2 migration with respect to the
perivascular tracts that T cells use to travel from sites of release in the red pulp into the T
zone (6).

Beyond promoting membrane retraction, RhoA signaling may contribute to integrin
activation. While many studies have shown RhoA activation downstream of integrins, some
studies also indicate that RhoA activation can promote integrin activation and adhesion
through inside-out signaling (107, 108). Given the integrin dependence of cDC2 retention in
the spleen (13), CD97 might act at least in part by promoting integrin- and Talin-mediated
adhesion. However, mice lacking Talin in DC did not have all the phenotypic changes
detected in CD97-deficient cDC2 (unpubl. obs.) indicating that CD97 cannot only function
as an integrin activator.

Pertinent to the possible action of CD97 upstream of integrins are findings for ADGRG1
(GPR56). Several studies reported ADGRG1 can engage Ga12/13 to activate Rho (109,
110) and recent work showed that ADGRGL1 in platelets binds to collagen and when this
occurs under shear stress, signaling via Ga 13 and Rho causes platelet shape change and
integrin activation, events important for hemostasis and platelet plug formation (108).

CD97 functions downstream of Irf4

Irf4 is an important transcription factor for the normal accumulation and function of
cDC2 (8, 11, 111, 112). Splenic cDC2 in mice lacking IRF4 selectively in CD11c* cells
share many phenotypes with CD97-pathway deficient cDC2, including reduced frequency,
reduced blood exposure, increased representation in blood, increased F-actin and reduced
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F4/80 expression (17). Irf4 binds to the Adgre5 promoter in ChIP-seq analysis (113). Gene
expression data showed that genes altered in expression in CD97-deficient cDC2s were
enriched in Irf4-regulated genes (17). Moreover, rescue of CD97 expression in Irf4 cKO
mice by retroviral gene transduction was able to partially restore cDC2 frequencies (17).
Therefore, we propose that CD97 is an essential part of the Irf4-driven gene expression
program in splenic cDC2. However, Irf4 must play additional roles in cDC2 since Irf4-
deficiency leads to reductions in LN DC whereas CD97 pathway deficiency does not.

Another remaining question is why the action of the CD97 pathway is selective to cDC2
given that some cDC1 also position in the splenic MZ and red pulp and cDC1 also highly
express CD97 (17). While the answer to this question is not clear, studies in mixed BM
chimeras showed a role for ArhGEF1 but not Ga.13 or CD97 in cDC1 homeostasis under
competitive conditions (17). ArhGEF1 is a large multi-subunit protein, and it may activate
RhoA (or other pathways) in cDC1 in response to distinct inputs. The RhoA dependence of
cDC1 would be consistent with such an action (26).

Possible CD97 and CD55 actions at the T cell synapse

Beyond a role in promoting cDC2 retention in blood-exposed regions of the spleen, CD97
and CD55 have been implicated through in vitro studies in T cell — antigen presenting

cell interaction. A recent screen in human T cells identified several GPCR, including
CD97, that when knocked down led to reduced CD4 T cell activation in response to DC
presenting a superantigen (114). This finding is in accord with an earlier study showing
that blocking the CD55-CD97 interaction between monocytes and T cell clones reduced the
T cell response (115). In a proteomic screen, a Sa/monella effector proteolytically reduced
CD97 and MHCII in a DC cell line and KO of CD97 reduced the ability of the DC line to
stimulate TCR transgenic T cells (116). This study also showed CD97 accumulation at the
immune synapse. However, the impact of selective CD97 deficiency on T cell stimulation
in vivo was not examined. The degradative targeting of CD97 by Salmonella, an enteric
pathogen suggests that CD97 has immune promoting functions in intestinal sites. In the
other direction, several studies have shown an ability of antibodies to CD55 to augment
human T cell activation and proliferation in vitro, a property they have in common with
antibodies against other GPI-anchored T cell surface molecules (117, 118). In some studies,
CD97-Fc also had activity. Whether this was a consequence of the plate bound protein
improving the extent of T cell engagement by plate bound anti-CD3 or whether it reflected
a unique CD55-mediated signal needs more study. Contrary to these findings, in vivo work
showed that CD55 deficiency enhanced T cell responses to immunization as determined
by in vitro restimulation, and exacerbated experimental autoimmune encephalomyelitis
(EAE), effects that were due to deregulated complement activity as they were reversed

by C3-deficiency (119).

Taken together, several /n vitro studies suggest CD97 may have an intrinsic role in T cells

in augmenting their response to antigen presenting cells. Whether CD97 NTF extraction is
needed for this function has not been examined. The lack of CD55 on ¢cDC1 and ¢cDC2 (17)
suggests that other CD97 ligands would need to be involved during T cell-DC interactions.
In the case of human T cells this might be integrins given the presence of an integrin binding
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site in hCD97 (70). In contrast to DCs, B cells highly express CD55 and CS (17, 82). It
will be of interest to compare the impact of CD97 deficiency on the ability of B cells versus
DCs to engage with and activate T cells. The role of CD55 signaling intrinsically in T cells
is less clear given the contradictory in vitro and in vivo findings and the lack of a CD55
intracellular domain.

It might be asked whether splenic cDC2 function is compromised in CD55-deficient
humans with CHAPLE syndrome or PNH. The most striking defects in these patients

can be attributed to complement hyperactivity and this conclusion is supported by the
ability to overcome the most severe symptoms by treating the patients with the monoclonal
antibody Eculizumab to inhibit terminal complement component C5 (90). The complex
disease condition that these patients experience makes it difficult to determine whether
they also suffer immune defects that arise from reduced splenic cDC2 function. Given the
very different organization of the human versus mouse spleen (2), determining the role

of the CD55-CD97 pathway in promoting retention of cDC2 in blood-exposed regions of
the human spleen will require innovative approaches. Also complicating the mouse-human
comparison is that humans but not mice have an aGPCR (ADGRE2 or EMR?2) that is very
closely related to CD97 though notably, it does not bind CD55 (82, 88, 92).

Further CD97 functions in the immune system and other tissues

A phenotype that has been identified in two lines of CD97-deficient mice is mild
granulocytosis (76, 77). Whether this reflects an intrinsic role of CD97 in granulocytes, and
by what mechanism CD97 is maintaining normal homeostasis of granulocytes has not been
determined. The increased frequency of circulating granulocytes may be associated with
improved bacterial defenses (76, 120) although this has not been seen in all studies (77).
One study reported that CD55 KO mice had a similar increase in circulating granulocytes
and a ligand-receptor interaction was suggested though the cell type that needed to express
CD55 was not defined (120). Treatment with antibodies to CD97 reduced granulocyte
trafficking to the inflamed peritoneum (77) but this may have been due to an indirect effect
of the antibody as a BM chimera study showed that intrinsic CD97-deficiency did not alter
granulocyte homing to the peritoneum (76).

CD97 is frequently upregulated in acute myeloid leukemia (AML) cells and high expression
correlates with poor prognosis (121). CD97 knockdown human cells and CD97-deficient
mouse leukemic cells displayed reduced growth and increased apoptosis and CD97 was
suggested to act by inhibiting myeloid cell differentiation, an activity that might contribute
to the mild granulocytosis in CD97-deficient mice (121). It will be of interest to understand
whether CD97 functions in the BM microenvironment as a sensor of cell exposure to areas
with fluid flow.

In the K/BxN serum transfer model of arthritis, disease severity was reduced in CD55 KO
and CD97 KO mice (122). Since CD55 is abundant on synoviocytes it was suggested that
an interaction between synoviocytes and CD97* myeloid cells was contributing to disease
(122). It might be speculated that shear stresses associated with synovial fluid movement

contribute to CD55-CD97 signaling in this microenvironment.
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Studies in cell lines have suggested that CD97 signaling can be more complex than selective
coupling to Ga13 with evidence that the receptor may in some cases heterodimerize

with lysophosphatidic acid (LPA) receptors, although signaling continued to involve Rho
activation (86, 123). In one case, LPA from platelets was suggested to induce tumor cell
invasiveness via CD97-LPAR signaling (124). CD97 in a colorectal cell line associated via a
C-terminal PDZ motif with the cytoskeletal protein DLG1. Mechanical stress or fluid shear
stress led to CD97 serine phosphorylation within the PDZ motif, and this prevented DLG1
association. The CD97 ligand requirement for these effects was not determined. Uncoupling
of DLG1 from CD97 was suggested to contribute to cell dissociation from other cells and

to tumor cell invasion (87). In HT1080 fibrosarcoma cells CD97 expression augmented
survival in serum starvation conditions (125) and upregulated N-cadherin causing cell-cell
aggregation (126). In these cells, CD97 inhibited cell migration by suppressing membrane
metalloprotease activity (93). The ligand requirement for these effects was again unclear.
Taken together, these studies suggest that the signaling outputs of CD97 may be context and
cell type dependent.

Antigen sensing and DC activation

Spleen cDC are highly responsive to a range of pathogen associated molecular patterns
(PAMPs) such as LPS and nucleic acids and to inflammatory cytokines. These stimuli cause
potent activation of cDC2 and cDC1 and they have been well discussed in other reviews (9,
20). Here we focus on one pathway of antigen-sensing used uniquely by SIRPa* ¢cDC2.

DC surveillance for self CD47

The CD47-SIRPa system has been extensively studied for its role as a ‘don’t eat me’

signal that protects living CD477 cells from engulfment by SIRPa* macrophages (127,
128). CDA47 is widely expressed by hematopoietic cells, including RBC. CD47 binding to
SIRPa can result in Src-family kinase (SFK) mediated phosphorylation of tyrosines in the
SIRPa ITIMs, leading to recruitment of the protein tyrosine phosphatases (PTPase) SHP1
and SHP2 and antagonism of engulfment. Although CD47 is also the integrin associated
protein (IAP), its function in engaging SIRPa. does not require its association with integrins
as exemplified by the anti-engulfment activity of CD47 on RBC, cells that lack integrins
(127). The first of SIRPa.’s three extracellular Ig domains is highly polymorphic and often
binds CD47 in a species-specific manner (129). The presence of CD47-related molecules in
some viral pathogens, such as in Myxoma virus where it can reduce macrophage activation
and viral clearance, is thought to have been a driver of the polymorphism (129).

SIRPa is abundantly expressed on cDC2 and minimally expressed on cDCL1 (9, 20). During
efforts to understand what makes sheep (and other xenogeneic) RBCs potent immunogens in
mice we noted that they caused rapid activation of splenic cDC2 (15). After excluding
several other mechanisms, we tested the possibility that CD47 engagement of SIRPa

on ¢cDC2 was needed to restrain cDC2 activation. Sheep CD47 was unable to engage

mouse SIRPa. Removal of CD47 from syngeneic mouse RBC was sufficient to make them
potent in vivo activators of cDC2. CD47-deficient lymphocytes could also provoke cDC2
activation. The activation process involved Talin, integrins and SFK (Hck, Fgr and Lyn)
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and led to cDC2 upregulation of CCR7 and costimulatory molecules and repositioning into
the outer T zone (15). Notably, the “signature’ integrin of DC, CD11c-containing integrin
aXp2 (also known as CD11c/CD18 or CR4), had a non-redundant role in cDC2 uptake

of missing self-CD47 cells (130). CD11b/CD18 (aMp2, Macl or CR3) also contributed

to the process. In vitro studies of human blood-derived DC had earlier revealed an ability

of SIRPa engagement by CD47-Fc or RBC to diminish DC activation (131, 132). These
findings suggest that some human c¢DC are also likely to respond to missing self-CD47 cells
in vivo.

Using a reconstituted membrane system, the Vale group showed that SIRPa was excluded
from the contact site between the phagocyte and an 1gG coated particle (phagocytic synapse)
unless the particle also displayed CD47 (133). When SIRPa was in the phagocytic synapse
it was phosphorylated by SFK and could recruit SHP1 and/or SHP2 and antagonize integrin-
activating inside-out signals from Fcy receptors. Chemical reactivation of integrins could
bypass CD47-mediated engulfment inhibition (133). Although SIRPa is quite small, having
only 3 extracellular Ig domains, the molecule is heavily glycosylated, and its biophysical
properties may be sufficient to favor its exclusion from a cell-cell interface unless CD47 is
available to cause its accumulation (133).

A key mechanistic question in cDC2 RBC recognition that remains unanswered is what
molecular interactions mediate the positive contacts between cDC2 and RBC (Fig. 4). It
seems possible that the CD55-CD97 interaction may contribute and this needs to be tested
although the lack of cross species conservation of CD55-CD97 binding makes this less
likely (92). In addition to the requirements for forming synaptic contact, it remains unclear
what target molecules are recognized by CD11c- and CD11b-containing integrins during
the activation and uptake process. Several surface molecules expressed by RBCs including
ICAM4, have been ruled out as playing a nonredundant role (130). It is notable that these
closely related integrins share a diversity of ligands (including iC3b, ICAM1, fibronectin,
and fibrinogen) and they can also bind charged polymers, with CD11c favoring negatively
charged ones, thus possibly allowing promiscuous interaction with negatively charged cell
membranes or glycocalyx (134-136).

A notable feature of cDC2 missing self-CD47 recognition is that the introduction of CD47
KO RBC into blood circulation such that they constitute less than 1% of total RBC is
sufficient to cause swift activation of the majority of splenic cDC2 (15). This indicates
continual sensing of passing RBC via CD47. White blood cells are most likely similarly
sensed but since RBC in blood outnumber white blood cells by 1000 to 1, the most frequent
encounters of blood exposed splenic cDC2 are with RBC. We speculate that the cell-cell
interactions taking place under shear stress contributes to achieving full CD11c- and CD11b-
integrin activation (137).

Following activation, cDC2 turnover rapidly and continual cDC2 activation may explain
the cDC2 deficiency in SIRPa and CD47 deficient mice (15, 138-140). However, the
contributions of SIRPa and CD47 to maintenance of cDC2 homeostasis appear to be
multifaceted. Mice lacking SIRPa. or CD47 also have reduced cDC2 in LN and defects
in migration of skin and lung cDC to draining LN (138-140). One study found that both
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hematopoietic and non-hematopoietic CD47 was needed for SIRPa-dependent maintenance
of cDC2 (140). As well as restraining cDC2 activation by engaging SIRPa, CD47 actions
intrinsically in the DC as an integrin associated protein may be important for cDC2
migration and function.

Recent analysis of SIRPa and CD47-deficient mice showed a reduced splenic T zone

with reduced Pdpn+ fibroblastic reticular cells (FRC) and of CCL19, CCL21 and IL7, and
culture of SIRPa* DC with FRC could prolong FRC survival (141). DC expression of

TNF was SIRPa dependent and TNF was involved in maintaining FRC. Interestingly, CD47
KO DC had similar defects to SIRPa. KO DC suggesting that CD47 and SIRPa need to
engage each other in the same cells or between cDC. The cDC2 CD47-SIRPa was needed
for maintenance of FRC in a manner that was not strictly related to cDC2 number since
IRF4 deficiency did not affect splenic FRC (141). This suggests that only a fraction of

the cDC2 compartment is needed for FRC maintenance. It will be important to understand
if this property of cDC2 contributes to development or maintenance of FRC at sites of
ectopic lymphoid tissue formation, such as in tumors, especially since there are many efforts
underway to antagonize CD47-SIRPa interaction as a cancer immunotherapy (128).

Sensing of RNA via RIG-I-like receptor (RLR)-mitochondrial anti-viral signaling adaptor
(MAVS) contributes to cDC2 activation by xenogeneic RBC (142). For such cytosolic
nucleic acid sensing to occur it is likely that there first needs to be a missing self-CD47
signal to allow uptake of the RBC. A recent study has suggested that RBC bind circulating
bacterial and mitochondrial DNA via TLR9 (143). The magnitude and trajectory of DC
activation following RBC uptake may well be influenced by additional properties of

RBC beyond their extent of SIRPa engagement. The conditions under which cells lose
CDA47 function to an extent that leads to physiological activation of cDC2 remains to be
established. Malaria infection of RBC can alter CD47 mobility on the cell surface and may
be one such condition (144, 145). While loss of MHC class I is a major mechanism of

self non-self discrimination for most cell types in the body, RBC lack (or have very low)
MHC class | expression and this may give added importance to the CD47-SIRPa. system for
discrimination of altered self-RBC.

In addition to SIRPa it is notable that cDC2 express other ITIM containing receptors
including DCIR2 (18), PirB (LILRB1) (128) and Siglec-G (Immgen.org). LILRB1 binds
MHC class | and restrains macrophage phagocytic activity (128). Siglec-G binds the
sialoprotein CD24 and has a role in restraining B cell responses against self (146). How
these systems contribute to self non-self discrimination or healthy versus malignant-self
discrimination by cDC2 needs further investigation. For example, increased sialylation
commonly occurs in tumor cells and can engage ITIM-containing Siglecs to repress myeloid
cell responses (147).

Migrating to the T zone to sound the alarm

CCRY7, EBI2 and T zone positioning

The chemokine receptor CCRY7 is rapidly upregulated on activated cDC. Deficiency in
CCRY prevents the movement of activated cDC2 and cDC1 into the splenic T zone and
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compromises the induction of T cell responses (11, 112). CCR7 has two ligands, CCL21
and CCL19. Mice that lack both chemokines suffer a general defect in T zone organization
including a marked reduction in cDC in this region (148). The key ligand appears to be
CCL21 since mice lacking CCL19 have intact cDC distribution in the spleen (unpubl. obs.).
In vitro evidence has shown that CCL21 associates with reticular fibers and promotes DC
haptotaxis while CCL19 diffuses and promotes chemotaxis (149). Whether some features
of DC movement in the spleen are CCL19-mediated needs further investigation. In vitro
data have indicated an ability of CCL19 but not CCL21 to promote dendrite extensions in
splenic DC (150). It will be of interest to determine whether dendrite length or density in
vivo is influenced by CCL19. CCL21 can be cleaved such that the highly basic N-terminus
is removed, allowing the C-terminal chemokine domain to become more diffusive (149).
How important this cleavage event is to DC movements in the spleen is not known. CCR7
in skin cDC depends on polysialylation with the sugars mediating release of CCL21 from
autoinhibition by its C-terminal domain (151). Polysialylation was not required for cDC
migration within the LN, suggesting that inside lymphoid tissues CCL21 autoinhibition is
relieved by another mechanism, perhaps by binding to stromal cell proteoglycans.

Activated cDC2 typically show a strong bias in distribution for the follicle-T zone interface
in contrast to the centralized T zone distribution of activated cDC1 (10, 11). Activated
cDC2 increase their expression of EBI2 in parallel with induction of CCR7. Based on the
enriched expression of Ch25h by stromal cells at the follicle-T zone interface (as well as

in BC and MRC) it is inferred that EBI2 ligand abundance is higher in this region than

in the central T zone and activated cDC2 are distributed into the region with the strongest
combinatorial CCR7 and EBI2 signaling (10, 12). The enzyme that degrades 7a.,25-HC and
7a,27-HC, Hsd3b7, is expressed by white pulp stromal cells but is also highly expressed

by ¢cDCL1. EBI2 function in activated cDC2 depends on Hsd3b7 expression in both stromal
cells and cDC1. When Hsd3b7 is lacking from DC, activated cDC2 fail to move to the outer
T zone and instead distribute throughout the T zone, in accord with cDC1 metabolizing
EBI2 ligands and thereby helping maintain the gradients needed for cDC2 positioning (10).
Naive CD4 T cells show an EBI2-dependent bias in their T zone distribution towards the
follicle-T zone interface and this bias is rapidly strengthened during CD4 T cell activation
due to upregulation of EBI2 (112, 152). Colocalization of cDC2 and early activated CD4 T
cells at the follicle-T zone interface is thought to favor the repeated DC interactions needed
for CD4 T cell activation while also positioning them for interaction with activated B cells.
While less characterized, cDC2 can contribute to B cell activation by displaying or releasing
antigen and producing cytokines (153).

Although cDC2 favor the follicle-T zone interface in several activation conditions, following
immunization with the dsRNA mimetic polyinosinic:polycytidylic acid (polyl:C) they
instead localize uniformly in the T zone (12). This altered distribution reflects polyl:C
induction of type | IFN and thereby causing upregulation of Ch25h within the T zone and
increased production of 7a,,25-HC, likely disrupting its organizing gradient. In accord with
these findings, although EBI2 was important for effective Tth cell induction in response to
missing self-CD47 cells, it was not required for induction of Tfh cells following poly I:.C
and missing self-CD47 cell coinjection (unpubl. obs.). A recent study on tumor-associated
cDC showed that type | IFN promotes MHC class | cross-dressing of cDC2 (154).
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Comingling of cDC2 and ¢cDCL1 in splenic T zones after type | IFN exposure may enable
cross-dressing and enhanced CD8 T cell responses.

During some viral and bacterial infections, CCL21 expression in the T zone can become
strongly downregulated (155-157). Given that Ch25h is IFN-inducible and 7a.,25-HC
abundance generally increases during inflammation (45), EBI2 may help ensure that cDC2
and helper T cells continue to interact under conditions of reduced CCR7 ligand abundance.

Initiation of splenic Tfh cell responses

As well as positioning to efficiently present antigen to CD4 T cells, activated cDC2 have
properties that can favor induction of Tfh cell responses (158). Depending on the activation
stimulus, this can include strong expression of ICOSL and OX40L, costimulatory molecules
that favor Tfh cell responses (112, 159, 160). Activated cDC2 strongly upregulate expression
of CD25 (IL2Ra) and this may contribute to reducing the availability of IL2, a cytokine
that can antagonize Tth cell induction (112). However, the actions of IL2 during early

T cell activation are complex (161) and cDC2 expression of CD25 was not linked with
augmentation of Tfh cell induction in another study (34). DC expression of IL6 can also
contribute to favoring Tfh cell induction under some conditions (162, 163). In addition to
DC-derived factors, there is evidence that TCR affinity can sometimes be a more import
determinant than cDC2 versus cDCL1 properties in Tfh cell fate decision making (164). The
relative contributions of cDC2A and cDC2B to the induction of Tth cell responses requires
more investigation though the finding of DC Notch2 dependence in promoting Tth cells in
response to foreign RBCs implicates cDC2A in this setting (34).

Conclusions

The DC compartment is remarkably complex, but a core requirement of cDC is an

ability to position in a sentinel location in tissue and then, upon activation, to travel to

a lymphoid organ T zone to present antigen and secrete cytokines. The requirements for
cDC migration, positioning and activation in the spleen discussed in this review provide a
conceptual framework for understanding related requirements in other tissues, especially in
cases where cells are exposed to fluid flow. This review highlights the ability of cDC2 to
sense RBC using both CD97 and SIRPa and to engulf altered RBC using CD11¢/CD18.

It seems unlikely to be a coincidence that the SIRPa* subset of cDC that responds very
rapidly to circulating missing self-CDA47 cells is also the subset that depends on CD97
engagement with CD55 on RBC to be retained in the spleen. We suggest that cDC2 use

the open circulation of the spleen to continually monitor the health of RBC. Since RBC

are non-migratory, and passively flow through the spleen, this monitoring requires cDC2 to
be situated in areas with significant blood flow. Expression of the mechanosensing aGPCR
CD97 allows cDC2 to measure their exposure to blood flow and to withdraw if their
movement is leading to a region with sufficient shear forces to cause their dislodgement and
loss from the spleen. While only some BC ¢cDC2 are blood exposed at any given time, it is
possible that these cDC2 are motile and continually exchanging between blood-exposed and
protected areas. Real time intravital imaging studies have provided valuable initial insight
into cDC movements in subcapsular regions, but a full understanding of the biology awaits
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technical advances that permit visualization of cDC migration and interaction dynamics
deep within the spleen.

This review has focused almost entirely on findings in the mouse. While understanding

of human c¢DC has advanced greatly in recent years due to the application of SCRNA-seq,
more work is needed to understand human cDC function in the physiological context of the
tissue. Looking through the therapeutic lens, it should be explored whether blocking CD47
or SIRPa. to augment phagocytosis of cancer cells also leads to cDC2 activation, providing

a possible second anti-tumor action of such blocking reagents but possibly also causing
reduced cDC2 function over time. Finally, as the efforts to engineer immune cells for disease
therapy become more advanced, the mechanosensing property of CD97 might offer new
opportunities for controlling cell position or behavior based on sensing cells in flow.
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Figure 1. Section of mouse spleen showing DCIR2 distribution and labeling of blood exposed
cells.

Left panel: Spleen section from a mouse that had been i.v. injected with anti-CD11c-PE
(green) 3 minutes before organ isolation, stained to detect IgD (blue) and DCIR2 (red).
Right panel: Sketch of the main white pulp cord in the spleen image, with principal zones
labeled, distribution of cDC2 shown and cDC2 that are blood exposed highlighted.
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Figure 2. Expression of FIt3l, DIl1, and oxysterol synthesizing enzymesin spleen stromal cells.
Analysis of mouse splenic fibroblastic stromal cell sScRNA-seq data from (38). Umap plots

generated using Scanpy (50). Upper left plot shows cluster assignments according to the
marker genes expressed by each cluster. The remaining Umap plots show the expression
of the indicated individual genes (expression level shown as log normalized count) or
co-expression of the two indicated genes. Assignment of co-expression required that each
cell has at least 1 UMI count of each gene. FDC, follicular dendritic cells; MRC, marginal
reticular cells (likely includes marginal sinus lining cells); SMC, smooth muscle cells (or
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TNC1, triple negative cells-1 (38)); Mesothelial cells are from the spleen capsule and
CD34*Lumican™ cells are thought to be predominantly subcapsular fibroblasts but this
cluster may also include perivascular reticular cells (PRC) (38); remaining clusters are
labeled by marker genes.
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Figure 3: CD97 pathway restrains cDC2 motility and promotesretention in the spleen.
(A, B) Images from intravital two-photon microscopy of CD11c-YFP* control (Arhgef1*/")

or Arhgef1 ™~ ¢DC in the spleen of mice that lack cDC1 (Batf3™/"). The view in A shows
tracks of all YFP* cells (cDC2) in the imaging volume that moved more than 30um during
the ~30min imaging period. The time series in B show YFP* cells (cDC2) that enter a large
sinus (arrowhead), with each such cell then being tracked over time (min:sec). Imaging was
performed as in (17). (C) Left diagram shows cDC2 enriched in a bridging channel (BC) at
the interface of the white pulp and red pulp, with cells facing the red pulp being exposed to
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RBC that are released from an open-ended terminal arteriole. Right panel shows a model of
CD97 activation by engagement with CD55 on an RBC (not to scale) that is in fluid flow.
The pulling force exerted by CD55 on the CD97 NTF causes its extraction and exposure of
the putative tethered ligand domain (stachel sequence) and activation of the GPCR leading
to Rho activation and cDC2 retention within the spleen. NTF, N-terminal fragment; Ga.13*,
activated form of Ga.13 that has separated from Gpy and engaged ArhGEF1. (D) Model

of WT versus CD97 pathway deficient cDC2 behavior following encounter with an RBC in
flow. Left: Contact with RBC triggers cDC2 to retract a membrane extension and increase
integrin mediated adhesion to its tissue microenvironment. Right: In the absence of the
CD55-CD97 signal, the cDC2 is shown extending into a region of blood flow.
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Figure 4. Model for missing self-CD47 sensing by splenic cDC2.
Encounter between cDC2 and healthy RBC leads to close membrane juxtaposition, CD47

binding to SIRPa and exclusion of the bulky CD45 transmembrane PTPase from the
interface. SFK-mediated phosphorylation of SIRPa ITIMs allows retention of the SH2-
domain containing SHP1 PTPase at the interface and antagonism of SFK-mediated signaling
via other receptors, possibly including CD11¢/CD18 and an unknown receptor (XR). The
existence of XR is postulated because the integrin may be too bulky to locate near SIRPa
(and away from CD45) at the cell-cell contact site. The ligands for CD11c/CD18 (CD11cL)
and XR (XRL) are unclear, but shear stress may contribute to activation of the CD11¢/CD18
integrin. Contemporaneously with CD47 engagement of SIRPa. we suggest that CD55
engages CD97 leading to extraction of the CD97 NTF and activation of signaling via Rho to
promote cDC2 membrane retraction. This signal may also contribute to inside-out priming
of CD11¢/CD18 function. In the case of cells with defective or missing self-CD47, SIRPa
is not recruited to the interface and remains unphosphorylated due to CD45 PTPase activity.
The lack of SHP1 activity at the interface may allow SFK to support signaling via CD11c/
CD18 and XR to trigger cDC2 activation and RBC engulfment.
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